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Abstract 

Systemic delivery of therapeutic agents for treating a wide range of diseases can be 

challenging, where treatment effectiveness is determined by the total dose of drug delivered 

to the disease site. Thus, new platforms for the non-invasive delivery and triggered release of 

therapeutics are of significant interest, especially in an aging population where the rate of 

disease is likely to increase. 

Lipid-shelled microbubbles (1-10 μm, MBs) are already in widespread clinical use as contrast 

agents for echocardiography. In combination with ultrasound (US), MBs can locally increase 

intra-cellular drug uptake via a process called sonoporation. MBs can be functionalised to act 

as biomarkers for molecular imaging of disease vasculature and provide localised triggered 

release of a therapeutic payload. However, they are confined to the vasculature, which can 

result in poor uptake in the targeted region. Nanobubbles (NBs, < 1 μm) have emerged as 

promising candidates for US-triggered drug delivery because of their small size, which allows 

them to passively extravasate and accumulate within tumour tissue. 

A new type of therapeutic NB was developed, Nested-NBs, by encapsulation of NBs within 

drug-loaded liposomes, combining the efficient and well-established drug-loading capabilities 

of liposomes and utilizing NBs as an acoustic trigger for drug release. Although the 

encapsulated NBs were destroyed by pulsed HIFU, determined by cavitation detection, no 

model drug release was observed. Changing modality to continuous wave (CW) HIFU 

produced release across a range of pressures, likely due to a synergistic effect of mechanical 

and thermal stimuli. In combination with theoretical models of droplet vaporisation, we 

predict that NBs contain a mixed population of both gaseous and liquid core particles, which 

upon CW HIFU undergo rapid phase conversion, triggering liposomal drug release. 

Accurate characterisation of NB size and concentration is challenging, due to their sub-micron 

nature and mixed populations, containing both bubbles and liposomes.  A novel method of 

using a commercially available Nanoparticle Tracking Analysis system was developed, able 

to distinguish between NBs and liposomes owing to their differing optical properties. This 

technique was then used to assess the in vitro sonoporation performance on-chip of different 

sized NBs. However, sonoporation efficiency did not depend exclusively on NB size and 

concentration. It is hypothesized that both the total lipid and liposome concentration, as well 

as inter-bubble distance plays an important role in NB stability, consistent with previously 

proposed theories and simulations. Future work could consist of further optimisation of the 

development of Nested-NBs, whilst also investigating more fundamental questions such as 

the mechanisms behind NB stability.  
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1 Introduction  

1.1 Overview 

Chemotherapy is one of the primary treatment options for non-resectable malignant tumours, 

or as an adjuvant post-resection. However, its efficacy is hindered due to the side-effects 

associated with off-site toxicity, whereby the treatment targets healthy tissue in addition to 

cancerous tissue. This can lead to unwanted side effects, such as immunosuppression and 

cardiomyopathy 1,2. High interstitial pressures, poorly formed vasculature and the presence of 

an extracellular matrix result in central regions of tumours being less responsive to treatment 
3–5. Additionally, many drugs do not make it past pre-clinical testing due to low water 

solubility and poor stability, despite promise shown during in vitro studies 6,7. Delivery 

systems such as liposomes and polymersomes have been explored extensively, to reduce 

toxicity and increase drug stability, with liposomes such as Onivyde® and Genexol PM® 

currently in clinical use 8–10. Liposomal formations can also increase circulation lifetime 

through the use of PEGylated lipids that provide “stealth” properties by preventing 

opsonization 11,12.  However, liposomal delivery can suffer from increased renal and hepatic 

clearance thereby reducing the total dose of drug delivered to the tumour 13,14, and risk 

additional side effects such as hand and foot syndrome and stomatitis 10,15. 

To combat the side effects associated with systemic treatments, research into approaches for 

targeted, triggered drug release has gathered significant interest.  To provide the stimuli for 

triggered release mechanisms, a multitude of micro- and nanoparticles (NPs) have been 

developed to utilize various release triggers such as: gold NPs (infra-red radiation)16–18, 

mesoporous silica NPs (pH) 19,20,  superparamagnetic iron oxide NPs (magneto-thermal) 21,22,  

and microbubbles 23–25, nanodroplets 26,27 and echogenic liposomes28,29 (ultrasound). Of these, 

the use of ultrasound (US) is of interest due to its good tissue penetration, diagnostic 

capabilities, low cost and wide availability. US utilizes high-frequency sound waves (> 20 

kHz) to construct images of internal bodily structures, based on their acoustic properties 30. 

However, due to the closely matched acoustic impedances of soft tissues, US imaging can 

suffer from reduced contrast. Further, its use in conjunction with microbubbles (MBs) is 

already used clinically for diagnostic applications 31, increasing their appeal for triggered, 

localized, drug delivery. 

Microbubbles (MBs), comprising a gas core and stabilizing shell, are used clinically as US 

contrast agents (UCAs) due to their high impedance mismatch and large scattering cross-

section to surrounding tissue. When exposed to an ultrasonic field, bubbles experience 

volumetric oscillations, scattering US at the same frequency as the driving US, enhancing 

contrast.  Increasing the acoustic pressure can drive bubbles to non-linear harmonic 
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oscillations. As tissue has a primarily linear acoustic response, this offers potential for further 

contrast enhancement through the use of non-linear imaging techniques such as amplitude and 

phase modulation. Due to their size (1 – 10 μm), MBs can flow freely through the vasculature, 

whilst their resonant frequency lies within the clinically approved range for diagnostic 

imaging (1 – 15 MHz)  32,33. This allows the visualization of blood flow and the diagnosis of 

diseases such as cardiomyopathy 34 and congenital heart disease35. Over the past 20 years, 

many researchers have investigated their potential use as theranostic agents 36–39. US induced 

MB oscillations have been shown to increase cell membrane permeability, known as 

sonoporation, increasing drug uptake and efficacy 40–42. However, co-delivery of MBs and 

therapeutics still presents the challenges of toxicity posed by systemic delivery. By directly 

incorporating drugs into MBs 36,43–47 and increasing US intensity, triggered-release of the drug 

payload can be achieved at the target site. This approach allows for direct delivery and release 

of the therapeutic at the tumour site, whilst also reducing systemic toxicity and increasing 

treatment effectiveness 48–50. 

Gaps in the endothelial lining of tumour vasculature can vary between several hundred 

nanometres to a few microns 51. As such, due to their size MBs may often suffer from vascular 

confinement. Coupled with the high interstitial fluid pressure associated with tumours, this 

may limit their effectiveness for drug delivery, resulting in reduced penetration and inefficient 

uptake of the  therapeutic payload 52. Nanobubbles (NBs) are of growing interest as due to 

their smaller size (< 1 μm), they have the potential to extravasate and enter interstitial space 

in the tumour 53, with studies showing increased retention and accumulation compared to their 

larger MB counterparts 54,55. This could enable the delivery of a drug directly to the targeted 

area instead of the surrounding vasculature, increasing treatment effectiveness. NBs can also 

provide contrast enhancement for diagnostic US, at magnitudes similar to MBs, despite their 

predicted resonant frequency exceeding clinical limits 55,56.  

However, the existence and stability of NBs have met scepticism in the research community. 

Classical bubble theories predict NB lifetimes on the order of microseconds due to the 

considerable Laplace pressure associated with sub-micron particles57. Notwithstanding this, 

numerous studies have demonstrated their remarkable stability 56,58, whilst techniques such as 

resonant mass measurements have confirmed their existence 59,60. Their interesting physical 

properties and potential biomedical applications have led to a rapid increase in research in this 

area, demonstrated by search results of the term “Nanobubble” into the Web of Science online 

database. Figure 1.1 shows an exponential rise in the number of papers published. For the 

purpose of clarity the term “Nanobubbles” is colloquially used to refer to ultra-fine bubbles 

(UFBs) which are defined as bubbles with dimension of less than 1 μm 61. Current studies 

range from previously described use as theranostic agents 62–64, fundamental studies on 
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stability and behaviour 65,66 to non-pharmaceutical applications such as cleaning  

and agriculture 67,68.  

1.2 Thesis Aims and Project Outline 

The main aim of this research project was to develop dual diagnostic and therapeutic 

(theranostic) NBs, which in combination with US can be used to locally trigger and delivery 

drugs to a target site. This thesis mainly focused on the application for cancer therapy, 

although the systems described could be applied to other diseases (i.e. Alzheimer’s, in which 

the blood brain barrier presents a hurdle to drug delivery69) by tailoring of the therapeutic 

payload. Hence, in this thesis a liposome-NB based drug delivery vehicle was developed, and 

capability for triggered release assessed. Following this, the influence of NB size on their 

ability to locally promote drug uptake in combination with US was assessed. 

The structure of this thesis is as follows: 

 Chapter 2 reviews relevant literature to diagnostic and therapeutic NBs discussing 

their production, composition, characterisation, stability and potential as theranostic 

agents. 

 Chapter 3 discusses fundamental theory governing the physical behaviour of bubbles 

and US, colloidal systems, disease progression and photonics. 

 Chapter 4 describes the underlying theory behind experimental techniques used 

throughout this thesis. 

 Chapter 5 & 6 describes experimental procedures and development of “Nested-

Nanobubbles”, in which a NB is encapsulated withing a drug-loaded liposomes, as an 

internal acoustic nuclei for triggered release. 
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Figure 1.1 - Number of articles published per year with the search term “Nanobubble” from the Web 

of Science online database. 
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 Chapter 7 & 8 describes experimental procedures and results in which the effect of 

NB size on their sonoporation capabilities is investigated, highlighting potential 

mechanisms behind NB stability. 

 Chapter 9 provides a summary and conclusion to the work in this thesis and provides 

outlook for future studies for continuing research in the field. 

2 Literature Review 

This chapter will focus on current and future developments of shell-stabilized NBs as devices 

for aiding therapeutic delivery for cancer therapies, which to date has generated the most 

widespread (pre-)clinical interest. Aspects of NB production and characterization, stability 

and their potential for therapeutic and diagnostic use are considered. 

2.1 Nanobubble Composition  

2.1.1 What are Nanobubbles? 

The term Nanobubble is used colloquially to refer to ultra-fine bubbles which is the ISO 

recognized name for bubbles less that a micron in diameter 61. NBs have a wide range of 

potential applications depending on their composition. For example, NBs may find application 

in agriculture and cleaning, but may also be focused on biomedical applications.  Studies show 

that NBs may exist with or without a stabilizing shell, although a recent comment  published 

by Rak and Sedlák discusses the validity of non-shelled NBs 70. As such, in this thesis, 

primarily shell-stabilized NBs for clinical applications are considered. 

NBs can be produced with various gas-core and shell components, thereby affecting NB 

stability, bio-compatibility and acoustic response 71. Low solubility, high molecular weight 

gases, such as perfluorocarbons (CnF2n+2) and sulphur hexafluoride (SF6), are typically chosen, 

which aid stability by reducing the gas dissolution rate. NBs can also be prepared with an 

oxygen (O2) core to treat hypoxia, and will be discussed in more detail later 72,73. Increasing 

the gas's molecular weight further increases bubble stability (e.g.C4F10 vs C3F8) 56,74, but may 

also lead to the gas core condensing into a liquid, due to the associated Laplace pressure. 

As a rapidly developing field, several studies describe particles as NBs, despite no evidence 

to suggest so. An example of this is in work by Zhang et al. 75 who produced PLGA 

(poly(lactic-co-glycolic acid)) nanoparticles, but it is not clear at which stage the NP become 

gas-filled bubbles - studies such as this are not discussed in this thesis. Similarly, another topic 

that has generated much interest of late, is that of acoustically-triggered phase transition, or 

phase-change, droplets. Acoustic droplet vaporisation is a large field in itself and is covered 

in depth in other reviews and studies 27,76. In numerous early works by Cavalli et al. 77–79  
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stabilized perfluoropentane (C5F12) emulsions are commonly referred to as NBs. At room 

temperature, C5F12 is a liquid, with a boiling point of 28 °C and as such at physiological 

temperature would convert to the gas phase. However, the effect of confinement to a 

droplet/particle and associated Laplace pressure has on the phase-transition temperature 

means that thermal stimulation to phase change requires higher temperatures than their bulk 

transition temperature or additional stimulus, such as can be provided acoustically. It is also 

unlikely that post-phase transition, these particles would remain sub-micron. 

2.1.2 Shell Composition 

Phospholipids are commonly chosen as NB shell components 80–82 due to their amphiphilic 

nature, promoting rapid self-assembly of a monolayer at the bubble liquid-gas interface, 

subsequently increasing stability and providing increased biocompatibility. The shell 

improves stability by providing a physical barrier to diffusion, limiting the rate of gas 

exchange across the gas-liquid interface 57,83.  Phosphatidylcholine (PC) head group are 

common choices for NB shells, as they are an integral part of biological membranes whilst 

also possessing chemical inertness and biocompatibility. Those with saturated hydrocarbon 

tails, such as DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) 84 and DSPC (1,2-

distearoyl-sn-glycero-3-phosphocholine) 85, allow for increased lipid packing density, whilst 

their longer acyl chain lengths provide increased shell resistance and hence improved stability 

whilst retaining acoustic response 71,86.   

Shells commonly incorporate small amounts (~5 %) of polyethylene glycol (PEG), by 

conjugation of PEG to lipids with a phosphoethanolamine (PE) head group 87. These PEG 

chains extend outwards into the surrounding solution (Figure 2.1a) and due to steric hindrance 

reduce bubble coalescence whilst also integrating so-called “stealth” properties (reduced 

immuno-response)  13. Biotinylated PEG lipids can also act as a conjugating agent allowing 

for additional functionalization such as the attachment of therapeutics or molecular targeting 

groups 8889. The inclusion of small proportions of anionic lipids, such as DPPA (1,2-

dipalmitoyl-sn-glycero-3-phosphate) and DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-

rac-glycerol)), can further reduce coalescence due to the associated electrostatic repulsion 

between bubbles, whilst also enabling functionalization via electrostatic adsorption 84,90 

(Figure 2.1b). Whilst aiding NB stability, the net charge of the NBs should also be considered. 

Liposomes containing large proportions of anionic phospholipids, and hence increased net 

charge, can lead to side effects such as thrombogenesis and the onset of epileptic fits in in vivo 

animal models 91. 
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Cavalli et al. incorporated polysaccharides, such as Chitosan and Dextran as additional shell 

component77,79. These molecules form complexes with lipid membranes (Figure 2.1c), and 

their ionic properties allow for functionalization by electrostatic attraction, and attachment of 

Gd-DOTP particles for MRI guided therapy 92,93.  

Poloxamers, such as Pluronics, are tri-block co-polymers that have amphiphilic properties and 

have been used by Exner et al. to increased NB stability and control size 81,84. Poloxamers 

consist of repeating sub-units of polypropylene oxide (PPO) and polyethylene oxide (PEO), 

organized as (PEO)x-(PPO)y-(PEO)x. The hydrophobic PPO chains are believed to anchor 

within the lipid monolayer whilst the two hydrophilic PEO side chains extend out into the 

surrounding medium (Figure 2.1d). Various formulations of poloxamer exist with differing 

molecular weights and PEO/PPO ratios. Krupka et al. 84 investigated the effect of different 

poloxamer on bubble size and stability, showing that Pluronic L61 and L81 produced the 

smallest, most stable bubbles with sizes of 200 – 400 nm. This was attributed to their high 

relative hydrophobicity which allows for deeper integration into the lipid monolayer. The 

addition of a cross-linked NNDEA polymer network into the bubble shell resulted in a further 

reduction in bubble size to ~ 95 nm whilst also increasing acoustic stability 54.  

Figure 2.1 - Schematic demonstrating the four most common methods of lipid nanobubble stabilization. 

a) Incorporation of polyethylene glycol (PEG) by PEGylation of phospholipids. b) Cationic lipids to 

introduce electrostatic repulsion between bubbles and reduce coalescence. c) Polymer mesh 

incorporated into phospholipids to reduce the dissolution rate. d) Incorporation of the block 

copolymer, poloxamer, to reduce surface tension and bubble size. 
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2.2 Nanobubble Production 

NBs are produced using a wide range of techniques such as water-solvent mixing, electrolysis, 

periodic pressure change and acoustic and hydrodynamic cavitation 94–96. However, the most 

commonly used methods to prepare NBs for biomedical applications are mechanical agitation, 

sonication, microfluidics and emulsion techniques. For these techniques, stabilizing shell 

components are solubilized in an appropriate aqueous buffer, e.g., PBS. Additional materials 

may also be incorporated during the rehydration process, such as Pluronic’s, polymers and 

drug payloads 54,75. Mechanical agitation is likely the most widely used NB production 

technique, owing to its ease of use, short production time and cost-effectiveness. The precursor 

lipid solution is added to a vial, the air headspace replaced with the prospective gas for the NB 

core and the mixture mechanically agitated. Disruption to the liquid-gas interface forms 

bubbles which are subsequently stabilized by the self-assembling shell components. This 

mechanical agitation is commonly provided using a commercial Vial Mix system that is used 

for activation of ‘Definity’ UCAs (Bristol Myers Squibb, United States). NBs can also be 

made via high power (> 100 W), low frequency (~ 20 kHz) sonication of the shell component 

suspension 97–99. Gas is introduced into the sample either by headspace replacement or gas-

flow over the sample during sonication. Like mechanical agitation, perturbations to the liquid-

gas interface causes the spontaneous formation of bubbles, which are self-stabilized by shell 

components. Additionally, the pressure drop provided by the incident ultrasonic wave 

decreases the solubility of the gas in the aqueous phase, as described by Henry’s Law 100. As 

the solubility drops, the gas phase comes out of solution, forming bubbles which are 

subsequently stabilized. 

An alternative method for NB production was described by Peyman et al. 46,56, utilizing a 

microfluidic flow focusing geometry. On-chip, a phospholipid solution is combined with gas. 

The subsequent pressure drop after the nozzle leads to the production of a fine ‘spray’ of 

bubbles, consisting of bubbles between 100 – 2000 nm in diameter concentrations similar to 

those by other methods (~1011 /mL). Measurement of the NB concentration is not trivial (as 

discussed in detail in Section 2.4) due to the propensity of lipids to naturally assemble into 

liposomes and micelles, which also have dimensions on the nanoscale; however, the 

production method does not appear to have a large effect, with concentrations typically of 

~1011 particles/mL, when measured via Resonant Mass Measurement 55,59,101 and Nanoparticle 

Tracking Analysis 72,99,102. Other formation techniques utilize either single or double emulsions 

to produce NBs. Cavalli et al. 77,79 used tip sonication to emulsify liquid C5F12, producing sub-

micron droplets which are hypothesized to phase convert under physiological conditions. 

However, it is unclear from these studies what the resultant size of the bubble would be, and 

if it remains sub-micron. Yang et al. 103 used a double emulsion technique followed by solvent 
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evaporation to produce “NBs” with a PLGA stabilizing shell and an air-core, using PVA as a 

hydrophilic stabilizer 104. Post-production, the particles were lyophilized and reconstituted 

prior to use. However, no evidence was presented in the studies to show the presence of a gas 

core. 

2.3 Nanobubble Isolation 

Most of the techniques used for NB production yield populations with a wide range of sizes, 

containing both micro- and nano-bubbles. The NBs can be isolated as their small size makes 

them effectively ‘neutrally’ buoyant (Section 3.6). For example, a 1 μm diameter bubble 

would rise 0.3 cm in 60 minutes. However, a 100 nm bubble would only rise 30 μm in the 

same amount of time. As such, NBs can be isolated by allowing MBs to rise and removing 

unwanted supernatant. Centrifugation has also been widely used to separate sub-populations 

of NBs, whilst also reducing processing time 105,106.  Table 1 shows different isolation 

techniques and resultant sizes across the literature, in which samples are typically allowed to 

separate passively, or centrifugation used to provide some control over the resultant NB size. 

Xing et al. 98 investigated the effect of centrifugation time on NB size. A mixed population of 

bubbles were produced via tip sonication and then centrifuged at 20 g for between 1 – 5 

minutes. The mean bubble size was shown, using Dynamic Light Scattering (DLS), to 

decrease with increasing centrifugation time, from their initial size of 1.3 μm to 480 nm after 

5 minutes centrifugation.   Unfortunately, in many papers, centrifugation and separation steps 

are stated, but often lack clarity and consistency. For example, where centrifugation speed is 

stated as RPM 90,107 without knowledge of the centrifuge rotor length, the relative centrifugal 

force (RCF) cannot be calculated, removing the ability to predict bubble rise distance. Other 

important factors such as vessel height and height of NB extraction (e.g., removal of 

supernatant) are neglected. Hence, it is difficult to distinguish any correlation between 

production method, isolation technique and resultant size throughout the literature. 

Furthermore, variation in lipid and polymer shell components likely affect the initial bubble 

size.  

Whilst centrifugation can actively separate and control the size of NBs; post-production 

sample manipulation can harm bubble stability and concentration. Because of this, methods 

to control the bubble size by varying shell components have also been investigated. Krupka et 

al. 84 showed that incorporating Pluronic into the NB shell led to a decrease in modal bubble 

size. NBs containing Pluronic L61 (Mw = 2000 Da) had a modal diameter of 208 ± 75 nm 

compared to non-Pluronic NBs of 881 ± 128 nm. Finer control over bubble size was achieved 

by varying Pluronic molecular weight. For example, bubbles containing Pluronic L81  

(Mw = 2750 Da) were 407 ± 21 nm in size. NB size was furthered reduced to 92 ± 25 nm 

 by Perrera et al. 54 by adding Pluronic L10 (Mw = 3200 Da) and UV cross-linked NNDEA 
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polymer to the lipid shell. However, a small sub-population of MBs was still observed but 

could be easily removed via passive flotation. 

 

Production Method Isolation Technique Size (nm) Reference 

Mechanical 

Agitation 

3 Min @ 1300 RPM 

3 Mins @ 300 RPM 
478 - 494 106,108 

3 Mins @ 300 g 

3 Mins @ 300 RPM 
369 - 486 55,98,109,110 

5 Mins @ 50 g 144 - 299 59,101,105,111 

3 Mins @ 300 RPM 488 112 

2 Hours, Passive 138 55 

3 Mins @ 600 RPM 610 90 

3 Mins @ 800 RPM x 2 812 107 

1 Hour, Passive 172 62 

Sonication 5 Mins @ 50 g 

30 mins @ 805 g 
437 113 

1 - 5 Mins @ 20 g 400 - 600 98 

“Centrifugal Flotation” 480 80 

 

  

Table 1 – Isolation techniques for separation of nanobubbles from micro-bubbles and 

resultant sizes. 
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2.4 Population Characterisation 

Accurate and reproducible characterization of both NB size and concentration is key for 

assessing their therapeutic potential. NBs are expected to display higher uptake and retention 

in tumours than their MB counterparts, due to their smaller size.  The ability to determine NB 

size accurately will allow for comparison of tumour uptake across different formulations. 

Similarly, reliable NB concentration determination is critical for accurate dose delivery, and 

comparison of efficacy with MBs. As NBs are typically smaller than the optical resolution 

limit, alternative techniques which indirectly measure size are generally required. 

Furthermore, at these length scales and in a mixed population sample, many techniques are 

incapable of distinguishing between bubbles and non-bubbles. In this section, we will consider 

the most common NB measurement techniques. For further technical detail, we refer to  

Eklund et al. 114 a review article specifically focused on NB characterisation. 

2.4.1 Light Scattering 

DLS is a light scattering technique in which the Brownian motion of particles in suspension 

is observed. DLS calculates particle size of the bulk sample, and uses auto-correlation of 

scattered light to determine the particle diffusion constant, and hence size (Section 4.3). 115. 

The measurable size range of DLS is typically 5 – 10,000 nm, making it suitable for both nano 

and micro-bubble measurements, however as a bulk measurement technique cannot 

distinguish between bubbles and non-bubbles, nor determine concentration. Typically, DLS 

measurements are intensity-weighted, and hence biased towards larger particles. Whilst 

number and volume-based distributions are possible, solvent and solute optical properties are 

required, adding an additional layer of complexity for mixed population. 

Following a similar principle, Nanoparticle Tracking Analysis (NTA) utilises light scattering 

in which the Brownian motion of individual particle is tracked, to determine size and 

concentration (Section 4.2). The measurement range of NTA is 10 – 1000 nm, and does not 

require optical properties, however, will not detect the presence of any larger bubbles in the 

sample. At present, commercial NTA cannot distinguish between bubbles and non-bubbles, 

in which NB solutions will contain both.  Nirmalkar et al. (2018a) 116 compared DLS and NTA 

for NB size measurements. DLS recorded a slightly larger mean size of 173 nm compared to 

137 nm for NTA, which may be due to the intensity-based distribution. DLS also measured 

an increased proportion of larger bubbles. This suggests that the optimal size range for NTA 

is likely smaller than the previously stated 10 – 1000 nm. Recently Midtvedt et al. 117 have 

developed “holographic” NTA in which the particle refractive index can be measured in 

addition to size and concentration. This technique is not yet widely available but holds promise 
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for widespread use for determination between bubbles, droplets, liposomes or other non-

bubble particles. 

2.4.2 Resonant Mass Measurement (RMM) 

RMM is a more recently implemented technique for NB measurements and works on the 

principle of buoyant mass, which observes a frequency shift of a self-resonating cantilever as 

particles with a density of that different to the medium flow through. The direction of this 

frequency shift determines whether the particles are positively or negatively buoyant (e.g., 

bubbles or non-bubbles), whilst the magnitude is a marker of particle size. This technique is 

discussed in more detail in Section 4.4. 

Abenojar et al. 118 investigated the accuracy of both NTA and RMM for determining NB size 

and concentration. Theoretical values for total gas volume determined by NTA and RMM 

were compared to values measured using Gas Chromatography/Mass Spectroscopy (GC/MS). 

RMM accurately predicted total gas volume within 10 % of the value measured using GC-

MS, whilst NTA predicted a gas volume 72 % lower, highlighting the importance of the 

measurement technique used.  Closer observation of the data shows that, although RMM and 

NTA total concentration measurements agreed, NTA failed to detect particles > 400 nm 

compared to RMM, which detected bubbles up to 1 μm in size. This potentially explains the 

disparity between techniques due to the relationship between bubble size and volume. Similar 

observations were made in our studies 74, in which both NTA and RMM were used to 

characterize C4F10 NBs, with NTA once again failing to detect larger NBs. 

Although these studies demonstrate the ability of RMM to measure NB populations, as well 

as the ability to predict total gas volume currently this measurement technique does not 

consider interactions between an acoustically active bubble and a resonating cantilever. 

However, the typical resonant frequency of the cantilever is ~ 1 kHz and as such at least 2 

orders of magnitude (potentially 3) below predicted resonance of a NB (> 10 MHz) and would 

be expected to have little effect on NB measurement.  

2.4.3 Electron and Optical Microscopy 

Transmission Electron Microscopy (TEM) has also been used to observe NB morphology. 

TEM follows a similar working principle to brightfield microscopy but utilizes a high energy 

beam of electrons instead of visible light, which due to their smaller wavelength allows for 

resolutions of up to 10  m (Section 4.1.3). Hernandez et al. 105 utilized Cryo-EM to 

characterize NBs, observing a dark core hypothesized to be the encapsulated C3F8 gas. NBs 

exposed to a high intensity US pulse prior to imaging did not have this characteristic. 

Additionally, the density of this core decreased with prolonged exposure to the electron beam, 

attributed to breaking of covalent bonds in the lipid shell and subsequent gas loss. 
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In addition to these techniques, optical microscopy has also been used to determine both NB 

size and concentration 97,119. This technique may be suited as a simple, quick method to 

determine the concentration, simply by counting the number of particles. Any size analysis 

from this would be restricted by the minimum resolvable distance achievable using optical 

microscopy, typically 200 - 400 nm depending on the quality of objective. For NBs it is likely 

a large population of the sample would be below this limit plus there will be increased error 

of the size measurements as the optical limit is approached. 

2.4.4 Acoustic Methods 

Although still in a preliminary phase, another method that holds promise for NB size 

characterisation was described by Moore et al. 120 utilising high frequency (200 MHz) M-

Mode imaging. NBs and MBs were entrapped within agarose gels with varying pore size and 

acoustic backscatter observed. Bubbles smaller in diameter than the gel pore size can undergo 

stochastic motion, whereas for bubbles larger than the pore size, their motion is restricted.  In 

the experiments, this was reflected by the presence or absence of M-Mode intensity 

fluctuations respectively. Similar to DLS, autocorrelation of the intensity signal can be used 

then to roughly approximate NB size.  

2.5 Nanobubble Lifetime and Stability 

Theoretically predicted NB lifetimes are on the order of seconds; thus, the very existence of 

stable NBs is a controversial topic and is met with scepticism by many in the microbubble the 

research community. Despite this NBs, with or without a stabilizing shell, have displayed 

remarkable stability on the order of weeks, days and months 56,82,121. In the following sections 

the theoretical mechanisms behind predicted NB instability, evidence for their stability and 

the possible reasoning behind this are discussed. 

2.5.1 Causes of Instability 

For traditional bubbles, (i.e. MBs), there are three main causes of instability: thermodynamic 

instability, destruction due to buoyant effects and coalescence. The first is due to the 

associated energy cost of the air-liquid interface, known as the surface tension σ. For a 

spherical bubble, this leads to a pressure difference between the internal gas and external liquid 

phases defined as the Laplace pressure (Equation 2.1). 

 
Δ𝑃 =  −

2𝜎

𝑅
       Equation 2.1 

Due to the inverse relationship between bubble radius and surface tension, predicted pressures 

exerted on nanoscale bubbles could reach upwards of 3 MPa. The existence of the Laplace 

pressure also leads to the so-called “Laplace Bubble Catastrophe” in which small perturbations 
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to bubble size causes bubbles to either rapidly grow or shrink (Figure 2.2a) 116,122. The Epstein-

Plesset mode is described in more detail in Section 3.4. As a result, a 100 nm bubble is 

predicted to have a life-time approximately three orders of magnitude less than 1 μm bubble. 

Another mechanism is that due to bubble buoyancy, in which bubbles rise to the top of the 

sample container. At this point, the bubble ruptures as the gas-liquid interface between the 

bubble core and surrounding liquid is no longer present (Figure 2.2b).  Further, coalescence 

of bubbles (i.e. 2 or more bubbles merging) will also drive instability (Figure 2.2c). 

2.6 Evidence of NB Stability 

Regardless of their predicted instability, many studies have shown the existence, and, in some 

cases, somewhat increased stability of NBs compared to MBs. Using DLS, Abdalkader 2017 

et al. 82 demonstrated the stability of C3F8 NBs for up to 90 hours when stored at 4 ° C. 

However, due to the nature of DLS, it is unclear whether the proportion of NBs (compared to 

non-gas particles) is consistent across all measurements. We have also shown that C4F10 NB 

size and concentration are stable for up to a month using NTA; however, similar to DLS, it is 

not possible to distinguish between NBs and non-gas particles 56. Non-shell stabilized NBs 

generated in pure water were shown to be stable for up to a month by Kanematsu et al. 121, 

Figure 2.2 - Examples of classical bubble instability mechanisms. a) Thermodynamic instability 

caused by the “Laplace Catastrophe”, in which small changes to bubble radius lead to a positive 

feedback loop and rapid bubble expansion or contraction. b) The buoyant nature of bubbles in 

solution leads to bubbles rapidly rising towards the liquid-air interface, at which point they rupture. 

c) Bubble-bubble coalescence in which two (or more) bubbles merge to form a single bubble. These 

larger bubbles then typically experience reduced lifetimes due to buoyant effects. 
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who observed constant concentrations using NTA. These particles were shown to be NBs, as 

a subsequent freeze-thaw cycle led to complete NB destruction 116.  

Whilst both DLS and NTA are incapable of determining if particles are gas-filled, work by 

Hernandez et al. 59 was the first to characterize NB stability using RMM, showing stability 

over 5 hours, although a slight decrease ( ~20 %) in concentration was observed. From these 

studies, it is quite clear that NBs are stable, at least on similar timescales to MBs. However, 

the exact mechanism behind stability is still unknown. Before we enter a deeper discussion, it 

should be noted that although there have been suggestions that the Laplace equation is not 

applicable to the nano-scale, molecular dynamics simulations have indicated indeed it does 

hold, even down to dimensions of several nanometres. 123.  

2.7 Suggested Stability Mechanisms 

NBs possess non-zero zeta-potentials, and hence net charge, irrespective of the presence of a 

surfactant shell,  therefore leading to the existence of an electric double-layer 95,108. The electric 

double-layer at the NB surface may lead to electrostatic pressure, countering the Laplace 

pressure. The double-layer will also reduce bubble coalescence due to the associated 

electrostatic repulsion between particles. Hau Tan et al. 66 proposed a modified Epstein-Plesset 

model incorporating the electrostatic pressure. The assumption of charge conservation of an 

initially shrinking bubble leads to an increase in surface charge density, increasing the 

electrostatic pressure. As the bubble continues to shrink, an equilibrium will be reached, at 

which point the electrostatic pressure balances the Laplace pressure. This model predicted an 

equilibrium bubble size of approximately 100 – 300 nm, dependent on the Debye length and 

initial bubble zeta potential, and agreed with the results from dark field microscopy 

experiments 124.  In a separate study, Yin et al.125 observed that for anionic-lipid coated 

bubbles, zeta potential magnitude increased from -2.93 mV to -18.36 mV as bubble size 

decreased from 1120 nm to 437 nm, consistent with this model.  Increasing the concentrations 

of mono- and multi-valent salts have an adverse effect on non-shelled NB stability, due to 

electrostatic screening decreasing Zeta potential magnitude 126. However, work by Michailidi 

et al. 127 provided conflicting results in which Zeta potential magnitude increases with NaCl 

concentration, contrary to the prediction of colloidal stability (Section 3.1). The so-called 

“bulk” effect of high concentrations of NBs, and therefore small inter-bubble distance, may 

also have a part to play in their stability. Using molecular dynamics simulations and using the 

Lennard-Jones potential, Weijs et al.  128 showed that provided NB inter-bubble distance was 

below a critical value, NBs were stable. The small inter-bubble distance (l ) can provide 

shielding of gas diffusion due to a high local gas concentration and it was found that a 

population of 3 nm diameter (d) NBs were stable provided inter-bubble spacing was < 30 nm 
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or < 10. Assuming a NB concentration of ~ 1011 /mL and d = 100 nm, inter-bubble spacing 

would be approximately 1 – 2 μm and as such may be within the range for stability. 

The buoyant nature of bubbles in solution leads to bubbles rapidly rising towards the liquid-

air interface, at which point the bubble ruptures (Figure 2.2b). However, NBs are effectively 

neutrally buoyant thus effectively increasing their stability (Section 3.6). This can also be 

demonstrated following an energy approach, by considering the work done by buoyancy 

(~∆𝜌𝑔𝑅 ) , if this is less than, or of a similar magnitude to thermal energy of the particle, 

k T,  then the particles will undergo random thermal motion.  For gas bubbles this turns out 

to be around a diameter of ~ 1 μm, above which buoyancy effects become non-negligible 66. 

Hence, NBs will not rapidly rise to the top of the solution, thereby enhancing NB lifetime. 

The presence of so-called “hard” Hydrogen bonds, similar to those found in ice and gas 

hydrates, have also been postulated to be responsible for NB stability, providing a barrier to 

gas diffusion. Using ATR-IR spectroscopy, Ohgaki et al.129 found that shorter, stronger 

Hydrogen bonds dominated those found in NB samples, due to the lower frequency molecular 

vibrations of O-H groups. However, this has not been shown for shell-stabilized NBs. 

2.8 Nanobubbles for Diagnosis and Therapy 

2.8.1 Diagnostic Ultrasound and Acoustic Characterisation 

MBs are used clinically as Ultrasound Contrast Agents (UCAs) to improve vascular contrast 

as they can efficiently scatter US 130. Diagnostic US typically utilizes frequencies in the range 

of 1 – 20 MHz, which is concurrent with the predicted resonance of MBs 31. The harmonic 

response of MBs allows for the use of non-linear imaging techniques, to further improve 

contrast, known as contrast-enhanced US (CEUS) 131,132. Using CEUS, MBs have been able 

to aid in diagnosing diseases, such as hepatocellular carcinoma, through the quantification of 

parameters including peak enhancement and wash in/wash out time 133. Due to the smaller size 

of NBs, their predicted resonance can be much greater than 20 MHz and at clinical frequencies 

would be expected to provide reduced contrast compared to MBs, potentially limiting their 

clinical use for diagnostics 56,134. An example of this was shown by Sun et al. 135, in which the 

predicted scattering cross-section of a Definity like NB (d = 0.7 um) is ~ 105 times smaller 

than that of MBs, across the clinical frequency range. The predicted resonance behaviour of 

an oscillating bubble is described in more detail in Section 3.2.2. 

Contrary to these predictions, numerous studies have shown the ability of NBs to acts as UCAs 

at clinical frequencies. Leon et al. 136 showed that NBs provided contrast enhancement in non-

linear imaging whilst Wu et al. 55 showed NBs provide a similar enhancement at 8 MHz as 

MBs, when administered at matched gas volumes. This potentially suggests that the total void 
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fraction, and as such impedance mismatch, is the dominant contributor towards contrast 

enhancement, compared to volumetric oscillations. Pellow et al. 137 also showed that NBs were 

acoustically active at clinically relevant frequencies. Acoustic emissions from MBs and NBs 

were compared at matched number density (106 bubbles/mL). excited at two different clinical 

frequencies (2.5 and 8 MHz). It was demonstrated that NBs could produce harmonic emissions 

at similar magnitudes to MBs, albeit requiring slightly higher pressures (~400 kPa). It was 

also shown that by further increasing the driving pressure, NBs produced broadband emissions 

indicative of inertial cavitation. Although the exact reason for this behaviour of NBs at clinical 

frequencies is not understood, a preliminary study by Jafari Sojahrood et al. 138 suggests that 

NB resonant frequency decreases with increasing excitation pressure. This is proposed to be 

due to buckling of the lipid shell and a subsequent decrease in surface tension, as proposed by 

the Marmottant model 139 (Section 3.2.3).  

NBs have also shown increased tumour retention and wash-out times in vivo compared to MBs 
140. Yin et al. 125 showed that NBs had a half-time to washout of 1265 ± 60 s compared to 310 

± 20.7 s for MBs. This increased retention is often attributed to the leaky vasculature and poor 

lymphatic drainage associated with tumours, although it is also possible that the observed 

increase in acoustic stability of NBs could contribute to longer washout times 55. 

Bubbles also show promise for use in US molecular imaging, enabling molecular assessment 

and identification of disease phenotype and progression 50.  Attachment of ligands, such as 

antibodies, to the bubble shell, allows for selective targeting to cells with disease-specific 

molecular-level expressions, leading to increased retention and US signal washout compared 

to non-targeted bubbles. Due to their size, MBs are limited to targeting molecular markers 

expressed in the tumour vasculature, such as VEGFR 50,141,142. As NBs may have the ability to 

extravasate, they would be able to provide additional molecular information in areas 

unreachable by MBs 143. Fan et al. 112 produced NBs that could selectively target PSMA 

(prostate specific antigen), with in vivo models showing increased retention in C33a 

xenografts compared to non-targeted NBs, whilst no difference was seen for the PSMA 

negative MDA-MB-468 breast cancer cells. Similar results have also been shown for renal 

cell carcinoma 109 whilst CAIX (carbonic anhydrase IX) targeting may allow for molecular 

imaging of multiple organs 106,144.  However, there are currently no studies comparing the 

effectiveness of NBs compared to MBs for molecular imaging, which would be required for 

further advancements in this area. 
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2.8.2 Therapeutic NBs 

2.8.2.1 Sonoporation and Co-Delivery 

US induced MB oscillations have been shown to locally increase cell permeability in a process 

known as sonoporation, with potential advantages for the delivery of therapeutics. When 

driven at low acoustic pressures, MBs undergo stable volumetric oscillations (stable 

cavitation), which induce localized fluid flow and subsequent shear stresses. Increasing the 

acoustic pressure can lead to MB destruction, capable of producing violent liquid jets. Both 

of these interactions can increase local cell membrane porosity, which can be used to increase 

therapeutic uptake 42,145,146. 

NBs in combination with US have been shown to promote cellular uptake of therapeutics such 

as pDNA  and Dox leading to increased treatment effectiveness 82,110. Abdalkader 82 et al. 

showed that the combination of NBs and US was required for significant uptake of Luciferase 

tagged pDNA in C26 colon cells compared to controls and that the delivery efficiency was 

increased further by integration of pDNA into the NB construct. The topic of NB and gene 

delivery will be discussed in greater detail in Section 2.8.5. An in vivo study of a PC3 prostate 

murine model by Fan et al. 110 showed that NBs in combination with US are able to locally 

increase tumour Dox concentration, subsequently decreasing the concentration in non-

insonated areas compared to Dox alone. 

While both these studies, and others mentioned over the following sections, show the ability 

of NBs to increase therapeutic uptake locally, no in-depth studies investigating NB 

sonoporation, optimizing acoustic parameters and NB dosage have been presented to date. 

Indeed, there is a large variation in NB size and composition, that is likely to lead to different 

acoustic behaviour and sonoporation efficiencies.  Furthermore, although increasing local 

drug dosage, co-delivery of the therapeutic agent and NBs may still lead to increased systemic 

toxicity due to the high concentration of drugs that can accumulate in the non-targeted tissue 

as shown by Fan et al. 110. As such, it is beneficial to incorporate therapeutics into the NB 
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complex with targeted release triggered by an external stimulus such as US, to reduce systemic 

toxicity. This will be discussed further in the following sections. 

2.8.2.2 Passive Loading 

Chemotherapy agents can be loaded into the NB shell using passive loading techniques, 

relying on self-assembly via hydrophobic or electrostatic interactions (Figure 2.3a). In this 

method, therapeutic agents are added to the NB shell components before NB production. This 

technique preserves the nanoscale dimensions of the bubbles post-loading, with drug loaded 

NBs typically having diameters ranging 360 – 500 nm 99,147–149. 

For example, Peng et al. 108 successfully loaded the hydrophobic chemotherapy agent, 

paclitaxel (PTX), into lipid shelled NBs by the simple addition of PTX to the lipid solution 

before NB production. Following a similar method, Yu et al. 88 successfully produced 

Temsirolimus loaded NBs with these methods.  Loading efficiencies of 54 % and 69 % 

Figure 2.3 – Schematic showing different ways of functionalising NBs for therapeutic delivery. a) 

Direct loading into the shell of hydrophobic drugs into the lipid monolayer, or by protonation of a 

hydrophilic drug and electrostatic attraction to anionic lipids. b) Attachment of drug loaded 

liposomes, in which both hydrophobic and hydrophilic drugs can be loaded, to the NB shell via a 

chemical linker. c) Attachment of cationic siRNA to the NB shell via electrostatic interaction, either 

by direction attachment to anionic lipids (DC-Cholesterol) or through the formation of cationic Poly-

L-Lysine micelles, and ionic attachment to anionic lipids. d) Loading of therapeutic gases, such as 

oxygen, directly into the bubble core for treatment of hypoxia. 
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respectively were determined in these studies, obtained by HPLC (high-performance liquid 

chromatography).  

Xie et al. 150 conjugated a cell-penetrating peptide (CPP) to another hydrophobic drug, 

Camptothecin (CPT) via a disulfide linker, and CPP-CPT was subsequently loaded into NBs. 

After the US triggered-release (1 MHz, 1 W/cm2, 60 s duration) of the CPP-CPT conjugate 

and subsequent endocytic uptake, it is thought that the disulfide linker would be reduced 

resulting in the intra-cellular release of the un-modified CPT. Flow cytometry analysis showed 

a 2-3 fold increase in CPP-CPT uptake of in HeLa cells compared to CPT. However, only a  

~ 20 % decrease in viability for CPP-CPT NBs compared to CPP only NBs, potentially 

suggesting that the CPP-CPT complex is less effective in inducing cell death. 

Whilst this technique is effective at loading hydrophobic drugs, some studies have also shown 

the ability to load hydrophilic drugs. Dox is typically used in its hydrophilic form as an HCl 

salt.  However de-protonation of the amine group yields a non-polar, hydrophobic variant.  

Nittayacharn et al. (2020) 151 compared the loading efficiency of  hydrophilic Dox  

(Dox HCl ) to hydrophobic Dox (hDox) which were loaded with efficiencies of 18.7 ± 2.0 % 

and 11.4 ± 4.5 % respectively.  It was also shown the loading of both types of Dox increase 

NB stability during insonation likely due to an associated increase in shell stiffness.  Despite 

this, the mechanism in which Dox HCl would actively associate with a lipid membrane is not 

immediately clear. In work by Nittayacharn et al. (2019,2020) 62,151 NBs contained DPPA and 

as such, the anionic phosphate head group would electrostatically interact with the protonated 

amino group of Dox HCl 152. However, Khan et al. 99 did not incorporate anionic lipids into 

their bubble shell, which perhaps surprisingly contained cationic DSPE-PEG-Amine, leading 

to positively charged NBs as shown via zeta potential measurements. Regardless, fluorescence 

microscopy images of MBs produced via the same method show co-localization of Dox 

fluorescence with the lipid shell, which may correspond to successful loading. It should also 

be noted that lipid NB samples will consist of a mixed population of both NBs and liposomes, 

in which both variants of Dox are known to associate with 49,153. As such, encapsulation 

efficiencies measured for this loading method are likely to include drug loaded into liposomes 

as well as NBs. 

In comparison, Lin et al. 154 reported encapsulation efficiencies as high as 93 % for Dox HCl 

into their non-ionic NBs. Closer inspection of the methodology to determine the loading 

efficiency shows that Lin et al. used centrifugal washing, compared to molecular filtration 

techniques mentioned in the previous studies. Whilst standardized molecular filtration 

techniques can reach cleaning efficiencies of > 98 %, the efficiency of centrifugal cleaning is 

not standardized and may have a much lower cleaning efficiency due to the nature of the 

technique. This in turn may contribute to an incorrectly measured high encapsulation 
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efficiency.  The discrepancy in encapsulation efficiencies highlights the importance of the 

cleaning methodology for accurate determination of NB drug loading capabilities. 

Additionally, the relatively low efficiencies suggest that other loading methods for hydrophilic 

drugs may be more appropriate.  

In their work, Nittayacharn et al. (2019) 62 show that Dox-NBs in combination with US (3 

MHz, 2 W/cm2, 20% duty cycle, 1 minute) effectively enhance Dox distribution in LS174T 

xenograft murine models. The application of TUS to Dox-NBs was vital for a statistically 

significant increase in both Dox fluorescence and mass in the tumour slice, compared to Dox 

and Dox-NBs only, hence showing the ability of NBs to promote therapeutic uptake. Results 

also correlated with in vitro experiments, showing maximum cell death for Dox-NBs + TUS 

to other treatment groups. However, the study did not compare to a control group consisting 

of co-delivery of Dox and NBs, in which sonoporation would be the main mechanism of drug 

delivery, and hence it is not possible to assess whether Dox loading was beneficial, either in 

increasing efficacy or reducing toxicity to non-targeted areas.  

2.8.2.3 Drug-Loaded Liposome Functionalization 

Both hydrophilic and hydrophobic drugs can be efficiently loaded into liposomes and reach 

encapsulation efficiencies > 90 %. Their aqueous core allows encapsulation of hydrophilic 

drugs via passive or active techniques whereas, hydrophobic drugs can be loaded into the lipid 

bilayer. Drug-loaded liposomes are used clinically during chemotherapy, reducing systemic 

toxicity and likelihood of side effects. However, liposomal delivery is also associated with 

increased accumulation in the mononuclear phagocyte system, which can reduce the 

proportion of nanoparticles delivered to the tumour site to as low as 1 % 91.  

The ability to trigger liposomal drug delivery would increase both treatment effectiveness and 

reduce the severity of side effects such as hand-foot syndrome. Liposome-loaded MBs have 

been widely documented in the literature, where an US pulse was used to locally release the 

liposomal payload 36,43,46,48. However, the combination of NBs and liposomes has not yet been 

widely investigated, with only a handful of published studies at present. 

Like traditional therapeutic MBs, Chandan et al. 155 produced paclitaxel liposome-loaded NBs, 

with liposome conjugation achieved using EDC/NHS chemistry (Figure 2.3b). In combination 

with an US trigger (1 MHz, 2 W/cm2, 100% Duty Cycle, 60 s), paclitaxel was successfully 

released from the NB-liposome complex, whilst in vitro studies showed a concomitant 

decrease in viability of MCF-7 and MDA-MB-231 cell lines. However, drug release kinetics 

show that large concentrations of paclitaxel are released passively. Over a 3-hour period, ~ 

100 μg of paclitaxel was released passively, compared to 200 μg with an US trigger. These 

results are also concurrent with viability studies, which showed that the application of an US 



21 
 

trigger induced a relatively small decrease in viability (~10-20%), depending on the dose. 

Additionally, the attachment of ~ 100 nm liposomes to the outside of the NB increases the 

size of the delivery complex. Across two studies, NB-Liposome sizes were 756 ± 180 nm and 

528 ± 32 nm, significantly larger than the majority of NBs mentioned previously 156. This 

increase in size may potentially negate the advantage of the submicron nature of NBs, for 

improved extravasation. 

The lack of NB-liposome complexes is surprising, considering the widespread use of 

liposomes in combination with MBs or other triggered release mechanisms 16,157. Furthermore, 

interactions between NBs with liposomes or bilayers could be used as a well-defined, 

controllable model to assess NB interactions with cell membranes.  

2.8.2.4 Electrostatic Adsorption of siRNA  

Short-chain nucleotides, such as siRNA (short interfering RNA) have been studied as a 

possible cancer treatment, with the ability to silence genes such as those related to drug 

resistance 90,97 and proliferation 80. However, siRNA delivery is limited by two factors. Firstly, 

the need for intracellular delivery and secondly; RNase induced degradation. NBs have been 

shown to be a promising delivery route for siRNA. Due to its anionic nature, siRNA can be 

directly attached to a positive charged NB shell.  Yin et al. 97,119 utilized self-assembling 

siRNA/Poly-L-Lysine micelles electrostatically adsorbed to anionic-shelled NBs (Figure 

2.3c). Following a similar approach, both Cavalli. et al. 79 and Wu et al. 80 introduced DC-

Cholesterol (3ß-[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol)  into the NB shell, 

allowing for direct attachment of siRNA. Both of these methods protect siRNA from 

degradation, whilst attachment to NBs and subsequent US exposure promoted intra-cellular 

uptake of siRNA. 

One of the leading causes of chemotherapy failure can be attributed to drug resistance. A 

common cause of this is attributed to the MDR-1 (Multi-Drug-Resistant-1) gene. MDR-1 is 

responsible for producing a P-gp protein drug efflux pump, removing the drug from treated 

cells and reducing treatment effectiveness.  Yang et al. 104 showed that siRNA-NBs could be 

used to silence MDR-1 and successfully silence P-gp expression, which led to increased 

efficacy of Dox-loaded NBs. Similarly, expression of BCL-2 has been shown to contribute to 

resistance of microtubule disrupting drugs, such as Paclitaxel (PTX) by inhibiting apoptosis 
158. Dual functionalized siRNA and PTX loaded NBs were developed by Yin et al. 97. In 

combination with US (1 MHz, 500 kPa, 1 kHz pulse repetition frequency (PRF), 50% duty 

cycle, 60s). These NBs were capable of reducing the expression of BCL-2 mRNA in HepG2 

cells in vitro, leading to the increased therapeutic effect of PTX-NBs in vitro and in vivo 

compared non-siRNA, PTX-only NBs. As such in both of these studies, the dual NB 
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functionalization of drug and siRNA shows much promise for reversing drug resistance.   Xie 

et al. 159 used a cell-penetrating peptide (CPP)/siRNA conjugate to increase intracellular 

delivery. Systemic delivery of CPP-siRNA conjugates increased transfection efficiency in 

vitro compared to siRNA alone, whilst NB loading and an US trigger (1 MHz, 1 W/cm2, 

alternating 10 s on, 10 off, 60 s total duration) were also successful in siRNA delivery, 

significantly decreasing mRNA expression. However, a direct comparison was not made 

between CPP and non-CPP siRNA NBs, and further studies would be needed to properly 

assess the benefit of CPP conjugation when used in conjunction with NBs. In their study they 

then moved on to an in vivo murine model, in which addition of molecular targeting to EphA2 

receptor and use of c-Myc silencing RNA, enhanced the therapeutic effect compared to non-

targeted NBs, delaying tumour progression. 

2.8.2.5 Oxygen Loaded Nanobubbles for Treatment of Hypoxia 

Hypoxic regions in tumours, in which cells have inadequate oxygen (O2) supply, can reduce 

treatment effectiveness. These hypoxic regions can lead to overexpression of HIF-1α 

(hypoxia-inducible factor 1α), which induces angiogenesis and metastasis 4.   

Khan et al. 72 produced O2 loaded NBs by sonication of an oxygen-saturated lipid solution 

(Figure 2.3d). These O2 NBs were shown to be successful in reversing hypoxic conditions, 

and subsequently reducing the expression of HIF-1α in MDA-MB-231 cells cultured in a 

hypoxic environment. This work was furthered in another study 102, in which O2 NBs were 

loaded with Dox for enhanced therapeutic effect. Interestingly in these studies, both O2 and 

Dox delivery rely on a passive release mechanism, without an external US trigger. The latter 

also claimed that NBs are endocytosed and the Dox and O2 were released inside the cell. 

However, there was no direct evidence to support this, and it could also be attributed to passive 

release. NTA concentration measurements of O2-NBs showed a decrease in concentration of 

~ 30 % after 30 days. However, due to the lack of intermediate time points and the nature of 

NTA, it is unclear whether bubbles still remain and if they are indeed O2 filled. 

Whilst the studies above succeeded in hypoxia reversal, they were conducted on 2D cell 

monolayers, incubated in a hypoxic environment. In vivo, tumours typically possess a hypoxic 

core as the tumour outgrows its blood supply. In these conditions, tumour cells can alter their 

metabolism leading to increased occurrence of metastasis. Additionally, many drugs require 

oxygen to be effective. As such, a better model to assess the potential for hypoxia reversal, 

would be to use 3D cell models, such as spheroids, due to their natural occurrence of a necrotic 

core surrounded by a region of hypoxic cells.  



23 
 

To our knowledge there are currently no studies in which the release of O2 from NBs is 

triggered by US. However, NBs have potential for hypoxia reversal and that the addition of a 

drug payload would be expected to further increase the treatment effectiveness. 

2.9 Increased Accumulation in Tumours 

Due to their sub-micron size, NBs may be able to leave the tumour microvasculature and 

accumulate in tumour interstitial space (Figure 2.4), with potential benefits for both diagnostic 

and therapeutic applications. For diagnostics, NBs may allow for molecular imaging in areas 

previously not reachable by traditional UCAs, whereas for therapy this would allow drugs to 

be delivered directly to the tumour tissue itself, as opposed to the surrounding vasculature. 

This is a potential major advantage of NBs over their micron-sized counterparts. 

Using fluorescence microscopy, Peng et al. 108 found that NBs could passively accumulate in 

interstitial space in breast cancer xenograft models, but remained restricted to the vasculature 

in muscle tissue. Yin et al. 119 showed the application of US (1 MHz, 1 W/cm2, 1 kHz PRF, 

50% duty cycle, 60 s) could further increase extravasation of NB into the tumour whilst 

another study showed that MBs (~2 μm) did not show any evidence of passive targeting whilst 

NBs did 54, demonstrating the importance of the reduced NB size. These results also echo 

those discussed in Section 2.8.1, in which NBs demonstrated increased tumour retention in 

diagnostic US compared to their MB counterparts.  

Using a murine dorsal window chamber, recent works by Pellow et al. 160,161 provided the first 

acoustic evidence of increased tumour uptake of intact NBs. Fluorescence microscopy showed 

an increase in passive NB extravasation into the tumour compared to non-tumour controls. 

Acoustic monitoring, in combination with a high-pressure acoustic pulse (1 MPa peak 

negative pressure, pulse length of 100 µs, pulse repetition period of 10 ms, 50 times), was 

Figure 2.4 – Schematic of how NBs may have improved therapeutic efficacy compared to MBs. MBs 

are typically confined to the vasculature, due to their larger size. However, the reduced size of NBs 

opens up potential for their passive extravasation and accumulation in tumour interstitial space, 

passing through inter-endothelial gaps. 
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used to trigger NB destruction and generate broadband emissions. A second identical trigger 

followed this 10 s later to determine if vascular replenishment had occurred and whether NBs 

were present in the vasculature or tumour interstitial space. Results showed that NBs had been 

delivered intact to the interstitial space. Additionally, the application of lower pressure US 

was able to nearly double the increase in NB accumulation compared to passive methods. 

The mechanism behind the observed increased passive accumulation is widely hypothesized 

to be due to the EPR (Enhanced Permeability and Retention) effect 162,163, although there is a 

broad debate across the research community about its validity 164,165.  Tumour uptake of 

nanoparticles is often associated with gaps in the endothelial lining, often quoted as ranging 

from 300 – 700 nm 140. However, a recent study found that despite inter-endothelial gaps being 

as large as 2 μm, the vast majority (up to 97 %) of uptake of gold nanoparticles (AuNPs) was 

due to an active transport mechanism 164. It was also found that larger AuNPs (100 nm) relied 

more on endothelial gaps as opposed to an active transport mechanism compared to smaller 

AuNPs (15 – 50 nm), which also had overall increased uptake compared to larger AuNPs. 

Whilst this is an important observation, the morphology and surface functionality of AuNPs 

differs significantly from that of NBs and as such it is not clear whether similar results would 

be observed for NBs. Furthermore, the effectiveness of the EPR effect varies greatly 

depending on the tumour type and location, nanoparticle size in addition to the inherent patient 

to patient variability. This also highlights the importance of NB size in relation to tumour 

accumulation, suggesting that minimizing NB size would also lead to increased uptake. To 

date, NB extravasation studies have primarily concerned NBs of ~ 500 nm in size. However, 

as mentioned previously there is a large variance in NB size across studies.  

2.10 Concluding Remarks 

The aim of work in this thesis was to highlight and investigate two main gaps in the literature. 

Firstly, that of combining liposomes and NBs for drug delivery, whilst still maintaining their 

nanoscale nature that is predicted to enhance their tumour distribution and hence treatment 

efficacy. In this thesis this was done by encapsulation of NBs within drug-loaded liposomes 

with a resultant size of ~ 200 nm. Secondly, work addresses challenges in accurately 

characterising and distinguish NBs. A new method was developed to characterise the size and 

concentration of NBs and discriminate them from non-gas cored particles, utilising a 

commercially available NTA system. NBs of varying size were then isolated and 

characterised, after which their therapeutic capabilities, and the relationship of this to stability, 

was assessed.  
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3 Background Theory and Mechanisms 

3.1 Colloidal Stability 

In this thesis, colloids, and their stability, are a key part of all studies whether this be the 

liposomal pre-cursor solution used to produce MBs and NBs, or the development of a 

liposome based drug delivery system. Hence, it is important to understand the theoretical basis 

behind their stability. 

There are four main mechanisms that contribute to the formation and stability of colloidal 

systems: the hydrophobic effect, Van der Waals interactions, electric double layer forces and 

steric effects166. The hydrophobic effect is the main driving force behind the formation of 

liposomes and lipid-stabilised bubbles, in which non-polar molecules self-assemble to reduce 

the surface area exposed to water, and decrease the total entropy of the system 167. For 

amphiphilic molecules (those which contain both hydrophobic and hydrophilic portions), self-

assembly can lead to the formation of micelles and liposomes. Lipids can also self-assemble 

to form a monolayer at a liquid-gas interface, acting to reduce surface tensions and decrease 

the energy cost associated with the interface. In this thesis, phospholipids were used to form 

therapeutic liposomes, in which the aqueous core can be used to encapsulate hydrophilic 

molecules and form a stabilizing shell for gas-cored micro- and nanobubbles.  

3.1.1 DLVO Theory 

The behaviour of colloids (i.e. liposomes, bubbles etc.) is commonly described by the DLVO 

theory, named after the researchers who developed it (Derjaguin, Landua, Verwey and 

Overbeek) 168–170. This theory combines the electrostatic forces and the van der Waals 

attraction to explain the aggregation and stability of particle interacting throughout a liquid 

medium. Particles with a charged surface will electrostatically attract ions of the opposite 

charge, forming an electric double layer at the particle surface. Initially, the repulsive force 

due to electrostatic interactions is close to zero, but as two particles or colloids approach each 

other, and their double layers being to overlap the repulsion force begins to grow significantly. 

Van der Waals attractive forces are nearly always presents, resulting from fluctuating dipoles 

of atoms and molecules. The DLVO theory assumes that the free energy per unit area can be 

approximated by the addition of contributions from both van der Waals and electrostatic forces 

(Equation 3.1), where WvdW and Wdl are contributions from van der Waals and double layer 

interactions.  

 W(h) = W (h) + W (h) Equation 3.1 
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W (h) =  −

H

12πh
 Equation 3.2 

 

W (h) =
2σ σ

ϵ ϵ
exp(−κh) , κ =

2q N I

k Tϵϵ
 Equation 3.3 

The contribution from van der Waals forces can be assumed by Equation 3.2, where H is the 

Hamaker constant (which determines the strength), and h is the inter-particle spacing. 

Double layer interactions can be approximated as Equation 3.3, where σ+ and σ− are the surface 

charge densities per unit area of each particle, ϵ0 is the permittivity of vacuum, ϵ the dielectric 

constant of water. κ is the inverse Debye length, q is elementary charge of an electron, NA is 

Avogadro’s constant, I is ionic strength of the solution, kB is Boltzmann’s constant and T is 

absolute temperature. Hence, increasing ionic strength acts to shield the repulsive double 

layers forces and decrease stability. The force trend with varying particle separation is shown 

in Figure 3.1a, for double layer and van der Waals forces separately, and combined for the 

DLVO theory. At large separations, the force is initially dominated by van der Waals, however 

as the double layer of each particle approaches, the electrostatic repulsion becomes significant. 

At a separation of approximately the Debye length (κ-1), the potential passes through a 

maximum, at which point the van der Waals forces dominates, and particles are attracted 

(Figure 3.1b). The height of this maximum, or potential barrier, indicates how stable the 

system is, as particles have to overcome the barrier to aggregate. At separations less than this, 

the potential has a deep attractive well which is referred to as the primary minimum. If 

particles do not have enough energy to overcome this barrier (i.e. too little momentum), the 

colloids can remain in the secondary minimum. As a result of this, measurement of particle 

zeta potential is often used as a metric of stability 18,19,171. 

Figure 3.1 – a) Force and (b) energy profiles for the DLVO model for two particles with a separation 

distance of h, showing the contributions from the double layer electrostatic and van der Waals 

interactions. Reused under a CC BY 4.0 licence from 253. 
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3.1.2 Steric Effects 

Whilst the DLVO model can be used to predict stability of colloidal systems, steric effects are 

neglected from the model. Here, the adsorption or conjugation of polymers to the colloid 

surface can reduce particle aggregation, in what is known as steric hindrance 13. For a 

hydrophilic polymer (such as poly-ethylene glycol (PEG)), the polymer chains extend out into 

the surrounding fluid. As particle approach each other, an osmotic effect acts to separate the 

particles due to a local increase in polymer concentration. If the polymers start to 

interpenetrate, thermodynamic effects begin to dominate as polymer chains lose degrees of 

freedom, and hence decrease in entropy. Phospholipids conjugated to PEG chains (of varying 

molecular weights) are commonly used to increase nanoparticle stability, whilst also providing 

‘stealth’ properties, reducing opsonisation and an immune response 89,172,173. In this thesis, 

PEGylated lipids are used in both the formation and stabilisation of liposomes and MBs and 

NBs. 

3.2 Ultrasound and Bubble Interactions 

3.2.1 Ultrasound Basics 

Ultrasound describes high frequency sound waves (> 20 kHz) that are above that of human 

hearing. Medical US typically uses frequencies of 1- 15 MHz with typical US wavelengths 

are ~10-4 m (assuming a speed of sound in tissue of 1540 ms-1). US imaging follows a pulse-

echo method where short ultrasonic pulses are emitted by a transducer. Reflection of the 

incident pulse occur at the boundary between two materials with different acoustic 

impedances, Z, which are then detected by the transducer. A greater impedance mismatch 

leads to increased intensity of the reflected pulse. The intensity of the pulse corresponds to the 

brightness of the image, and time of flight corresponds to the location of the interface. This is 

known as B-Mode imaging. A more detailed description of B-mode imaging can be found in 

Section 4.5. US imaging is routinely used clinically for pre-natal sonograms, US-guided 

interventions, and in combination with contrast agents, echocardiography 174. US can also be 

used to monitor blood flow through the use of Doppler imaging, in which moving scatterers 

(i.e. blood cells) reflect US at a frequency different to that of the incident pulse. In diagnostic 

US, a unitless metric known as the mechanical index (MI) is used as an index of bio-cavitation 

effects, and hence safety175. MI is defined as a function of peak negative pressure (PNP, MPa) 

and frequency (f, MHz) (Equation 3.4). The FDA recommends that the MI should not exceed 

1.9 in the absence of gas bodies, or no greater than 0.4 in the presence of gas bodies or UCAs 
176. 
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Mechanical Index, MI =

PNP

√f
 Equation 3.4 

 

3.2.2 Damped Oscillator 

Soft tissue is relatively acoustically homogeneous (Z ~ 1.6 x 106 kg.m-2s-1) with approximately 

1-2 % of the incident wave being reflected. As such, clinical imaging can suffer from poor 

contrast. To aid imaging, microbubbles are routinely used as intravascular contrast agents, as 

their gas core provides a large impedance mismatch (Zair ~ 4 x 102 kg.m-2s-1) between 

surrounding soft tissue and blood 177. Hence, at the interface between a gas-cored bubble and 

blood or soft-tissue, ~ 99 % of the incident wave is reflected. However, this is not the only 

factor that contributes the MB echogenicity. Due to their gas-core, exposure of bubbles to US 

(an oscillating pressure field) induces volumetric bubble oscillations. At low pressure 

amplitudes, the displacement of the boundary of a free bubble can be modelled as a one-

dimensional spring defined by its mass, a restoring force damping and an applied force 

(Equation 3.5), where m is the mass of the system, β is mechanical resistance related to 

dissipation, s is stiffness of the system and Fdrive is the driving force. Here x(t) is defined as 

radial displacement from the initial radius. As a result of this, the system has a defined 

resonance frequency, fr (Equation 3.6). The definitions of m, β and s as described by Medwin 
178 are shown in Equation 3.7, where ρL is density of the surrounding liquid, δtot is total 

damping of the system, ω is angular frequency, γ is the heat capacity ratio and P is ambient 

pressure.  

  mx (t) + βx (t) + sx(t) = F (t) Equation 3.5 

 
f =

1

2π

s

m
 Equation 3.6 

 m = 4πR ρ , β = δ ωm, s = 12πγPR  Equation 3.7 

 
f =

1

2πR

3γP

ρ
  Equation 3.8 



29 
 

This leads to Equation 3.8 in which it is evident the resonance frequency is inversely 

proportional to bubble size. Whilst this equation describes the resonance behaviour of a free 

bubble, the surrounding shell adds an additional restoring force which will then increase the 

resonance frequency of the bubble. Somewhat fortunately, the resonance frequency of lipid-

shelled microbubbles, utilised as contrast agents, lies within the clinically approved frequency 

range for imaging. When excited on resonance, the acoustic scattering cross section of a 

bubble rapidly increases, as described by Equation 3.9, where σ is scattering cross-section and 

fdrive is driving frequency 179.  

The trend described by this equation is shown in Figure 3.2. Here, an arbitrary bubble was 

defined as having an initial radius of 2 μm and a resonance frequency of 2 MHz.  The value 

of δtot was varied between 0.01 and 1 to demonstrate the effect of increased damping on the 

system. At frequencies below resonance, scattering cross section rapidly increases as it 

approaches the maximum value at resonance. At frequencies above this however, scattering 

cross-section decreases to a constant value. Increasing the total damping of the system leads 

to a decrease in the peak scattering cross section achievable, whilst also producing a broadened 

 
σ =

4πR

f
f

− 1 + δ   

 
Equation 3.9 

Figure 3.2 – A plot showing the trend between scattering cross section of a bubble, σ, and the driving 

frequency of the ultrasound. All plots were normalised to the maximum value for 

δtot = 10. An arbitrary bubble was defined as having an initial radius of 2 μm, a resonance frequency 

of 2 MHz and scattering cross section plot for δtot = 0.01,0.1 0.5 and 1. 
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frequency response. For a bubble with no damping, the scattering cross-section will tend to 

infinity on resonance. 

3.2.3 Radial Oscillations 

At low driving pressures, bubbles will scatter and oscillate at the fundamental driving 

frequency (i.e. linearly). Volumetric oscillations of a bubble are commonly described by the 

Rayleigh-Plesset equation 180 (Equation 3.10).  

This equation can be derived from first principles. Firstly, by considering mass conservation 

the radial outward velocity, u, must follow an inverse square law (Equation 3.11a) and be 

proportional to some function of time f(t). Assuming there is no mass transport at the bubble 

surface, the velocity is then defined by Equation 3.11b. Substitution of  Equation 3.11b into 

Equation 3.11a yields  Equation 3.11c. The assumption of no mass transfer only holds if the 

density if the surrounding medium is much greater than that of the gas-core. 

The velocity definition can then be applied to the Navier-Stokes equation for an 

incompressible fluid, defined in spherical coordinates (Equation 3.12), which considers 

conservation of momentum. Substitution of Equation 3.11c into the Navier-Stokes equation 

yields a differential equation, in which variables (r and t) can be separated and integrated. For 

this, boundary conditions are required for pressure, P, at the bubble surface (r=R). The normal 

stress pointing radially outwards from the bubble is described by Equation 3.13a. As it 

assumed there is no mass transfer across the bubble surface, the force per unit area (at the 

bubble surface must be zero (Equation 3.13b). This assumption then leads a definition for the 

pressure at the bubble surface, P(R), (Equation 3.14). This then yields the Rayleigh-Plesset 

equation. It can be shown from this that under steady conditions (i.e. �̇� = 0), the Rayleigh-

Plesset yields the equation for Laplace pressure. 

 
u(r, t) =

f(t)

r
, u(R, t) = Ṙ =

f(t)

R
, u(r, t) =

R

r
Ṙ  

Equation 3.11a, b, c 

 

 
𝑅R̈ +

3

2
Ṙ +

4ν

R
Ṙ +

2γ

ρ R
+

ΔP(t)

ρ
= 0 Equation 3.10 

where R is instantaneous bubble radius, �̈� and �̇� denote the first and second order derivative 

of time, ν is the kinematic viscosity, γ is surface tension and Δ𝑃(𝑡) = 𝑃 (𝑡) − 𝑃 (𝑡), the 

difference between the external pressure infinitely far from the bubble, and internal bubble 

pressure. 
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ρ

∂u

∂t
+ u

∂u

∂r
= −

∂P

∂r
+ μ

1

r

∂

∂r
r

∂u

∂r
−

2u

r
  

Equation 3.12 

 

 
σ = −P + 2μ

∂u

∂r
,   σ (R) + P −

2γ

R
= 0,   

Equation 3.13a, b 

 

 
P(R) = P −

4μ Ṙ

R
−

2γ

R
 Equation 3.14 

Although applicable to a free gas bubble, surrounded by an incompressible liquid, the 

Rayleigh-Plesset equation does not account for elastic and viscous contribution provided by 

the bubble shell (i.e. lipid, polymer, etc.). Over time terms have generally been added to this 

equation, to describe the behaviour of lipid-coated microbubbles at low to medium pressures. 

Perhaps the most notable of these is the Marmottant model 139, which assumes the bubble has 

a finite, constant number of lipid molecules. Three parameters are used to describe the 

properties of the shell: a buckling radius, the compressibility of the shell, and a break-up shell 

tension (Equation 3.15). Each parameter describes at what radius the shell buckles (γ = 0), an 

elastic modulus that gives the slope of the elastic regime, and a parameter to describe the 

surface tension at which the bubble ruptures. The Marmottant modal is achieved by combining 

the Rayleigh-Plesset equation and the polytropic gas law, and then defining surface tension as 

a function of radius (Equation 3.16). 

 
ρ RR̈ +

3

2
Ṙ = P +

2γ(R )

R

R

R
1 −

3κ

c
Ṙ − P

−
2

R
γ(R) + 2μṘ +

2κ Ṙ

R
− P (t) 

Equation 3.15 

 

γ(R) =  

⎩
⎪
⎨

⎪
⎧

0 if R ≤ R

χ
R

R
− 1 if R ≤ R ≤ R

σ  if R ≥ R

 Equation 3.16 

This piece-wise definition then leads to three discrete regimes of bubble behaviour under 

changing ambient pressure and bubbles radius, and hence variation in surface tension (Figure 

3.3). The buckled regime corresponds to where γ = 0, due to fast compression of the bubble 

and lipid monolayer. The elastic regime then corresponds to a small radial region in which the 

lipid monolayer is assumed to behave as an elastic material. This is then followed by the 

broken or ruptured state in which, under fast expansion, the lipid monolayer breaks above a 
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threshold surface tension, γcritical, exposing areas of bare gas interface to the surrounding 

medium, and hence γ = γwater.  

At higher driving pressures, this model predicts that bubbles will undergo non-linear 

oscillations. During the compression phase of the incident US field, the bubble will buckle 

and hence surface tension decrease. However, in the elastic region and during bubble 

expansion, the surface tension will increase proportional to R2. This leads to what is known as 

“compression only” behaviour and non-linear oscillations 181,182. 

3.2.4 Non-Linear Oscillations and Acoustic Emissions 

At low acoustic pressure, bubbles will oscillate linearly at their fundamental frequency. 

However, further increasing the acoustic pressure leads to non-linear oscillations, which 

generate harmonics of the fundamental driving frequency, f0. These harmonics can either be 

sub-harmonic (f0/n), super harmonic (nf0) or ultra-harmonic ((2n+1)f0/n) where n ∈ ℕ 183. In 

diagnostic imaging, tissue response is primarily linear (i.e. at the fundamental frequency). 

Utilising non-linear imaging techniques such as pulse-inversion or amplitude-modulation, the 

harmonic signal provided by bubbles (or US contrast agents) can be isolated, hence increasing 

image contrast 184,185. Whilst at lower driving pressures bubbles will undergo stable volumetric 

oscillations (stable cavitation), increasing the pressure beyond a threshold can induce total 

bubble destruction (inertial cavitation). During inertial cavitation, the oscillation bubble 

expands above a critical radius 186, at which point inertial forces dominate the compression 

phase leading to bubble destruction and fragmentation (Figure 3.4). Because of this 

Figure 3.3 – An example plot comparing between the Rayleigh-Plesset (red, dashed) and Marmottant (solid) 

models, for how bubble size changes with a change in ambient pressure. In the Marmottant model, each 

coloured section refers to the differing bubble behaviour due to the piece-wise definition of surface tension. 

Buckled (black), elastic (blue), broken (green).  
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phenomenon, non-linear/harmonic image modalities typically utilised low acoustic pressures 

(MI < 0.1) such that stable bubble oscillation, and contrast enhancement, is maintained. 

Additionally, the FDA recommends that the MI does not exceed 0.4 when using UCAs 176. 

As well as producing harmonic emissions, unique to inertial cavitation is the emission of 

broadband noise 187,188. Observation of these acoustic emissions can allow for determination 

of bubble behaviour occurring during insonation, in what is known as cavitation detection. In 

this thesis, passive cavitation detection is used to acoustically characterise NBs (Section 6.6). 

It should be noted that as bubble populations are typically polydisperse, under insonation of a 

tone pulse (i.e. a single frequency) acoustic emissions will consist of bubbles excited to 

different magnitude of radial oscillation and hence a mixture of both stable and inertial 

cavitation. As such, harmonic emissions are typically concurrent with broadband noise. 

3.3 Sonoporation Mechanisms 

These two discrete bubble behaviours (stable and inertial cavitation) can both be used to 

transiently increase cell membrane permeability, in a process known as sonoporation. For a 

Figure 3.4 – Schematic showing the behaviour of lipid coated bubbles during an incident ultrasound 

pulse. Here, the bubble is initially at rest (R=R0). At low to medium acoustic pressures, the bubble will 

volumetrically oscillate in a stable regime (stable cavitation), expanding during the rarefaction phase

(R>R0) and contracting during the compression phase (R<R0). At higher acoustic pressures, the bubble 

will expand above a critical radius (Rcritical), followed by rapid compression leading to bubble 

destruction and fragmentation. Adapted from 220 under a CC BY-NC 4 licence. Copyright Ivyspring 

International Publisher 2012. 
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stably oscillating bubble there are two main physical mechanisms that induce membrane 

poration. Firstly, volumetric oscillation of the bubble induced by the incident US field push 

and pull on the cell membrane during the expansion and compression phases (Figure 3.5a). 

These oscillations also induce localised fluid flow (Figure 3.5b). When situated near a surface 

(i.e. cell membrane), application of the non-slip boundary condition (Equation 3.17) where u 

is fluid velocity and n is the unit normal vector, leads to shear flow and hence shear forces 

generated across the membrane. Both of these processes affect membrane integrity.  

 u x n = 0 Equation 3.17 

 At higher acoustic pressures, when bubbles undergo inertial cavitation, the bubble expansion 

and subsequent collapse leads causes the formation of a liquid microjet directed towards the 

cell membrane, and hence creating a pore (Figure 3.5c).  

3.4 Bubble Stability 

For a bubble at rest, the internal pressure must be equal to the sum of the external pressure of 

the liquid and the induced pressure due to surface tension (i.e. Laplace pressure, Equation 2.1). 

Whilst this is useful for generally describing the dependence of bubble stability on size and 

surface tension, it does not describe the motion of bubble dissolution or growth. This was first 

described by Epstein and Plesset 57 (Equation 3.18), which predicts inherent bubble instability 

due to the so-called “Laplace catastrophe”. For example, a small increase in bubble size 

Figure 3.5 – The three main mechanisms in which the combination of bubbles and ultrasound and induce 

cell membrane poration, known as sonoporation. a) Pushing and pulling effects during stable bubble 

oscillation. b) The stably oscillating bubble also induces localised fluid flows, exerting a shear force on 

the membrane. c) During inertial cavitation and bubble collapse, the collapse is asymmetrical and 

produces a high velocity fluid microjet directed towards the membrane. 
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decreases the Laplace pressure. Due to Henry’s law (Equation 3.19), this reduces the gas 

concentration in the bubble’s immediate vicinity, causing the gas to diffuse from solution into 

the bubble and establish a positive feedback loop. Similarly, the reverse holds for a bubble 

that initially decreases in size. This equation considers the surface tension of the bubble but 

neglects any stabilising shell and hence any additional elastic or viscous forces. 

 

Ṙ =  −H
1 − f +

2γ
P R

1 +
4γ

3P R

D

R
+

D

πt
   Equation 3.18 

 C = kP Equation 3.19 

where �̇� is the first-order time derivative of bubble radius, R, H is the Ostwald coefficient 

H =  where ca and cg are gas concentration in the aqueous and gas phases, Pa is ambient 

pressure, Dw is diffusivity of water molecules, f =  where c is dissolved gas concentration 

initially (ci) or at saturation (c∞). 

Whilst the Epstein-Plesset model is valid for a free bubble, it does not consider the influence 

of a stabilising shell. This model was further developed by Borden and Longo (Equation 3.20) 
83 in which an additional term was added to account for mass transfer resistance of a lipid 

monolayer, Rshell, which acts to slow the rate of bubble dissolution.   

 

Ṙ = −
H

R
D

+ R

1 + 2γ/P R) − f

1 +
4γ

3P R

 Equation 3.20 

3.5 Ostwald ripening 

Whilst the Epstein-Plesset equation, and its developed models, explain the dissolution and 

growth of a single bubble they do not consider the behaviour of a population of bubbles with 

varying size. In a population, particles (i.e. bubbles, emulsions, etc.) of larger size have 

increased thermodynamic stability, due to the inherent instability of surface molecules, and 

larger particles have a smaller surface area to volume ratio. This is described by Kelvins 

equation (Equation 3.21) where μ is the chemical potential (Equation 3.22), γ is surface 

tension, Ω  is the molar volume of the material, r is particle size, P is vapour pressure, Psat is 

saturated vapour pressure, T is temperature and k is the Boltzman constant. 

 
Δμ =

2γΩ

r
 Equation 3.21 
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μ = kTln

P

P
 Equation 3.22 

Smaller particles in solution will begin to shrink and deposit their surface molecules into the 

solution to reduce the concentration gradient between the interior and exterior of the particle. 

A proportion of the dissolved phase then induces growth in larger particles, as this is 

energetically favourable. This net flux of solute can be described by the Gibbs-Thomson 

equation (Equation 3.23), where Ce is solute concentration at a plane interface, Cr is solubility 

at the surface of a spherical particle with radius r, γ is the surface tension, and Ω is the molar 

volume of the particle. Hence, here the difference between Cr and Ce induces a diffusive flux 

from the smaller to larger particles and average particle size increases. 

 
𝐶 = 𝐶 exp

2𝛾𝛺

𝑅 𝑇

1

𝑟
  Equation 3.23 

As a result of this, there is a defined critical radius in which particles below this size will 

shrink and dissolve, and particles larger in size will continue to grow 189. In the case of bubbles 

(both MBs and NBs) Ostwald ripening occurs when bubbles shrink as a result of their high 

Laplace pressure, and thus create areas of supersaturation in the local environment that cause 

larger bubbles to grow. Work by Lifshitz and Slyozov, and separately by Wagner, in what is 

now known as LSW theory190,191, quantitatively predicts that the average radius of particles in 

solution ⟨R⟩, grows over time (Equation 3.24), where c∞ is solubility of the particle material, 

D is diffusion coefficient, R is the ideal gas constant, and t is time. 

 
⟨𝑅⟩ − ⟨𝑅⟩ =

8𝛾𝑐 𝑣 𝐷

9𝑅𝑇
𝑡 Equation 3.24 

3.6 Bubble Buoyancy 

The terminal velocity of a particle in solution (either rising or sinking) can be calculated by 

Equation 3.25, where U is the ascension velocity, g is the gravitational acceleration, d is the 

diameter, Δρ is the difference in density between the medium and the core, μ is the dynamic 

viscosity of the suspending fluid. 

 
𝑈 =

𝑔𝑑 Δ𝜌

18𝜇
  Equation 3.25 

By assuming that the particle is spherical and rigid, this can be derived by applying a force 

balance between the Stokes drag force (Equation 3.26), and the buoyant force, which is 

equivalent to the mass of displaced fluid (Equation 3.27). 
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 𝐹 = 6𝜋𝜇𝑅𝑈 Equation 3.26 

 
𝐹 =

4Δ𝜌𝜋𝑔𝑅

3
  Equation 3.27 

 

3.7 Fluorescence 

Fluorescence is the emission of light from a substance, after absorption of light of higher 

energy (i.e. lower wavelength). Molecule energy levels consist of electronic, vibrational and 

rotational levels. At room temperature most molecules occupy the lowest vibrational level of 

the ground electronic state. Excitation of a molecule occurs when an incident photon interacts 

with a substance and causes it to enter an excited vibrational state.  Energy from a photon, E, 

is directly proportional to frequency, ν, and hence inversely proportional to wavelength, λ, and 

is quantized as shown by Equation 3.28, where c is speed of light and h is Planck’s constant.  

For absorbance, and hence excitation, to occur the energy of the photon must correspond to 

the gap between the molecules ground state energy levels (S0), or the highest occupied 

molecular orbital (HOMO), and the energy level of the first (S1) or second (S2) electronic 

vibrational state orbitals. Fluorescence is the emission of a photon accompanying relaxation 

of the excited state to the ground state. After absorption, vibrational relaxation of the excited 

state occurs followed by emission of a lower energy photon and return of the molecule to the 

ground state. This can be demonstrated by the Jablonski diagram shown in Figure 3.6.  

The efficiency of this process (i.e. how many of the absorbed photons undergo this process) 

is defined by the quantum yield, Φ, (Equation 3.29) and can be used estimate how “bright” a 

fluorophore is, an aspect that is important to consider during fluorescence imaging. 

 
Φ =

N(photons emitted)

N(photons absorbed)
 Equation 3.29 

 
𝐸 = ℎ𝜈 =

ℎ𝑐

𝜆
 Equation 3.28 
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3.8 Light Scattering 

In this thesis, light scattering techniques are routinely used to characterise the size of 

nanoparticles (liposomes, NBs). The following sections describes two theories that can be 

used to describe the interaction of nanoparticles with light: Rayleigh scattering, and Mie 

theory. 

3.8.1 Rayleigh Scattering 

Rayleigh scattering is the elastic scattering of light by particles much smaller than the 

wavelength. The small size approximation can be parametrized by Equation 3.30, where r is 

particle radius, k is wavenumber and λ is wavelength. 

 
𝑥 =

2𝜋𝑟

𝜆
 Equation 3.30 

Rayleigh scattering occurs when x ≪1, when the particle size is approximately 10 x smaller 

than the wavelength. Here, the particle experiences a uniform electric field that oscillates 

slowly in time. Reradiated light is all in the same phase, but as the particles are randomly 

positioned in the solution, the scattered light arrives at a detector with random collection of 

Figure 3.6 – Jablonski diagram showing excited states of a fluorescence molecule. Electronic states 

(thick black lines) consist of vibrational sub-states (thin black lines). Fluorescence occurs when a 

molecule in the ground state (S0) absorbs a photon and is excited to a higher electronic state (here, S1). 

Non-radiative transitions (red) can occur until the molecule is in the lowest vibrational state of the 

excited electronic state. When the molecule relaxes into a lower electronic state (green line) it 

subsequently emits a photon of lower energy than the absorbed photon (i.e. fluorescence emissions). 
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phases. As a result, the intensity is neither periodically constructive nor destructive. The 

amplitude of scattered light will be proportional to the particles volume, and hence the 

intensity proportional to r6. The scattering intensity of a sphere, as a function of position, is 

shown in Equation 3.31, where I0 is incident light intensity, R is distance to the particle, θ is 

scattering angle, m is the relative refractive index (nparticle/nmedium), and d is particle diameter. 

 
𝐼 = 𝐼

1 + cos 𝜃

2𝑅

2𝜋

𝜆

𝑚 − 1

𝑚 + 2

𝑑

2
 Equation 3.31 

Averaged over all angles, the scattering cross section, σs can be given by Equation 3.32 192. 

 
𝜎 =

2𝜋

3

𝑑

𝜆

𝑚 − 1

𝑚 + 2
    Equation 3.32 

The intensity of Rayleigh scattered light is dependent on particle size, refractive index and 

wavelength of incident light.  

3.8.2 Mie Theory 

In this thesis, light scattering techniques are used to characterise the sizes of particles > 100 

nm in diameter, and hence does not satisfy the limits of x ≪ 1. Mie theory, formulated in 1908, 

considers interactions between an electromagnetic field and a particle, including any 

absorption of the incident light by the particle. Such effects become more important for 

particles that are plasmonically active, such as gold nanoparticles utilised for photothermal 

therapy 193,194. Without derivation, which is beyond the scope of this thesis, the scattering 

cross-section of a sphere can be predicted by Equation 3.33, in which only dipolar 

contributions (i.e. first harmonic) are considered, in what is known as the quasistatic 

approximation 195,196. Here, k is the wavevector, in which ϵm is the permittivity of the medium 

and α is defined in Equation 3.34, where ϵ is the permittivity of the particle. Hence, it is clear 

the scattering scales with a6 and hence the square of particle volume, similar to that in Rayleigh 

scattering. 

 
σ =

k

2π
|α| , k =

2πϵ

λ
 

Equation 3.33 

 

 α = 4πa
ϵ − ϵ

ϵ + 2ϵ
 Equation 3.34 
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For a non or lowly absorbing material (hence the imaginary refractive index = 0), the 

permittivity or dielectric constant is equal to the square of the refractive index, and the 

scattering cross-section is proportional to |n − n | . 

3.9 Microfluidics and Fluid Flow 

Microfluidics is the manipulation of fluid flow on the microscale. The reduction in length 

scale from macro- to micro- provides increased control over the fluid due to a phenomenon 

known as laminar flow. Additionally, microfluidics requires low sample volumes, reducing 

reagent cost, whilst also providing scope for automation and high throughput measurements 

and production. 

The Navier-Stokes equation describes conservation of momentum of a fluid under flow, and 

can be used to predict fluid behaviour (Equation 3.35) where ρ is fluid density, u is fluid 

velocity, p is fluid pressure and F is an externally applied force (e.g., gravitational, magnetic). 

Here, fluid inertial forces are balanced by forces provided by an external pressure gradient, 

viscous forces and any other external forces (e.g. gravitational, electromagnetic) 197. 

 
ρ

∂u

∂t
+  u ∙ ∇u = −Δp + μ∇ u + F 

Equation 3.35 

 

 ∂ρ

∂t
+ ∇ ∙ (ρu) = 0 

Equation 3.36 

 

The Navier-Stokes equation can be combined with the continuity equation (Equation 3.36), 

which defines conservation of mass. Assuming the fluid is incompressible, this reduces to  

∇ ∙ u = 0, as fluid density is assumed to be constant. Whilst able to predict the motion of fluid 

flow, there are few situations in which the Navier-Stokes equation can be solved analytically 

(e.g., a cylindrical pipe). Numerical simulation techniques such as finite element method can 

be used to predict fluid flow with the application of appropriate boundary conditions, however 

these can be computationally expensive and temporally slow. 

To predict the behaviour of fluid flow, multiple dimensionless quantities have been described 

and are typically composed quickly and efficiently by scaling the magnitude of different forces 

that act on the fluid. Most commonly, the Reynolds number (Re) is used to predict the 

dominance of either inertial or viscous forces (Equation 3.37), where L is a characteristic 

length scale of the system, dependent on flow geometry. 

 
Re =

F

F
=

ρuL

μ
 Equation 3.37 
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For a square or rectangular geometry, commonly used in microfluidics, this is defined by the 

hydraulic diameter, DH, where A is channel area, P is channel perimeter, and w and h are 

channel height and width (Equation 3.38) 198.  

 
D =

4A

P
=

2wh

w + h
 Equation 3.38 

At low Re (< 2300), flow is described as laminar during which viscous forces dominate the 

behaviour of the fluid 199. Here, the fluid follows smooth continuous streamlines and particle 

velocity is predictable. At higher Re (> 4000), fluid becomes turbulent at which point the flow 

becomes erratic and unstable, forming eddy currents and vortices, making it increasingly 

difficult to predict fluid behaviour 200. Due to the dependence on fluid velocity, u, and channel 

geometry, microfluidics nearly always operates within the laminar regime. For very low 

Reynolds numbers (Re ≪ 1) the behaviour can be modelled as Stokes flow, in which inertial 

forces are negligible, simplifying the Navier-Stokes equation (−Δ𝑝 − 𝜇∇ 𝑢 = 0). 

In this thesis, microfluidics was used in two ways. Firstly, to produce MBs and NBs using the 

microspray regime, which utilizes a multi-phase flow (liquid and gas). Microfluidics was also 

used as a method to culture colorectal cancer cells, to help facilitate sonoporation studies and 

reduce reagent volume consumption. 

3.10 Cell Structure and Cancer Progression 

Cells are the basic biological unit that make up living organisms and can be split into two 

types: prokaryotic and eukaryotic. Prokaryotes lack a nucleus and are typically between 1 – 

10 μm in size. An example of a prokaryote is bacteria. Eukaryotic cells are vastly more 

complex, possessing a nucleus, and can form multicellular organisms such as plants and 

animals. Depending on the individual cell type, eukaryotes are typically between 10- 20 μm 

in size. Cells are enclosed by a cell membrane, consisting of a lipid bilayer and membrane 

proteins, which control movements of ions and molecules in and out of the cell. Enclosed 

within the cell membrane is the cytoplasm. Organelles are sub-units within the cytoplasm each 

with their own specialised functions and are surrounded by a liquid known as the cytosol. 

Organelles which can either be enclosed within their own lipid bilayers (membrane bound), 

or as distinct units without this surrounding bilayer (non-membrane bound). Eukaryotes 

contain a nucleus containing DNA, which is arranged into chromosomes.   

Cells can undergo mitosis, in which the cell reproduces asexually, creating an identical copy 

of itself via DNA replication. However, during this process mistakes can occur, leading to 

genetic mutations. The relative number of mutations is typically very low, and cells have 

mechanisms in place to repair DNA, or if a cell is irreparably damaged then programmed cell 
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death is triggered (apoptosis) to prevent further mutations. The main feature of a cancerous 

cell is that of uncontrolled proliferation, in which the mechanisms to prevent mutated cells 

proliferating have failed. If multiple mutations occur within genes responsible for controlling 

cell replication, as well as those which control safeguarding and induced apoptosis, a 

cancerous growth known as a primary tumour will form. To continue proliferating and 

growing, the tumour requires a blood supply. This can either happen by encompassing pre-

existing vasculature or by inducing formation of new blood vessels (angiogenesis). The 

formation of blood vessels is regulated by pro- and anti-angiogenic factors, which when in 

balance, prevents over-proliferation of endothelial cells, and new vasculature does not form.  

In a process known as the “angiogenic switch” tumours begin rapid growth of malignant cells 

due to the formation of new vasculature 201.  

Cancer can become metastatic when cells from the primary tumour break away and move into 

a blood vessel or lymph node situated elsewhere in the body. An example of this is the SW480 

and SW620 immortalised cell lines, which represent primary colorectal cancer, and a 

metastasized tumour located in the lymph nodes 202. 
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4 Experimental Theory 

4.1 Microscopy Techniques 

4.1.1 Epi-fluorescence Microscopy 

Fluorophores are molecules which when excited with a light source, absorb and re-emit light 

at a higher wavelength than the incident light (Section 3.7). Epi-fluorescence microscopy 

produces an image by illuminating a sample containing a fluorophore with near-

monochromatic light. An excitation filter (Ex) is placed in the path of the incident light, 

removing all light except that of the desired excitation wavelength bandwidth. A dichroic 

mirror is used to direct light onto the sample, allowing the re-mitted light to reach an emission 

filter (Em), removing undesired wavelengths, and finally to a photodetector (Figure 4.1). 

4.1.2 Confocal Laser Scanning Microscopy 

Confocal microscopy is a fluorescence imaging technique that uses a pinhole to remove out 

of focus light and hence improve spatial resolution (Figure 4.2). In traditional epifluorescence 

microscopy, light throughout the sample depth is collected, including out of focus, and hence 

Figure 4.1 - Schematic of an upright epifluorescence microscope. A white light source is passed 

through an excitation filter matching that of the desired excitation wavelength, A dichroic mirror 

directs the incident light to illuminate the sample. The emitted light then passes through the dichroic 

mirror, through an emission filter to the detector. 



44 
 

limiting resolution. The use of a pinhole allows for only in-focus light to be collected (i.e. 

from the same plane), reducing background fluorescence that would be associated with out of 

focus specimens. Confocal microscopes, or commonly confocal laser scanning microscopes 

(CLSM), utilise multiple monochromatic lasers to illuminate the sample and excite 

fluorophores. During image acquisition, multiple mirrors are used to linearly raster scan across 

the x and y axis, collecting light from individual elements and producing an image. The size 

of the scanning element, and hence resolution, is typically close to that of the diffraction limit, 

hence increasing resolution compared to wide-field microscopy. Samples can also be mapped 

in 3D through the use of a z-stack, in which multiple x-y images are acquired at varying focal 

depths. Further, the size of the pinhole can be reduced, increasing confocality but at the cost 

of total image brightness. During imaging, resolution and scan speed of the acquisition can be 

adjusted to increase image quality, at the expense of imaging time which may lead to motion 

blur in live samples. In this thesis, confocal microscopy was primarily used to image cell 

monolayers to assess the uptake of a fluorescent membrane probe. 

4.1.3 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) utilises a focused, high-energy beam of electrons 

to produce an image following a similar principle to that of bright field microscopy. The Abbe 

diffraction limit for a microscopy system can be described by Equation 4.1, where d is 

minimum resolution, λ is wavelength, n is the refractive index of the medium and NA is the  

numerical aperture of the system.  

 
d =

λ

2NA
 Equation 4.1 

Figure 4.2 - Schematic showing the working principle of a confocal microscope. The use of a pinhole 

allows for collection of focussed light (red) from the sample, whilst omitting unfocused light (orange), 

reducing background fluorescence, and allowing imaging at a defined depth. Reused with permission 

from 202 under a CC BY-NC-SA 2.0 licence. 



45 
 

Optical microscopy typically utilises wavelengths of 400 – 600 nm, and hence even for a 

typical NA (~ 0.6) resolution is limited to the order of 102 nm. The wave-particle duality of 

electrons, with a De Broglie wavelength defined by Equation 4.2, and hence a greatly reduced 

wavelength (~2.5 pm at 200 keV) leads to imaging resolutions of ~ 10-10 m.  

 
λ =

h

𝑝
 Equation 4.2 

where λ is wavelength, h is the Planck constant (6.63 x10-34 m2 kg.s-1) and p is momentum of 

the particle. Hence, the effective resolution of TEM is governed by the velocity of the 

electrons. To reach the required energy (103 eV), electrons are accelerated across a potential 

difference and focused using a pair of condensing lenses, before passing through an objective 

aperture and striking the sample. Incident electrons can be scattered or absorbed by atomic 

nuclei, or pass through the sample unimpeded, at which point they are collected by a 

fluorescent screen or camera forming an image. Biological samples (i.e. lipids, proteins) have 

low electron densities and hence to increase contrast heavy metal stains are commonly used. 

Throughout this thesis, 1 % uranyl acetate was used, in which uranyl ions bind to proteins and 

lipids in the sample.  Samples were prepared in a phosphate free buffer to prevent precipitation 

of salts and hence unwanted diffraction events 203 and dried onto carbon coated copper grids 

prior to imaging.  

4.2 Nanoparticle Tracking Analysis 

Nanoparticle Tracking Analysis (NTA) is a technique to characterise both size and 

concentration of sub-micron particles, tracking light scattered from individual particles in 

solution to determine their diffusion constant, related to their Brownian motion by the 

Einstein-Stokes (Equation 4.3). A dilute suspension of sample is driven through a low volume 

flow cell at a constant flow rate using a syringe pump, where a 488 nm laser is incident to the 

Figure 4.3- Schematic showing the working principle of Nanoparticle Tracking Analysis. A sample is 

illuminated using a 488 nm laser incident at a 45 °, and scattered light collection by a 20 x objective, 

prior to post processing. 
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sample at a 45 ° angle. Light scattered by each individual particle is collected using a 20 x 

objective and a camera used to record videos of the sample (Figure 4.3). 

These videos are then analysed post video collection to determine particle size and 

concentration for individual particles. NanoSight NS300 (Malvern Panalytical, UK) was used 

for all measurements and videos were analysed using NTA Software 3.3.  

 < x, y >

4
= Dt =

k T

6πηr
t Equation 4.3 

Where < 𝑥, 𝑦 >  is the mean square displacement, D is translation diffusion coefficient of 

the particle, t is time, kb is Boltzmann’s constant, T is temperature, η is dynamic viscosity 

of the solution and r is the hydrodynamic radius of the particle. 

4.3 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) is another light scattering technique that can be used to 

determine nanoparticle size, and follows a similar principle of operation to NTA, with the 

exception that rather than tracking scattered light from individual particles, the scattered light 

from a bulk sample is analysed. A sample is irradiated with a monochromatic, coherent light 

source which is subsequently scattered by the particles in solution (Figure 4.4a). Due to the 

Brownian motion of the particles, the scattered light intensity fluctuates and analysis using an 

autocorrelation function can be applied to determine particle size. For example, comparing 

intensity at an initial time, I(t), with that a short time later, I(t + δt), the signals would be very 

similar and as such have strong correlation. If intensity at a much later time, T, is considered, 

Figure 4.4 - Schematic showing the principle of Dynamic Light Scattering. a) Scattered light from an 

illuminated sample is collected using a photo detector. This is then followed by processing using an 

auto-correlator. b) Example of auto-correlation functions of intensity data from dynamic light 

scattering (DLS). The plot shows example decays of larger and smaller particles which have differing 

decay constants, τ. 
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I(T), there would be very little correlation with I(t), due to the random Brownian motion of 

the particles. The rate at which the correlation decays is related to particle size. For example, 

smaller particles will decorrelate in a shorter time compared to larger particles (Figure 4.4b). 

In the simplest case of a monodisperse sample, this correlation follows a single exponential 

decay which can be related to the diffusion coefficient of the particles (Equation 4.4). 

 C = e  Equation 4.4 

where D is the diffusion coefficient of the particles, q is scattering vector and τ is the decay 

rate. q = sin  where n is refractive index of the medium, λ is incident light wavelength 

and θ is the scattering angle. 

From this, the hydrodynamic radius of the suspended particles can be determined using 

Equation 4.3. 

Throughout this thesis, DLS measurements were performed using a Zetasizer Nano ZS 

(Malvern Panalytical, UK) equipped with a 633 nm He-Ne laser and scattered light measured 

at a backscatter angle of 173 °, using cuvettes with a path length of 10 mm. Measurement 

conditions were optimised automatically by the system and three measurements performed on 

each sample allowing for calculation of mean and standard error for distributions. 

Additionally, a polydispersity index (PDI) is calculated for each measurement providing a 

measure of sample monodispersity in addition to reliability of the measurement, determined 

by cumulants analysis of the correlation function. 

Populations are displayed either as an intensity, number, or volume weighted distribution 

where appropriate. An intensity-weighted distribution is the raw data provided from the 

instrument. However, due to the relationship between particle size and scattering cross-section 

described by Rayleigh and Mie theory (Section 3.8), an intensity-based distribution is 

inherently biased towards larger particles. For example, a 100 nm sphere will scatter 106 times 

more than a 10 nm sphere. If the optical properties of the particle are known (refractive index 

and absorption), then a number-weighted or volume-weighted distribution can be calculated. 

In general, for a distribution with an average particle size d,  

d(intensity) > d(volume) > d(number). An example of this is shown in Figure 4.5. Due to this, 

in a mixed sample containing very large and very small particles (e.g. 1000 nm vs 10 nm), the 

scattered light from the larger particles can overrule that from the small particles, resulting in 

an inaccurate distribution. 
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4.4 Resonant Mass Measurement 

Resonant mass measurement (RMM) is a single particle measurement technique that can 

measure size, concentration and additionally determine whether the particle is negatively 

buoyant (sinks) or positively buoyant (floats) in the suspension medium. As such, RMM can 

separate population distributions between bubbles (positively buoyant) and non-bubbles 

(negatively buoyant). RMM works on the principle of buoyant mass. MB, and the effective 

change in mass of a self-oscillating cantilever. The self-oscillating cantilever contains a 

microfluidic channel in which sample can flow through and flow rates are adjusted 

accordingly as such that in an optimal scenario a single particle is present on the cantilever. If 

this particle has a different density to that of the suspension medium, the mass of the cantilever 

changes, subsequently changing the frequency of oscillation, Δf. The oscillating frequency of 

the cantilever is recorded using a light source incident onto the tip of the cantilever and 

reflected light collected by a photodiode. Depending on whether the particle has a density 

higher or lower than the medium, i.e. sinks or floats, the frequency will decrease or increase 

respectively. The magnitude and direction of the frequency shift can be used to determine 

particle size (Equation 4.5 - 4.7). Whilst this technique requires particle density to be known, 

particle density only has a small effect on analysed size (D ∝ ρ-1/3). 

 
M =

Δf

S
 Equation 4.5 

Figure 4.5 - Comparison between a number, volume and intensity weighted distribution generated from 

Dynamic Light Scattering for an equal number of 5 and 50 nm particles. This demonstrates the different 

bias associated with each distribution. Adapted from the Zetasizer Nano User Manual 254. 
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M = M 1 −

ρ

ρ
 Equation 4.6 

 

D =
6M

πρ
 Equation 4.7 

where f is frequency, S is calibration constant, M is ‘dry mass’, ρ  and ρ  is fluid and particle 

density respectively and D is diameter. 

The RMM instrument used throughout this thesis (Archimedes, Malvern Panalytical, UK) was 

provided by Malvern Analytical on an initial trial basis. 

4.5 Ultrasound Imaging 

US imaging works on the principle of pulse-echo, in which reflections from an incident US 

pulse are used to form an image. All US imaging in this thesis was B-Mode (brightness mode) 

in which the brightness of the image is directly linked to the intensity of the received pulse. 

The intensity of the received pulse is determined by the change in acoustic impedance between 

two materials (Equation 4.8), Ir and Ii are the intensities of the reflected and incident beam and 

z1 and z2 are the acoustic impedances of the two materials.  

 I

I
=

z − z

z + z
 Equation 4.8 

The time of flight (i.e. time between pulse and echo) can be used to determine the position of 

material or tissue boundaries (i.e. where reflections occur) if the speed of sound is known. For 

soft tissue this is relatively constant (~ 1540 m/s). Transducers are typically composed of a 

Figure 4.6 -– Schematic showing the principle of operation of resonant mass measurement 

(RMM). As a particle of density differing to that of the suspension fluid flows across the self-

resonating cantilever, the resonant frequency changes producing a frequency shift depending 

on whether particle density, ρp, is greater or less than fluid density, ρf. Adapted from 59 under 

a CC BY-NC 3.0 licence. Copyright Royal Society of Chemistry 2019. 
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piezoelectric plate, a matching layer and a backing layer. The piezoelectric plate is commonly 

constructed out of lead zirconate titanate (PZT). Application of a positive or negative voltage 

to the PZT layer causes it to stretch or compress, producing ultrasonic waves. When receiving 

acoustic emissions, the reflected US causes the PZT to contract/stretch which is converted into 

a corresponding voltage. Due to the impedance mismatch at the PZT-tissue boundary,  only 

about 20 % of the intensity would be transmitted.177 The presence of a matching layer, of 

thickness of a quarter wavelength, can increase transmission by up to 100 % due to 

constructive interference of reflected and transmitted waves. Additionally, the matching layer 

also prevents reflections heading back into the PZT due to destructive interference (Figure 

4.7). The backing layer, composed of a material with high acoustic attenuation, helps to damp 

any reflected wave and prevent ringing in the PZT. 

A full B-mode image consists of a cross-sectional representation of the imaged area. To 

produce this 2D image, a multi-element transducer is required in which each element generates 

a scan line to form the total image. In this thesis, a clinically approved US imaging system (3-

8 MHz, V-Scan, GE Healthcare, US) was used to image NBs in an acoustic phantom, using a 

linear array probe. 

4.6 Optical Spectroscopy 

4.6.1 Fluorescence Excitation and Emission Spectroscopy 

Steady state fluorescence spectroscopy is a technique that determines the intensity of 

fluorescent emissions from a sample. Excitation at a fixed wavelength, and measurement of 

Figure 4.7 – Schematic showing how the matching layer, of one-quarter wavelength (λ/4) in 

thickness. This allows for increased transmission into tissue and reduced reflection of acoustic 

waves back into the PZT by constructive and destructive interference respectively. 
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the fluorescence emissions over a range of wavelengths is known as fluorescence emission 

spectroscopy. Sample fluorescence emissions can also be measured at a fixed wavelength, 

whilst varying the excitation wavelength, in what is known as fluorescence excitation 

spectroscopy. The combination of both excitation and emission spectra allows for 

characterisation of the fluorescent properties of a fluorophore or sample. In this thesis, 

fluorescence spectroscopy was used to quantify the amount of drug release from a sample after 

various treatment conditions (Section 5.6). A fluorescence spectrometer consists of multiple 

components, to allow control over both the excitation and emission wavelengths, as well as 

their bandwidth. A schematic of the fluorescence spectrometer used throughout this thesis 

(FLS 980, Edinburgh Instruments, UK) is shown in Figure 4.8. A white lamp (450 W Xenon 

arc lamp), providing a large range of wavelengths, passes through adjustable excitation 

monochromators to determine the excitation wavelength, as well as the bandwidth of this 

excitation. The monochromatic light is then directed towards the sample chamber, containing 

the sample in a cuvette. Fluorescence emission from the sample is collected at a 90 ° angle, 

where the emission beam passes through an additional set of monochromators to control the 

collected emission wavelengths, prior to reaching the detector (R928, Hamamatsu, JA). The 

system was also equipped with a thermoelectrically cooled cuvette holder with magnetic 

stirring abilities (TC 1 Temperature Controller, Quantum Northwest, US).  

Figure 4.8 - Schematic of the Edinburgh Instruments FLS 980 spectrometer used in this thesis. The 

location of the illuminating light source (Xenon arc lamp), monochromators, sample chamber and 

PMT detector are shown. Reused from 255 under a CC BY-NC-SA 2.0 licence. 
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In this thesis a well-plate based fluorescence spectrometer (SpectraMax M2e, Molecular 

Devices, US) was also used to measure fluorescence emission from multiple samples. Whilst 

typically less accurate than a cuvette-based spectrometer, measurements in a 96-well plate 

allow for rapid measurement of samples with different treatment conditions as well as over 

multiple repeats. 

4.6.2 UV-Vis-NIR 

Ultraviolet/Visible/Near-Infrared (UV-Vis-NIR) absorption spectroscopy is a technique used 

to measure how a given sample absorbs light as a function of wavelength. This can be used to 

determine the concentration of an absorbing sample in solution, based on a calibration curve, 

that is described by the Beer-Lambert law (Equation 4.9), in which sample absorbance is 

linearly related to concentration. 

 The spectrometer throughout this thesis (Cary Series UV-Vis-NIR, Agilent Technologies, 

US) was equipped with a dual-beam functionality, in which a beam of light with controlled 

wavelength is split into two. One beam then passes through the sample of interest, whilst the 

other through a control (or blank) sample containing just the dispersant. For cuvettes with 

known path length, the absorbance due to the solute can then be determined by comparing the 

difference in intensity of detected light. It is important to note that the Beer-Lambert law only 

holds for low sample concentrations, in which scattering events (as opposed to radiative 

interactions) have negligible effect on beam intensity.  

Similar to fluorescence spectroscopy measurements, absorbance measurements were also 

performed using a well-plate based spectrometer. 

4.7 Flow Cytometry 

Flow cytometry is a technique in which single cells, focused by a sheath fluid flow, are 

illuminated by a laser light source and the forward scatter, side scatter and fluorescence 

emission are measured. Physical properties of the cells can be determined by observing the 

forward (size) and side scatter (granularity) of the incident light. Cells can be stained with 

fluorescent dyes (e.g., live/dead staining), conjugated with antibodies (e.g., VEGFR2-FITC), 

or transfected with fluorescent proteins (Green Fluorescent Protein), and flow cytometry used 

to quantify fluorescence emissions. In this thesis, a flow cytometer (CytoFlex S, Beckman 

Coulter, US) was used to quantify fluorescence from a FITC live stain and 7-AAD, a 

membrane impermeable DNA stain, to determine the occurrence of sonoporation. 

 A = εcl Equation 4.9 

where A is absorbance, 𝜀 is the molar extinction coefficient (M-1cm-1), c is concentration 

(M), and l is path length (cm). 
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5 Experimental Procedures 1 

5.1 Microfluidic Production of Nano- and Microbubbles 

Nano- and microbubbles were prepared from a mixture of DPPC (1,2-dipalmitoyl-sn-glycero-

3-phosphocholine) and DPSE-PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000]) in a 95:5 molar ratio and a total lipid concentration 

of 2 mg/mL (Avanti Polar Lipids, AL, US). Lipids were dissolved in a 1:1 mixture of 

chloroform and methanol and dried under nitrogen to remove the solvent and subsequently 

resuspended in PBS solution containing 1 % (v/v) glycerol. The lipid solution was then 

combined with C4F10 (perfluorobutane, PFB) gas in a multiplexed micro-spray microfluidic 

device for bubble production as described in Peyman et al.46,204 using the Horizon system. This 

was developed in house in Leeds, combining the microfluidics, flow control and brightfield 

microscopy into one system 205. Microfluidic chips were produced externally (Epigem, UK) 

out of PMMA (Poly(methyl methacrylate) and SU-8 photoresist using photolithography. 

Liquid and gas were interfaced to the microfluidic chip using a custom made PMMA manifold 

containing PTFE (Polytetrafluoroethylene) tubing, which through the use of a clamping 

mechanism created a gas tight seal between the manifold and the chip (Figure 5.1). Both liquid 

and gas flows were controlled using pressure-pumps (Mitos P-Pump, Dolomite, US). 

Microfluidic devices were mounted on a movable x-y stage situated above an inverted 

brightfield microscope, allowing observation of the fluidics during use. 

Figure 5.1 - Schematic showing the microfluidic set up used for micro- and nanobubble production using 

the Horizon system. Liquid and gas inlets fit into a custom-made manifold which is then clamped to the 

microchip to create a gas tight seal. The system is situated above a microscope objective to allow 

observation of the fluidics during use. Inlets 1 and 3 were used for liquid and gas phases respectively, 

where Inlet 2 is used for alternative microfluidic chips not used in this body of work. Reused from 256

under a CC BY-NC-SA 2.0 UK licence.  
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Microfluidic device geometry is shown in Figure 5.2 containing 4 separate, or multiplexed, 

microbubble production devices to allow for rapid microbubble production. The chip contains 

two inlets, one for each liquid and gas flows, and an outlet for sample collection. Microbubble 

production devices consisted of modified flow focusing geometry with liquid channel width 

of 50 um and gas channel width of 30 um, fabricated to an initial height of 25 um and an 

additional 25 um expansion situated after the nozzle, allowing production of the desired 

microspray regime 46. 

5.1.1 Nanobubble Isolation  

NBs were passively isolated from MBs via flotation due intrinsic MB buoyancy. A spherical 

bubble in a medium has an ascension velocity, described by Equation 3.24. For a PFB bubble 

with radius of 1 μm it would take 47 minutes to travel 1 cm. For a bubble in the same medium 

with diameter of 150 nm it would take 840 minutes to travel the same distance and as such 

can be regarded as neutrally buoyant. After 1 hour, a syringe and fine needle was used to 

remove NB sample from the bottom of the vial and subsequently filtered through 800 nm 

PTFE membrane to remove any large bubbles. 

5.2 Nanobubble size and concentration determination 

5.2.1 Nanoparticle Tracking Analysis (NTA) 

Single particle tracking was used to analyse NB populations using NanoSight Nanoparticle 

Tracking Analysis (NanoSight NS300, Malvern Panalytical, UK). Samples were illuminated 

with a 488 nm laser and individual particles tracked using NTA 3.3 software. Samples were 

diluted 1:1000 in PBS prior to measurement and measurements repeated in triplicate. 

Figure 5.2 - Geometry of microfluidic device used for microspray microbubble production. The 

device contains 4 separate microbubble production devices. Both liquid and gas inlets are split into 

4 separate channels to allow multiplexing of the device and sample collected from a single outlet. 
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Measurements were performed under flow using a PC controlled syringe pump at infusion 

rates of between 20 – 40 a.u., as defined by the NTA 3.3 software. 

5.2.2 Resonant Mass Measurement (RMM) 

Resonant mass measurement (Archimedes, Malvern Panalytical, UK) was used to demonstrate 

and analyse populations of positively buoyant (bubbles) and negatively buoyant particles in 

NB solutions. Archimedes was equipped with a MicroH sensor capable of measurement of 

particle diameters of between 150 – 5000 nm and pre-calibrated with 1 μm polystyrene beads 

(ThermoScientific Microsphere Size Standards 4010A). Samples were diluted 1:500 in PBS 

prior to measurements. During the measurement, NB sample was loaded initially for 120 

seconds and analysed at pressures of 3, 2 and 3 psi for sample, reference, and experiment 

values. The limit of detection was set to 25 mHz to provide consistency for all measurements. 

Particle densities were set to 0.0112 and 1.3 g/mL for positively buoyant and negatively 

buoyant particles respectively, corresponding to the density of PFB gas and lipid vesicles 59.  

5.3 Liposome and Nested-Nanobubble Production 

A combination of DSPC, Cholesterol and DSPE-PEG2000 were dried under Nitrogen in round 

bottom flasks in a 63:32:5 molar ratio at a total lipid concentration of 15 mg/mL. The lipid 

film was resuspended in either PBS buffer for liposome (LS) production or with NBs at stock 

concentration for Nested-NB production and rehydrated via stirring for 1 hour. For calcein 

loading, solution pH was adjusted using 10 M NaOH to pH 10.5 and calcein added to a final 

concentration of 100 mM prior to rehydration. Rehydrated lipid solution was homogenized 

via extrusion by passing through a 400 nm PTFE membrane. Free calcein and NBs were 

removed via centrifugation at 17,000 g for 20 minutes, washed with PBS and centrifugation 

and washing repeated (Figure 5.3).  

Figure 5.3 - Schematic showing preparation of Nested-NBs. NBs are isolated from a mixed population 

via flotation. A NB solution containing 100 mM calcein is then used to rehydrate a thin film lipid film. 

The solution is homogenised via extrusion through a 400 nm membrane, during which NBs and calcein 

are encapsulated within a liposomal shell. Un-encapsulated calcein and NBs are then removed via 

centrifugation, yielding the final Nested-NB product. 
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5.4 Transmission Electron Microscopy 

For Transmission Electron Microscopy (TEM), samples were prepared in a phosphate free 

buffer and 5 uL of sample pipetted onto glow discharged carbon grids. After 30 seconds 

incubation, sample was washed with buffer and 5 uL of 1 % uranyl acetate added for 30 

seconds, then removed and left to air dry. Images were taken at a range of magnifications 

ranging from 11,000 to 46,000 x using a FEI T12 transmission electron microscope (FEI 

Tecnai T12, USA). Images were analysed manually using ImageJ (NIH, US) to determine 

particle diameter. 

5.5 Optical Characterisation of Calcein 

5.5.1 UV-Vis-NIR Spectroscopy 

UV-Vis-NIR measurements of calcein were performed such to determine the molar extinction 

of calcein, using both cuvette and well-plate based methods. For the cuvette (10 mm path 

length) based system, absorbance was measured for wavelengths of 200 - 800 nm for calcein 

concentrations of 0.001 – 10 mM. Well-plate based measurements were performed using a 

multi-mode well plate based reader, capable of both fluorescence and absorbance 

measurements (SpectraMax M2E, Molecular Devices, US). Each well in a clear 96 well plate 

contained 200 uL and peak absorbance was measured at 460 nm. 

5.5.2 Fluorescence Spectroscopy 

Fluorescence excitation and emission spectra of calcein were determined using a cuvette-

based spectrometer (FLS 980, Edinburgh Instruments, UK). Cuvettes were made of quartz and 

had a path length of 10 mm. For emission spectra, calcein was excited off-peak at 460 nm and 

emission intensity measured for wavelengths of 470 – 700 nm. For excitation spectra, 

emission was fixed a 515 nm and excitation wavelength varied between 400 and 600 nm. 

These spectra were determined with a dwell time of 0.2 s and slit width of 1.0 nm. Calcein 

fluorescence was also measured using the multi-mode well plate reader, with excitation 

wavelengths of 460 nm and 490 nm, and emission of 515 nm, performed in opaque well plates 

to minimize interference between wells. 

5.6 Nested-Nanobubble Drug Release and Stability 

5.6.1 Thermal Stability 

To determine the drug-loading stability of Nested-NBs at various temperatures, fluorescence 

measurements were conducted using a thermoelectrically cooled cuvette-holder, maintaining 

the sample at various temperatures. Due to the high concentration of encapsulated calcein, 

fluorescence was initially quenched. However, when released from the liposome into the bulk 
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medium, calcein concentration decreases and fluorescence subsequently unquenches. During 

measurements, the sample was gently stirred ~ 300 RPM using a magnetic stirrer. Samples 

were diluted 1:25 in PBS and fluorescence emission intensity was recorded in 5-minute 

intervals for a total duration of 30 min (21 ° C and 37 ° C) and 180 min (4 ° C). To further 

investigate the thermal stability, a temperature ramp was performed, with an initial 

temperature of 22 ° C, and fluorescence emission of Nested-NBs was measured in 5 ° C 

intervals up to 62 ° C, with the sample remaining at each temperature for 2 minutes. Total 

fluorescence emission for all experiments was determined by integration of the emission 

spectra. To determine the percentage of release/leakage from samples, fluorescence was 

measured for non-treated samples (negative control), treated samples and samples lysed with 

0.1 % Triton-X (positive control) to calculate the percentage of calcein released from the 

sample (Equation 5.1). Percentage release was calculated by Equation 5.1, where FLtreated, 

FL+control and FL-control are fluorescence intensities for treated, positive and negative control 

samples respectively. 

5.6.2 Quantifying HIFU Triggered Release 

Drug release after HIFU exposure was quantified using the multi-mode well-plate based  

reader. NB and liposome samples were diluted 1:25 in PBS, and fluorescence measured at 

excitation and emission wavelengths of 460 and 515 nm respectively and percentage release 

determined using Equation 5.1.  

5.7 Ultrasound Imaging 

B-mode diagnostic US images of NBs and Nested-NB populations were produced using a 3-

8 MHz linear array probe (V-Scan, GE Healthcare, US). Samples were imaged in a wall-less 

agar flow phantom, produced by mixing 3 % by mass agar and 8 % by mass glycerol with 

degassed water 206. The mixture was heated in a microwave and manually stirred intermittently 

until a homogenous solution was produced. The mixture was poured into a 3D printed mould 

containing a 4 mm outer diameter tube and left to cool. The tube was removed after the agar 

had set and Luer lock fittings attached for sample loading. The mean grayscale intensity of B-

mode images within the region of interest were calculated using MATLAB (Mathworks Inc, 

US). 

5.8 High Intensity Focused Ultrasound (HIFU) and Passive Cavitation 

Detection (PCD) 

A single element High Intensity Focused Ultrasound (HIFU) transducer was used for US 

mediated NB destruction. A 1.1 MHz centre frequency HIFU transducer (H-102, Sonic 

 % Release = 100 x (FL − FL  )/(FL − FL ) Equation 5.1 
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Concepts, US) was used for all HIFU experiments. The transducer was connected to a +55 dB 

power amplifier (A300, E&I Ltd, US) via an impedance matching circuit. A computer-

controlled function generator (33220A, Agilent, US) was used to provide sinusoidal burst 

cycles to the transducer. Free field pressure was measured using a membrane hydrophone 

(Precision Acoustic Ltd, Dorchester, UK) with a 400 μm sensitive element, calibrated by the 

National Physics Laboratory (Middlesex, UK) 188 All pressures stated are based from their free 

field calibrations with errors of ± 0.1 MPa. The HIFU transducer was coupled to the sample 

using a coupling cone containing degassed Milli-Q water. A TTL digital delay pulse generator 

(9524, Quantum Composers, MT, USA) was used to synchronize the HIFU pulse and data 

acquisition system. A broadband focused detection (Y-102, Sonic Concepts, WA, USA) was 

positioned in the central aperture of the HIFU transducer and co-aligned with its focal region. 

It was connected to a 5 MHz high pass filter (Allen Avionics, US) and a 40 dB pre-amplifier 

(Spectrum GmbH, Germany). A 14-bit data acquisition (DAQ) card (M4i.4420-x8, Spectrum 

GmbH, Germany) was used to record acoustic emissions. A desktop PC was used to control 

all hardware and post-processing using MATLAB.  For each HIFU pulse, 163 μs of cavitation 

data was recorded and Fast Fourier Transformed into the frequency domain. Frequency data 

was comb filtered to remove harmonics, leaving only broadband emissions. 188 Additionally, 

the inverse comb filter was applied to remove broadband emissions, leaving only ultra-

harmonic emissions. Data was recorded for 0.5 s either side of the 5 s HIFU exposure with 

initial values before HIFU used as a noise baseline. To maximise the magnitude of acoustic 

emissions, the concentration of Nested-NBs and Liposomes were maintained as high as 

possible whilst remaining constant between the two samples at  

1.56 x 1011 particles/mL. 
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6 Development of Nested-Nanobubbles for 

Ultrasound Triggered Drug Release 

Motivation 

The effectiveness of chemotherapy treatment is determined by the total dose of drug delivered 

to the diseased tumour site, which in turn is limited by side effects associated with systemic 

delivery and the required dose. NBs in combination with US have been used to enhance 

intracellular delivery of therapeutics 82,110 and triggered release of chemotherapeutic agents 
97,99,150,207. However, there has been little focus on the combination of NBs and drug-loaded 

liposomes, of which the latter are already in clinical use, reducing the exposure of healthy 

tissue to drugs. This is somewhat puzzling as the attachment of drug-loaded liposomes to 

microbubbles (therapeutic MBs), is arguably the most prevalent method of MB 

functionalisation 46,205,208, with various examples of their in vitro and in vivo effectiveness 48,50 

and are currently approved for Phase 2 clinical trials. However, one of the limitations of MB-

based therapeutics is that they suffer from vascular confinement, which can limit drug 

penetration into the tumour. As such, minimizing the size of the drug delivery complex may 

improve drug distribution by taking advantage of the leaky vasculature and reduced lymphatic 

clearance associated with tumours 55,160. 

In this chapter, Nested-Nanobubbles (Nested-NBs) are introduced as submicron drug delivery 

vehicles, consisting of an outer liposomal shell containing both the encapsulated drug payload 

and one or more NBs that can act as internal nuclei for an US-triggered release (Figure 6.1). 

The use of a liposomal shell provides a well-documented platform for loading and delivery of 

both hydrophilic and hydrophobic compounds and compared to traditional bubble-liposome 

conjugates, Nested-NBs maintain their nanoscale nature (< 300 nm), potentially promoting 

extravasation and retention. 

The production and characterisation of microfluidically produced NBs, and their development 

into triggered drug delivery vehicles is described. NB populations were characterized via light 

scattering, electron microscopy, resonant mass measurement, and acoustic techniques. The 

development and formation of Nested-NBs via extrusion is then documented, and their 

hydrophilic drug loading capabilities quantified using self-quenched calcein, and fluorescence 

spectroscopy. Electron microscopy was used to assess successful NB encapsulation and high 

intensity focused ultrasound (HIFU) used to trigger NB destruction, and release of calcein. 

Acoustic monitoring via passive cavitation detection (PCD) in combination with thermal 

monitoring was used to observe interactions between NBs and US, and aid understanding of 
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the triggered release mechanism. Finally, acoustic radiation force in combination with light 

scattering was used to try to isolate Nested-NBs from non-acoustically active liposomes. 

 

Figure 6.1 - Schematic representation of a Nested-Nanobubble, with a liposomal shell encapsulating a 

C4F10 NB and self-quenched calcein, acting as a model drug. An external US stimulus is able to destroy 

the NB, subsequently rupturing the encapsulating liposome and triggering drug release. 

6.1 Characterisation of Microfluidically Produced Nanobubbles 

Initial NB production was based on previous work within our group described by Peyman et 

al. 46,204, in which a microfluidic platform (Horizon) was developed with the aim for point of 

care production of therapeutic functionalised micro- and nanobubbles 205. Typical microfluidic 

production geometries such as flow focusing 209 and T-junction 210 allow for control over 

microbubble size (1 – 20 μm) and dispersity. However, resultant bubble concentrations 

typically range from 106-108 /mL. Furthermore, these techniques can be difficult to use in 

practice, requiring careful balancing of liquid and gas flow rate as well as complex 

experimental set ups. The Horizon system introduced a new microfluidic platform for micro- 

and NB production in one all-encompassing system allowing for control over liquid and gas 

flow rates and visualisation of production via optical microscopy. Horizon utilises the 

‘microspray’ production regime, capable of producing microbubbles at concentrations up to 

109 /mL with modal size of ~ 2 μm. The microspray geometry is similar to that of a flow 

focusing device, however the addition of a 3D vertical expansion situated after the production 

nozzle is predicted to facilitate a vaporisation-like break-up of the central gas jet, compared to 

the steady stream typically associated with flow focusing. 

The microspray regime also concurrently produces nanoparticles of 100 - 300 nm in size, at a 

concentrations of ~ 1011 /mL, when characterised via Nanoparticle Tracking Analysis and 

electrical conductance methods (qNano) 56. However, the exact physical properties of these 

particles are difficult to determine through standard nanoparticle characterisation methods. 
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Namely, are they liquid-core droplets, gas-core NBs, liposomes or a combination? Regardless, 

in this section these nanoparticles will be referred to as microspray NBs (MS-NBs). All MS-

NBs in this chapter were fabricated with a lipid formulation of DPPC/DSPE-PEG2000 in a 

95:5 molar ratio, shown to provide optimum microbubble stability due to the brush-like 

conformation of the PEG layer 11. 

6.1.1 Dynamic Light Scattering 

MS-NB populations were characterised using two different light scattering techniques: 

Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis (NTA). Both techniques 

follow similar principles, measuring particle Brownian motion and hence particle size, using 

the Stokes-Einstein equation (Section 4.2, 4.3).  However, DLS uses auto-correlation of 

scattered light from the bulk sample, whereas NTA measures the motion of individually 

tracked particles. Hence, whilst DLS can determine only size, NTA can also determine particle 

concentration. Comparing between both intensity-weighted and number-weighted 

distributions enables greater insight into the sample population, due to the non-linear 

relationship between particle size and scattering intensity (Section 3.8). Because of this, 
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Figure 6.2 - Size distribution of MS-NBs measured via Dynamic Light Scattering. Populations (a) 

before and (b) after filtration through 800 nm membrane, for both (i) intensity-weighted and (ii) 

number-weighted distributions. 
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intensity-based distributions are biased towards larger particles, especially those with a bi-

modal population.  

This is demonstrated in Figure 6.2a, where NBs isolated from a MB population were measured 

via DLS, prior to filtration to remove larger bubbles.  Un-filtered MS-NBs demonstrated a bi-

modal distribution with a primary intensity peak at 719 nm and a secondary intensity peak at 

79 nm. Conversion of this to a number-based distribution, shows peaks at similar positions 

(729 and 76 nm respectively), however with the intensity of the peaks switched (i.e. 76 nm 

peak has the highest intensity). This suggests that un-filtered MS-NBs contain primarily 

particles of ~ 100 nm in size, with a smaller population of larger particles that are the primary 

contributors to scattering. This also highlights that there is a dual population of particles 

present in our MS-NB samples, likely to be a combination of aqueous core liposomes and gas-

core bubbles. Filtration of this sample through an 800 nm filter (Figure 6.2bi) removes 

particles greater than the filter size as well as a significant decrease in size to ~ 400 nm as 

larger particles are removed during the filtration process. Comparing this to the number-based 

distribution (Figure 6.2bii), shows that the sample is now primarily composed of ~ 100 nm 

particles, and a small population of larger particles (~400 nm) as shown by the intensity 

distribution. 

6.1.2 Nanoparticle Tracking Analysis 

Figure 6.3 shows MS-NB populations characterised via NTA, after isolation and filtration. 

Over 5 separate sample preparations, the average particle concentration was (5.79 ± 0.66) x 

1011/mL, with a modal size of 106 ± 4 nm, in agreement with Peyman et al. 56. Few particles 

below the modal values were detected, suggesting the limit of detection (LOD) of the NTA 
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Figure 6.3 - Size and concentration distribution of MS-NBs characterised via NTA. a) Over 5 separate 

sample preparations the average the average particle concentration was (5.79 ± 0.66) x 1011/mL, with 

a modal size of 106 ± 4 nm. b) Comparison of NTA distributions between MS-NBs and their liposome 

pre-cursor solution, showing an increase in total particle concentration from (7.0 ± 0.6) x 1010 /mL to 

(1.5 ± 0.3) x 1011 /mL, as well as an increased proportion of particles ~ 100 nm in size. 
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system has been reached. Comparison between MS-NBs and their liposome pre-cursor 

solution shows an increase concentration from (7.0 ± 0.6) x 1010 /mL to (1.5 ± 0.3) x 1011 /mL, 

suggesting formation of new nanoparticles through the microspray regime, with modal size of 

133 nm (Figure 6.3b). The change in population distribution also suggests that particles ~ 100 

nm in diameter are produced during the MS regime, whilst those > 100 nm are a sub-

population of lipid vesicles, present in the pre-cursor solution. These results also mimic those 

seen via DLS (Figure 6.2b). 

6.1.3 Transmission Electron Microscopy 

MS-NBs were also imaged using TEM, and their size distribution analysed over a total of 252 

particles across 31 images. Particles had a spherical morphology, and the population 

demonstrated a log-normal distribution with an average size of 120 ± 48 nm (Figure 6.4a) 

similar to that as measured by NTA and DLS. A sub-population of particles < 100 nm was 

also measured, previously undetected by NTA. As this population is discrete from the particles 

produced during the microspray regime, it is likely these are lipid vesicles as opposed to NBs 

or particles produced during the microspray process.  

6.1.4 Resonant Mass Measurement 

However, a limiting factor with TEM, NTA and DLS is that they fail to distinguish between 

particles with different physical properties (i.e. liposomes, NBs and droplets). Due to the 

relationship between particle size and Laplace pressure, smaller NBs may condense into liquid 

core C4F10 droplets, and hence data shown in Figure 6.2 - Figure 6.4 cannot be used exclusively 

to confirm the presence of gas-core NBs. and alternative techniques are required.   

Resonant Mass Measurement (RMM) is a technique that allows buoyant (e.g., NBs) and non-

buoyant (e.g., liposomes, droplets) particles to be distinguished, through the use of a self- 

resonating cantilever containing a microfluidic channel. When a particle of differing density 

Figure 6.4 - Characterisation of MS-NBs via TEM showing (a) their spherical morphology and (b) 

particle size distribution. 
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to that of the medium passes through the channel, the cantilever resonance frequency shifts 

proportional to particle mass, with the direction dependent on whether the particle is 

negatively or positively buoyant.  

RMM was used to characterise MS-NBs (Figure 6.5) and shows that both (a) positively and 

(b) negatively buoyant populations exist in the MS-NB sample. Averaged over 3 samples, 

concentrations were found to be (1.17 ± 0.68) x 109/mL and (3.54 ± 1.20) x 109/mL with modal 

sizes of 212 ± 12 nm and 321 ± 32 nm for the positively and negatively buoyant particles, 

respectively. The negatively buoyant population likely consists of a combination of lipid 

vesicles that were not converted into bubbles during production, as well as potentially 

containing PFB droplets, which due to their small size have condensed from a gas into liquid 

PFB droplets. It should be noted that the modal size here may be erroneous and is likely 

dictated by the LOD of the RMM system, which was higher than that of the modal particle 

size determined via DLS, NTA and TEM thus excluding a large proportion of the population. 

The LOD of the RMM system is determined by the change in density between medium and 

particle. Here, the LOD is around 200 nm, below which particles smaller than this cannot be 

discriminated from background noise, and thus RMM fails to determine the nature of the 

particles below this, which make up the largest contribution to the NTA data circa 100 nm. 

This is reflected in the decreased total particle concentration recorded by RMM (~5x109/mL) 

compared to NTA (~6 x 1011/mL). Additionally, NTA suggests the majority (~95 %) of the 

population consist of particles produced during the microspray process whilst for RMM only 

this value is only ~ 25 %. 

Notwithstanding, RMM is still useful for confirming the presence of submicron bubbles, as 

opposed to just droplets or liposomes, present in MS-NBs. It should be noted that a MicroH 
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Figure 6.5 - Resonant Mass Measurement characterisation of MS-NBs. a) Positively buoyant and b) 

negatively buoyant populations with concentration of (1.17 ± 0.68) × 109/mL and (3.54 ± 1.20) × 

109/mL respectively. 
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sensor was used in this study, with a LOD of ~ 200 nm. Sensors with reduced cantilever 

dimensions, and hence higher sensitivity (NanoH), are available, and have previously 

demonstrated the existence of C3F8 cored bubbles approximately 100 nm in size 59. However, 

the bubbles in our study are produced using a higher molecular weight gas (C4F10) and hence 

have a higher probability of condensing into liquid droplets. In direct communication with the 

manufacturer, Malvern Panalytical, a NanoH sensor was trialled in this study, however the 

system and results proved unreliable due to blockages. Regardless, RMM has demonstrated 

the existence of nanoscale buoyant particles (i.e. bubbles) produced microfluidically via the 

microspray regime.  

6.2 Acoustic Behaviour of MS-NBs 

Previously, MS-NBs have been shown to increase US imaging contrast at frequencies ≥ 15 

MHz, and as such outside the clinically useful range.  Firstly, it was shown that MS-NBs had 

increased acoustic response compared to liposomes, and a frequency sweep predicted the 

resonance frequency of MS-NBs to be ~ 55 MHz. Secondly, their ability to enhance contrast 

in vivo was shown with a pre-clinical Vevo 770 system using a 40 MHz centre frequency 

transducer and harmonic imaging modality 204. In this section, the diagnostic capabilities of 

MS-NBs using a clinically approved B-mode US imaging system were investigated. NBs 

destruction was then triggered using high intensity focused US (HIFU), to further investigate 

their use as triggered drug delivery agents.  

6.2.1 Diagnostic Ultrasound 

MS-NBs were imaged in an agar flow phantom using a 3-8 MHz linear array probe, as part of 

a GE V-Scan imaging system with a mechanical index of 0.8. The flow phantom used here 

consists purely of agar, and hence shows minimal acoustic scattering and attenuation. B-Mode 

images shows the circular cross section of the phantom. Mean grayscale intensity (MGI) of a 

region of interest (ROI) in the B-mode image was measured for MS-NBs at total particle 

concentrations ranging from ∼109 to 1011 NBs/mL, determined via NTA. A representative 

image of MS-NBs in the phantom is shown in Figure 6.6ai, showing contrast enhancement in 

the ROI compared to a PBS control containing no NBs. A linear increase in MGI with 

increasing concentration was observed (Figure 6.6aii). This trend was typically expected up 

to a critical NB concentration, after which a decrease in contrast may be observed due to 

increased attenuation as the void fraction increases 59. As this was not seen with MS-NBs at 

their yield concentration, they may have potential benefits for dual therapeutic and diagnostic 

use, where higher NB concentration may be required.  
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It is also notable that the MI used for this experiment was larger than that typically used for 

micron-scale UCAs (MI<0.4) 175,176, as greater than this typically induces MB destruction. 

However, the observed stability of NBs may be due to being driven off resonance and hence 

inducing smaller volumetric oscillations, reducing the rate of gas dissolution. The increased 

driving pressures may also offset the effects of off-resonance excitation, consistent with work 

by Pellow et al. 137 where NBs exhibited fundamental and harmonic emissions at clinical 

frequencies (2.5 and 8 MHz), but requiring an increased pressure threshold of ~ 500 kPa 

compared to MBs ( < 100 kPa). Further, a study by Sojahrood et al. 138 stipulates that at higher 

driving pressures, buckling of the NB lipid shell induces a decrease in surface tension. This 

would then subsequently reduce NB resonance frequency, potentially explain why NBs have 

high contrast at driving frequencies an order of magnitude lower than their predicted 

resonance. Whilst comparisons can be made between results, the nature of the V-Scan imaging 

system limits control and knowledge of the precise US parameters used for imaging and any 

further conclusions being drawn. 

6.2.2 HIFU-mediated Nanobubble Destruction 

MS-NBs were then treated with HIFU aiming towards NB destruction necessary for triggered 

drug release from Nested-NBs.  The mean grayscale intensity (MGI) of MS-NBs was 

measured prior and post HIFU exposure at peak negative pressures (PNPs) ranging from 1.06 

– 6.75 MPa. MGI decreased exponentially with increasing pressure reaching a minimum MGI 

after exposure at 4.83 MPa (Figure 6.6b). At PNP = 6.75 MPa, there was a slight increase in 

Figure 6.6 - Characterisation of NBs using clinically relevant B-mode imaging. a) Demonstrating their 

diagnostic capabilities in a flow phantom showing (ai) contrast enhancement compared to a PBS 

control and (aii) the relationship between particle concentration and mean grayscale intensity (MGI). 

b) MGI of MS-NBs after application of high intensity focused ultrasound (HIFU) across a range of 

peak negative pressures, demonstrating the ability to destroy MS-NBs with an acoustic trigger. All 

experiments were repeated in triplicate. 
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MGI, which may be attributed to cavitation and bubble formation induced by the increased 

pressure. The loss in contrast can be attributed either to complete NB destruction (e.g., inertial 

cavitation) or by bubble gas loss due to disruption to the lipid shell.  

A similar experiment was performed using RMM to characterise MS-NB populations before 

and after HIFU exposure shown in Figure 6.7a and b respectively. Positively buoyant particle 

concentration decreased by an order of magnitude, from 4.38 × 108 to 3.24 × 107 /mL whereas 

the negatively buoyant particle concentration remained unchanged (Figure 6.7c). A small 

population of smaller NBs remain, which may be due to their higher resonance frequency and 

as such, the magnitude of their volumetric oscillations may not be sufficient to initiate NB 

destruction. Larger MS-NBs may also decrease in size via gas dissolution during US exposure. 

These results are similar to those shown by Hernandez et al. 59 requiring similar pressures 

albeit at a higher driving frequency (12 MHz, MI = 1.52). In this study a small increase in the 

concentration of the negatively buoyant population was also observed, attributed to remnant 

bubble shells re-assembling to form other lipid particles. 

This experiment was repeated, and samples characterised via DLS before and after HIFU 

exposure. Initially, MS-NBs primarily consist of particles ~ 80 nm in size, with a small 

population of particles ~ 400 nm (Figure 6.8a). After HIFU exposure, the peak situated at ~ 

80 nm in both number and intensity distributions disappears, leaving behind a mono-modal 

sample of ~ 240 and 200 nm in size, dependent on intensity and number distributions (Figure 

6.8b). This suggests that the acoustically active particles in the MS-NB distribution are those 

~ 80 nm in size, and the larger sub-population of particles are likely lipid aggregates, in 

agreement with our NTA data (Figure 6.3).  
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As such, a combination of characterisation techniques has been used to characterise the size 

and concentration of MS-NBs, and RMM demonstrated the existence of microfluidically 

produced sub-micron bubbles. MS-NBs were shown to have diagnostic potential, providing 

contrast enhancement for diagnostic US imaging, as well as therapeutic potential shown via 

US triggered destruction.  

6.3 UV-Vis and Fluorescence Spectroscopy of Calcein 

To enable quantification of drug release from Nested-NBs, self-quenched calcein is used as a 

model drug, encapsulated within the liposome aqueous core. Calcein is a fluorescent dye with 

similar properties to fluorescein with peak fluorescence Excitation and Emission (Ex/Em) 

wavelengths (λ) of 495/515 nm respectively. At high concentrations, calcein self-quenches 

due to the primary inner-filter effect, in which high sample absorbance provides attenuation 

of the excitation light. Additionally due to the overlap in calcein excitation and emission 

spectra, calcein can also quench due to the secondary inner-filter effect, where emitted light 

is re-absorbed in the sample itself.  Liposomal encapsulation of high concentrations of calcein 

allows for quantification of liposomal leakage, as when released from the liposome into the 

bulk medium, calcein concentration decreases and fluorescence increases due to un-

quenching. Comparison between a treated sample, a negative control (untreated) and a fully 

lysed sample (e.g., treated with Triton-X) allows percentage leakage to be determined. 
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Figure 6.8 - DLS measurements of MS-NBs (a) before and (b) after exposure to high intensity focused 

ultrasound (HIFU) showing both (i) intensity and (ii) number weighted distributions. 
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To characterise the optical properties of calcein, both UV-Vis and fluorescence spectroscopy 

were used. Firstly, UV-Vis was used to determine calcein absorbance, and determine the molar 

extinction coefficient. Fluorescence spectroscopy measurements then observed the 

relationship between fluorescence intensity and concentration. Calcein optical density was 

measured using UV-Vis spectroscopy in a cuvette with a path length of 10 mm, at 

concentrations between 0.001 – 10 mM and wavelengths of 200 – 800 nm (Figure 6.9a). Peak 

absorbance was determined to be ~ 495 nm across all concentrations, in agreement with 

accepted values. 

Absorbance values on-peak (λ = 495 nm) and off-peak (λ = 460 nm) were measured (Figure 

6.9b), showing that at higher concentrations, the relationship between absorbance and 

concentration is non-linear. However, at lower concentrations (< 50 μM) the relationship 

between absorbance and concentration is linear, as described by the Beer-Lambert law 

(Equation 4.8)211. As such, fitting a linear trend to Figure 6.9c allows determination of the 

molar extinction coefficient, 𝜀.  
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For a path-length, l, of 10 mm, 𝜀(460 nm) = 13,760 M cm  and ε(495 nm) =

30,710 M cm  with R2 values of 0.999 and 0.998 respectively. Additionally, for λ = 495 

nm the relationship between absorbance and concentration becomes non-linear at a lower 

concentration than λ = 460 nm (>25 μM compared to > 50 μM respectively). Hence, the use 

of λ = 460 nm allows for higher concentrations to be measured whilst still following the linear 

regime. 

Calcein fluorescence emission spectra were measured using a cuvette based fluorescence 

spectrometer. The fluorescence emission spectra of calcein between wavelengths of 470 – 700 

nm, after excitation at 460 nm, is shown in Figure 6.10. Fluorescence was measured at a range 

of calcein concentrations (0.001 – 10 mM) in a 10 mm path length cuvette, demonstrating self-

quenching due to the inner filter effect 212.  

Figure 6.10a shows increasing emission intensity with increasing concentration, between 

0.001 – 0.05 mM. Increasing calcein concentration ≥ 0.1 mM, the fluorescence emission 

begins to decrease, and decreases rapidly at concentrations > 0.5 mM (Figure 6.10b). The 

effect of concentration on peak fluorescence at 515 nm is shown in Figure 6.10c. The 
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Figure 6.10 - Fluorescence emission spectra of calcein, across a range of concentrations after 

excitation at 460 nm. Emission spectra for a concentration range of a) 0.001 – 0.05 mM and b) 0.1 –

10 mM. c) Peak fluorescence intensity of calcein between 0.001 – 10 mM, highlighting self-quenching 

at high concentrations due to the inner filter effect. Data was fit using a modified Stern-Volmer 

equation, with peak emission intensity at a calcein concentration of 0.061 mM. 
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relationship between concentration, fluorescence intensity and self-quenching can be 

described by the Stern Volmer equation, requiring a modified version to account for the inner-

filter effect (Equation 6.1a,b). Here, Βf is a proportionality constant for intensity, [Ct] is molar 

concentration of calcein, kife is a constant representing decrease of fluorescence due to inner 

filter effect, and ε is molar extinction coefficient.  Fitting the modified Stern-Volmer equation 

to the data in Figure 6.10c and including the value of ε(460 nm) determined a peak 

fluorescence at a calcein concentration of 0.061 mM, as well as R2 = 0.993, signifying good 

agreement between experimental results and theory. 

 

 

 I = Β 1 − 10 [ ]  

 I = I e [ ] 

Equation 6.1a 

Equation 6.1b 

A fluorescence excitation scan was also performed on calcein at a range of concentrations, 

between 0.001 – 10 mM. In this scan, calcein was excited across a range of wavelengths (400 

– 600 nm), with emitted light collected at a fixed wavelength of 515 nm.  

Calcein exhibited a peak excitation wavelength of ~ 495 nm, with fluorescence intensity 

increasing with concentration for values of 0.001 – 0.025 mM (Figure 6.11a). At 
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Figure 6.11 - Excitation spectra for calcein with a fixed emission of 515 nm. Fluorescence excitation 

spectra are shown for wavelengths of 400 – 600 nm, for calcein concentrations of a) 0.001 – 0.25 mM 

showing concurrent increase in emission with concentration, and b) concentrations of 0.05 – 10 mM, 

demonstrating self-quenching of calcein due to the inner filter effect. c) Effect of calcein concentration 

on excitation counts, showing calcein self-quenching.  
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concentrations between 0.05 – 10 mM, fluorescence decreased due to self-quenching with a 

noticeable trough visible in the spectra at ~ 495 nm (Figure 6.11b). Figure 6.11c shows the 

trend between calcein concentration and fluorescence  intensity, similar to that shown in 

Figure 6.10c. Data was fit using the Stern-Volmer equation, and a molar extinction coefficient 

of ε(460 nm) = 13,760 M cm  determined. 

For experiments involving multiple samples (i.e. triggered release with multiple parameters) 

a micro well plate based spectrometer was used to increase sample throughput. Calcein molar 

extinction coefficient calculated using microplate reader was determined via absorbance 

measurements, as shown in Figure 6.12a. By default, the system normalizes absorbance values 

for a 10 mm path length. From this, the molar extinction coefficient, with an excitation 

wavelength of 460 nm, was determined to be 7502 ± 180 M-1cm-1.  For fluorescence emission 

experiments, calcein was excited at 460 nm and point emission intensity recorded at 515 nm 

(Figure 6.12b). Data was fit using the Stern-Volmer equation (Equation 6.1) and peak calcein 

fluorescence determine to be at 0.33 mM, at which point self-quenching begins.  

6.4 Optimisation of Nested-NB Fabrication 

The liposomes used to encapsulate NBs, and hence form Nested-NBs consisted of DSPC, 

Cholesterol and DSPE-PEG2000 with a molar ratio of 63:32:5 unless stated. This composition 

is similar to that used in the clinic liposomal formulation of Doxorubicin, Doxil, and identical 
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Figure 6.12 - UV-Vis and fluorescence spectroscopy characterisation of calcein, measured using 

a microplate reader. a) Trend between absorbance and concentration for (i) concentrations up 

to 10 mM, showing a non-linear trend and (ii) up to 0.05 mM showing a linear trend, fit to 

determine the molar extinction coefficient of 7502 M-1cm-1. b) Fluorescence spectroscopy 

measurements showing self-quenching of calcein at high concentration, and peak fluorescence at 

0.33 mM. Data was fit following the Stern-Volmer equation. 
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to that used in previous therapeutic liposomes used in our group 16,46,48. The inclusion of a high 

Cholesterol percentage provides drug loading stability, in which Cholesterol molecules sit 

between the lipid hydrocarbon chains, increasing membrane rigidity. Multilamellar vesicles 

(MLVs) were formed by a thin film rehydration method, in which a thin lipid film is 

rehydrated by an aqueous buffer. Homogenisation of the sample is achieved by repeated 

extrusion through membranes with a pore size similar to that of the desired resultant liposome 

diameter (in this case 400 nm). With each extrusion, the proportion of liposomes smaller than 

the pore size increases resulting in unilamellar vesicles with a monomodal distribution.  To 

load calcein into liposomes, the lipid film was rehydrated using a solution of PBS containing 

100 mM calcein. Full experimental methodology is described in Section 5.3. Following 

rehydration and extrusion, free, unencapsulated calcein requires removal from the solution.  

In this thesis, two different cleaning techniques were investigated for removal of free calcein: 

gel filtration chromatography (GFC) and centrifugal (CF) washing. In GFC, particles and 

molecules are separated by size and on their differing ability to enter the pores of the gel-

filtration medium. Hence this enables liposomes to pass through the column, prior to calcein. 

In the CF method, liposomes are centrifuged at high speed such that they form a pellet, of 

which the remaining calcein super-natant can be removed, and pellet redispersed. After 

cleaning, successful encapsulation of calcein can be confirmed by full liposome lysis using 

0.1 % Triton-X, releasing calcein into the bulk medium and subsequently un-quenching. This 

also allows calcein release or leakage to be quantified by comparison to a baseline, and fully 

lysed sample. Hence, to increase sensitivity of the release assay the dynamic range between 

these two samples should be maximised. GFC was used initially as proof a of concept to 

demonstrate successful calcein encapsulation, building upon a previously developed protocol 

in our group.  

6.4.1 Cleaning by Gel Filtration Chromatography 

To optimize GFC, 50 μL aliquots were collected throughout sample elution (maximum of 1 

mL), to determine in which aliquots contained the cleaned liposomes, and at which point the 

eluted sample contained high concentrations of free calcein and hence are undesirable. The 

first 3 aliquots from this study were noticeably transparent, indicating little to no liposomes or 

free calcein and as such were not analysed further. For nearly all subsequent aliquots, 

fluorescence increased after addition of Triton-X (lysed vs unlysed) indicating successful 

encapsulation of calcein (Figure 6.13). Background fluorescence due to free calcein increased 

with increasing aliquots (Figure 6.13a), as expected via the GFC process. Aliquots 5 – 9 

showed the largest increase in fluorescence compared to their background value, and hence 

larger dynamic range (Figure 6.13b), whilst when combined providing a usable sample 

volume for triggered release experiments (~ 250 uL). It should be noted that all samples were 
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diluted 25 x prior to fluorescence measurements, reducing the sample absorbance and ensuring 

the relationship between fluorescence intensity and calcein concentration is linear. This is 

reflected by the maximum fluorescence intensity measured in Figure 6.13 of ~104, 

corresponding to calcein concentrations within the linear absorbance range (Figure 6.12).  

Following this, Nested-NBs were formed as described in Section 5.3, by rehydration of a thin 

lipid film using a solution containing MS-NBs and 100 mM calcein. After formation and 

cleaning via GFC (collected in 100 uL aliquots in the elution stage), the change in fluorescence 

intensity between Nested-NBs and liposomes was compared after addition of Triton-X, and 

hence full lysis.  

Results showed that in the Nested-NB sample, calcein was successfully encapsulated signified 

by an increase in fluorescence after addition of Triton-X (Figure 6.14). For all aliquots, the 

change in fluorescence for Nested-NBs was less than that seen in the liposome only sample. 

This could be due to reduced aqueous volume inside the liposome core, due to successful NB 

encapsulation, however, is not absolute confirmation of encapsulation. It is also possible that 

the presence of NBs during fluorescence measurements may influence the fluorescence 

intensity. Kopechek et al. 213 found that the presence of microbubbles decreases the overall 

fluorescence reading, due to scattering of incident and emitted light. To investigate this, 

fluorescence intensity of a liposome sample with and without free NBs was measured, finding 

negligible change between fluorescence readings (2874 vs 2924 a.u.). This may be due to the 
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Figure 6.13 - Fluorescence characterisation of calcein-loaded liposome samples, cleaned via gel 

filtration chromatography. a) Fluorescence intensity (Ex/Em 460/515 nm) of 50 μL aliquots collected 

during the cleaning process, before and after lysis with Triton-X. b) The percentage intensity increase 

after lysis, for each aliquot showing a noticeable peak between aliquots 5 – 9. 
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reduced size of NBs, and the non-linear relationship between particle size and optical 

scattering cross section. 

Transmission Electron Microscopy (TEM) was used to observe Nested-NB morphology and 

determine whether NBs were successfully encapsulated (Figure 6.15a). Images show potential 

encapsulation of 100 – 200 nm particles within ~ 400 nm particles, as we all as many 100 nm 

un-encapsulated particles of similar size to MS-NBs. NTA measurements also showed similar 

results (Figure 6.15b), in which an increased population of ~ 100 nm particles were present in 

the Nested-NB sample compared to liposomes only. Due to the nature of TEM, it is possible 

that some of the nested particles are not truly encapsulated but dried directly on-top of another 

particle during preparation of the TEM grid. This, combined with the high concentration of 
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Figure 6.14 - Change in Fluorescence Intensity after addition of Triton-X to Nested-NBs and 

Liposomes, for each 100 μL aliquot collected during the elution step of gel filtration chromatography.

Figure 6.15 - a) Transmission Electron Microscopy micrographs of Nested-NBs, after cleaning via 

gel filtration chromatography showing potential encapsulation of NBs within liposomes. b) NTA 

population data of Nested-NBs and liposomes, showing an increased population of free NBs 

(~ 100 nm) in the Nested-NB sample 
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free particles, makes it difficult to confirm whether NBs were successfully encapsulated 

within the liposomal aqueous core. 

6.4.2 Cleaning by Centrifugation 

Following these results, the use of centrifugation (CF) as an alternative cleaning technique 

was investigated. Firstly, to remove free NBs, and as such provide clearer evidence of 

successful NB encapsulation, and secondly to provide a more consistent cleaning process 

compared to GFC, due to the nature of the elution process.  Nested-NB and liposome samples 

were centrifuged (Section 5.3) forming a pellet at the bottom of the Eppendorf. This can 

subsequently be washed with PBS and the pellet redispersed, removing free calcein and NBs. 

CF also enables Nested-NB concentration to be adjusted above the initial yield concentration. 

The efficiency of the CF cleaning process was compared to GFC, by synthesizing one bulk 

sample which is split into two, and each cleaned either by CF or GFC.   

Figure 6.16a shows the fluorescence intensity for the supernatant collected post CF, Nested-

NB samples cleaned after 1 or 2 CF cycles, and Nested-NBs cleaned via GFC. The supernatant 

initially had a high fluorescence intensity (6.49 ± 0.2 x 104 a.u.), due to the free calcein in 

solution. After one cycle, CF cleaning effectively removed free calcein, signified by a decrease 

in fluorescence compared to the supernatant (1.50 ± 0.02 x 104 a.u.). A second cycle further 

decreasing the fluorescent background, to similar values as seen for GFC (3.67 ± 0.01 x 103 

a.u. compared to 2.92 ± 0.01 x 103 a.u). Addition of Triton-X triggered an increase in 

fluorescence for all cleaned samples. The change in intensity after addition of Triton-X was 

also considered (Figure 6.16b), as sensitivity of the measurement technique is improved by 

maximizing the dynamic range between control and full lysis. After one CF cleaning cycle, 

the change in fluorescence was like that of GFC (~1.3 x 104 a.u.). A second cleaning cycle 

further increased the change in fluorescence to 1.80 ± 0.06 x 104 a.u., hence increasing 

dynamic range.  
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(CF) and gel filtration chromatography (GFC)(a) before and after addition of Triton-X and (b) the 

associated intensity change. 
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After optimising calcein removal using CF, the next process was to remove free, un-

encapsulated NBs. CF cleaned Nested-NBs were characterised using NTA and TEM. 

Compared to the GFC cleaned sample (Figure 6.15) modal size increased from 183 ± 1 to 319 

± 7 nm, showing that smaller particles are removed (Figure 6.17a). This coincided with a 

decrease in total particle concentration from 1.82 ± 0.09 × 1012 to 2.45 ± 0.10 × 1011 /mL. 

These results agreed with analysis of TEM images, in which a total of 124 individual 

liposomes were analysed across 38 images, and the size of liposomes and any nested particles 

were determined. The population distribution followed a normal distribution with modal sizes 

of nesting particles and liposomes at 140 ± 69 and of 251 ± 130 nm, respectively (Figure 

6.17b). From this it was also determined that 22 ± 2% of liposomes encapsulated single or 

multiple NBs. Images of Nested-NBs and that on average, each Nested-NB contained 1.29 ± 

0.01 NBs. Representative TEM micrographs (7c & d) showed clear encapsulation of particles 

within liposomes, as well as the absence of large quantities of small, un-encapsulated particles. 

This reduction in particle size of an order of magnitude compared to traditional therapeutic 

microbubbles ( ~ 2 μm)50,214 and other liposome-NB complexes (500 - 800 nm)156  holds 

promise for increased accumulation and uptake of Nested-NBs into tumour microvasculature.  

Figure 6.177 - Nested-NB population distribution measured by (a) NTA and (b) TEM, showing 

distribution for both the Nested-NB and the encapsulating liposome. (c, d) Representative TEM images 

of Nested-NBs showing two individual Nested-NBs and a larger field of view, respectively 
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The B-mode MGI of Nested-NBs was also monitored throughout their production (Figure 

6.19) from the initial MS-NB stock, through to thin film rehydration, extrusion and cleaning 

by either GFC or CF. Prior to cleaning, MGI remained relatively constant throughout. 

Immediately after extrusion, MGI was 74.8 ± 2.0 a.u, similar to that for MS-NBs at stock 

concentration (Figure 6.6a) which decreased to 30.5 ± 1.9 a.u. and 11.3 ±  0.7 a.u. after 

cleaning by GFC and CF respectively. This decrease in MGI between GFC and CF cleaning 

is consistent with the removal of free NBs.  

6.4.3 Drug Loading Stability in Varying Thermal Conditions 

A triggered drug delivery vehicle should demonstrate drug loading stability at a range of 

temperatures: at 37 ° C (physiological temperature) such that minimal drug payload is released 

until the applied trigger, at 21 ° C (room temperature) such that experiments are reliable and 

reproducible, and at 4 ° C (fridge temperature) such that they remain stable for use in the short 

to medium term. Hence, the temporal stability of calcein loading into Nested-NBs at these 3 

temperatures was measured via fluorescence spectroscopy. All measurements were conducted 

using a thermoelectrically cooled cuvette-holder, and sample gently stirred ~ 300 RPM using 

a magnetic stirrer. For all conditions, fluorescence values were recorded in 5-minute intervals 

for a total duration of 30 min (21 ° C and 37 ° C) and 180 min (4 ° C). 
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throughout each stage of their production. Initial MS-NB stock solution, after pH adjustment, after 

addition of calcein to a concentration of 100 mM, post stirring and rehydration of a thin lipid film, after 

extrusion and after cleaning either by gel filtration chromatography or centrifugation. 
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The percentage release of calcein was calculated by comparing temporal values to a negative 

control (t=0) and positive control corresponding to full release (Triton X). Across all 

temperatures and timescales measured (Figure 6.19), no significant calcein release was 

recorded. After 180 min at 4 ° C, calcein leakage of 0.81 % was recorded (N=1), compared to 

-1.1 ± 0.95 % and 0.1 ± 3.2 % after 30 mins at 21 (N=3) and 37 ° C (N=3) respectively. As 

such, Nested-NBs were found to be stable over time scales of at least 3 hours, over which a 

typical US triggered release experiment is performed. Further, at physiological temperature 

drug loading is stable for at least 30 mins, exceeding typical bubble lifetime in vivo ( ~10 min) 
215 and would therefore be considered suitable as a triggered release agent. 

6.5 Pulsed Wave HIFU for Triggered Release 

Nested-NBs were exposed to HIFU to provide a mechanism for triggered NB destruction and 

subsequent payload release. Full experimental protocol is described in Section 5.8 but briefly 

Nested-NBs were contained within an Eppendorf, and the HIFU transducer was coupled to 

the sample using a coupling cone containing degassed Milli-Q water. Calcein-loaded 

liposomes containing no NBs were also used as a control sample to determine whether release 

was due to encapsulated NBs, or thermal effects associated with HIFU. Following HIFU 

exposure, sample fluorescence was measured using a well plate-based fluorescence 

spectrometer. Percentage release was determined by measuring fluorescence of non-exposed 
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samples (negative control), exposed samples, and samples lysed with 0.1% Triton-X (positive 

control).  

Nested-NBs were initially treated using pulsed-wave HIFU, at peak negative pressures (PNPs) 

of 1.54, 2.96 and 4.83 MPa and at either 1 % or 50 % duty cycle for a total of 5 s, and release 

profiles are shown in Figure 6.20a & b respectively. At these exposure parameters, no 

significant calcein release was observed from Nested-NBs compared to liposome-only 

controls. To determine whether these exposures were inducing destruction of the encapsulated 

NBs, Nested- NBs were imaged using B-mode US before and after HIFU exposure. Nested-

NBs initially demonstrated echogenicity, which after insonation at 4.83 MPa at 50% duty 

cycle, their MGI decreased by 92.4 ± 5.6% from 60.3 ± 2.4 to 4.6 ± 0.8 (a.u.), suggesting NB 

destruction (Figure 6.20b inset).  

One possible explanation for the lack of release may be that although NBs are being destroyed, 

the resultant shear stresses from their oscillations are not capable of suitably disrupting the 

surrounding lipid bilayer to trigger drug release. In previous experiments, liposomes contained 

a molar cholesterol content of 32 %. This value was chosen as this provides good liposomal 

and drug-loading stability, and is similar to clinically used liposomal formulations216. 

Cholesterol has a concentration dependent effect on membrane permeability, by sitting within 

the hydrocarbon chains and at higher concentrations inducing a conformational order 217. 

Increasing cholesterol content reduces membrane permeability 16, and hence the effect of 

varying the cholesterol content of Nested-NBs on their HIFU-triggered calcein release was 

investigated.  
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Nested-NBs were formulated with cholesterol content of either 32, 22 or 12 %, maintaining 

the 5 % molar content of DSPE-PEG2000 and varying the DSPC content to account for this. 

Firstly, DLS was used to confirm the production of Nested-NBs with these formulations and 

to determine the effect of this on particle size (Figure 6.21a). For the initial formulation, 

Nested-NBs had a modal size of 328 nm, which increased with decreasing cholesterol content 

to 573 and 585 nm for 22 % and 12 % cholesterol content, respectively. This may be due to 

the reduced membrane fluidity with lower cholesterol content and as such, larger MLVs may 

be present in the hydrated solution, which then are not fully homogenized during the extrusion 

process. Regardless, after HIFU exposure no significant release was recorded for any of the 

Nested-NB samples, irrespective of cholesterol content (Figure 6.21b). 

6.6 Passive Cavitation Detection 

The lack of observed release from HIFU-mediated NB destruction, as confirmed by DLS and 

RMM, led us to further investigate the interaction between Nested-NBs and the applied HIFU 

field. Passive cavitation detection (PCD) was used to observe acoustic emissions during 

insonation. Observation of acoustic emissions allows for bubble acoustic activity to be 

detected, and determine the nature of this activity i.e. whether NBs are oscillating in a stable 

regime or an unstable regime, leading to destruction. A broad-band-focused detector was 

positioned in the central aperture of the HIFU transducer, coaligned with its focal region. 

During insonation, acoustic emissions from the focal point are received by the detector and 

passed through a 5 MHz high-pass filter to suppress detection of the HIFU drive frequency.  
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Figure 6.21 - Characterisation of Nested-NBs formulated with varying molar cholesterol content. a) 

Populations measured via DLS for formulations containing molar ratios of DSPC:Cholesterol:DSPE-
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HIFU exposure (4.83 MPa, 50 % duty cycle) for the varying formulations, corresponding to 

cholesterol content of 12, 22 and 32 %. 
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6.6.1 Passive Cavitation Detection of Nanobubbles 

To determine the noise baseline and system sensitivity, MS-NBs at concentrations between 

1010 – 1012 /mL were exposed to HIFU (f0 = 1.1 MHz, PNP = 4.83 MPa, 50 % duty cycle) and 

acoustic emissions monitored, and compared to a PBS baseline. Figure 6.22a shows the 

recorded frequency spectrum for varying NB concentration, averaged over the total exposure 

duration and across 3 separate samples for each concentration, except for 9 x 1011 /mL, due to 

sample volume constraints. Across all spectra, magnitude increases above 5 MHz, due to the 

high pass frequency filter present in the system.   

For all spectra, including that of the PBS baseline, peaks located at the superharmonics 

(𝑛𝑓 , 𝑛 ∈ ℕ)  are clearly visible, as well as those for the ultraharmonics (f (2n + 1)/2), 

commonly associated with stable bubble cavitation. However, it should be noted that these 

were also present at a lower magnitude in the PBS control. Broadband noise is also present 

and increasing with NB concentration, indicative of inertial cavitation and suggesting bubble 

destruction, in agreement with our previous findings. Broadband and harmonic emissions 

were then quantified by integration of spectra that was frequency analysed to either remove 

(broadband only) or isolate harmonic frequencies. These values for varying NB concentrations 

are shown in Figure 6.22b & c respectively, quantified as the Total Inertial Cavitation Dose 
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Figure 6.22 Acoustic emissions from MS-NBs during HIFU insonation (4.83 MPa, 50 % duty cycle) 

measured for MS-NBs at concentrations of 1010 – 1012  /mL.  a) Scattered Pressure (dB) across the 

frequency spectrum (0 – 20 MHz) showing the presence of super and ultraharmonics, increasing with 

MS-NB concentration. b) Total Inertial Cavitation Dose (TICD) and (c) Total Stable Cavitation Dose 

across all concentrations. Data was fit using a 3-parameter logarithmic function (y = a – bln(x+c)). 
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(TICD) and Total Stable Cavitation Dose (TSCD) 188. For MS-NB concentrations of  ≥ 1010 

/mL, MS-NBs were acoustically distinguishable from the baseline with TICD and TSCD of 

(1.7 ±  0.7) x 104 and (2.0 ± 0.7) x 104 a.u. compared to PBS values of ~ (0.99 ± 0.12) x 104  

and (1.55 ± 0.19) x 104 a.u. respectively. With increasing MS-NB concentration, both TICD 

and TCSD followed a logarithmic trend up to the maximum concentration of MS-NBs (9 x 

1011 /mL) at which point TICD = 3.4 x104 and TSCD = 3.5 x104 a.u. The relatively high value 

of the PBS controls maybe attributed to a combination of both cavitation induced within the 

solution and acoustic reflections from the sample holder because of the relatively high PNP. 

As such, this data confirms the ability to distinguish acoustically active MS-NBs from the PBS 

only background using PCD.  

6.6.2 Passive Cavitation Detection of Nested-NBs 

These results are similar to those shown by Pellow et al. 137 in which both harmonic and 

broadband acoustic emissions of NBs were observed, dependent on excitation pressure. 

Following these results, acoustic emissions of Nested-NBs were monitored. From NTA 

characterisation of Nested-NBs, their average concentration is 2.45 ± 0.10 × 1011 with ~ 20 % 

of these containing a nested particle. As such, the total NB concentration can be assumed to 

be 5 x 1010 /mL, slightly greater than the limit of detection of the PCD system (~1010 NBs/mL). 

Hence for Nested-NB PCD experiments, their concentration was maintained as high as 

consistently possible at 1.56 × 1011 /mL, to ensure NB acoustic activity could be detected. 

Based on the encapsulation efficiency of NBs within Nested-NBs, this is equivalent to ~3 x 

1010 NBs/mL.  

Nested-NBs were then exposed to HIFU, and acoustic emissions monitored, as previously 

described. The scattered pressure spectra for Nested-NBs, liposomes and PBS are shown in 

Figure 6.23a. All samples demonstrated the presence of both harmonic emissions and 

broadband noise, with N-NB and LS having increased magnitude compared to PBS control.  

To help distinguish between Nested-NBs and liposomes (LS), the Inertial Cavitation Dose 

(ICD) was plotted against time (Figure 6.23b), where t = 0 corresponds to the beginning of 

the US exposure. At this point, all samples demonstrated broadband emissions. For LS and 

PBS, this remained relatively constant across the total duration, however for Nested-NB 

activity peaked at the beginning of the exposure, until reaching a constant value after ~ 2 s. 

The Total Inertial Cavitation Dose (TICD) was for each sample was (2.70 ± 0.06) x 104, (2.60 

± 0.07) x 104 and (2.14 ± 0.13) x 104 a.u. for Nested-NB, LS and PBS respectively (Figure 

6.23c). By summarising across the total duration of the exposure, Nested-NB and LS are 

indistinguishable. Due to the high PNP, NB destruction was expected to occur during the 

initial pulse cycles of the HIFU exposure, which correlates with the increased broadband noise 



84 
 

at the beginning of the N-NB exposure. To distinguish between N-NBs and LS, the change in 

magnitude of emissions over time was quantified (Pulse Normalised TICD, PN-TICD). 

Broadband emissions were cumulatively integrated with increasing pulse number and then 

normalized per pulse (Figure 6.23d), calculating a cumulative average. Using this metric, 

Nested-NBs demonstrated increased activity at the beginning of the exposure compared to LS. 

As this exposure progressed, the PN-TICD decreased such that at the end of the exposure they 

are indistinguishable from non-acoustically active LS (Figure 6.23d). This suggests that the 

NBs present in the Nested-NB sample initially provide an increase in both broadband 

emissions, as NBs undergo inertial cavitation. As the exposure progresses, the PN-TICD 

decreased until eventually by the end of the exposure, Nested-NB and liposome samples are 

indistinguishable from each other, indicative of no NBs remaining. This is also in agreement 

with the near-total loss of contrast shown by B-mode imaging (Figure 6.18b).  

As both broadband and harmonic response is detected, it is likely that the reduction in B-mode 

contrast is due to a combination of both rapid bubble fragmentation (i.e. inertial cavitation) as 

well as acoustically driven diffusion (stable cavitation) over the course of the HIFU exposure. 

Hence, the lack of release observed from Nested-NBs is noteworthy in understanding 
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Figure 6.23 - a) Passive cavitation detection data characterising Nested-NBs (N-NB, N=3), liposomes 

(LS,N=3) and PBS(N=5) during exposure to HIFU (PNP = 4.83 MPa, Duty Cycle = 50 %, PRF = 1 

kHz, Duration = 5 s). a) Frequency spectrum showing the scattered pressure between 0-20 MHz, 

averaged across the 5 s duration of the ultrasound exposure, and then averaged over multiple samples.  

b) Inertial Cavitation Dose quantifying the total broadband emissions for 0.5s before and after the 5 s 

exposure, averaged over all samples.  c) Total Inertial Cavitation Dose (TICD) calculated by 

integration of Inertial Cavitation Dose throughout the exposure. Data is shown as a box plot, showing 

values for each repeat (diamond), median (central line), mean (black square) standard error (box) and 

5th and 95th percentile (whiskers). d) Pulse normalised TICD, where the cumulative TICD is normalised 

by number of pulses. All error bars are the standard error across all measurements, and some are 

omitted for clarity. 



85 
 

interactions between the applied US field and encapsulated NBs. During stable cavitation, 

volumetric oscillations of the encapsulated NB, and hence localised fluid flow may be 

expected to induce liposomal poration, similar to that shown in vitro on cell membranes41,48,218. 

For effective sonoporation and promotion of intracellular drug uptake, the bubble-membrane 

distance should be minimized, and only effective across length scales similar to that of bubble 

size (approximately 1-2 bubble diameters) 218,219. Our system contains a ~ 100 nm NB nested 

within a ~250 nm liposome, with a membrane comparable to that of a cell. As such, the 

average bubble-membrane distance is ~ 75 nm comparable to that of NB size, and at these 

length scales it is unclear  to what extent membrane poration would occur. Another mechanism 

is also proposed in which volumetric NB oscillations would induce a “slinky-effect” on the 

encapsulating liposome 220. This would induce dilation in the lipid-bilayer, increasing the 

inter-molecular distance between phospholipid molecules and hence increasing membrane 

permeability. It should be noted that a critical factor in our system is that the NB oscillations 

are not free and will in turn be damped by the presence of the encapsulating liposome. The 

damping provided by the nesting shell may also inhibit the occurrence of inertial cavitation 

(i.e. bubble collapse). The threshold for the occurrence of inertial cavitation is commonly 

defined by a critical bubble expansion ratio 𝑟 /𝑟   , where r0 is initial bubble radius and rc is 

the critical radius required for bubble collapse, with the threshold typically between 3 ≤ (rc/r0) 

≤ 8 220,221.  As our MS-NBs are nested within liposomes approximately 2-3 times greater than 

their diameter, the existence of the nesting shell may provide additional resistance to bubble 

expansion, and hence hinder the occurrence of inertial cavitation.  

Similar to the Nested-NB system, Wallace et al. investigated the use of MBs encapsulated 

within polymer 222 and liposomal shells 222. It was found that the presence of an encapsulating 

polymer shell increased the threshold for MB destruction and increased as nesting shell size 

decreased. Similarly, the efficiency of drug release decreased concurrently with the size of the 

nesting liposomal shell. The use of low pressure (0.54 MPa) and high pressure (3.74 MPa) US 

treatment was investigated as a release trigger, with the respective regimes being attributed to 

inertial and stable cavitation, although the occurrence of cavitation was not acoustically 

characterised. Whilst both regimes induced increased liposomal drug release, prolonged US 

exposure (~ 25 min) was required for significant release, with minimal release observed in the 

initial 5 minutes of exposure (~ 5 %). This may go some way to explaining the lack of release 

observed in Nested-NBs, where we utilised high pressure (4.83 MPa) but only for short 

durations (5 s). However, based on the observed acoustic emissions it is apparent that by the 

end of the 5 s exposure, Nested-NBs are indistinguishable from a control sample and are no 

longer acoustically active. Hence it seems clear that the mechanisms associated with stable 
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and inertial cavitation are incapable of inducing liposomal drug release in Nested-NBs, at 

clinically relevant frequencies. 

6.7 Triggered Release using Continuous Wave HIFU 

To trigger drug release from Nested-NBs, the duty cycle of the HIFU exposure was changed 

from pulsed to continuous wave (CW), such that the total acoustic energy is increased. By 

doing this, Nested-NBs demonstrated calcein release over a range of PNPs (2.01 to 3.90 MPa) 

with a total exposure time of 5s. Figure 6.24a shows the release profiles for both Nested-NBs 

(solid) and liposomes (hashed). The amount of release increased with increasing PNP for both 

samples up to a maximum Nested-NB release of 52.9 ± 10.3% with a corresponding liposome-

only release of 35.3 ± 9.2% at PNP = 3.90 MPa. Considering only the difference in release 

between Nested- NBs and liposomes, a maximum difference of 26.2 ± 10.3% was achieved at 

2.96 MPa (Figure 6.24b). The difference in release is comparable to the encapsulation 

efficiency of NBs within Nested-NBs (22 ± 2%), which would suggest that the efficacy of 

release of the Nested-NB is approaching 100%. Increasing the PNP further led to a decrease 

in the difference in the release profiles, as maximum Nested-NB release is achieved, whilst 

the increased acoustic energy may continue to contribute to thermal release. As no release was 

previously observed with pulsed HIFU exposures, the ability of CW HIFU to induce release 

is useful in identifying the release mechanism.  

6.7.1 Contribution of Thermal Effects to Release 

To determine the influence of any thermal effects on drug release, a thermocouple was used 

to measure the maximum temperature of the solution during CW HIFU exposures (Figure 

6.25a). For PNPs of 2.01 – 3.43 MPa, maximum temperature remained constant at 35-40 ° C, 

before an increase to 58.2 ± 6.5 ° C at 3.90 MPa.  

Figure 6.24 a) Release profile of Nested-NBs and liposome controls after continuous wave (CW) 

HIFU exposure at PNPs ranging from 2.01 to 3.90 MPa. (b) Difference in the release of Nested-

NBs compared to liposome controls. 
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The effect of these temperatures alone, in the absence of an acoustic trigger, was investigated 

using a fluorescence spectrometer equipped with a temperature-controlled cuvette holder. A 

temperature ramp was performed, with an initial temperature of 22 ° C, and fluorescence of 

Nested-NBs was measured in 5 ° C intervals up to 62 ° C, with the sample remaining at each 

temperature for 2 minutes (Figure 6.25b). Minimal release (< 2 %) was observed up to 37 ° 

C, at which point release increases following a sigmoidal trend. Using parameters from the 

sigmoidal trend, release plateaus at 43.6 ± 4.2 % for temperatures > 55 ° C. This value 

corresponds to the phase transition temperature of the primary lipid in Nested-NB liposomal 

bilayer (DSPC, Tm = 55 ° C). At this point, the closely packed, gel-phase lipids in the bilayer 

being to transition to a disordered liquid crystalline phase. This transition is commonly 

associated with leakage of the liposomal content due to reduced lipid packing, and hence 

reduced van der Waals interactions by acyl chains. These results also agree with those in the 

literature for calcein-loaded phosphatidylcholine liposomes223, where maximal leakage occurs 

as the gel-phase transition temperature is approached. Minimal thermal release is observed for 

temperatures < 40 ° C, which correspond to PNPs of 2.01 – 3.43 MPa, similar to the trend 

shown in Figure 6.25a in which liposome only samples show no, or only small amounts, of 

calcein release. When temperatures increase above 40°C, i.e. for PNP of 3.90 MPa  

(Tmax = 58 ° C), calcein release rapidly increases and this is again reflected in Figure 6.25, in 

which liposome only release increases significantly. 

6.7.2 Vaporisation Dynamics of Perfluorocarbon Droplets 

Although NBs are present in the Nested-NB sample, RMM identified that 79 ± 4% of the 

population concentration consists of negatively buoyant particles, which may be a 

combination of liposomes and C4F10 droplets (Figure 6.5). As such, it is reasonable to assume 
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sample remaining at each temperature for 2 minutes. 
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that a similar proportion of encapsulated particles within the Nested-NBs would be negatively 

buoyant. Additionally, because the modal size of encapsulated particles (∼140 nm) is less than 

the limit of detection of RMM (∼200 nm), the existence of bubbles of this size cannot be 

confirmed. Because of the inverse relationship between the Laplace pressure and bubble 

radius, in addition to the density of the C4F10 gas core used in our experiments compared to 

more commonly utilised perfluoropentane (C3F8) (11.2 vs 8.2 kg/m3), it is increasingly likely 

that as particle size decreases, a subpopulation of PFB droplets would exist.  

The bulk boiling point of C4F10 is −1.7° C; however, confinement into either a bubble or a 

droplet will elevate this boiling temperature because of the associated pressure increase due 

to the Laplace pressure. The Clausius−Clapeyron relation, modified to include the Laplace 

effect (Equation 6.2) describes the change in boiling point of a liquid from confinement into 

a droplet. Using this, we can investigate the hypothesis that our Nested-NBs contain 

encapsulated C4F10 droplets, which undergo rapid phase conversion during CW-HIFU 

exposure, triggering liposomal drug release. 

The predicted elevated boiling temperature for PFB particles of varying diameter is shown in 

Figure 6.26a for surface tensions ranging from 5 to 20 mN/m, covering expected values for 

fluorocarbon droplets and bubbles.215  For PFB particles at room temperature (21 °C) with 

diameters between 100 and 200 nm, the majority of particles lie below the vaporization curve 

and hence would be expected to exist as liquid droplets.  

This is in agreement with previous work published in our group, in which MS-NBs experience 

a rapid increase in size, measured via DLS, when heated above a threshold temperature of 57 

°C, suggesting the occurrence of a phase transition from liquid to gas.204  This transition 

temperature matches closely to the predicted value in Figure 6.26a for a surface tension of 

10−15 mN/m. Considering a PFB droplet of 140 nm in size, corresponding to the modal 

encapsulated particle size determined by TEM,  temperatures of 22.9 °C and 37.7 °C would 

be required for vaporisation for droplets with σ  = 5 and σ = 10 mN/m, respectively. As such 

all PNPs investigated would be capable of vaporisation at surface tensions like those expected 

for PFB droplets, supporting our hypothesis of a phase change trigger. These results are also 

 
T =

1

T
−

R

M Δ H
ln 1 +

2𝜎

𝑟 𝑃
 Equation 6.2 

where T1 is the elevated boiling temperature, T  is boiling point (271.4K) at atmospheric 

pressure P0 (101.3 kPa), Mw is molecular weight of PFB (238.03 g/mol) , ΔvapH is enthalpy 

of vaporisation (100 kJ/mol), σ is surface tension and rd is droplet radius. 
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concurrent with those from Wu et al. 224 in which increasing the pulse duration was found to 

lower the threshold for acoustic vaporisation of PFB droplets, using similar US parameters (1 

MHz, ≤ 5MPa). 

To determine whether droplet vaporization would be capable of inducing liposomal drug 

release, a model developed by Evans et al. 225 was used to predict the expected diameter 

increase of the resultant bubble post-vaporization. There are three models with increasing 

complexity, which we have labelled elementary, developed, and intermediate.  

For all models, it is assumed that after phase-change, the number of bubbles is equal to the 

number of droplets before i.e. there is no coalescence. The elementary model assumes that 

post-vaporisation, the number of molecules of the volatile phase remains constant, such that 

there is no change in solubility. This neglects the fact that as bubble or droplet size varies, the 

Laplace pressure too will change, and hence too will solubility. A consequence of this is that 

for larger droplets (rd > 10-6 m), the activated volume ratio ( , where vb and vd are volumes 

of the bubble and droplet respectively), is independent of initial droplet size. For our system 

where rd ~ 10-7 m, this may have little influence on results. The intermediate models adds 

additional complexity by accounting for a change in solubility, and assuming partial 

equilibration of the core with a surrounding region of the particle.  
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The change in solubility is described by the Kelvin equation (Equation 6.3), where R is the 

ideal gas constant (8.32 J.mol-1K-1) T is temperature, S0 is bulk solubility of the volatile 

material, St is enhanced solubility of the material under confinement inside the bubble or 

droplet, γt is surface tension where the subscript refers to either droplet (t = d) or bubble (t = 

b). Similarly, Vm,t is molar volume of the bubble or droplet and rt is radius.  Assuming no 

change in the number of droplets and bubbles post-vaporisation, the effect of this is to supress 

the volume increase as solubility inside the confined volume decreases, and gas is drawn out 

of the bubble into the surrounding liquid. The predicted bubble size post-vaporization is shown 

in Figure 6.26b for all the three models, assuming a droplet surface tension of σd = 10 mN/m 

and bubble surface tension of σb = 20 mN/m. For droplets of 100−200 nm diameter, all models 

produced similar results with an expected bubble diameter post-vaporization of >300 nm, that 

is, larger than the modal size of our encapsulating liposomes. This in turn suggests that this 

expansion may lead to liposomal rupture, and hence triggered drug release, consistent with 

our results. 

6.8 Conclusion 

In this chapter, NBs were produced using microfluidics (MS-NBs), determining their size and 

concentration using transmission electron microscopy and light scattering, whilst the use of 

resonant mass measurement confirmed the presence of sub-micron gas bubbles. MS-NBs 

demonstrated diagnostic potential, providing contrast for clinically relevant B-mode imaging. 

Their therapeutic potential was also shown through the use of HIFU to trigger the destruction 

of MS-NBs.  This was further investigated by their encapsulation within model-drug loaded 

liposomes to form Nested-NBs. 

The resultant Nested-NBs displayed good echogenicity and drug loading stability. Triggered 

release of the drug payload was investigated using HIFU in combination with PCD, such to 

cause destruction of the encapsulated NB and trigger liposomal rupture. During PW-HIFU (1 

% and 50 % duty cycle) exposure, MS-NBs and Nested-NBs both demonstrated harmonic and 

broadband acoustic emissions, indicating the occurrence of stable and inertial bubble 

cavitation. It would be expected that these interactions would lead to triggered release of the 

encapsulated drug payload within Nested-NBs, however no drug release was observed even 

for PNPs of between 1.54 - 4.83 MPa. The cholesterol content of the Nested-NB was reduced 

from 32 % to 22 % and 12 % to reduce membrane stiffness, and promote drug release, but had 

little effect on the release profile.  

 

𝑅𝑇 ln
𝑆

𝑆
=  

2𝛾 𝑉 ,

𝑟
 Equation 6.3 
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In contrast, the change of modality to CW-HIFU produced drug release across a range of PNPs 

(2.01 – 3.90 MPa). The maximum difference in release compared to a liposome only control 

is comparable to the encapsulation efficiency of NBs within Nested-NBs (22 ± 2%), which 

would suggest that the efficacy of release of the Nested-NB is approaching 100%. This is 

likely associated with the increase in heating due to CW-HIFU, and suggests that a synergistic 

effect of an acoustic and thermal trigger required for release from Nested-NBs. Increasing the 

PNP further led to a decrease in the difference between the release profiles, as maximum 

Nested-NB release is achieved, whilst the increased PNP may continue to contribute to 

thermal release. These observations can be understood if, at room temperature, our Nested-

NBs contain a mix of both encapsulated PFB NBs and PFB droplets. During CW HIFU, the 

sample temperature was found to increase above a predicted threshold such that the PFB 

droplets underwent a phase change from the liquid to gas state. The subsequent increase in 

their diameter, predicted to be by a factor of 3, could then lead to liposome rupture and drug 

release. The fact that PW US does not trigger drug release from Nested-NBs may prove 

beneficial, as drug loading will be stable during diagnostic imaging and release not triggered 

until the application of CW-HIFU.  Thus, Nested- NBs have diagnostic potential, providing 

contrast enhancement for clinically relevant US frequencies, and the ability to trigger drug 

release through the vaporization of PFB droplets. 
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7 Experimental Procedures 2 

7.1 NB Preparation, Production and Isolation 

Due to the relationship between bubble diameter and terminal rise velocity (Equation 3.25), 

centrifugation can be used to isolate bubbles of varying size. 226 As such, a MB suspension 

was initially produced, and then centrifuged at different relative centrifugal force (RCF) to 

separate desired bubble populations. 

The initial MB suspension was prepared using 95:5 molar ratio of the lipids DPPC (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine) and DSPE-PEG2000 (1,2-distearoyl-sn-glycero-3- 

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) to form the stabilizing shell. 

Lipids were initially dissolved in 50:50 chloroform:methanol solution, and the solvent 

removed under nitrogen for ~ 60 mins, followed by vacuum desiccation overnight. The 

resultant lipid film was then rehydrated with PBS containing 1 % (v/v) glycerol, by stirring 

and heating at 55 °C for 20 min, to a final lipid concentration of 2 mg/mL. The lipid solution 

was then tip sonicated (20 kHz, 150 W, Sonifier 250, Branson, USA) for 40 min at 4 °C to 

produce small lipid vesicles (~ 100 nm). This solution was then centrifuged at 17,000 g for 30 

mins and aspirated, firstly to remove any titanium deposited during the tip sonication process, 

and secondly to ensure the absence of any large lipid aggregates. 

To produce the initial MB suspension, 1 mL of vesicle solution was added to a 1.5 mL glass 

vial and the solution and vial headspace was saturated with C3F8 (perfluoropropane) gas, 

maintaining a gas pressure of 300 mBar for 2 min. Gas flow was controlled using a p-pump 

(Mitos P-pumps, Dolomite, UK) and a PC using the Dolomite Flow Control Centre 205. The 

vial lid was then replaced and sealed with parafilm, prior to mechanical agitation for 45 s 

(VialMix, Bristol Myers Squibb, US). This solution was then added to 9 mL of PBS in a 15 

mL centrifuge tube and centrifuged at RCFs of 100, 500 or 1,000 g to isolate NBs of varying 

size. Post-centrifugation, NBs were isolated by removal of the lower 6 mL of solution using a 

long, fine needle (19g x 2.0", Terumo) and 5 mL syringe (total volume > 6 mL), taking care 

to avoid cross-contamination of the NB sample and MB foam layer.  

7.2 NB Population Characterization 

To determine the size and concentration of sub-micron bubble populations, the light scattering 

techniques of Nanoparticle Tracking Analysis (NTA, size and concentration) and Dynamic 

Light Scattering (DLS, size only) were used. 
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7.2.1 Nanoparticle Tracking Analysis 

For NTA measurements (NanoSight NS300, Malvern Panalytical, UK), NB samples were 

measured at between 1- 50 x dilution in PBS (lipid concentrations of ~ 4 – 200 μg/mL), 

depending on the initial sample concentration, such that recorded videos were at optimal 

particle concentration for particle tracking (i.e. ~ 108-109 particles /mL). Samples were 

illuminated with a 488 nm laser, and individual particles were tracked and analysed using 

NTA 3.3 software. During data acquisition, the camera level (a marker of image intensity) 

was set to between values of 3-4, such that highly scattering particles (i.e. NBs) were detected, 

but particles with a lower scattering intensity (i.e. lipid vesicles) were not. 

Measurements consisted of 5 x 60 s videos, between which the sample was advanced to 

observe and track a unique set of particles. Each video was then post processed using a 

software detection threshold of 20, and the mean and standard error for each sample 

calculated. 

7.2.2 Dynamic Light Scattering 

DLS (Zetasizer NanoZS, Malvern Panalytical, UK) measurements were conducted using NBs 

at their yield concentration, corresponding to a lipid concentration of ~ 0.2 mg/mL. Samples 

were illuminated with a 633 nm and backscattered light detected at an angle of 173 °. 

Distributions shown are based on an intensity distribution due to NB samples containing a 

mixed population with different optical properties. As such, it should be noted that sizing data 

will be weighted towards larger particle sizes. 

7.2.3 Brightfield Microscopy 

Brightfield microscopy was used to determine the concentration of optically visible bubbles 

in NB samples. 30 uL of sample was introduced into a 50 μm deep chamber on a glass slide, 

and NBs allowed to rise for 5 mins to ensure they were all in the same focal plane. An inverted 

microscope (Nikon 90i, Japan) was used to image MBs with a 40 x objective (NA = 0.6) and 

a CCD camera (DS-Fil 5Mega pixel, Nikon, Japan) was used to take 10 images for each 

sample. Due to the resolution limit of our microscopy system (~ 600 nm, 0.16 μm/pixel ), 

determination of NB size is not reliable. Image analysis was performed using a custom ImageJ 

script, to determine the total number of particles in each image, and then converted to a 

concentration value. 

7.3 Cell Culture 

Cells were stored in a moisture-controlled incubator at 37 °C with a 5% CO2 atmosphere and 

cultured in 25 cm2 flasks. Cells were handled following aseptic technique, inside a Class II 

A1 Biosafety Cabinet. The SW480 colorectal cancer cell line was provided by European 
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Collection of Authenticated Cell Cultures (ECACC). Cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM/F-12; Gibco, US) supplemented with 10% fetal bovine 

serum, 2 mM GlutaMax. Passage numbers were kept below 50 for all experiments. For 

sonoporation studies, cells were seeded onto a microfluidic device (μ-Slide VI 0.4, iBidi, 

Germany).   

7.3.1 Well Plate Culture 

For well-plate experiments, SW480 cells were cultured at an initial seeding density of 2 x 106 

cells per well. Cells were cultured for 48 hours prior to all experiments. During acoustic 

exposure, a total volume of 2.5 mL of the uptake assay (with or without MBs) was added to 

couple to the transducer element. 

7.3.2 Microfluidic Culture 

Each microfluidic device consisted of 6 individual channels with a channel height of 0.4 mm, 

length of 17 mm, and width of 3.8 mm. Channels were pre-treated with iBiTreat for culture of 

adherent cell lines. Cells were detached from the culture flask by incubation with TrypLE 

(Thermo Fisher Scientific) for 5 mins and counted using a hemocytometer. The cell 

suspension was adjusted to a concentration of 7 x 105 cells/mL and 30 μL of this suspension 

pipetted directly into the microfluidic channels. Devices were then inverted such that cells 

adhered to the top of the microfluidic channel. After 2 hours, the devices were righted and 60 

μL of DMEM added to each reservoir simultaneously. Cells were cultured on-chip for 48 

hours prior to sonoporation studies. During on-chip culture, devices were placed on a raised 

surface to promote gas exchange. 

7.4 Acoustic Set-Up and Ultrasound Exposure 

An unfocused, 2.25 MHz central frequency transducer (V323-SM, Olympus, US), with an 

element diameter of 6.35 mm, was used for sonoporation studies. The transducer was driven 

by a +53 dB power amplifier (A150, E&I Ltd, USA) and a computer-controlled function 

generator (TG5011A, Agilent, USA) was used to provide sinusoidal burst cycles to the 

amplifier. Free-field pressure of the transducer was determined using a needle hydrophone 

(0.2 mm, Precision Acoustics Ltd, UK), calibrated by the National Physics Laboratory 

(Middlesex, UK). Each US exposure consisted of the following parameters: Mechanical Index 

= 0.6, Driving Frequency = 2.25 MHz, Peak Negative Pressure = 900 kPa, Pulse Repetition 

Frequency = 1 kHz, Duty Cycle = 1 %, Total Duration = 5 s. The US transducer was coupled 

to the top of the microfluidic chip using a 20 mm gel stand-off pad (AquaFlex, Parker, US) 

ensuring the channel was situated in the far-field of the US beam 48. Here, the US beam width 

can be defined by Equation 7.1 227, where α is half angle beam spread, k is a constant, c is 

speed of sound, f is frequency and D is element diameter. k is a constant depending on the 
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point that the beam spread is calculated. For – 6 dB (i.e. 50 % reduction) and for – 20 dB (90 

% reduction) k = 0.56 and 1.08 respectively. 

 sin
α

2
=

kc

fD
 Equation 7.1 

For our system, the beam width is then predicted to be 2.3 mm (-6 dB) and 4.50 mm (- 20 dB), 

and hence the majority of acoustic energy will be localised to a region in the microfluidic 

channel. The microfluidic chip was positioned above a water bath with an acoustic absorber 

positioned at a 45 ° angle to reduce acoustic reflections and the formation of standing waves 

(Figure 7.1a).   

7.5 Sonoporation Studies 

For the sonoporation studies, a red fluorescence membrane probe (70 kDa Texas-Red Dextran, 

ThermoFisher) was used to quantify uptake, whilst a green fluorescence live stain 

(CellTracker Green CMFDA) was used to determine cell viability post treatment 18.  NB 

samples were prepared as described previously and mixed with TexasRed-Dextran to reach 

the desired NB concentration and a final Dextran concentration of 14 μM. For control samples 

(no treatment and US only), PBS containing 14 μM Dextran was used. NBs were then added 

to the microfluidic channels by pipetting 60 μL of sample directly into a reservoir, and then 

withdrawal of 60 μL from the opposing reservoir. This was repeated in triplicate to ensure the 

channel contained only NB solution. Chips were then covered with foil and left for 60 mins at 

21 °C to aid sonoporation by allowing NBs to rise to the top of the channel and hence in 

contact with the cell monolayer (Figure 7.1). 

 For all treatment conditions, the adjacent channel was left blank to avoid cross over between 

of US treatment between channels. Channels were then treated with US (where appropriate) 

and left for a further 10 minutes to promote uptake. Channels were then washed with DMEM 

(5 x 100 μL), followed by CellTracker Green (5 x 100 μL, 2 μM) and incubated at 37 °C for 

30 min. Channels were then washed with DMEM (5 x 100 μL) prior to confocal fluorescence 

imaging. 

7.6 Confocal Fluorescence Imaging 

Microfluidic chips were imaged using a laser scanning confocal microscope (Leica 

DMi8/SP8) to determine the location of live cells and quantify Dextran fluorescence. Due to 

the confocality of the microscope (1 Airy Unit), it was possible to image exclusively cells 

adhered to the top of the microfluidic device, and hence exposed to NBs. It should be noted 

that cells along the bottom of the channel did not show any evidence of uptake and the large 

majority of cells remained adhered to the top of the channel. Images were taken in sequential 

mode using and 488 nm and 532 nm lasers with emission windows of 493 – 749 nm and 557 
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– 781 nm corresponding to the CellTracker Green and TexasRed-Dextran respectively. These 

values were determined by the in-built DyeAssistant software to maximize fluorescence 

intensity and minimize cross talk. 

Full fluorescence and brightfield maps of each microfluidic channel were taken using the 

TileScan feature, consisting of multiple images (512 x 512 px) which were then combined to 

create the final image. The autofocus setting was used in between each image location, 

determining the focal plane with the maximum intensity in the green fluorescence channel 

across 5 steps within a user-centred 60 μm window. 

7.7 Fluorescence Image Analysis and Quantification of Uptake 

Confocal fluorescence maps were analysed using image processing tools in MATLAB (2019b, 

Mathworks Inc, USA) to determine the Dextran fluorescence intensity inside viable cells.  An 

image mask was generated from the CellTracker Green image and then applied to a 

background subtracted Dextran image. As the US exposure is constrained to a discrete region 

in the centre of the microfluidic channel, an average red fluorescence profile in the x-direction 

along the chip was calculated to identify this region. The fluorescence profile was smoothed 

using a Savitzy-Golay filter (2 mm window) followed by a baseline subtraction 228. From these 

profiles, the total fluorescence intensity was quantified. Initially, a Gaussian distribution was 

fit to the smoothed data to determine the peak centre, xc, and standard deviation, σ. If 

successful, the background subtracted, non-smoothed profile was integrated between (xc - 2σ) 

and (xc + 2σ) to determine the total intensity. If the fit was unsuccessful (i.e. no clear uptake 

Figure 7.1 - Schematic showing the acoustic and microfluidic set-up used for sonoporation experiments.

(a) The transducer was driven by a +53 dB power amplifier and a computer-controlled function 

generator was used to provide sinusoidal burst cycles. The transducer was coupled to the top of the 

microfluidic chip using a gel stand-off pad, positioned above a water bath with an acoustic absorber 

positioned at a 45 ° angle. (b) Schematic describing how cells were cultured on the top of the 

microfluidic channel so that the intrinsic buoyancy of bubbles resulted in them being in direct contact 

with cells. Not to scale.  
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detected) then the data was integrated across a 7 mm window situated in the centre of the 

profile. 

7.8 Flow Cytometry 

A flow cytometer (CytoFlex S, Beckman Coulter, US) was used to quantify fluorescence from 

a FITC live stain and 7-AAD, a membrane impermeable DNA stain, to determine the 

occurrence of sonoporation. The flow cytometer was equipped with a 488 nm and 561 nm 

laser, and band pass filters of 525 nm/40 nm and 690 nm/50 nm. All flow cytometry 

measurements were performed by Dr Sally Boxall and Dr Ruth Hughes of the Bio-imaging 

and Flow Cytometry suite, University of Leeds. A minimum of 10,000 valid events were 

collected for each sample.  
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8 The Influence of Nanobubble Size on Sonoporation 

and Stability 

Motivation 

NBs are typically produced at the same time as polydisperse MBs and are subsequently 

separated either by flotation or centrifugation 229. Throughout the literature the NB isolation 

techniques and subsequently the size of the NBs collected varies greatly (100 – 800 nm) 207 

making it difficult to compare their effectiveness as therapeutic delivery vehicles. Further, 

many of these NB populations contain a proportion of large microscale bubbles (> 5 μm). As 

described by Doinikov and Bouakaz 230 the shear stress exerted by an oscillating bubble on a 

cell membrane is non-linearly proportional to initial diameter. Depending on the model used, 

an 800 nm NB will produce shear stresses between 102 - 104 times greater than that of a 100 

nm NB. Additionally, the variation in bubble diameter will also lead to changes in resonance 

frequency (𝑓 ∝ 1/𝑟  ), which will greatly affect the magnitude of their volumetric oscillations 

dependent on the driving frequency, and hence influence their performance for both therapy 

and diagnosis. The size of the NB will also affect their ability to extravasate and accumulate 

in tumour interstitial space, one of the most appealing aspects of NBs. 

Variation in reported NB size may also be associated with the challenge of accurately 

determining NB size and concentration. Due to their sub-micron nature, typical sizing 

techniques used to characterize MBs (brightfield microscopy, Coulter counters) are 

unsuitable. Light scattering techniques such as DLS and NTA are routinely used to determine 

nanoparticle size by observing their Brownian motion, with these techniques often applied to 

NBs. However, a typical NB sample contains a mixed population of aqueous-cored liposomes 

and gas-cored NBs, which these techniques do not overtly distinguish. This, coupled with 

classical bubble theories that predict NB lifetimes should be on the order of microseconds, has 

led to some scepticism in the research community over the existence of stable NBs.  Whilst 

some techniques (Resonant Mass Measurement, holographic NTA117) can distinguish between 

bubbles and non-bubbles, either by comparing particle density to the medium, or by measuring 

particle phase contrast, they are not yet widely available. 

For effective translation into clinical use, the size and concentration of NBs should be able to 

be accurately and reproducibly measured, allowing for determination of their therapeutic 

effectiveness. In this chapter, the relationship between NB size and their therapeutic capability 

(i.e. to promote drug uptake) is investigated. Firstly, acquisition settings for a commercially 
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available NTA system are optimized, such that sub-populations (bubbles and liposomes) in a 

NB sample can be distinguished, and that the size and concentration of NBs is measured 

exclusively. This method is then used in combination with DLS and optical microscopy to 

characterise 3 NB populations of varying mean size, isolated via centrifugation. The 

effectiveness of these different NB populations across a range of concentrations was then 

compared in uptake experiments, using clinically relevant ultrasound frequencies, and by 

observing uptake of fluorescent Dextran into SW480 cell monolayers in a microfluidic device. 

NTA was also used to measure the stability of different sized NBs, at either matched NB or 

lipid concentration, revealing the link between their therapeutic performance and stability, and 

highlighting potential mechanisms behind their stability. 

8.1 Nanobubble Isolation and Characterization 

8.1.1 NB Isolation by Centrifugation 

NBs in this section were prepared by mechanical agitation and with a C3F8 gas core, increasing 

the likelihood they remain as gas-cored NBs, as opposed to droplets, due to the reduced 

molecular weight. This method also closely mimics many published NB studies 
80,85,101,110,112,150,231, and as such has increased relevance to the field. The liposome solution used 

to produce NBs was homogenized via tip-sonication such that the resultant population was 

monodisperse and free of large aggregates, facilitating discrimination between liposomes and 

larger NBs. The size distribution of this liposome pre-cursor solution is shown in Figure 8.1, 

measured by (a) NTA and (b) DLS, with both techniques showing a monodisperse population. 

Liposome concentration determined by NTA was 3.19 ± 0.23 x 1012 /mL and a modal size of 

79.4 ± 36.1 nm, compared to sizes of 83.2 ± 46.6 nm and 40.0 ± 12.1 nm determined by DLS 

for intensity and number weighted distributions respectively. The variance in modal size 

between methods can be attributed to the increased LOD associated with the NTA system (i.e. 

> 50 nm), and hence a potentially erroneous increase in modal size, as smaller particles in the 

Figure 8.1 – Size distribution of tip-sonicated liposomes used as a pre-cursor solution to produce 

NBs. Characterised by a) Nanoparticle Tracking Analysis and b) Dynamic Light Scattering showing

(i) Intensity and (ii) Number weighted distributions. 
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population are not detected by the technique. Additionally, the decrease in modal size between 

the intensity and number based DLS distributions is to be expected due to the non-linear 

relationship between particle size causing intensity-based distributions to be weighted towards 

larger particles. 

To investigate the effect of NB size on sonoporation, control over the size of NB populations 

is required. Here, polydisperse populations of MBs were produced and centrifugation used to 

isolate different size NBs. As the terminal rise velocity of NBs is dependent on their size, as 

well as gravitation acceleration, varying the Relative Centrifugal Force (RCF) and isolating 

NBs from set heights will allow isolation of NBs of different sizes.  To do this, MB samples 

(1 mL total volume) were diluted by a factor of 10 and centrifuged in a 15 mL sample tube, 

facilitating NB isolation from different heights. For each RCF, samples were labelled 1-5 

based on their height and consisted of 2 mL aliquots where Sample 1 refers to the bottom 

sample and 5 refers to the top (Figure 8.2a). 

The size distribution of each sample was then characterised using DLS. Although unable to 

distinguish between liposomes and NBs, DLS has a larger measurable size range (10 – 10,000 

nm), providing additional information on the presence of the total bubble population (i.e. both 

NBs and MBs). Additionally, by measuring samples at relatively high bubble concentration, 

and hence optical density, gas-cored bubbles would be expected to dominate scattering events 

due to their increased size (i.e. > 100 nm) and scattering cross section. The Z-Average size 

(determined by the exponential decay of the autocorrelation function) for NBs separated using 

RCFs of 100 g, 500 g and 1,000 g are shown in Figure 8.2b, c & d respectively. For RCF = 

100 g, the size of NB samples steadily decreased from 984 ± 113 nm for sample 1 down to 

Figure 8.2 – a) Schematic of how NB samples were isolated from varying heights after centrifugation, 

for samples labelled 1-5. (b-d) DLS data showing the Z-Average size of NB samples separated by 

centrifugation at RCFs of (b) 100 g, (c) 500 g and (d) 1,000 g (N=3 for all).  
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718 ± 139 nm for Sample 5. For samples 3-5 the average size also appeared to plateau 

demonstrated by the linear fit shown in Figure 8.2b, in which the gradient was fixed at 0, 

yielding a y intercept of 730 ± 18 nm. For RCF = 500 g, NB size was initially smaller (sample 

1, Z-Average = 715 ± 85 nm) as expected, although NB size remained relatively constant 

regardless of the height of isolation. For RCF = 1,000 g, the initial size of sample 1 was 1087 

± 87 nm, larger than that for any other measured populations, which may be due to the 

formation of a bubble “foam” at the top of the tube, and subsequent bubble coalescence. For 

samples 2-5, size rapidly decreased to a constant value of 616 ± 54 nm, as determined by the 

linear fit shown in Figure 8.2c. Whilst the RCF and the height at which the sample is isolated 

influenced NB size, the change in size between samples was not significant enough to warrant 

this as reproducible isolation technique. However, using this isolation technique samples 3-5 

across all RCFs demonstrated constant size. As such, following these experiments NBs were 

isolated using only samples 3-5 (i.e. isolation of NBs below the 6 mL line) to isolate 3 NB 

populations of distinct size. 

Results of populations for each RCF (100 g, 500 g, 1,000 g) after isolation of samples 3-5 

characterised by DLS, are shown in Figure 8.3. Average size decreased with increasing RCF, 

with each population size distinct from one another, and respective sizes of 479 ± 10 nm, 307 

± 4 nm and 266 ± 10 nm. Additionally, the polydispersity index (PDI), decreased with 

increasing RCF, as a greater proportion of larger bubbles are removed from the sample leading 

to a more monodisperse population. 

Figure 8.3 – a) Schematic showing the isolation process of NBs after centrifugation. DLS sizing 

data of NBs separated using the lower 3 samples after centrifugation at varying RCF of 100, 500 

and 1,000 g. b) Z-Average and (c) Polydispersity Index (PDI) of each sample. 
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Following this, RCF was further increased to isolate a fourth, smaller (< 200 nm) NB 

population for comparison. As terminal rise velocity is inversely proportion to the square of 

the particle size, RCF will also need to be increased accordingly. Figure 8.4 shows DLS sizing 

data for NB samples isolated at RCFs of 1,700 g, 2,500 g and 4,000 g, resulting in average 

sizes of 544 ± 355 nm, 275 ± 25 nm and 285 ± 184 nm respectively over two repeats. 

Compared to our previous smallest NB sample (RCF = 1,000 g, Z-Average = 266 ± 10 nm), 

there is no considerable decrease in size observed. The large error associated with these higher 

RCF samples also suggests a lack of reproducibility. Additionally, the PDI of each population 

significant increased compared to previous values to values > 0.4, suggesting a polydisperse 

population distribution. This may be due to increased RCF promoting bubble coalescence or 

decreased optical density of samples and non-negligible contribution from smaller liposomes 

to the scattering. 

Although useful for determining the average size of a bulk population, DLS does not directly 

measure individual particles and hence cannot determine particle concentration or distinguish 

between particles with different optical or physical properties. To assess the therapeutic and 

diagnostic effectiveness of NBs, accurate concentration determination is required, to compare 

populations at matched particle concentration or gas volume. Hence, development of a 

technique that can accurately quantify the concentration of gas-cored NBs is crucial for the 

pre-clinical and clinical translation of therapeutic NBs.  

8.1.2 Nanoparticle Tracking Analysis to Distinguish Nanobubbles 

Nanoparticle Tracking Analysis (NTA) is a light scattering technique in which the Brownian 

motion of individual particles is tracked, diffusion coefficient determined, and particle size 

calculated. As individual particles are tracked, total particle concentration can also be 

determined. However, typically this system cannot distinguish between sub-populations with 

differing physical properties, such as the mixed population of liposomes and NBs present in 

Figure 8.4 – DLS sizing data of NBs separated using higher RCF values (1700, 2500 and 4000 g)

to isolate a smaller, fourth discrete NB population. A) Z-Average and (b) Polydispersity Index (PDI) 

of each sample. Error bars represent the standard error over 3 independent samples. 
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NB samples. An example of this is shown in Figure 8.5, in which NBs and their liposome pre-

cursor solution were both characterised using NTA. For both measurements, samples were 

measured at a matched dilution (1,000 x) and approximate lipid concentration (2 μg/mL) and 

acquisition settings (camera level = 12). It should be noted that the high dilution ratio is 

required such that samples are at the required particle concentration for NTA measurements 

(~ 109 /mL). Both NB and liposome samples had a modal size of 90 nm with respective 

concentrations of (3.09 ± 0.6) x 1012 /mL and (2.26 ± 0.11) ± 1012 /mL.  This is in contrast to 

DLS data (Figure 8.1, Figure 8.2) where a marked increase in particle size is found. As such, 

the two populations are indistinguishable from each other, and it would be easy to conclude 

from NTA the absence (or a low concentration) of any NBs or sub-micron particles produced 

during mechanical agitation. 

The relationship between scattered light intensity, Is, and the change in refractive index 

between the medium (nwater = 1.33) and the particle, Δn, as well as size, r, is described in 

Equation 3.32. Due to their gas-core, NBs of equivalent size will scatter light more efficiently 

than liposomes. Assuming that the refractive index of NBs is close to that of air (nair = 1) and 

the refractive index of liposomes to be nliposomes = 1.38 232, the intensity of scattered light will 

be ~40 x greater compared to that from an equivalent size liposome (Equation 3.32, Equation 

3.34). Previously shown DLS data also identified the average population size to be greater 

than this (300 – 500 nm) hence would be expected to be optically distinct from the sub-100 

nm liposomes. As NTA measurements are not weighted towards scattering intensity, it is 

likely that the NB populations consistent mostly of small, low scattering particles (i.e. 

liposomes) with a sub-population of highly scattering, larger particles at a lower concentration 
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Figure 8.5 – Nanobubble (NBs) and liposome populations measured using NTA, measured at a 

dilution of 1,000 x in PBS and a camera level of 12. Both populations had a modal size of 90 nm, and 

total particle concentration of (3.09 ± 0.6) x 1012 and (2.26 ± 0.11) x 1012 /mL for NBs and liposomes 

respectively. 
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(i.e. bubbles), that are identified via DLS. During video acquisition on the NTA system, the 

camera level can be adjusted to increase or decrease the intensity of the acquired image.  

To attempt to distinguish between NBs and liposomes, samples were measured at a higher 

concentration (100 x dilution, 20 μg/mL lipid concentration) and a reduced camera level (3), 

such that only highly scattering particles will be detected, and omit lower scattering particles. 

Images taken during NTA acquisition for characterisation of liposomes and NBs are shown in 

Figure 8.6, in which highly scattering particles are visible in the NB samples, but not in the 

liposome only sample. This indeed suggests that NB samples contains particles with an 

increased scattering cross-section compared to liposomes, although it is not clear whether this 

is due to differing optical properties, or simply size alone. 

As a control, liposome only samples were imaged across a range of camera levels at a lipid 

concentration of 20 μg/mL, to determine the threshold at which they are visible. The mean 

intensity of the image NTA system was measured for camera levels ranging from 3 – 13, with 

the lower and upper bounds corresponding to acquisition settings where NBs and liposomes 

can and cannot be determined, respectively. As shown in Figure 8.7a, image intensity 

increased exponentially with increasing camera level and no signal was detected until a camera 

level of 8 (Figure 8.7g) whilst image intensity did not reach values that would be considered 

optimum until a camera level of 12 (Figure 8.7k), signified by the absence of the “dark” 

warning label on the image. Hence, variation of camera level for values < 8 are unlikely to 

affect population distributions when measuring NBs. In images where the camera level is ≥ 

11, it becomes difficult to distinguish individual scattering events, likely due to the increased 

Figure 8.6 – Images taken during NTA acquisition with sample dilution of 100 x and camera level of 

3 for (a) liposome and (b) nanobubble solution. At these acquisition settings, highly scattering NBs 

can be detected and subsequently tracked, whereas lower scattering liposomes are omitted from the 

measurement. 
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total particle concentration compared to optimal measurements (i.e. 1,000 x dilution, Figure 

8.5).  

Whilst it is evident that increasing camera level correlates with an increase in recorded image 

intensity, the exact parameters and values varied within the NTA system are not clear. Whilst 

it is not stated in the manual for the instrument, various parameters are saved in the meta data 

after a measurement. Namely, these are the unitless camera gain, shutter time in ms and upper 

limit of the intensity histogram. The values for each of these parameters at camera levels 

ranging from 1 – 16 is shown in Figure 8.8. For the camera levels that NBs are measured at 

(3-5) the camera gain remains constant (15 a.u.) whilst the associated increase in brightness is 

attributed to an increase in the shutter time (0.33, 0.58 and 1.13 ms respectively). At higher 

camera levels (11-13), such as those to measure primarily liposomes, the increase in intensity 

is a combination of increasing camera gain, shutter time and a reduction in the upper limit of 

the intensity histogram. 

Figure 8.7 The effect of varying Camera Level on NTA image acquisition during measurement of the 

pre-cursor liposome solution at a lipid concentration of 20 μg/mL, similar to NB measurements. A 

plot of mean intensity (a) in a central area of each image (b-l) for camera levels varying between 3-

13, showing no detectable scattering from liposomes until the camera level is > 9, in comparison to 

typical values of 3-5 used for NB measurements. Hence this shows that at lower camera levels, only 

NBs are detectable. Further, this also shows exponential relationship between camera level and 

image intensity using the NTA system. 
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Although these NTA measurements do not confirm the presence of gas-cored NBs, recent 

publications used a similar NB production method and gas-core, and Resonant Mass 

Measurement was used to demonstrate the presence of sub-micron buoyant particles 59,118, and 

hence it is likely NBs are present.  Using this method, the three NB populations isolated with 

varying RCF were characterised using NTA. Figure 8.9 shows the NTA measured populations 

of NBs isolated via centrifugation at a) 100 g, b) 500 g and c) 1000 g, in which all populations 

follow a log-normal distribution. As RCF is increased, larger bubbles are progressively 

removed from the population, as shown in the cumulative distribution plot (Figure 8.9d) whilst 

the modal size of the population remains constant (Figure 8.9e). The initial NB concentration 

also decreases with increasing RCF, from (4.91 ± 0.53) x 1010 /mL (RCF = 100 g) compared 

to (0.93 ± 0.10) x 1010 /mL (RCF = 1,000 g) (Figure 8.9f). This observed decrease in NB yield 

is likely due to a combination of removal of larger bubbles from populations, in addition to 

NB instability and coalescence driven by higher RCFs.  

Figure 8.8 – The effect on changing the camera level on various parameters of the NTA system during 

data acquisition. a) Camera Gain b) Shutter (ms) and c) Camera Histogram upper limit. 
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To determine whether these particles were acoustically active, NBs (RCF = 100 g) were 

treated with high intensity focused ultrasound (HIFU, frequency = 1.1 MHz, PNP = 4.83 MPa, 

PRF = 1 kHz, Duty Cycle 1 %, 5 s duration), after which NB concentration decreased by 98.3 

± 0.26 % from (3.03 ± 0.30) x 109 /mL to (2.90 ± 0.50) x 108 /mL. Hence, it is highly likely 

that the increased scattering intensity observed from NTA measurements can be attributed to 

gas-cored NBs.  

8.1.3 Characterisation of Larger NBs 

Using the light scattering techniques discussed so far, it is simple to assume that all bubbles 

in the sample are NBs (< 1 μm). However, NB populations characterised exclusively using 

these techniques can still retain a proportion of microbubbles 101,112,140, which would be 

Figure 8.9 – Characterisation of NB populations using NTA such that only highly scattering, gas-

cored NBs are detected. Populations distributions are shown for NBs isolated at RCF of (a) 100 g, 

(b) 500 g and (c) 1,000 g and (d) their cumulative distribution function. e) Modal size and (f) 

concentration of NB populations. 
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expected to contribute, dependent on their concentration, to any therapeutic or diagnostic 

effect at clinically relevant frequencies.  

To determine the presence, and concentration, of any larger bubbles, images of the three NB 

populations were taken using brightfield microscopy. Due to the resolution limit of the 

microscopy system used (Numerical Aperture = 0.60, r ~ 600 nm), as well as the scaling 

resolution of the camera (0.16 μm/pixel), the size of bubbles ≤ 1 μm in diameter cannot 

accurately be determined. Regardless, a proportion of particles below this threshold would 

still be expected to be observable due to their intrinsic scattering, and hence this method was 

used purely to determine the concentration of larger, optically visible bubbles. Brightfield 

images of each NB population at their yield concentration are shown in Figure 8.10a, b, and c 

for RCF = 100 g, 500 g and 1,000 g respectively. Images showed the presence of optically 

visible bubbles in all 3 samples, whilst also demonstrating the lack of any larger microbubbles 

(i.e. > 1 μm). Prior to centrifugation, MB concentration was ~ 5 x 1010 /mL, which decreased 

as RCF increased as progressively smaller bubbles are removed from the population (Figure 

8.10d). For RCF = 1,000 g, optically visible bubbles are nearly completely removed from the 

sample (2 ± 1 x 107 /mL) approaching the lower limit of detectible bubble concentration (~ 

106 /mL) assuming one bubble per image. 

Figure 8.10 – Brightfield microscopy images of NB samples. a) RF = 100 g b) 500 g and c) 1,000 g at 

their yield concentrations. A decrease in optically visible bubbles with increasing RCF was observed, 

as larger bubbles are removed during the isolation process. 
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When assessing the therapeutic and diagnostic performance of NBs, it is important to consider 

the ratio between NBs and MBs. Larger bubbles would be expected to have a large 

contribution to therapy and diagnosis, due to the relationship between bubble size, r, and 

predicted shear stress exerted on a cell membrane (𝜏 ∝ 𝑟 ), and resonance frequency (𝑓 ∝

1/𝑟), especially within the clinically approved US frequency range (1 – 15 MHz). To highlight 

the ability of increasing RCF to selectively remove larger bubbles from the population, the 

ratio between optically visible bubbles (MBs) and NBs was analysed (Figure 8.11). Initially 

the NB/MB ratio was 11.7 ± 2.8 (RCF = 100 g), which increased to 24.0 ± 9.5 and 465 ± 238 

for an RCF of 500 g and 1,000 g respectively  

Whilst it is evident that larger bubbles are being removed from the population, it should be 

noted that few NBs > 600 nm were detected in NTA measurements, yet ~109 /mL larger 

bubbles were detected via optical microscopy. To determine why, the ability of NTA to 

characterise larger particles (i.e. > 600 nm) was assessed. Monodisperse NIST standard 

polystyrene beads with nominal diameters of 600 (Figure 8.12a) and 800 nm (Figure 8.12b) 

were analysed. Beads had actual diameters of 620 ± 24 nm and 788 ± 26 nm according to the 

data sheet (determined by electron microscopy) and were characterised via both DLS and 

NTA, providing an additional comparison between the two techniques. DLS slightly oversized 

the standards (modal size 653 nm and 852 nm) whilst low PDI values (0.03 and 0.10 

respectively) indicated monodispersity of the sample. Although determined by a number-

weighted distribution, the oversizing by the DLS may be explained by the dependency of 

scattering intensity on size and hence increased contribution to the population. In comparison, 

NTA slightly undersized the particles, with modal sizes of 526 nm and 711 nm. This observed 
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Figure 8.11 – Ratio of NB to MB concentration for NB samples isolated by centrifugation at RCF of 

100 g, 500 g and 1,000 g. NB concentration was determined by NTA and MB concentration by optical 

microscopy. 
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decrease in size may suggest that a fraction of larger particles is omitted but regardless, 

confirms the ability of NTA to detect and accurately size larger particles.  

Another consideration may be that larger bubbles exist at a concentration below the threshold 

for detection by NTA (~109 particles/mL). For RCF = 100 g (i.e. the sample containing the 

highest concentration of MBs), samples were typically diluted 10 x for NTA analysis. Hence, 

the concentration of MBs during measurement would be ~ 108 MB/mL, an order of magnitude 

below the optimal range for NTA. Another consideration may be that the increased size and 

hence increased scattering intensity associated with larger bubbles may also prove difficult 

for the NTA system to track and require optimisation of acquisition parameters for larger 

bubbles. As such, this section demonstrates that due to varying measurable size ranges of 

techniques, a combination of light scattering and optical microscopy is currently required to 

properly characterise NB populations. 

8.2 Proof of Concept: Microbubble Mediated Sonoporation 

NBs in combination with US have been shown to locally increase cellular uptake of small 

molecules, such as chemotherapeutics and model drugs 62,119, via a process known as 

Figure 8.12 - Population distribution of NIST standard (a) 600 nm and(b) 800 nm polystyrene spheres. 

Populations were measured via (i) DLS and (ii) NTA. Modal values were determined by a log-normal 

distribution fit. 
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sonoporation. In this chapter we aim to investigate the effect of NB size and concentration on 

their sonoporation efficiency, using clinically relevant US and in vitro culture of cell 

monolayers. As a proof-of-concept study, MBs were initially used in combination with US to 

promote uptake as their sonoporation capabilities are well documented, and would provide a 

good assessment of the acoustic and in vitro experimental set-up (e.g., acoustic parameters, 

cell culture conditions, uptake assay). 

Throughout sonoporation studies, SW480 colorectal cancer cell lines were used.  These cells 

are primary human cells taken from adenocarcinoma (Dukes stage B, T2-3 N0 M0 grade) of 

the colon and have been used in therapeutic microbubble studies 50,233, as well as those 

characterising their mechanical properties 234. Further, a metastatic cell line taken from the 

lymph nodes of same patient exists (SW620, Dukes Stage C, T2-4 N1 M0 grade), in which 

the mechanical structure is shown to evolve with disease progression 202, and hence could 

provide a second cell line for additional comparison. SW480 cells were cultured as a 

monolayer and after treatment with US and MBs, were located using CellTracker Green. This 

fluorescent green stain is able to freely pass through the cell membrane, and once inside a 

viable cell becomes membrane impermeant. Fluorescence and brightfield images of cells were 

acquired using a confocal microscope, with an example image SW480 cells after live staining 

shown in Figure 8.13. No further optimisation of staining parameters (i.e. concentration and 

time) was required as the fluorescence images were deemed of sufficient quality and contrast. 

The poor contrast evident for brightfield images can be attributed to the absence of phase-

contrast from the system, and hence are excluded from further analysis. To determine and 

quantify the occurrence of sonoporation, fluorescent membrane probes are commonly used, 

Figure 8.13 – Fluorescence images of an SW480 cell monolayer taking using a confocal microscope 

showing both brightfield and live stain images. 
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and as such allows for co-localisation of fluorescence between a live cell and the membrane 

probe indicating successful sonoporation. 

8.2.1 Well Plate Experimental Set Up 

Sonoporation experiments initially consisted of the use of well plate based assays, in which a 

monolayer of SW480 colorectal cancer cells were cultured in a 24-well plate, similar to a study 

by McLaughlan et al. 40. Wells had a diameter of 10 mm and hence were appropriate for use 

with an unfocused 2.25 MHz central frequency transducer, with an element size of 6.35 mm. 

This allowed for US to be incident from above, towards the cell monolayer and bubble 

population, utilising the acoustic radiation force such to push bubbles into contact with the 

cells (Figure 8.14). The distance between the transducer element and cell monolayer was kept 

constant for all exposures using a 3D printed adaptor, such that cells and bubbles were situated 

in the far-field of the transducer (13.5 mm). 

Initially, 7-AAD was used as a membrane probe and indicator of sonoporation. Similar to 

Propidium Iodide (PI) 235, 7-AAD is commonly used to detect dead cells in a population as it 

is membrane impermeable but can freely enter dead cells with a compromised membrane 236. 

Upon entering a cell, 7-AAD binds to DNA and fluoresces with peak excitation and emission 

wavelengths of 535 nm and 647 nm respectively, and hence can be used as membrane probe 

to quantify sonoporation. Compared to PI (Ex/Em 535/617 nm) it has a greater stokes shift 

and hence reduced spectral overlap with FITC (Ex/Em 490/525 nm). To test the functionality 

of 7-AAD and optimize the staining assay, cells were killed using 20 % EtOH exposure 237, 

followed by staining with 7-AAD over a range of concentrations (0.1 – 5.0 μM, 30 mins). 

After EtOH treatment, cells displayed a noticeable change in morphology whilst the 7-AAD 

stained nearly all cells, and with fluorescence intensity increasing with concentration (Figure 

8.15). At a concentration of 5 μM, staining intensity was the brightest whilst no signs of 

Figure 8.14 – Schematic of the well plate-based experimental set up used for initial sonoporation 

studies. SW480 cells were cultured as a monolayer and microbubbles/nanobubbles added in the 

presence of a membrane probe prior to insonation. 
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cytotoxicity were observed in a control sample (no EtOH treatment) and hence this 

concentration was used for sonoporation experiments. 

Prior to sonoporation experiments, the effect of US at different Mechanical Index (MI) on MB 

populations was investigated. MBs at a concentration of 108/mL were exposed to US at MI of 

0.1, 0.2 and 0.6 and concentration before and after US measured. For MI of 0.1 and 0.2, MB 

concentration remained relatively constant changing by -36.4 % and +10.3 % respectively, 

suggesting the occurrence of stable cavitation. However, increasing MI to 0.6 facilitated MB 

destruction, and a decrease in concentration of 98.3 %, similar to those observed on-chip by 

Bourn et al. 48. The lack of destruction or change in concentration for MI = 0.1, 0.2 may also 

be attributed to some degree of acoustic attenuation and scattering provided by the relatively 

high MB concentration. 
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Figure 8.16 – Microbubble concentration before and after exposure to US at a Mechanical Index of 

0.1, 0.2 and 0.6. Initial MB concentration was ~108 /mL for all samples. 

Figure 8.15 – Fluorescence images of SW480 cells after staining using 7-AAD across a range of 

concentrations (0.1 – 5 μM) after treatment with 20 % EtOH. Control cells (no EtOH) treatment 

showed no noticeable signs of cytotoxicity from a 7-AAD concentration of 5 μM.  
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As MB destruction was confirmed, an initial experiment utilized an MI of 0.6 and MBs at a 

concentration of either 107 or 108 MBs/mL. Whilst after exposure at this MI, MB concentration 

decreases significantly, it would be expected for a combination of both stable cavitation (and 

hence microstreaming) and inertial cavitation (and hence micro-jetting) to be occurring, with 

both mechanisms capable of inducing sonoporation. Based on work by van Rooij et al. 235, 

sonoporation and pore-resealing is typically expected to occur over the timescale of a few 

minutes. Hence after treatment, SW480 cells were incubated for a further 10 mins before 

washing, followed by live staining.  

Composite fluorescent images (live stain and 7-AAD) of SW480 cells are shown in Figure 

8.17 after treatment with US only, and US + MBs at concentration of either 107 or 108 

MBs/mL. No significant fluorescence in the 7-AAD channel was observed for any of the 

samples, and hence MBs + US had no effect on the cells (i.e. sonoporation or cell death). To 

induce sonoporation, the bubble-cell distance must be minimized (approximately 1-2 bubble 

diameters) 218,219.  The mean inter-particle distance of suspended particles can be approximated 

by 𝑛 /   where n is the number density of the particles. For free MBs at a concentration of 

108 /mL distributed homogeneously throughout the well, the average inter-bubble distance, 

and hence approximate distance between the MBs and the cell monolayer would be ~20 μm. 

Hence bubbles with an average of diameter of 1-2 μm would be out of the effective 

sonoporation range. One way to rectify this would be to further increase the MB concentration 

(i.e. 109 - 1010 /mL) however these high concentrations may strongly attenuate and scatter the 

incident US (i.e. acoustic shadowing). 

Figure 8.17 – Composite images of SW480 cells showing live stain and 7-AAD channels after 

exposure to (a) US only (MI 0.6) or combined with (b) 107MB/mL or (c) 108 MB/mL. For all exposure 

conditions, no significant uptake was observed. 
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An alternative solution is to utilise the acoustic radiation force to push MBs into direct contact 

with the cell monolayer 238.  The MI of the US was reduced (MI = 0.1, 0.2) and the total US 

duration increased (120 s) such that MBs are no longer being destroyed (i.e. stable cavitation). 

The MB concentration was also reduced (106, 107 MB/mL) to reduce acoustic attenuation and 

scattering, and more closely mimic the study performed by McLaughlan et al. 40, which 

utilized concentrations of 106 MBs/mL and an MI of ~ 0.07, observing sonoporation of 5-10 

% of the total population. Despite these changes, SW480 cells still showed no evidence of 

either 7-AAD uptake, or cell death induced by the mechanical stress provided by the 

oscillating bubbles (Figure 8.18).  

8.2.1.1 Flow Cytometry 

As a final test of MBs in this experimental set up, sonoporation was quantified using flow 

cytometry: a technique that can quantify fluorescence emissions of single cells to a high degree 

of sensitivity. It is possible that the SW480 cells are indeed being sonoporated, but the amount 

of uptake is below the sensitivity limit of the confocal microscopy system. This may also be 

exacerbated by the reduced quantum yield of 7-AAD (0.02 %), compared to PI (0.2 %). The 

use of flow cytometry also provides quantitative data, as opposed to qualitative fluorescence 

images that would require further analysis to quantify uptake. In these experiments, after US 

treatment and staining, cells were detached from the surface of the well plate via trypsinization 

and handled in suspension, to enable analysis of the sample using flow cytometry. For each 

sample, a minimum of 10,000 valid cells events were collected. All operation of the flow 

Figure 8.18 - Composite images of SW480 cells showing live stain and 7-AAD channels after US 

exposure at an MI of either 0.1 or 0.2, and at MB concentrations of 106 or 107 MB/mL. 
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cytometry system was performed by and under the supervision of Dr. Sally Boxall and Dr. 

Ruth Hughes of the Bioimaging and FACS Facility, University of Leeds. 

A control (no treatment) SW480 cell sample with no staining was first measured to provide a 

reference to which the gating was applied for side and forward scatter (Figure 8.19a) 

containing 36.55 % of the total recorded events. For all measurements, a minimum of 10,000 

valid events were recorded. Gating was applied such that results consisted mainly of viable 

cells, to identify cells that are both viable and have experienced sonoporation.  This gate was 

then applied to all samples for further analysis.  

To observe fluorescence emission from both the live stain and 7-AAD, cells were excited 

sequentially with a laser wavelength of 488 nm and 561 nm, and emitted light collected using 

bandpass filters of 525/40 nm and 690/50 nm respectively. The system has a maximum 

fluorescence intensity of 107 a.u., above which any saturated events are discarded. Figure 

8.19b and c show histograms of fluorescence emission intensity for unstained and stained 

control samples respectively, for both live stain (i) and 7-AAD (ii) emission. Prior to staining, 

cells had mean fluorescence intensities of 4.16 x 103 a.u. & 1.50 x 103 a.u. for live stain and 

7-AAD emission. Post staining, the 7-AAD staining remained relatively unchanged (2.19 x 

103 a.u.) whilst live stain emission increased by 3 orders of magnitude (4.42 x 106 a.u.), 

Figure 8.19 – Flow cytometry data collected for control SW480 cells. (a) Scattering data showing 

side scatter and forward scatter intensity of a control sample with no fluorescence staining. The 

gating was then applied to all subsequent samples. Live stain and 7-AAD intensity shown for (b) a 

non-stained control sample and (c) control sample stained with both live stain and 7-AAD. 
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showing successful staining of live cells, and minimal dead cells included in our analysed 

populations. 

To identify any change in membrane permeability, the intensity of 7-AAD emission from cells 

was compared after US and MB treatment. Figure 8.20 shows 7-AAD emission for cells after 

treatment for a range of US conditions (MI = 0.1, 0.2, 0.6) and MB concentrations (106, 107 

/mL). Figure 8.20 (a – d) shows histograms of 7-AAD fluorescence intensity for no treatment, 

MI 0.6 only, MI 0.6 and 106 MB/mL and MI 0.6 and 107 MB/mL. Fluorescence intensity for 

condition each were 2.19 x 103 a.u., 2.06 x 103 a.u, 1.54 x 103 a.u and 1.79 x 103 a.u 

respectively, showing no change in 7-AAD uptake and in agreement with previous analysis 

using fluorescence microscopy.  

Similar results were observed for all other treatment conditions, summarised in Figure 8.20e. 

An intensity threshold was applied post-processing to the control, stained sample such that the 

majority of the cell population is contained below the threshold (99.86 %). For each treatment 

condition, the percentage of cell population above this threshold was determined, to quantify 

the change in 7-AAD fluorescence. For all treatment conditions, there was no discernible 

change in the proportion of the population containing 7-AAD (all values < 0.2 %) and hence 

no evidence of sonoporation. This goes some way to eliminating the possibility that the 

confocal fluorescence system is not sensitive enough to detect sonoporation and provides 

conclusive evidence that sonoporation is not occurring or at least not observable in this system. 

Figure 8.20 - Flow cytometry data of SW480 cells showing fluorescence intensity of the 7-AAD 

stain/membrane probe after different treatment conditions. All ultrasound treatment had an MI of 0.6 

and total duration of 60 s. (a) Control (no treatment), (b) US only (c) US and 106 MB/mL and d) US 

and 107 MB/mL. (e) Summary of flow cytometry data showing the population of cells with 7-AAD 

fluorescence higher than the threshold applied to the control, no US sample for a range of parameters: 

MI of 0.1, 0.2, 0.6 and MB concentrations of 106 and 107 MB/mL. 
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Hence, this raises the question as to why sonoporation is not occurring in this system. Even 

though the quantum yield of 7-AAD is lower than that of PI, the high MB concentration and 

MI used in these experiments would be expected to induce irreversible sonoporation, and 

hence cell death, to some amount of the population. As shown in Figure 8.13, 7-AAD would 

then be able to successfully identify these cells. Closer assessment of results from McLaughlan 

et al.40  highlight the importance of bubble-cell distance, in which targeted MBs had greatly 

improved sonoporation efficiency compared to free MBs (~ a 4 fold increase). Using the well-

plate based system, the cell monolayer is situated at the bottom of the well. Naturally, bubbles 

will rise away from the cell monolayer, hence reducing the chance of sonoporation. In this 

section, we investigated the use of a lower MI so to not decrease the concentration of MBs, 

and also facilitate movement of MBs towards the monolayer and induce sonoporation. In 

many studies where the effect of a single MB on single cell membrane integrity, a commonly 

used system is that of an OptiCell: a hermetically sealed chamber for cell growth consisting 

of two membranes upon which cells can be cultured. In this set-up, the OptiCell can be 

inverted such that MBs can rise towards the cell monolayer, promoting sonoporation and 

molecular targeting 239,240. 

8.2.2 On-Chip Sonoporation Assay 

To minimize the bubble-cell distance, the acoustic and cell culture set up was changed. SW480 

cells were cultured on the top of a microfluidic channel, such that sonoporation can be 

facilitated by allowing bubbles to rise to the top of the channel, hence be minimizing cell-

Figure 8.21 – Schematic of the cell culture and acoustic set up for sonoporation studies using a 

microfluidic chip. SW480 cells were cultured on the top of the microfluidic channel, such that 

nanobubbles can float towards the monolayer and facilitate sonoporation. 
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bubble distance (Figure 8.21). Full experimental set up is described in Section 7.3. The small 

volumes associated with microfluidics also allows a cost-effective increasing in assay 

concentrations, increasing sensitivity. Initial on-chip experiments used PI as the membrane 

probe due to the increased quantum yield, as well as being commonly used in other 

sonoporation studies240–242. 

Figure 8.22 shows confocal fluorescence images of SW480 cells, cultured on the top of the 

microfluidic channel, treated with MBs at a concentration of 108 MBs/mL and with a MI of 

0.1 or 0.6, corresponding to stable or inertial cavitation regimes. For control samples (no 

treatment or US only) minimal signal was seen from the PI channel. The combination of MBs 

and US together promoted uptake of PI for both MI of 0.1 and 0.6, with PI signal found for an 

MI of 0.6. Closer analysis of a composite fluorescence image of this treatment condition 

(Figure 8.23) shows that nearly all cells that are stained with PI lack a live stain and hence 

likely have been killed during sonoporation. The PI is also highly localised to the nucleus of 

the cells, as opposed to the cytoplasm. For future work where quantitative image analysis will 

be required, this may introduce additional complexity and limit the reliability of simple co-

localisation between live stain and uptake marker. Regardless, this result is positive in the fact 

that the combination of MBs and US has induced physical changes in the cell monolayer, as 

opposed to previous experiments where no changes were seen. 

Figure 8.22 – Confocal fluorescence images of SW480 cells cultured on-chip treatment with US (MI 

0.1 & 0.6) and MBs (108 /mL) showing live stain and propidium iodide fluorescence, which was used 

as a membrane probe. Images were taken from the top plane of the microfluidic channel. 
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Following this, the use of dextran as a membrane probe was investigated. Dextran is a 

polysaccharide that is available in varying molecular weights, and is commonly used as a 

membrane probe 243,244. In these studies, TexasRed-Dextran (TR-Dextran) with an average 

molecular weight of 70 kDa was used, but there is also scope to investigate varying molecular 

weight influences uptake, and hence the size of pores generated in sonoporation 245. Unlike 7-

AAD and PI, Dextran is not a biological stain and does not bind to any specific molecules (i.e. 

DNA). Initially membrane impermeable (dependent on molecular weight), Dextran will only 

enter cells with a compromised membrane and fluoresce inside the cytosol, beneficial for 

quantitative analysis where fluorescence from Dextran and the live stain is co-localised. 

Figure 8.23 – Composite fluorescence image of SW480 cells treated with MBs (108/mL) and US (MI 

0.6) showing live stain (green) and propidium iodide (red). 

Figure 8.24 – Confocal fluorescence images of SW480 cells treated with MBs (108/mL) and US (MI 

0.6) showing live stain and 70 kDa TexasRed Dextran, used as a fluorescent membrane probe. MI 0.6 

+ MB zoom image shows the co-localisation of fluorescence between the live stain and TR-Dextran 

due to membrane permeation and cytosolic uptake. 
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SW480 cells were treated with a combination of US (MI 0.6) and 108 MBs/mL using 70 kDa 

Dextran as the fluorescent membrane probe at an initial concentration of 1.5 μM (Figure 8.24). 

No uptake was observed for control samples (no treatment and US only); however, uptake of 

Dextran was observed for the combination of MBs and US. Closer analysis of the images 

shows clear co-localisation between the live stain and Dextran fluorescence (Figure 8.24 

zoom). Following this result, Dextran was used as a membrane probe for all future 

experiments in which NB-based sonoporation was investigated.  

8.3 Nanobubble Mediated Sonoporation 

In this section, the sonoporation capability of the three different NB populations developed 

in Section 8.1 were assessed, such to evaluate the influence of NB size on sonoporation 

efficiency. The largest of the three populations, (RCF = 100 g) was used as an initial test to 

demonstrate the ability of NBs to induce sonoporation. NBs were administered at their yield 

concentration (~ 1011 NB/mL), as characterised by NTA and treated with US (MI 0.6). Figure 

8.25 shows both the live stain and TR-Dextran channels, showing fluorescence co-

localisation and hence sonoporation, compared to US only controls (Figure 8.23). Whilst the 

occurrence of sonoporation is evident, the size of the US beam compared to the microfluidic 

channel needs to be considered.  The microfluidic channels have a length and width of 17 

mm and 3.8 mm respectively. On-chip, the FWHM (-6 dB) of the US beam will be 2.24 mm 

and as such mostly localised to a region with this approximate diameter (Section 7.4). 

Additionally, the typical field of view of a single confocal image using this system  

Figure 8.25 – Confocal fluorescence images of SW480 cells treated with US (MI 0.6) and Sample I 

NBs, isolated by centrifugation at an RCF of 100 g, showing live stain and TexasRed Dextran 

channels. NBs were administered at their yield concentration. 
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(1.2 x 1.2 mm), means that a single, or a combination of randomly spatially oriented 

acquisitions will not provide a reliable means of comparing uptake between samples. 

To quantitatively assess total Dextran uptake, and hence sonoporation, full confocal maps 

encompassing the full microfluidic channel were acquired. These images were taken using 

the Leica confocal system “TileScan” method and utilized autofocus for each image, based 

on the intensity of the live stain channel (Section 7.6). Example images are shown in Figure 

8.26 for samples treated with NBs and US (a), or just US (b), in which a clear localised area 

of Dextran fluorescence is visible in the centre of the channel and the majority of signal 

confined with a region bounding the -20 dB (i.e. 90 % pressure reduction) beam profile. 

Additional images at increased zoom show clearer evidence of co-localisation and Dextran 

fluorescence. 

Figure 8.26 –Confocal fluorescence map scans showing live stain and Dextran fluorescence 

emissions from SW480 cell monolayers. Images show cells after treatment with NBs and US 

(a) or a control sample of US only (b). Full fluorescence maps of the microfluidic chip were 

used for quantitative analysis of uptake, and increased zoom images show clear co-localisation 

of fluorescence between Dextran and the live stain indicative of sonoporation in viable cells. 

White dashed circle represents the -20 dB point of the pressure field. 
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Images were analysed such to determine the total fluorescence of Dextran inside live cells 

within the central insonated region of interest. Full details are described in Section 7.7 but 

briefly, an image mask was generated from the live stain image and then applied to a 

background subtracted Dextran image. An average red fluorescence profile in the x-direction 

along the chip was calculated to identify the region corresponding to insonation and hence 

uptake. From these profiles, the Total Fluorescence Intensity (TFI) was quantified; either by 

fitting a Gaussian distribution and integrating to calculate the TFI, or if no uptake was 

detected, data was integrated across a 7 mm window situated in the centre of the profile 

(Figure 8.27).  

 

 

Figure 8.27  - Example of the image processing used to determine total fluorescence intensity, 

indicative of total Dextran uptake post sonoporation of SW480 cells. Plot shows the average 

fluorescence intensity of Dextran inside live cells in the x-direction. The raw spectra were smoothed 

(2 mm window, Savitzy-Golay) and then fit with a Gaussian distribution, to determine the location of 

the uptake. This was then integrated between xc – 2σ and xc + 2σ, where xc is the peak centre and σ 

is standard deviation, to determine the total fluorescence intensity. For those where no uptake was 

detected (i.e. unable to fit a Gaussian distribution), the profile was integrated over a central 7 mm 

window. 
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8.3.1 Dextran Concentration Optimisation 

As microfluidics typically utilizes low sample volumes, higher concentrations of reagents can 

be used without dramatically increasing cost. Hence, the effect of increasing the concentration 

of the membrane probe (TR-Dextran) was investigated, towards increasing assay sensitivity. 

Experiments were performed using NBs separated by centrifugation with an RCF of 500 g, 

to provide an intermediate for comparison to future experiments utilising different NB sizes 

and their expected sonoporation performance (i.e. larger bubbles will induce increased 

sonoporation). TR-Dextran concentration was varied between 1.5 – 14 μM, and SW480 cells 

treated with NBs and US (MI 0.6), and compared to controls (no treatment, US only) where 

the highest Dextran concentration was used (14 μM). It should be noted that from here 

onwards in this chapter, all control values are averaged over multiple repeats and are 

consistent throughout with TFI’s of 0.92 ± 0.62 a.u. and 0.66 ± 0.64 a.u. for no treatment and 

US only respectively. At lower TR-Dextran concentrations (1.5 and 3 μM), TFI is not 

significantly increased compared to control samples (Figure 8.28) with TFI’s of 1.65 a.u. and 

1.37 a.u. respectively. Further increases of concentration correlated with an increase of TFI 

to 7.27 a.u. and 20.1 a.u. for concentration of 7 and 14 μM respectively, demonstrating an 

increase in assay sensitivity. Hence, for further experiments a TR-Dextran concentration of 

14 μM was used.   

8.3.2 Effect of Nanobubble Rise Time on Sonoporation 

Another factor to consider in the on-chip set-up is the duration of time NBs are allowed to 

rise towards the cell monolayer, prior to US, as this will affect the bubble-cell distance and 

hence magnitude of sonoporation. The height of the microfluidic channel is 400 μm, with 

Figure 8.28 – Effect of Dextran concentration on Total Fluorescence Intensity (TFI), a 

quantitative measure of Dextran uptake based on co-localisation between live cells and dextran 

fluorescence signal. SW480 cells were treated with US (MI 0.6) and (RCF = 500 g) at a 

concentration of 1011 /mL. 
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SW480 cell monolayers cultured on the top plane. The distance risen over time for NBs of 

varying size can be predicted using Equation 3.25, and compared to the chip height (Figure 

8.29). Although the chip height is 400 μm, assuming initially NBs are homogenously 

distributed on-chip, on average a bubble would need to rise 200 μm to reach the cell 

monolayer. In the three NB populations, the majority of NBs are between 200 and 400 nm in 

diameter and would take between 40 and 150 minutes to rise 200 μm. As such, an increased 

rise time would expect to increase the occurrence of sonoporation.  NBs (RCF = 100 g) were 

first filtered through an 800 nm membrane, such to remove any bubbles that would be 

expected to rise rapidly to the top of the channel (~ 10 mins).  

Filtered NBs were administered at their yield concentration (1.57 ± 0.05) x 1010 /mL (Figure 

8.30a) with the observed decrease in yield compared to a typical RCF = 100 g sample 

(decrease by a factor of 5) is likely due to bubble destruction and coalescence induced by the 

filtration process. Although the filtration process had a detrimental effect on NB 

Figure 8.30 – Influence of NB on-chip rise time on Total Fluorescence Uptake, and hence 

sonoporation.  NBs were isolated via centrifugation at an RCF of 100 g and filtered through an 

800 nm membrane. Concentration = (1.57 ± 0.05) x 1010 /mL. 
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Figure 8.29 - Predicted distance risen for bubbles of varying diameter, d, over 60 minutes. Dashed 

line represents the channel height in the microfluidic device (400 μm). 
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concentration, the modal size remained consistent with those expected for RCF = 100 g. 

Filtered NBs were incubated on-chip for 20, 40 and 60 min. prior to insonation and their TFI 

calculated, compared to control samples of no treatment or US only (incubation time = 60 

min.). Little to no uptake was observed for the control samples and increasing rise time led 

to an increase in sonoporation and TFI (with TFI of 1.32 a.u., 2.48 a.u. and 4.49 a.u. for 20, 

40 and 60 mins (Figure 8.30b)). As such, for all following experiments, NBs were left for 60 

min on-chip prior to insonation, to maximize the change compared to control samples. 

8.3.3 Influence of Nanobubble Size and Concentration on Sonoporation 

Using the optimized experimental conditions, the influence of NB size and concentration on 

sonoporation was investigated. Three NB samples (previously described in Section 8.1) of 

different sizes were compared, after isolation at an RCF of 100, 500 or 1,000 g.  

Figure 8.31 shows the TFI plot against initial NB concentration (i.e. the concentration NBs 

were initially delivered on chip). As values between the no treatment and US only controls 

are relatively similar, only the US only control is shown in the figure (dashed line). All three 

NB populations initially demonstrate sonoporation capability at their highest/yield 

concentration, which for RCF = 100 g, 500 g was ~ 4 x 1010 NBs/mL, and ~ 1 x 1010 NBs/mL 

for RCF = 1,000 g, due to their lower initial yield. Decreasing NB concentration led to a 

corresponding decrease in TFI in all three samples, as would be expected. Comparing directly 

between samples (i.e. differing size) at matched NB concentration, the larger NBs of RCF = 

100 g had increased sonoporation capability compared to RCF = 500 g. However, comparison 

between RCF = 500 g and 1,000 g at matched NB concentration of 1 x 1010 NBs/mL, the 

Figure 8.31 - Total Fluorescence Intensity (TFI) inside live cells due to ultrasound and NB mediated 

uptake, determined via confocal fluorescence microscopy, for three NB samples isolated via 

centrifugation at RCF = 100 g, 500 g and 1,000 g. Dashed line represents the TFI for the ultrasound 

(US) only control. 
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smaller NB population (RCF = 1,000 g) outperforms, with higher TFI (17.8 ± 3.3 compared 

to 5.6 ± 2.9) contrary to what would be expected.  

8.4 Effect of Nanobubble Size on Stability 

8.4.1 Matched Nanobubble Concentration 

As NBs are left on-chip for 60 min to facilitate sonoporation by NB flotation, the stability of 

these NBs, and hence actual concentration at the time of insonation, is not known. Whilst this 

is not directly measurable on-chip, the temporal stability of NBs was investigated in situ in 

the NTA system to mimic the on-chip conditions (i.e. flow cell). NB concentration was 

measured over 60 min in 5 min intervals, at an initial concentration of ~ 109 NBs/mL, 

corresponding to the optimal concentration for NTA measurements. Although on the lower 

end of the NB concentration ranges characterised, higher concentrations (i.e. 1010 /mL) would 

result in increased scattering and noise, and hence unreliable measurements.  

Figure 8.32 shows the trend between normalized NB concentration and time, fit with an 

exponential decay function. The half-life, τ1/2, of this exponential decay for each sample was 

24.7 ± 2.5, 6.0 ± 0.2 and 11.6 ± 0.7 min for RCF of 100 g, 500 g and 1,000 g respectively. As 

the RCF = 1,000 g sample has increased stability compared to RCF = 500 g, these results 

might go some way towards explaining the sonoporation data. Although there is no universally 

agreed theory for NB stability, one contributing factor is the Laplace pressure, which is 

inversely proportional to size, and hence would predict to be largest for the smallest of the 

three NB samples.  

Figure 8.32 - Stability of Nanobubbles samples after separation via centrifugation at different RCF 

values. Normalised NB concentration measured in situ – “on-chip” over 60 min at matched initial 

nanobubble concentration of 109 bubbles/mL, fitted with an exponential decay function.  
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However, results in show Figure 8.32 that the smallest NB sample (RCF = 1,000g) exhibits 

increased lifetime compared to RCF = 500 g, albeit with RCF = 100 g being the most stable. 

This suggests that (in the steady state) Laplace pressure is not the only mechanism at play 

that contribute to NB stability and lifetime. It was also found that the average (mean and 

mode) size of all samples remained constant over 60 min (Figure 8.33). This may suggest that 

bubbles are either coalescing and no longer within the measurable size range of NTA, or that 

there is an occurrence of rapid bubble dissolution.  

8.4.2 Matched Lipid Concentration 

Measurements in Figure 8.32 were performed at matched NB concentration,  however due to 

the differing yields in the initial samples, the sample dilution required to reach a set 

concentration varies. For example, less dilution was required for RCF = 1,000 g NBs 

compared to RCF = 100 g NBs to reach the matched NB concentration used in the in situ 

stability measurements. As RCF = 1,000 g NBs demonstrated increased stability compared 

to RCF = 500 g, it may suggest that sample dilution has an influence on NB stability and life-

time. As such, the stability of NBs after various dilutions factors was investigated. NB 

samples were prepared and diluted at varying dilution factors (1 – 50, where 1 is stock 

concentration) and their concentration measured at t = 0 and t = 60 mins. Results are shown 

in Figure 8.34a. Here, final concentrations were normalized to their initial values to allow 

comparison between all 3 samples which had different initial NB concentrations. Across all 

samples, normalized NB concentration decreased with an increasing dilution factor, and 

 

Figure 8.33 - NB stability measured in situ on the NTA system at a concentration of ~109 NBs/mL. 

(a) RCF = 100 g, (b) 500 g  and (c) 1,000 g for modal (i) and mean (ii) sizes over 60 min. All results 

were repeated in triplicate over 3 independent NB productions, and  were fit using a linear fit.  
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hence suggesting that dilute NB samples are less stable. Comparison of stability between 

samples followed showed that larger NBs (i.e. RCF = 100 g) have increased stability, 

compared to RCF = 500 g, 1,000 g, in agreement with predictions from the Laplace pressure. 

Recently, theories have been proposed that both of these factors will influence the lifetime of 

lipid-shelled bubbles. Segers et al. 246,247 show that the use of higher lipid concentrations can 

aid short-term and long-term MB stability. The presence of liposomes in a thin liquid film 

between colliding bubbles can provide additional colloidal and surface forces, reducing 

coalescence probability. Here, diluting the NB sample will vary the total free lipid 

concentration. Here, this was initially assumed to be 40 μg/mL for all samples based on the 

following calculations. Initially, the produced MB sample will have a lipid concentration of 

2 mg/mL. This sample is then diluted 10 x (i.e. 0.2 mg/mL) prior to isolation of NBs. Based 

off the 95:5 molar ratio of DPPC (Mw=734 g/mol) and DSPE-PEG2000 (Mw = 2805 g/mol), 

the MB solution will contain 1.44x1017 lipid molecules in total. Assuming a lipid head group 

area of 0.5 nm2 and MB size of 1 μm at a concentration of 5x109 /mL  (after dilution), MBs 

Figure 8.34 - Stability of NBs samples after separation via centrifugation at different RCF values, after 

storage for 60 minutes at varying dilution factors. NB concentration is expressed as normalised NB 

concentration, relative to the initial concentration a) Normalised NB concentration for dilution factors 

ranging from 1 (stock concentration) to 50 (i.e. 50 x diluted). The top x-axis also shows the estimated 

free lipid concentration in the NB sample. Data is fit with a spline curve to guide the eye. b) Normalised 

NB concentration as a function of the ratio of the interbubble distance, l, and mean NB diameter, d, 

achieved by dilutions. 
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would contribute to 6.28x1016 lipids/mL. This sample would also be expected to contain a 

proportion of NBs. Assuming this NB population is identical in size and concentration to that 

of Sample I, this would account for 5.12x1016 lipids/mL. Here, the remaining lipids 

(2.98x1016 lipids/mL) can be accounted for by “free” liposomes in solution. This value of 

liposomal lipids would be expected to remain constant throughout the NB isolation process, 

as the vertical distance travelled during centrifugation at 1,000 g over 5 min is negligible (~ 

50 μm). When considering the contribution of free liposomes/lipid to NB stability by 

preventing coalescence via steric effects, it is only this concentration that is important. Here, 

the free lipid concentration of 2.98x1016 lipids/mL is equivalent to a mass concentration of 

40 μg/mL, which will be consistent throughout all NB samples. This is reflected by the data 

shown in Figure 8.34a, in which increasing dilution will reduce the concentration of free lipid, 

which leads to a decrease in NB stability.  

Additionally, molecular dynamics simulations by Weijs et al. 128 predicted that small inter-

bubble distances, can shield gas diffusion due to high local gas concentrations, and hence 

enhance NB lifetime.  Two systems were investigated in which inter-bubble spacing, l, (or 

box size in their periodic MD simulations) was varied, where l = 15 nm or 30 nm for a bubble 

with initial diameter of 3.64 nm. The total number of gas molecules inside the bubble remain 

constant (Nb = 333) whilst different conditions are investigated for different amounts of gas 

dissolved in the liquid surrounding the bubble. For all conditions in which l = 15 nm  (i.e. l/d 

= 4.12) bubbles were shown to be stable. For those in which l = 30 nm (I.e. l/d = 8.24) bubbles 

were unstable unless a large quantity of gas was dissolved in the surrounding medium. 

Assuming that this prediction holds for all sizes of NBs, this predicts that there exists some 

ratio between inter-bubble spacing and bubble diameter that will yield stability, regardless of 

dissolved gas content.  

Further analysis of the data presented in Figure 8.34a, to consider the ratio of inter-bubble 

distance and diameter (l/d) is presented in Figure 8.34b, in which normalised NB concentration 

is shown after storage for 60 min for 9.5 < l/d < 51.4. Data was fit using an exponential decay 

function, and extrapolated to interpret behaviour at l/d values outside the measured range, and 

above the minimum achievable inter-bubble spacing restricted by initial NB yield.  As in Weijs 

et al. the inter-bubble distance, l, was defined as the distance between the centre of each 

particle, and hence l = n-1/3  where n is volume density of the particles. Across all samples, NB 

lifetime decreases with increased l/d, in agreement with the proposed model. Interestingly, 

RCF = 1,000 g NBs (the smallest NB sample) displays enhanced stability at increased l/d 

values compared to Sample I and II, which follow a similar trend. For example, for NB 

stability of RCF = 1,000 g NBs over 60 min (i.e. normalised NB concentration = 100 %) an 

l/d value of 15.4 would be required, compared to 11.1 and 11.3 for RCF = 100g and 500 g 
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NBs respectively. Hence, for RCF = 1,000 g NBs inter-bubble spacing along cannot explain 

the increased stability, but which may be attributed to a higher free lipid concentration 

approximately 5 and 3 times greater than RCF = 100 g and 500 g NBs. Hence, these data 

suggests that both inter-bubble distance and free lipid concentration influence NB lifetime and 

stability. 

In this study and many others 56,99,109,150,248, the main component of the NB stabilizing shell 

consists of phosphatidylcholine lipids and as such is zwitterionic. Whilst our NBs are stable 

for ~ 60 min, dependent on their size and concentration, the rapid decay of concentration at 

lower lipid concentration and NB concentration would need to be improved for translation 

into in vivo use. Many studies have incorporated combinations of non-ionic poloxamers55, 

cross-linked polymers 62 and anionic lipids 54,113 into the NB shell to increase lifetime. 

Traditionally these methods act to either reduce surface tension to prevent dissolution or 

reduce bubble coalescence via electrostatic repulsion. A recent theory proposed by Hau Tan 

et al. 66 suggests that the incorporation of ionic-lipids, and hence NBs possessing a non-zero 

zeta potential, may provide an electrostatic pressure which acts to counter the Laplace pressure 

of a collapsing bubble. As such, our use of NTA to successfully characterize NBs is promising 

for the future development of stable NBs, opening a range of studies to investigate the effect 

of varying NB shell composition on stability and in vitro and in vivo performance. 

 

8.5 Conclusion 

Accurate characterization of NB size and population has proved challenging in the research 

community and may limit their transition into clinical studies. In this chapter,  a commercially 

available NTA system was used to determine the size and concentration of exclusively NBs, 

in a mixed population containing NBs and liposomes. By considering the difference in optical 

properties between gas-cored bubbles and aqueous cored liposomes, and the associated change 

in intensity of scattered light, use of a high particle concentration and low camera level 

allowed measurement of exclusively highly scattering particles. The evidence that these 

particles were gas-cored, or at the least acoustically active, was marked by a decrease in 

concentration after exposure to a HIFU destruction pulse. NBs of varying size were then 

isolated via centrifugation, and their sonoporation capabilities compared across a range of 

concentrations. Initially studies using a well plate-based set up yielded no evidence of any 

sonoporation, however change of acoustic and cell culture set up to an on-chip method yielded 

results, likely due to reducing the average bubble-cell distance.  

Confocal fluorescence microscopy and image analysis were used to determine the 

occurrence of sonoporation. Although sonoporation efficiency was dependent on NB 

concentration, and the size of the NBs, the expected trends were not followed in which larger 
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NBs would be expected to have increased therapeutic performance. Instead, at certain NB 

concentrations, the smallest NB sample outperformed all other samples which then raised 

questions about their on-chip stability. It was found that in on-chip conditions and at matched 

NB concentration, the smallest NB sample demonstrated enhanced stability likely due to an 

increased lipid concentration during measurement. The effect of lipid concentration on 

stability was then investigated, in which samples were diluted by varying amounts and stored 

for 1 hour at room temperature. The storage lipid concentration had a significant influence on 

NB stability where below a threshold concentration there was an almost total loss in NBs 

across all samples. As the lipid concentration is analogous to sample dilution and hence NB 

concentration, this also suggests that inter-bubble distance is a governing factor in stability.  

These results were then compared to established theories behind bubble stability. In one of 

which it is hypothesized that increased free lipid concentration can reduce the probability of 

coalescence as liposomes present between colliding bubbles can provide additional colloidal 

and surface forces. Another study based on molecular dynamics simulations suggests that 

small inter-bubble distances can increase NB stability by providing a shield to gas diffusion 

due to high local gas concentrations and hence there exists critical inter-bubble distance (𝑙 ) 

at which NBs are found to be stable. This predicted threshold was concurrent with our results 

across all three NB sizes and the concentration ranges that were measured. 

As such, the importance of fully characterizing a therapeutic NB based system is highlighted 

in which key physical differences between samples have an influence on their stability, and 

hence their sonoporation performance. 
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9 Conclusions and Future Work 

9.1 Concluding Remarks 

Chapter 2 consisted of a literature review, outlining the current state of the therapeutic and 

diagnostic NB field. A multitude of studies demonstrate the diagnostic and therapeutic 

potential of NBs, at both clinical and pre-clinical US frequencies. This is a key finding, as one 

potential hurdle for the clinical translation of NBs is their high predicted resonance frequency, 

and the associated increase in acoustic attenuation. Despite debate over the validity of the EPR 

effect, there is growing evidence that the sub-micron nature of NBs promotes extravasation 

and increased retention in tumour tissue, demonstrated via diagnostic imaging, fluorescence 

microscopy and acoustic techniques. The therapeutic capability of NBs in combination with 

US, either by co-delivery or loading of therapeutics, is also widely described in the literature, 

in which nearly all studies show an increased in efficacy compared to control experiments. 

However, accurate characterisation of NB size and concentration still remains challenging and 

makes comparison between studies difficult. Further, few studies compare the therapeutic 

efficacy of NBs compared to their larger MB counterparts. In reality, it may prove beneficial 

to administer a mixed population of both MBs and NBs, in which drug loading and bio-effects 

of MBs are advantageous, but where NBs can increase drug penetration into the solid tumour. 

The main aim of this project, and thesis, was to investigate the diagnostic and therapeutic 

capabilities of lipid-shelled NBs. Here, two main gaps in the literature were investigated.  

Firstly, Chapter 6 addresses the lack of liposome-NB systems, in which the well-defined drug-

loading properties of liposomes are combined with the acoustic release trigger provided by 

NBs. Here, NBs were encapsulated within a drug-loaded liposome, whilst maintaining their 

nanoscale (~ 250 nm) nature, forming “Nested-NBs”. NBs with a C4F10 core were produced 

using the microfluidic microspray regime, as described in previous publications. The size and 

concentration of these NBs were determined using multiple techniques: DLS and TEM (size 

only), and NTA and RMM (size and concentration). Across all techniques, modal size was 

consistent whilst the RMM identified the presence of positively buoyant particles down to ~ 

150 nm in size. NBs showed good echogenicity using a clinically approved B-mode US 

scanner, with no signs of acoustic shielding at higher concentrations. Further evidence of NBs 

being acoustically active was demonstrated using a HIFU destruction pulse, signified by a 

near total loss in echogenicity.  

Loading of the model drug calcein into liposomes was quantified using fluorescence 

spectroscopy, in which the self-quenching of calcein can be used to quantify liposomal release. 

NBs were then encapsulated within the liposomal shell via a passive method. Here, two 

cleaning techniques were investigated: gel filtration chromatography and centrifugation. It 
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was identified that not only was centrifugation more efficient at removing free calcein, but 

also removed un-encapsulated NBs. Loading of calcein into Nested-NBs was shown to be 

stable for at least 30 min at physiological temperatures, and for at least 3 hours during storage 

at 4 °C. 

Nested-NBs were treated with a pulsed-wave HIFU (1.1 MHz) trigger, however for duty 

cycles of 1% and 50 %, and at peak negative pressures of up to 4.83 MPa no calcein release 

was observed, despite B-mode imaging showing a loss of echogenicity, indicative of NB 

destruction. To further observe the acoustic activity of Nested-NBs during insonation, passive 

cavitation detection (PCD) was used to monitor acoustic emissions. Here, the occurrence of 

stable and inertial cavitation across the insonation period was quantified. During insonation, 

Nested-NBs underwent both stable and inertial cavitation but did not induce any drug release. 

Changing modality to continuous wave was capable of triggering release over a range of 

pressures, compared to liposome only controls. These observations posed the question of what 

the true release mechanism is in the Nested-NB system, as it is apparent that NB oscillation 

or destruction was incapable of inducing drug release. It was hypothesized that smaller NB 

below the limit of detection of RMM, may exist as phase-condensed liquid droplets. The 

change of modality to continuous wave, and the associated increase in both acoustic and 

thermal energy, may provide a synergistic effect to vaporise the encapsulated droplet, and 

hence trigger release. This hypothesis was in agreement with theoretical models of acoustic 

droplet vaporisation, in which the acoustic and thermal conditions used were predicted to 

induce vaporisation, and the resultant bubble post vaporisation large enough to rupture the 

liposomal shell. As such, this study shows the diagnostic and therapeutic potential of the 

Nested-NB system. 

Chapter 8 investigates the behaviour of NBs of varying sizes and assesses their therapeutic 

performance as well as more fundamentally studying their stability. In this chapter, NBs were 

produced by mechanical agitation, and with a C3F8gas core. To characterise the different sizes 

of NBs, a commercial NTA system was utilized such that highly scattering NBs (due to their 

gas core) can be distinguished from lower scattering liposomes (aqueous core). This method 

was successfully able to detect and measure exclusively NBs, by requiring a lower camera 

level setting on the NTA system, such that scattering from liposomes is not visible. NBs of 

different sizes were isolate via centrifugation at varying RCF, due to the relationship between 

terminal rise velocity, gravitational acceleration and size. The therapeutic efficiency of these 

3 different sized NBs was compared in co-delivery experiments where 70 kDa Dextran was 

used as a membrane probe, and a clinically relevant US trigger (2.2 MHz, MI 0.6) used to 

induce bubble cavitation. Colorectal cancer cells (SW480) were cultured as a monolayer 

within a microfluidic device. All different sizes of NBs were capable of inducing intracellular 
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uptake of Dextran, in which an increased NB concentration correlated to an increase in 

fluorescence intensity inside cells. 

However, the trend between varying NB size and therapeutic capability did not scale as would 

be expected, in which larger NBs would be expected to have an increased contribution to any 

bio-effects, and interaction with the clinically relevant US. In fact, at certain NB 

concentrations, the smallest of the three NB samples had increased therapeutic performance. 

The mechanism behind this was investigated by assessing NB stability at matched NB 

concentration, in an in situ mimicking environment mimicking that on-chip, The stability and 

life-time trend of NBs measured in situ mimicked that of the on-chip therapeutic studies, in 

which NBs were incubated on-chip for 60 min to facilitate sonoporation, by minimizing NB-

cell distances. These results then disagreed with initial predictions, in that smaller NBs should 

be less stable due to an increased contribution from the Laplace pressure, which drives 

dissolution. A potential explanation is that due to a lower initial NB yield for the smaller 

sample, when measured at matched NB concentration the resultant lipid concentration is 

higher compared to other samples. This hypothesis was tested by storing NBs for 1 hour under 

different conditions, (i.e. varying lipids and NB concentration) achieved by sample dilution. 

The storage conditions had a significant influence NB lifetime in which increasing dilution 

factors had a negative effect on stability. These results suggested that total NB concentration, 

and hence inter-bubble distance is another factor influencing NB lifetime. The stability results 

in this thesis agreed with a theory in which it is proposed there exists a critical inter-bubble 

distance to which NBs are stable. As a result, this chapter highlights that small variations in 

NB size, as is commonplace in the literature, has a significant influence on their therapeutic 

performance, although this is not simply linked to size. Hence, it is crucial that NB size, 

concentration and stability is assessed for successful translation from pre-clinical to clinical 

studies. 

Overall, is it clear that lipid-shelled NBs have much promise as diagnostic and therapeutic 

agent, but work is still in infancy and standardization over production, characterization and 

treatment parameters is required. 

9.2 Future Work 

Whilst the work in this thesis appears as two distinct and complete studies, there remains many 

routes for further optimisation and investigation. 

9.2.1 Further Development of Liposome-NB Systems 

Nested-NBs described in this thesis were capable of triggered-drug release, after application 

of HIFU. Here, relatively high pressures were required (2 – 4 MPa) were required to induce 

significant drug release. Additionally, continuous wave exposure was required, which would 
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lead to increase thermal effects in vivo. Whilst HIFU is used clinically to treat prostate cancer 

via thermal ablation, treatments can last multiple hours due to the small focal region (~ 1 mm) 

and high focal gain of the system. The high pressures required here are attributed to the fact 

that the release mechanism is acoustic vaporisation of phase condensed PFB droplets, as 

opposed to gas bubbles. Here, one potential route could be to repeat encapsulation of NBs 

following the described protocols, but using NBs with a C3F8gas-core, such that they are more 

likely to exist in a gaseous state.  

Preliminary work in this project investigated the ability to conjugate multiple smaller NBs (~ 

100 nm) in diameter to a central drug loading liposome, in which during insonation oscillation 

of the attached NBs may induce drug release. This work is not so dissimilar from that 

described by Banerjee group 155,156, in which multiple drug-loaded liposomes (~200 nm) were 

conjugated to a central NB (~ 400 nm). However, in their results, the release profile is not so 

dissimilar between the application of US and controls. In fact, in traditional MB-liposome 

conjugate systems, pressure of up to 7 MPa are required to induce drug release 47. This may 

be attributed to ‘sonoprinting’, in which liposomes are displaced from the central bubble shell 

after application of US 249. The conjugation of multiple NBs to a central liposome may bypass 

this, as multiple oscillating bubbles will be exerting shear stress and pushing-pulling forces 

on the liposome bilayer. To achieve this, PEGylated lipids conjugated to PDP (pyridyldithiol 

propionate) and maleimide were incorporated into the shell of MS-NBs and liposomes (~ 400 

nm), respectively. Here, the addition of TCEP (tris(2-carboxyethyl)phosphine) can cleave the 

Figure 9.1 - Flow cytometry data quantifying FITC and TexasRed emissions from MS-NB and liposome 

samples.  a) A PBS buffer control to determine gating. b) FITC-Liposomes only. c) TexasRed MS-NBs 

only. d) MS-NBs and Liposomes combined at a 10:1 ratio and conjugated using maleimide-PDP 

binding. 
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disulphide bonding in PDP, and the resultant thiol group bond to the maleimide.  Fluorescent 

lipids were also used to identify MS-NBs (FITC) and liposomes (TexasRed), and flow 

cytometry used to quantify the fluorescence intensity from each fluorophore, and where co-

localisation is indicative of binding. Here, the larger liposome sample was mixed in a 1:10 

ratio with MS-NBs and left to incubate for 30 mins to facilitate binding. Flow cytometry data 

is shown in Figure 9.1, compared to a control sample where PDP was not reduced using TCEP. 

Here, the addition of TCEP significantly increased the percentage of events with fluorescence 

co-localisation from 3.6 % to 38.7 %. Hence, this method shows initial promise for the 

development of a new NB-liposome conjugate. There may also be beneficial diagnostic 

properties to this system, in which the magnitude of sub-harmonic emissions may be 

increased, compared to bare NBs132. The progression of this work was halted by the COVID-

19 pandemic and closure of facilities. 

9.2.2 Isolation of Nested-NBs 

Work in Chapter 6 developed Nested-NBs, in which drug release from liposomes was 

triggered by an encapsulated PFB NB in combination with a HIFU destruction pulse. Here, 

release efficiency from each Nested-NB was approaching 100 %. However only 

approximately 20 % of the sample population consisted of Nested-NBs, with the remainder 

being drug-loaded liposomes without an encapsulated NB. As such the majority of the 

population contains liposomes that do not release drug in response to an US trigger, and may 

still lead to side effects associated with liposomal drug delivery (i.e. HFS syndrome). To 

rectify this, a method could be developed to isolate only those liposomes that contain a NB 

and are acoustically active. The acoustic radiation force has been utilised previously either to 

translate bubbles into contact with a cell monolayer and promote sonoporation, or to 

selectively isolate MBs of varying size after production of a polydisperse population using 

microfluidics. 
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Preliminary experiments undertaken in this project investigated the ability of the acoustic 

radiation force to translate. A cuvette based, experimental set up was utilised, in which 

scattered light emitted by a photodiode is detected at a 90 ° angle by a photodiode (Figure 

9.1). A 1 MHz unfocused transducer (MI 0.6, 1 kHz PRF, 1 % Duty Cycle) was placed below 

the cuvette, such that the acoustic radiation force will translate bubbles towards the top of the 

cuvette. Here, the light path from the photodiode and detector were positioned at the top of 

the cuvette, such that scattered light intensity will increase as bubbles approach the top of the 

cuvette.  

Preliminary results shown in Figure 9.3a show the voltage recorded by the photodetector, 

quantifying scattered light, as MBs (108 /mL) are translated to the top of the cuvette and into 

the light path, by the incident US and associated acoustic radiation force. Application of the 

US (time = 10 s) is marked by a significant increase in voltage as MBs move from the bottom 

to the top of the cuvette. The signal begins to plateau at time = 30 s as the US is turned off. To 

determine whether NBs could be detected by this set up, the magnitude of light scattered by 

an MS-NB sample (no US) was measured in which voltage is found to increase exponentially 

with MS-NB concentration (Figure 9.2b).  

Figure 9.2 – Schematic of the acoustic and optical experimental set up to determine the translation of 

bubbles via the acoustic radiation force. a) Shown in the x-z plane (side on view) in which a transducer 

is positioned below a cuvette containing bubbles, with an incident light beam passing through the top 

of the cuvette. b) Shown in the x-y plane (from above) in which light scattered by bubbles is detected 

at 90 ° by a photodetector. 
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The translation experiment was repeated with MS-NBs however no change in voltage was 

observed, likely due to the proportionality of the acoustic radiation force with volume. This 

system does also not account for the formation of standing waves due to the liquid-air interface 

associated at the top of the cuvette, in which MB/NBs may assemble at pressure nodes/anti-

nodes dependent on their size and resonance frequency. The progression of this work was 

limited by the COVID-19 pandemic and closure of facilities. Future work may investigate this 

phenomenon utilizing microfluidics for increased fidelity, following an acoustic method 

described by Segers et al. 250. Here, a piezo is integrated into a microfluidic chip to displace 

bubbles that are then separated hydrodynamically, as displacement is dependent on the driving 

frequency and bubble resonance frequency. In the case of Nested-NBs, high frequency US 

could be used to displace the liposomes containing a NB and then be isolated downstream. 

9.2.3 High Frequency NB Sonoporation 

The work described in Chapter 8 demonstrated the ability of NBs and US to locally induce 

cell membrane poration and increase uptake of a model therapeutic. In that study, the US 

trigger used had clinically relevant pressures (MI = 0.6) and driving frequency (2.25 MHz). 

Whilst it is predicted the NB resonance frequency will decrease with increasing driving 

pressure, even under the assumption of lipid shell buckling, their resonance is still predicted 

to be > 20 MHz 185. Hence insonation at lower, clinically relevant frequencies is not optimized 

to drive their oscillation, and hence induce sonoporation. Despite this, few studies across the 

literature utilize higher frequencies with therapeutic NBs. A potential drawback of higher 

frequencies is the associated increase in acoustic attenuation, hence limiting the penetration 

into tissue. However, for treatment of certain disease, invasive transducers and probes are 

already commonly utilised (e.g., HIFU treatment of prostate cancer, as previously discussed), 

1E+11 2E+11 3E+11 4E+11 5E+11

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50

0

5

10

15

20

25

30

35

40

V
ol

ta
ge

 (
m

V
)

NB Concentration (/mL)

a) b)

C
ha

ng
e 

in
 V

ol
ta

ge
 (

m
V

)

Time (s)

 MI = 0.16, f0 = 1 MHz

 Control

Figure 9.3 – Detected voltage from scattered light in a light scattering set up, used to quantify the 

motion and concentration of bubbles. a) Change in voltage from the initial reading for a MB sample 

(108 MB/mL) after application of ultrasound, such that MBs translate to the top of the cuvette. b) 

Voltage of scattered light for NBs at concentrations ranging from 1 – 5 x 1010 /mL. 
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in which the distance to the target site is reduced, and attenuation becomes less of a limiting 

factor. It would be interesting, and beneficial, to investigate the sonoporation capabilities of 

NBs at higher frequencies, such that they are excited on resonance, and also optimize other 

acoustic parameters (PRF, duration etc.). 

9.2.4 Influence of NB Size on Zeta Potential 

There is no agreed universal theory that describes and explains the stability and lifetime of 

NBs. Whilst many factors may play a role in governing lifetime, one recently proposed theory 

is that of an electrostatic pressure to offset the Laplace pressure, which may describe the 

dynamics of both shelled and shell-less NBs. In the model proposed by Hau Tan et al. 66, an 

additional term due to the zeta potential of a NB is added to the Epstein-Plesset equation, such 

to balance the Laplace pressure. Here, assuming charge conservation, the surface charge 

density of a shrinking bubble will progressively increase until the electrostatic pressure 

balances the Laplace pressure. The model here predicts that bubbles will reach equilibrium at 

diameters of ~107 m. Whilst this model partially agrees with experimental data published 

prior, an interesting route could be to investigate the influence of NB size on their zeta 

potential. Here, for NBs with a constant proportion of charged anionic lipids (e.g., DPPA) 

smaller NBs would be expected to have increased zeta potential. Hence, the NB isolation 

methods described in this thesis could be used to isolate and measure the zeta potential of NBs 

of varying size, testing the hypothesis of the model. 

9.2.5 Holographic NTA 

Recently, Midvedt and Eklund et al. 117,251 developed a methodology termed as “holographic 

NTA”. This method follows a principle similar to standard NTA but differing in that an 

external reference beam is used to determine particle refractive index, by observing changes 

in the amplitude and phase of scattered light. Whilst so far this technique has been used to 

accurately determine the refractive index and size of polystyrene and latex spheres, and those 

of shell-less NBs. Further work could involve a collaboration with the group to characterise 

the lipid-shelled, theranostic NBs developed throughout this thesis, as well as characterising 

the different size NBs described in Chapter 8. 

9.2.6 Freeze Dried NBs 

Whilst it is evident NBs (and MBs) have potential for both diagnosis and therapy, their limited 

lifetime (typically a few hours) is one hurdle that needs to be overcome for successful clinical 

translation. Clinically used MBs (e.g., Definity) are supplied as a lyophilized (or freeze dried) 

powder, in which the headspace is saturated with the desired gas for the core. This powder is 

then rehydrated using a saline solution, prior to mechanical agitation to form the result contrast 

agents. In our group, we recently demonstrated the ability to successfully freeze dry and 
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reconstitute therapeutic MBs (i.e. those with a conjugated drug payload)252. Hence, the ability 

to freeze dry and reconstitute NBs would be advantageous, not just for clinical translation, but 

also for their continued use and research pre-clinically. As this thesis described methodology 

to isolate NBs of varying size, it would be interesting to see whether freeze drying would 

preserve NB size and hence eliminate the need for repeated production and isolation. 
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