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Abstract 

 

 

Sonodynamic therapy, which is usually defined as ultrasound-mediated activation of certain drugs, 

is of substantial interest in the field of oncology. However, currently there is no consensus on the 

mechanisms of its action, and elucidating them would assist in the transition of sonodynamic 

therapy into clinical practice. There is a discrepancy between the observed low quantities of 

reactive oxygen species produced by drugs combined with ultrasound and the substantial in vivo 

effects seen in a number of studies; in addition, for oxygen-enhanced sonodynamic therapy, there 

is also a mismatch between the low dose of oxygen transported by the carrier agents and the 

observed improvements in therapy outcomes. The overall goal of this thesis was to investigate 

these discrepancies. Hypotheses were proposed to explain both mismatches, and new setups and 

experiments were designed to test them, resulting in a better understanding of oxygen-enhanced 

sonodynamic therapy mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

Acknowledgements 

 

 

I would like to thank my supervisor Prof Eleanor Stride for her amazing support and her continuing 

faith in my project. I would also like to extend my gratitude to Dr Luca Bau for many helpful 

discussions, Kritika Singh and Veerle Brans for their help with cell experiments, Dr Michael Gray 

for his thoughtful design and patient support of ultrasound setups, Romain Guyon for teaching me 

the technique of working with polymers, Dr Shamit Shrivastava for his help with optical setups, as 

well as many other BUBBL members and collaborators for their help and input. My deepest 

gratitude goes to James Fisk for providing excellent support in the workshop and Daphne 

Cunningham for her help in numerous management queries. Last but not least, a big thank you to 

my family (my Mom and Dad and Mr Darcy) and my partner Lev. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Papers: 

 

• Investigation of the ultrasound-mediated toxicity mechanisms of sonosensitive drugs in 
different cell line models 

 A. Vasilyeva, K. Singh, V. Brans, M. Gray, E. Stride 

 In preparation 

 

• Investigation of mechanisms of oxygen delivery by non-haemoglobin-based oxygen 
carriers 

 A. Vasilyeva, A. Bush, E. Stride 

 In preparation 

 

• Comparison of reactive oxygen species types produced during ultrasound and light 
activation of sonosensitive drugs 

 K. Singh, A. Vasilyeva, V. Choi, M. Gray, E. Stride 

 In preparation 

 

• Orally administered oxygen nanobubbles enhance tumor response to sonodynamic 
therapy 

J. Owen, K. Logan, H. Nesbitt, S. Able, A. Vasilyeva, E. Bluemke, V. Kersemans, S. Smart, K. 
Vallis, A. McHale,  J. Callan, E. Stride 
Nano Select (2021) 
 
 

• Studying Cavitation Enhanced Therapy 

M. Gray, A. Vasilyeva, V. Brans, E. Stride 
JoVE (2021) 
 

 

Conference presentation: 

 

• Investigation of the effect of orally administered oxygen bubbles upon tumour response 
to sonodynamic therapy 

J. Owen, K. Logan, H. Nesbitt, A. Vasilyeva, E. Bluemke, S. Able, K. Vallis, A. McHale, J. 
Callan, E. Stride 
The 25th European symposium on Ultrasound Contrast Imaging (16-17 January 2020, 
Rotterdam, The Netherlands) – poster and oral presentation 

 



10 
 

List of abbreviations 

 

2,3-DPG  2,3-diphosphoglycerate 

ABDA   9,10-anthracenediyl-bis(methylene)dimalonic acid 

CAM   calcein acetoxymethyl (AM) 

CMB   Cell Mask Blue 

CMDR   Cell Mask Deep Red 

DBPC   1,2-dibehenoyl-sn-glycero-3-phosphocholine 

DC   duty cycle 

DOX   doxorubicin 

DPBF   1,3-diphenylisobenzofuran 

DPBS   Dulbecco's phosphate-buffered saline 

DPPA   1,2-dipalmitoyl-sn-glycero-3-phosphate 

DPPE   1,2-dipalmitoyl-sn-glycero-3-phosphorylethanolamine 

DPPG   1,2-dipalmitoylphosphatidylglycerol 

DSPC   1,2-distearoyl-sn-glycero-3-phosphocholine 

DSPE   1,2-distearoyl-sn-glycero-3-phosphoethanolamine 

FFA   furfuryl alcohol 

Hb   haemoglobin 

HBO   hyperbaric oxygen 

HBOC   haemoglobin-based oxygen carrier 

HIF-1α   hypoxia-inducible factor 1-α 

HPLC   high-performance liquid chromatography 

ID   inner diameter 

IR   infrared 

HSA   human serum albumin 

MB   microbubble 

MPEG   methoxyl poly(ethylene glycol) 



11 
 

MPEG5000 DPPE N-(carbamoyl-methoxypolyethylene glycol 5000)-1,2-dipalmitoyl-cephalin 

   sodium 

NB   nanobubble 

ND   nanodroplet 

OD   outer diameter 

PBOC   perfluorocarbon-based oxygen carrier 

PBS   phosphate-buffered saline 

PDMS   polydimethylsiloxane 

PDT   photodynamic therapy 

PEG   polyethylene glycol 

PEG40S  polyethylene glycol (40) stearate 

PFB   perfluorobutane (decafluorobutane) 

PFC   perfluorocarbon 

PFD   perfluorodecalin 

PFDB   perfluorodecyl bromide 

PFH   perfluorohexane 

PFOB   perfluorooctyl bromide (perflubron) 

PFP   perfluoropropane (octafluoropropane) 

PFTBA   perfluorotributylamine 

PFTPA   perfluorotripropylamine 

PI   propidium iodide 

pk-pk   peak to peak 

PLGA   polylactic-co-glycolic acid 

PMCP   perfluoro N-(4-methylcyclohexyl)piperidine 

PRF   pulse repetition frequency 

PTFE   polytetrafluoroethylene 

PVA   poly (vinyl alcohol) 

RB   rose bengal 

RBC   red blood cell 



12 
 

ROS   reactive oxygen species 

RT   radiotherapy 

SDT   sonodynamic therapy 

SF6   sulfur hexafluoride 

SOSG   Singlet Oxygen Sensor Green 

TSC   trans-sodium crocetinate 

US   ultrasound 

VEGF   vascular endothelial growth factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

Chapter 1. Literature review 

 

1.1 Introduction 

 

It is a truth universally acknowledged that, despite remarkable progress in both prevention and 

treatment, cancer remains an immense healthcare burden. Numerous directions in cancer 

therapy are currently in active development, with the main goal of enhancing the efficiency of the 

intervention while at the same time reducing its side-effects, which is a well-known challenge for 

many oncological treatments. 

One of the therapies that is especially promising for this balance is sonodynamic therapy (SDT), 

which is usually defined as localised ultrasound-mediated activation of drugs. While localisation is 

in itself a beneficial strategy utilised in many types of targeted drug delivery, ultrasound as an 

activating stimulus has additional advantages of a well-known good safety profile, larger 

penetration depth compared to light, as used in the analogous photodynamic therapy (PDT), and 

its ability to promote drug extravasation deeper into the tumour and better uptake due to 

transient cell membrane perforation. 

Nevertheless, SDT has yet to be widely adopted clinically, with few clinical trials having reached 

later stages. One of the reasons behind this is that SDT is a relatively new therapy and, unlike PDT, 

currently lacks a detailed understanding of its mechanisms. It is widely accepted that SDT may, 

similarly to PDT, induce cell death via generating reactive oxygen species (ROS), and therefore 

would be hindered by tumour hypoxia and enhanced by localised oxygen delivery. However, the 

currently existing studies on the exact ROS species generated during SDT have not come to a 

unified conclusion, and for oxygen-enhanced SDT there seems to be a discrepancy between the 

amount of oxygen that could be carried in gas-transporting agents and the magnitude of effects 

seen in in vivo studies. Therefore, the work in the present thesis has focused on further 
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researching the mechanisms of, firstly, oxygen delivery by artificial carriers and, secondly, of ROS 

generation and cell toxicity mechanisms of SDT drugs. 

The literature review in this Chapter is hence focused on these two topics. The sub-chapter 1.2 

addresses the questions of tumour hypoxia, targeted delivery of oxygen to tumours by artificial 

carriers and the current understanding of the mechanisms of this process. The sub-chapter 1.3 

discusses the current knowledge of the SDT action and the generated ROS types, as well as 

possible additional considerations of the drug toxicity mechanisms introduced by ultrasound. 

 

 

1.2 Oxygen delivery to tumours: context and mechanisms 

 

1.2.1 Role of oxygen and reactive oxygen species in cancer progression 

 

Hypoxia, i.e., an imbalance between oxygen supply and consumption, is a common feature of 

locally advanced solid tumours. Its primary cause is the disorganized microarchitecture of vascular 

network in cancerous tissues which results in impaired blood flow and inadequate oxygen delivery 

to cells1. Hypoxia can be further exacerbated by disease- or treatment-associated anemia2. 

Tumour hypoxia is associated with impaired therapeutic response, malignant progression and 

worse clinical outcomes3 and in particular it has been shown to lower the efficiency of treatments 

dependent on reactive oxygen species (ROS) generation, such as chemo- and radiotherapy4,5. 

Although the negative role of hypoxia in cancer is well-established, the relationship between 

oxygen levels, ROS concentrations and tumour progression is complicated and involves several 

different processes, some of which are not yet fully understood. The most apparent factor is that 

lower oxygen concentration directly results in less efficient ROS generation, which hinders ROS-

dependent therapies such as chemo-, radio- and photodynamic therapy. Hypoxia is also believed 
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to play a role in the development of aggressive cell phenotypes which have suppressed apoptosis 

pathways and are more resistant to therapeutic interventions6. In addition, there are various 

relationships between oxygen content and therapeutic outcomes which are correlative rather 

than causative, but which can still contribute to the apparent connection between hypoxia and 

diminished treatment efficiency. For instance, impaired vascularization, which is the major cause 

of low oxygen content in tumours, also prevents therapeutic agents, such as drugs or sensitizers, 

from efficiently diffusing into cancerous cells that are too remote from blood vessels7. 

Despite the difficulty in clarifying some of the mechanisms, the links between hypoxia and negative 

treatment outcomes, as well as hypoxia alleviation and more positive results, are well-established. 

Developing safe and effective strategies of tumour oxygenation are therefore of substantial 

interest for cancer treatment. The following section outlines various approaches to changing the 

oxygenation state of tumours, as well as their advantages and drawbacks. 

 

 

1.2.2 Methods of alleviating tumour hypoxia 

 

There are various approaches one can take to change the oxygenation status of tissues. Many 

different methods have been tested for alleviating tumour hypoxia, which can be roughly classified 

as follows: manipulating breathing gas composition; making changes to the circulatory system 

components; decreasing oxygen consumption of cells; enabling in situ oxygen production and 

introducing exogenous oxygen carriers. 

Arguably the most straightforward solution for alleviating hypoxia is increasing oxygen 

concentration in the breathing gas of the patient. Hyperbaric oxygen (HBO) therapy is a well-

known method involving breathing 100% oxygen under increased pressure; it has been widely 

used for treatment of such conditions as decompression sickness and carbon monoxide poisoning. 
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It has also shown promise in alleviating tumour hypoxia when used in combination with radio-, 

chemo- and photodynamic therapy8; however a certain number of studies that found no benefit9, 

possibility of systemic oxygen toxicity, as well as technical difficulties and safety concerns 

associated with combining hyperbaric oxygen chambers with other therapies, have prevented its 

widespread use. 

Another breathing gas examined for tumour oxygenation is carbogen – a mixture of CO2 and O2; 

CO2 content in carbogen is usually 5% but can be as low as 1.5% and as high as 50% in different 

compositions. Its action is based on increasing blood levels of carbon dioxide, which trigger 

mechanisms associated with suffocation, such as deeper breathing and increase in heart rate, and 

lead to better blood oxygenation. However, similar to HBO, despite allegedly alleviating tumour 

hypoxia10, it has not yet shown sufficient therapeutic efficiency compared to the risks and 

difficulties of introducing it in clinical practice. 

A different approach to increasing local oxygen levels is manipulating the circulatory system or its 

components. Different methods of enhancing oxygen transport include stimulation of red blood 

cell production by erythropoietin treatment11 and introducing haemoglobin O2 release co-factors, 

for example 2,3-diphosphoglycerate12. Although manipulating the circulatory system and 

enhancing the existing mechanisms in the body to fight hypoxia is an elegant concept, a major 

problem of such methods is insufficient selectivity that can lead to serious systemic side effects. 

It is possible to look at the problem from a different angle. Hypoxia is, by definition, an imbalance 

between oxygen consumption and supply; therefore it is possible to relieve it not only by delivering 

more oxygen to target cells, but also by decreasing their intake of O2. In particular, it has been 

attempted to mediate tumour oxygenation status via introducing drugs that inhibit O2 

consumption13, glucose (making use of the Warburg effect)14, or by such simple mechanisms as 
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regulating tumour area temperature15. Unfortunately, these methods, just as the ones described 

above, still suffer from insufficient efficiency and/or unwanted side effects. 

To achieve high efficiency of oxygenation, some strategies have been put forward for in situ 

oxygen production. Usually such a system is based on nanoparticles16,17, but other complex 

solutions, such as O2-generating implants18, have also been suggested. The major limitation of 

artificial oxygen generation in the body is the need for extremely careful regulation and 

localization to avoid systemic toxicity, which has not yet been met. 

Since the methods described above have not yet achieved the necessary levels of efficiency and 

safety, the remaining solution is to introduce biocompatible exogenous oxygen carriers. This is an 

especially promising approach since tumour hypoxia is partly caused by disease- or treatment-

related anaemia, which limits oxygen-carrying capabilities of blood and therefore calls for 

introducing additional O2 carriers. 

A well-established way to introduce exogenous oxygen carriers is by blood transfusion. This 

procedure is widely used to treat traumatic and surgical blood loss; however, it is capable of 

promoting an immune response and has not been shown to give a sufficient advantage in cancer 

therapy19. Consequently, the main efforts in this area have been directed at developing and testing 

artificial oxygen-carrying agents. 

Various types of artificial oxygen carriers, as well as the possible mechanisms of their action, are 

described in the following section. 
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1.2.3 Types of oxygen carriers 

 

Artificial oxygen carriers have applications in many areas. Most notably, a large number of agents 

has been developed for transfusions in circumstances when safe donor blood is not readily 

available (in this context such carriers are commonly referred to as “artificial blood”, or “blood 

substitutes”, although they are not intended to replace all the other functions of blood). Various 

types of agents, including ones enabling stimuli-responsive oxygen release, have been developed 

for other applications, such as management of myocardial infarction or stroke. Consequently, 

artificial oxygen carriers can be sub-divided based on the primary intended application into the 

agents for continuous delivery via blood circulation (such as blood substitutes) and carriers for 

localized oxygen release. 

The two main types of artificial oxygen carriers are haemoglobin-based and perfluorocarbon-

based particles; however, a number of other types of carriers were also developed  for specific 

applications. Agents made from various materials have been utilized for both systemic and local 

oxygenation, but perfluorocarbon carriers in particular are widely used for both continuous and 

localized oxygen delivery due to their high inertness, good oxygen-loading capability and 

responsiveness for ultrasound. 

A wide variety of agents has been implemented to alleviate tumour hypoxia, and their proposed 

mechanisms of oxygen transport differ depending on the material and mode of payload release. 

The sub-sections below give an overview of different types of agents, starting from their initial 

applications as artificial blood, followed by an overview of current progress in oncology, and then 

discuss the proposed mechanisms of systemic and localized oxygen delivery. 
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1.2.3.1 Haemoglobin-based blood substitutes 

 

A wide class of artificial oxygen carriers is based on the main O2-transporting component of blood 

– haemoglobin (Hb). Haemoglobin-based oxygen carriers (HBOCs) were among the first scientific 

attempts at creating artificial blood, attempted after the oxygen-carrying function of haemoglobin 

was understood. However, the first HBOCs were based on cell-free haemoglobin and, 

unfortunately, caused severe side effects: free haemoglobin readily dissociates into dimers that 

cause kidney damage, triggers systemic vasoconstriction by excessive binding of nitric oxide and 

has high affinity to oxygen due to the lack of oxygen-release co-factors such as 2,3-DPG20. In 

addition, red blood cells (RBCs) store a variety of enzymes that prevent oxidative damage caused 

by spontaneous oxidation of the ferrous heme iron, as well as catalyse the reduction of the ferric 

iron back to its oxygen-binding ferrous state; these mechanisms are disrupted in cell-free 

haemoglobin21. 

After these initial failures, substantial progress was made in developing cross-linked haemoglobin-

based agents. Several methods for creating such agents were proposed, and some of them 

showed promising safety and efficiency profiles and reached the clinical trials stage. To date, 

however, the clinical trials attempted with HBOCs have failed, primarily because their complication 

rates were higher than those of traditional blood transfusions. This stalled further development 

of haemoglobin-based artificial blood; although research in this area continues22, to date it 

remains problematic23. To this day there are no HBOCs approved for clinical use as a blood 

substitute in EU, UK or the USA; their approval remains limited to a small number of locations 

and/or compassionate use protocols24,25. (The bovine haemoglobin-based agent HBOC-201 

(Hemopure) holds clinical approval in South Africa; compassionate use, i.e., use in eligible patients 

when there are no alternatives, for HBOC-201 is allowed in several hospitals in the USA.) 
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1.2.3.2 Perfluorocarbon-based blood substitutes 

 

HBOCs were expected to be an effective blood substitute due to the biologically fine-tuned affinity 

of haemoglobin to oxygen; however it became clear that the complex biological properties of Hb 

also cause various side-effects that were difficult to mitigate. For this reason, an alternative 

approach to creating a fully artificial blood substitute started to develop: even with oxygen-

transporting behaviour inferior to that of natural Hb, such an agent could still be of great use if its 

side effects were sufficiently low. 

Perfluorocarbons (PFCs) – hydrocarbons in which all hydrogen atoms have been replaced by 

fluorine atoms – have attracted attention as a promising candidate due to their chemical and 

biological inertness and high oxygen solubility26. Unlike haemoglobin, they have a linear oxygen 

release response as a function of surrounding O2 concentration. 

Several PBOC formulations have successfully reached the clinical trials stage and even received 

approval in several countries. First-generation PFC-based blood substitutes that have been 

approved for human use include Fluosol (Japan) and Perftoran (Russia). Fluosol (Green Cross, 

Japan) was rejected by the US FDA for treatment of anemia in 1983, but six years later was 

approved in a more limited capacity as an adjunct to coronary angioplasty, becoming the first 

oxygen-carrying agent approved by the FDA27. However it was withdrawn from the market in 1994 

due to various issues including difficult handling procedures and some incidence of side effects, 

many of which have been attributed to the surfactant Pluronic F-68, which was replaced by 

phospholipids in later formulations27. Perftoran was developed by the Academy of Sciences of the 

USSR and later the Russian Academy of Sciences and approved for clinical use in 1997. As of 2020 

Perftoran still holds clinical approval in Russia, although its current production status is unclear, 

and has been approved for certain periods of time in Ukraine, Kazakhstan, Kyrgyzstan, Uzbekistan 
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and Mexico. Perftoran has been rebranded as Vidaphor for marketing in North America, where 

FluorO2 Therapeutics intended (as of 2019) to pursue regulatory approval for its use in the USA28. 

Second-generation PBOCs addressed some of the issues encountered by earlier products, in 

particular by utilizing phospholipid-based surfactants and developing simpler handling protocols. 

PFC-based agents that followed into clinical trials included Oxygent, Oxyfluor and Oxycyte; 

however these studies were terminated due to adverse effects24. The reasons behind these 

failures have been discussed and disputed – for example, it was argued that the incorrectly 

designed clinical protocol was to blame for the Oxygent side effects, rendering the trial results 

inconclusive29. Regardless of the reasons, the unsuccessful clinical trials of PBOCs have slowed the 

attempts to develop these blood substitutes for general clinical use, although work on improving 

formulations is ongoing30. 

 

1.2.3.3 Haemoglobin- and perfluorocarbon-based oxygen carriers for cancer hypoxia alleviation 

 

Since neither HBOCs nor PBOCs have yet demonstrated sufficient safety for replacing blood 

transfusions in general clinical use, much of the focus has shifted from finding a replacement for 

allogeneic blood to developing agents which are acceptable in situations when donor blood is not 

available at all, and in that area the quest for an optimal blood substitute is still ongoing24. 

Another direction that emerged for artificial oxygen carrier research was applying blood 

substitutes or developing new agents for other applications which have different side effect 

requirements. A notable example of such an application is alleviating tumour hypoxia in order to 

improve diagnostic prognosis. As described above, blood transfusions have been tested for 

improving tumour oxygen status but showed insufficient efficiency for the therapy outcome; 

therefore, artificial oxygen carriers with characteristics different from those of natural RBCs could 

be promising in this area, especially considering that the acceptable level of side-effects in some 
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oncological therapies is high compared to the unwanted effects seen in latest blood substitute 

trials. 

Consequently, some existing blood substitute solutions, as well as other haemoglobin-based 

agents, have been tested for reducing tumour hypoxia31–33. Even though some of the safety 

concerns of blood substitutes are still associated with these agents, this remains one of the more 

promising approaches to oxygen delivery in the oncological context. However, the large doses 

needed to achieve clinically  significant tumour oxygenation and the associated side effects remain 

an issue that has to be addressed. 

 

 

1.2.3.4 Stimuli-responsive oxygen transporters 

 

To overcome the dose-limiting toxicity barriers encountered by artificial oxygen-carrying 

formulations in the field of tumour hypoxia alleviation, a number of approaches have been 

proposed to perform localized oxygen delivery. One approach to achieving this goal is constructing 

carriers that release their oxygen payload when exposed to external stimuli. 

Stimuli-responsive agents can respond to various endogenous and exogenous inputs and utilize a 

number of different materials34–36; one of the commonly used combinations is ultrasound-

responsive PFC-based carriers. Low boiling point PFCs are well-established in the field of diagnostic 

ultrasound as high molecular mass, low-diffusivity gases used in ultrasound contrast agents, to 

create echogenic microbubbles (MBs) 37. Since PFCs have also been widely used in the search for 

blood substitutes due to their chemical and biological inertness and high oxygen solubility, PFC-

based agents for local oxygen delivery were a logical candidate. As an activating stimulus for 

cancer oxygenation, ultrasound has a number of advantages as well, such as good penetration 

depth, well-established safety profile and its property to enhance extravasation, which is 
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especially important in the context of abnormal tumour vasculature38. Consequently, a number of 

PFC-based MB formulations have been tested for tumour oxygenation39–46. 

One of the drawbacks of using MBs for this application is their size (usually around 1-2 um), which 

prevents them reaching some areas of the abnormal tumour vascular network or extravasating. 

One solution to this problem is taking advantage of the useful property of some PFCs that have 

their gas/liquid transition temperature close to 37°C and constructing phase-change agents that 

initially exist at a smaller size (hundreds of nanometres) in the liquid state and then undergo the 

transition into larger gas cavitation nuclei47. 

A different approach is creating carriers that are initially smaller, i.e. instead of microbubbles using 

“nanobubbles” (NBs – this term is used widely for sub-micrometre-sized bubbles, although their 

diameters are typically between 100 and 800 nm and therefore by most conventional definitions 

they are not strictly nanoparticles). Some of the concerns regarding the development of 

ultrasound-responsive NBs include their reduced responsiveness to ultrasound – an issue that still 

needs to be addressed by current research in this field48,49. However, since successful 

extravasation and large penetration depth of agents are crucial for tumour oxygenation, oxygen-

transporting nanobubbles have attracted considerable interest and have been successfully tested 

for ultrasound-mediated therapies, despite the need to elucidate the mechanisms involved50–53. 

 

 

1.2.4 Mechanisms of oxygen delivery 

 

Whilst the range of materials and concepts used for oxygen carriers is wide, all these agents have 

one issue in common: in order to produce a significant effect, they have to transport enough 

oxygen in a single dose to make a difference compared to the quantities already being delivered 

by the blood. Haemoglobin (Hb) is the main oxygen-carrying constituent of blood, being able to 
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bind approximately 1.37 mL of oxygen per gram54. In human blood with normal haematocrit this 

results in approximately 98% of oxygen being transported by Hb and only around 2% by plasma. 

This means that an artificial oxygen carrier has to either have a significantly larger oxygen capacity 

than blood plasma or to have an enhanced transporting mechanism in order to have an effect. 

Different types of carriers attempt to achieve this in different ways; the main methods of oxygen 

transport, together with remaining questions about their mechanisms and efficacy, are described 

below. 

 

1.2.4.1 Hb-based and solubility-based carriers 

 

Based on their mechanism of carrying oxygen, most transporting agents can be divided into Hb-

based (which bind oxygen molecules to haemoglobin, similar to blood) and solubility-based (which 

carry oxygen in a non-bound state, simply dissolved in the agent’s medium and prevented from 

diffusing away by some sort of barrier or phase separation). 

For Hb-based agents, the dependence of agent oxygen saturation on external oxygen pressure is 

highly non-linear. It is close to the same dependence seen for Hb in blood (although some 

differences are possible as an intended or unintended consequence of the carrier’s design), 

meaning that oxygen loading and unloading is efficiently optimised for physiological conditions55. 

Although Hb-based carriers still have a number of side effects, their oxygen-carrying efficiency is 

high and comparable to that of blood. 

Most other agents, including PFC-based carriers, are solubility-based, meaning that the oxygen 

solubility curve for them is linear. It is reasonably straightforward to estimate the gas content for 

a gas-phase agent, in equilibrium and in the absence of oxygen interactions with the carrier 

boundary, using Henry’s law, which can be expressed as: 
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𝐻𝑐𝑐 =
𝑐𝑎

𝑐𝑔
 

 

where 𝐻𝑐𝑐 is a dimensionless constant and 𝑐𝑎 and 𝑐𝑔 are aqueous and gas phase concentrations 

of the payload gas respectively. In this notation, the reverse Henry’s constant 1/ Hcc provides an 

estimation of the gain in oxygen-transporting ability by a gas-phase agent (stabilized by a low-

diffusivity gas) compared to the liquid phase (for oxygen in water at body temperature this would 

mean around 30-fold increase in oxygen concentration in gas phase compared to liquid phase56). 

In the equilibrium state in blood, this increase should be calculated relative to normal plasma 

oxygen levels, which for arterial blood are close to air saturation values at atmospheric pressure 

(around 210 uMol, or 5.4 mL/L, of oxygen in liquid phase at body temperature) and for venous 

blood are notably lower. Using the air-equilibrated values for a simplified estimation, this 

corresponds to around 600 umol, or 16 mL, of oxygen payload per 100 mL of carrier agent. (Note 

that in these estimates the carrier agent volume is understood as the total volume of bubbles; 

when recalculated to oxygen content per mL of stock agent solution, this value would be 

correspondingly lower and would depend on the agent concentration in the solution.) 

For liquid droplets the oxygen payload estimations are based on oxygen solubility. PFCs are known 

for their high inertness and high oxygen solubility. Depending on the type of PFC used, the typical 

oxygen solubility ranges from 35-55 mL O2 per 100 mL PFC volume for 1 atm O2 partial pressure, 

or correspondingly 7-11 mL O2 per 100 mL PFC in equilibrium with air at atmospheric pressure57,58. 

This value is approximately two times lower than that for a gas-based agent, which underlines the 

utility of PFC emulsions for oxygen transporting. However, for any agent, the delivered oxygen 

dose will depend on the carrier dosage, stability and other properties. Values for common dosages 

for both MBs and droplets, as well as examples from specific studies, are calculated in the 

following section. 
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It is important to reiterate that the estimates given above are for air-equilibrated agents. In some 

literature, especially on the topic of carriers designed for localized stimuli-responsive burst release, 

it is oftentimes assumed or implied that the agent contains 100% oxygen, which naturally results 

in numbers that are around 5 times higher than those for air. This is a correct assumption if the 

patient or laboratory animal is breathing pure oxygen; however, in most studies this is not the 

case. For air-breathing subjects, the dynamics of oxygen diffusing out of the carrier agent becomes 

important. The agent may start with up to 100% oxygen content (depending on the method of 

production), but as soon as it is introduced into the bloodstream it will start equilibrating with 

plasma oxygen concentration, which is around or below air-equilibrated values depending on the 

part of the blood circulation cycle. The speed of this process is fast for an agent of around 100-

200 nm (liquid droplets) or 1-2 µm (gas-based bubbles), which is the reason why, for example, 

microbubble-based contrast agents for ultrasound are not stable enough with an air core and need 

a low-diffusivity gas core to be usable in the clinical setting37. Theoretical studies show that, even 

after accounting for the phospholipid barrier, the time over which this process happens is no more 

than a few seconds, which is in most cases clearly insufficient to bring the excessive oxygen 

payload to the target tissue for localized release44. Consequently, the simplified view that for an 

agent loaded with 100% oxygen the payload stays in the agent until its release is triggered by an 

external stimulus is, for air-breathing subjects, not entirely correct. While some transient benefit 

of using oxygenated agents compared to air-saturated agents can exist (depending on the time 

scale of the experiment, the dosage and the speed of the introduction of the agent solution), most 

of the oxygen-carrying capacity of a solubility-based agent depends not on holding pure oxygen 

until released, but on its ability to provide a stable gas phase due to its low-diffusivity core, raising 

the oxygen content of the solution compared to liquid phase by the factor of the Henry’s constant 

for a given medium, or by increased solubility in liquid carriers; making theoretical estimations of 
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agents’ oxygen-carrying capacity for air-breathing subjects based on pure oxygen loading would 

therefore likely result in a large overestimation. 

Taking all of this into consideration, total oxygen payload can be estimated for various agents 

under different circumstances of their usage. This can be compared to the amount of oxygen 

already transported by the blood and is often found to be small, in contrast to the multiple 

reported effects of various agents in vivo. The following sections presents several examples of this 

discrepancy, comparing estimated oxygen payload doses in a number of studies with their 

reported physiological effects. 

 

1.2.4.2 Quantitative discrepancies 

 

Taking into account the considerations detailed above, and corresponding them with typical 

microbubble or nanodroplet dosages from the literature, typical oxygen payloads of solubility-

based agents can be estimated. The natural frame of reference for these numbers is the amounts 

of oxygen transported by blood. Oxygen quantities transported by a typical dose of MBs or 

droplets for humans and mice, compared to oxygen delivered by blood, are estimated in Table 

1.2.4.2.1. 
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Agent 
Gas payload 

in stock 
solution 

Typical dose 
Total O2 quantity in one dose (air-

equilibrated estimate) Ref 

Human Mouse Human Mouse 

Blood 
~1.37 mL/g 
Hb 

~150 g Hb/L blood 
 

~65-70 mL 
blood/kg weight 
 

~4-5 L blood 
volume 

~150 g Hb/L blood 
 

~80 mL blood/kg 
weight 
 

~1.6-2.4 mL blood 
volume 

~1 L/min O2 
transported 
 

~250 mL/min 
basal O2 
consumption 

~1.6 mL/min 
O2 transported 
 

~0.7 mL/min 
basal O2 
consumption 

54,59–

62 

MBs ~10-11 mL/MB  5*1010 MBs 7*107 MBs 
~0.1 mL O2 
transported 

~0.14 uL O2 
transported 

41 

Droplets ~30 uL/200 uL 300 mL emulsion 100 uL emulsion 
~8 mL O2 
transported 

~3 uL O2 
transported 

63 

 

Table 1.2.4.2.1. Calculations for the amount of oxygen that can be transported with solubility-

based carriers compared to blood. Estimates for MBs and droplets were made assuming the 

carrier is equilibrated with air; for carriers pre-loaded with oxygen the oxygen payload may be 

transiently higher, but it will decrease quickly when introduced into the bloodstream (see detailed 

discussion in section 1.2.4.1). The dose represented here for MBs is typical for diagnostic uses and 

therapeutic studies of MBs, while the dose of PFC droplets used here is rather large and 

comparable with the use of blood substitutes for systemic blood loss. 

 

The estimates above are made from a range of values found in the literature, and although specific 

values differ between studies, these numbers represent a good order of magnitude estimate. It is 

worth noting that, due to the arguments presented in section 1.2.4.1, the estimates were made 

under the assumption of the carrier agents being in equilibrium with air as opposed to 100% 

oxygen loading; however, even during the transient pure oxygen stage (or in the case of subjects 

breathing pure oxygen) the oxygen payload estimate would only be approximately five-fold higher. 

Regardless of specific assumptions, it is clear that the amount of oxygen transported by a dose of 

solubility-based agents is many orders of magnitude lower than what is already transported by 

blood. This has to be compared to the in vivo effects of solubility-based oxygen carriers reported 

in a number of studies. The mechanisms suggested in the literature, as well as relevant length- 

and timescales, are different for different types of carriers and their activation; consequently, the 
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sub-sections below look in more detail into various types of agents, as well as the proposed 

mechanisms of their action and whether or not these mechanisms can explain how the small 

oxygen payloads produce the significant in vivo effects. 

 

A. Ultrasound-activated microbubbles 

 

For therapeutic gas delivery, microbubbles are often used in combination with ultrasound for 

localised payload release, and this localisation is used to justify the in vivo effects. 

A number of in vivo studies using ultrasound-activated MBs for oxygen delivery are summarised 

in the Table 1.2.4.2.2. Some of these studies look at oxygen delivery for the purpose of 

radiotherapy (RT) enhancement, in which case a transient increase in local oxygen levels is 

believed to be enough if it is correctly timed to the radiotherapy administration. However, the 

estimated oxygen dose of 0.02 uL for the mouse RT studies, even if it is totally and instantaneously 

distributed into the tumour, would correspond to only about 0.1 kPa rise in oxygen partial pressure, 

which is considerably below both the reported pO2 rise measured in the tumours (20 kPa) and the 

pO2 levels needed to alleviate hypoxia in tumour tissue (~5-8 kPa)64. The discrepancy between the 

pO2 estimations and measurements can be easily explained by the tumour pO2 heterogeneity 

which is not captured by the measurement; however, the oxygen payload of the agent is still 

insufficient to make a meaningful difference in pO2 levels across the tumour, even for a transient 

period required for RT sensitization. 

A different approach is to use MB-mediated oxygen delivery to enhance chemotherapy or 

sonodynamic therapy, i.e., to improve the action of ROS-dependent drugs. Similarly to the RT 

studies, the estimated oxygen dosages in these studies are not enough to alleviate the hypoxic 

state across the tumour, even under the assumptions of instantaneous, fully efficient, 

homogenous delivery. However, in the case when the drug is either conjugated with or loaded 
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into the microbubble the co-localisation of oxygen and the drug can have a positive impact, which 

warrants further study and quantification. 

Finally, a study looked at delivering oxygen for the purpose of changing the abnormal vascular 

network of the tumour. Again, delivered oxygen dose estimated from the agent volumes accounts 

for only about 0.3 mmHg instantaneous rise in pO2 across the tumour, compared to 4 mmHg pO2 

rise over a prolonged time measured in the study. Even accounting for the imperfect tumour pO2 

measurements that could explain this discrepancy, the delivered oxygen dose still does not 

provide sufficient oxygenation for tumour hypoxia alleviation. It is worth noting that the long-term 

effects seen in this study are hypothesized to result from the oxygen-loaded MBs influencing the 

HIF1α/VEGF pathway, and further research is needed to understand the specific pO2 levels and 

durations needed to influence it; however, the small oxygen dose in the study is still not likely to 

be sufficient. 

 

Material Organism 
O2 volume 
estimate 

Therapy Reported effects in vivo Reference 

Span 60, 
vitamin E, 
PFP 

Mouse 0.02 uL US + RT 

Tumour pO2 rise by 20 kPa for 1.5 min for O2 
MBs + US vs no change for O2 MBs (no US) 
and saline + US; however no Hb oxygenation 
change detected 
 
Slower tumour growth and longer survival for 
US + O2 MBs + RT vs US + MBs, O2 MBs + RT, 
US + RT, US + N2 MBs + RT 

46,64 

Span 60, 
vitamin E, 
PFP 

Mouse 0.02 uL US + RT 
Slower tumour growth and longer survival for 
US + O2 MBs + RT vs RT, US + N2 MBs + RT, O2 
MBs + RT 

46,65 

DSPC, DPPE-
MPEG5000, 
PFP+O2 

Rabbit 0.2 uL US + RT 
Rise in tumour pO2 at 1 min by 300 mm Hg for 
US + O2 MBs vs no US, no US + MBs, no US + 
O2 MBs 

40 

DSPC, DSPE-
PEG2000, 
conjugated 
RB, SF6 

Mouse 0.006 uL 
US + 
drug 

Tumour growth slower for O2 MBs w RB + US 
vs SF6 MBs w RB + US vs O2 MBs w RB, SF6 
MBs w RB 

42 
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Table 1.2.4.2.2. Summary of ultrasound-mediated oxygen release studies for microbubbles in vivo. 

These studies combined ultrasound with radiotherapy (RT), chemotherapy or used ultrasound on 

its own. Subject animals breathed air in all experiments, so in line with oxygen release dynamics 

considerations the oxygen payload is estimated as approximately one-fifth of total gas payload. In 

some cases, exact agent dosage or concentration was not specified in a study, in which case it was 

estimated from other doses mentioned in the paper, or from other papers with the same agent 

by the same research group, in which case these papers were added to the “Reference” column. 

All abbreviations are detailed in the List of Abbreviations. 

 

To summarise the microbubble-mediated oxygen delivery studies, the doses of oxygen 

transported by MBs do not appear to be sufficient for meaningful changes in tumour pO2 levels. 

None of the studies discussed above provided a delivered oxygen dose estimate, and some of 

DBPC, DSPE-
PEG2000, 
conjugated 
RB/5-
fluorouracil, 
PFB 

Mouse 0.06 uL 
US + 
drug 

Slower tumour growth for O2 MBs RB/5-FU + 
US vs O2 MBs RB + US, O2 MBs RB/5FU, 
gemcitabine, US, no treatment 

41 

DPPC, DSPE, 
paclitaxel, 
PFP/O2 

Mouse 0.1 uL 
US + 
drug 

Slower tumour growth for O2 MBs + US vs 
MBs + US, O2 MBs, MBs, drug, no-drug MBs + 
US, saline 
 
Apoptosis higher; VEGF staining, HIF-1α and 
P-gp expression lower for O2 MBs + US vs 
other samples 

39,66,67 

DSPC, DSPE-
PEG2000, 
PFP+O2 

Mouse 0.002 uL US 

Tumour pO2 rise by 30% for O2 MBs + US (16 
to 22 mmHg) during treatment and 
maintained up to 60 min vs no change for PFP 
MBs + US, control 
 
Higher perfusion intensity at days 2,4,6 after 
treatment for O2 MBs + US vs O2 MBs, PFP 
MBs + US, PFP MBs, US, control 
 
No significant difference for perfusion density 
and tumour growth 
 
More DOX accumulation in tumour when 
injected at day 4 post treatment for O2 MBs + 
US vs PFP MBs + US, control 

68 
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them did not even clearly state the administered MB doses, which in this case had to be deduced 

from other information provided; this further underlines the fact that there is no clear 

understanding of what oxygen dose is needed to provide an effect or what the exact mechanism 

of their action is. 

 

B. Ultrasound-activated droplets 

 

Nanodroplets are an alternative approach to ultrasound-mediated oxygen delivery. Their diameter 

is usually around 100-200 nm, enabling better permeation into small vessels than MBs, and the 

typical dosages are correspondingly larger; however, their small size also means that they lose the 

oxygen payload via equilibrating with the media even faster than MBs. 

It is important to distinguish between ultrasound-activated phase-change droplets and the more 

stable emulsions that may use ultrasound as part of the treatment but do not undergo a phase 

transition from liquid to gas. The former agents have been utilised for a number of applications in 

therapeutic ultrasound69, while the latter are close to the concept and composition of solubility-

based blood substitutes. 

Interestingly, while nanoscale phase-change droplets at first glance may seem superior to MBs for 

their potential applications in ultrasound-triggered oxygen delivery, the phase-change transition 

has to be taken into account. This transition increases the volume of the agents approximately 

five-fold and turns it from a liquid into a gas, increasing oxygen solubility around two-fold for 

commonly used PFCs; consequently, the phase-change transition would only increase the total 

oxygen capacity of this carrier, as opposed to releasing the payload. Indeed, phase-change 

droplets are not normally used for gas delivery and instead have found an opposite application in 

ultrasound-mediated oxygen scavenging70–72. 
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Consequently, when it comes to oxygen delivery with droplets, more stable, non-phase-change 

emulsions need to be used. Several studies looked into combining ultrasound with oxygen-

transporting PFC droplets (Table 1.2.4.2.3); similarly to the estimations for MBs detailed above, in 

most cases the oxygen dose estimate is low, and the direct stimuli-responsive oxygen release does 

not seem to be enough to explain the biological effects. 

Notably, one study73 acknowledged this limitation and addressed the oxygen dose problem by, 

firstly, conducting the study with hyperoxic breathing, which proportionally increases the oxygen 

loading in solubility-based agents, and, secondly, increasing the ultrasound treatment time, 

justified by the hypothesis that the PFC agents are loaded with oxygen in the lungs, release the 

oxygen payload in the target site with the help of ultrasound in addition to concentration-driven 

diffusion and repeat this cycle multiple times via recirculation. This is a fundamentally different 

framework to the hypothesis that oxygen is simply loaded into a carrier during production and 

then released by ultrasound, and it addresses a number of problems such as rapid oxygen dose 

loss after introduction into the bloodstream and small dose released with a one-time sonication. 

Interestingly, the agent recirculation reasoning brings this study close to the discussions of the 

action mechanisms of PFC-based blood substitutes as opposed to the ultrasound-mediated 

oxygen release literature, which are discussed in the following section. 
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Material Organism 
O2 volume 
estimate 

Therapy Reported effects in vivo Reference 

PLGA, PFTBA, 
DOX, IR780 

Mouse 0.08 uL US + drug 

Slower tumour growth for NDs + US vs 
NDs w/o DOX + US, DOX, US, saline 
 
Decreased HIF1α production for NDs w/o 
DOX and PFTBA vs NDs w/o DOX, saline 
(separate experiment) 
 
Increased cell viability in hypoxic vs 
normoxic environment (separate 
experiment) 

74 

C9F17-
PAsp(DET), 
PEG-
protoporphyrin 
IX, PFH 

Mouse 0.08 uL US + drug 

Slower tumour growth for O2 NDs + US 
and NDs + US vs O2 NDs, NDs, NDs w/o 
PFH + US, NDs w/o PFH, control 
 
Less hypoxia staining for O2 NDs and NDs 
vs NDs w/o PFH, control (separate 
experiment) 

63 

HSA, 
perfluoro-15-
crown-5-ether 

Mouse, 
hyperoxic 

~10 
uL/cycle 

US + PDT, 
US + RT 

Less hypoxia tumour staining, less HIF-1α 
for O2 NDs + US vs O2, O2 + US, O2 NDs 
 
Slower tumour growth for O2 NDs + PDT + 
US vs O2 NDs + PDT, O2 + PDT + US, O2 + 
PDT, untreated 
 
Slower tumour growth for O2 NDs + RT + 
US vs O2 NDs + RT, O2 + RT, O2 + RT + US, 
RT, untreated 

73 

 

 

Table 1.2.4.2.3. Summary of ultrasound-mediated oxygen release studies for nanodroplets in vivo. 

These studies used NDs and ultrasound in combination with chemotherapy, photodynamic 

therapy or radiotherapy. In two cases subject animals breathed air, so in line with oxygen release 

dynamics considerations the oxygen payload is estimated for air oxygen partial pressure; one 

study used hyperoxic breathing, for which the oxygen dose was estimated for 100% oxygen partial 

pressure. All abbreviations are detailed in the List of Abbreviations. 
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1.2.4.3 Possible explanations 

 

As the studies discussed above show, direct ultrasound-mediated release of oxygen payload does 

not seem to be a sufficient explanation for the effects seen in vivo, since the carrier agent doses 

are limited by the issues of biocompatibility and safety and do not hold enough oxygen to alleviate 

hypoxia across the tumour, even for a short amount of time. A small oxygen dose may be sufficient 

if it is co-localised with an ROS-dependent drug; however, even in this case further quantifications 

are needed, and overall it is clear that other mechanisms need to be considered to explain the in 

vivo results. 

Interestingly, a relevant discussion on oxygen transport mechanisms has taken place in the 

literature for PFC-based blood substitutes, signalling that even for the large agent doses used for 

systemic blood substitute transfusions there is still some discrepancy between the oxygen-

carrying capacity of the agents and their biological effects75,76. Considering the similarities 

between ultrasound-responsive agents and PFC-based blood substitutes, the issues and 

mechanisms of their action may be at least partially similar and therefore worth discussing and 

exploring together. 

Several hypotheses of the oxygen delivery mechanisms by solubility-based agents have been 

proposed, both in the stimuli-responsive carrier literature and the blood substitute literature. They 

are outlined in the sections below. 

 

A. The recirculation hypothesis 

 

It was proposed that some carriers can persist in blood for a prolonged time, taking up oxygen in 

the lungs and releasing it in the hypoxic tissue, alike to RBCs and blood substitutes73,77. In this case, 

the oxygen dose delivered by the agents is still limited by the volume estimations discussed above 
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per one circulation cycle, but the number of cycles is increased, allowing for the total oxygen dose 

to be correspondingly larger. 

In the case of ultrasound-mediated gas delivery, this hypothesis is only applicable to stable agents 

that are not destroyed by ultrasound in one blood cycle and therefore does not apply for 

micrometre-sized gas-core agents. Interestingly, however, it has been seen that microbubble 

formulations contain significant concentrations of lipid particles below 1 µm (see Chapter 2), 

which are more stable and may persist for several blood cycles with ultrasound. Therefore, the 

recirculation hypothesis may be in some form applicable to a wide variety of agents. 

The exact benefit that several blood cycles can bring to the delivered oxygen dose depends on the 

specifics of the experiment and the tumour perfusion, as well as the agent persistence in the 

bloodstream, decreased overtime by biological clearance and external stimuli such as the 

ultrasound intervention. Due to the similarities that many gas-carrying agents have with PFC-

based artificial blood substitutes, it appears evident that recirculation may indeed play some role 

in the gas delivery process, unless the agents are quickly destroyed or eliminated from circulation. 

However, it is important to consider that recirculation would only increase the total deposited 

oxygen dose, and the amount of oxygen deposited per one blood cycle is still limited by the gas-

carrying capacity of the agent; therefore, if the volume of artificially transported oxygen is 

negligible compared to the volume of oxygen already carried by blood in the same timeframe, 

recirculation would only bring limited benefits and would not fully explain the in vivo results. 

 

B. The enhanced perfusion hypothesis 

 

Some capillaries are too small for RBCs and are perfused only by plasma; oxygen delivery into them 

is therefore limited, which may be an especially important factor for the abnormal tumour 

vasculature. Therefore, sub-micrometre sized carriers that are able to perfuse these capillaries 
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may offer a meaningful increase in oxygen delivery to some tumour areas. While this is worth 

considering, especially for nanodroplets, the percentage of such capillaries is reported to be low, 

so this mechanism is unlikely to play a major role75. 

In the case of ultrasound-mediated delivery, another consideration is the enhanced extravasation 

and agent perfusion into the tumour triggered by ultrasound stimulation78. It is a well-recognised 

benefit of therapeutic ultrasound and should be acknowledged as a possible enhancing factor. 

However, similar to the hypotheses described above, it still does not explain the effects shown by 

agents with low oxygen doses, since even under the assumption that the oxygen dose is evenly 

and instantaneously distributed in the tumour, the resulting pO2 levels are not sufficient to 

alleviate the hypoxic state. 

 

C. The enhanced diffusion hypothesis 

 

This hypothesis was first proposed for PFC-based blood substitutes, since even for large volumes 

of administered oxygen-carrying emulsions there is some discrepancy between the added oxygen-

carrying capacity and the observed effects26,75. It was suggested that the primary role of PFC 

droplets was not to transport the oxygen between the lungs and tissue, but rather to facilitate the 

oxygen exchange between RBCs and tissue76,79. Diffusion of oxygen through plasma is one of the 

main speed-limiting factors of oxygen exchange; introducing PFC carriers between RBCs and tissue 

may increase the total diffusivity of oxygen in this process and result in higher oxygen transport 

into cells. Due to the near wall excess phenomenon, small round particles such as PFC carriers are 

expected to travel close to the vessel walls while RBCs are primarily in the middle, which would 

explain relatively small concentrations of agents contributing substantially to the increase in 

diffusivity80. PFC particles have also been shown to enter endothelium, which may enhance oxygen 

diffusion beyond blood plasma81. 
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There are a number of secondary observations that point towards diffusion enhancement as a 

viable mechanism of action for PFC agents75,76; however, direct experimental evidence remains 

limited to a small number of carriers79,80, and this hypothesis is not usually discussed in the context 

of ultrasound-responsive carriers, even though their similarities to PFC-based blood substitutes 

point towards the possibility of similar oxygen delivery mechanisms. Further experimental 

evidence is therefore needed to further explore the applicability of this hypothesis to various 

agents. 

Interestingly, there are other, non-oxygen-transporting agents that are claimed to enhance 

oxygen diffusion in solutions. An example of such a substance is trans-sodium crocetinate (TSC), 

which is believed to increase diffusion coefficients by rearranging water molecules via 

hydrophobic interactions82,83. It has been tested for sensitizing glioblastoma multiforme to 

radiation in rats84 and is currently in Phase II clinical trials for this condition in humans (combined 

with chemo- and radiotherapy). 

 

 

1.2.5 Challenges and research objectives: oxygen delivery 

 

As discussed above, a number of recent studies have demonstrated the potential of ultrasound-

responsive oxygen carriers for reducing tissue hypoxia and promoting a therapeutic response. 

However, the doses of oxygen carried by these agents are small and do not appear sufficient to 

explain the in vivo effects solely via localised oxygen release with ultrasound. A number of 

hypotheses have been put forward to explain the oxygen delivery mechanisms, the most 

promising of which suggests that PFC-based carriers decrease the oxygen diffusion time from red 

blood cells to the tissue, therefore enhancing oxygen transfer substantially despite their own small 

oxygen-carrying volume. While this hypothesis holds promise and appears to have been accepted 
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in PFC-based blood substitute literature, the direct experimental evidence to support it is scarce, 

and it has not yet been applied in the context of ultrasound-responsive agents. 

Consequently, the goal of this part of the presented thesis was to characterise various agents used 

for ultrasound-mediated oxygen delivery, such as microbubbles, nanobubbles and droplets, in 

terms of their size distributions, stability and oxygen-carrying properties, as well as to develop an 

experimental setup to directly test the diffusion enhancement hypothesis in vitro. 
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1.3 Sonoporation and sonodynamic therapy 

 

Sonodynamic therapy (SDT), usually defined as ultrasound-mediated activation of drugs, is a 

rapidly growing area that has attracted attention as a possible improvement over photodynamic 

therapy (PDT), having a similar concept of using externally applied stimuli with a good safety profile, 

but without the penetration depth limitations of light. However, despite demonstrating efficacy in 

vitro and in animal studies, SDT applications in clinical use have mostly been limited to small 

studies in combination with other therapies, such as PDT and immunotherapy85, and clinical trials 

focusing specifically on SDT are few in numbers and are still in early stages86. One of the reasons 

behind the slow clinical roll-out of SDT may be the lack of understanding of its mechanism(s): while 

the molecular mechanisms of PDT are relatively well-established, this is not the case for SDT. The 

following sections will elaborate on the current understanding of SDT and the candidate 

mechanisms for its effect on tissue. 

 

1.3.1 Sonodynamic therapy overview 

 

Targeted cancer therapy is a large and well-established field, that has arisen due to the 

considerable toxicity of many oncological drugs and therapies and the corresponding need to limit 

systemic side effects. A wide variety of localisation strategies has been proposed, such as stimuli-

responsive drug release from carrier particles and antigen-based targeting. One of these methods 

is PDT; its principle of action is light-mediated local drug activation87. This therapy has been widely 

accepted in clinical practice; however, its significant limitation is the poor  penetration of light 

through tissue that severely limits the treatment of deep seated tumours. 

Interestingly, around three decades ago it was discovered that some of the PDT drugs also exhibit 

cell-killing activity after exposure to ultrasound, which resulted in the establishment of the field of 
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SDT88,89. A number of studies have shown that a combination of certain drugs and ultrasound leads 

to significant in vivo effects compared to drugs or ultrasound alone42,90–92; however, the number 

of in vivo studies is relatively small, with many studies limited to in vitro cell experiments, which 

can in part be explained by the continuing lack of the full understanding of SDT mechanisms93. 

The issues regarding SDT mechanistic studies are described in the following section; it is clear that 

overcoming these problems and achieving better understanding of SDT action would help its 

transition into clinical use. 

 

 

1.3.2 Reactive oxygen species and sonoporation in sonodynamic therapy 

 

SDT is usually defined as ultrasound-mediated activation of drugs, although there is as of yet no 

consensus or definitive proof of the exact mechanism of this activation94. Many studies suggest 

that there is some reactive oxygen species (ROS) generation after a system containing certain 

drugs is subjected to ultrasound, in particular in the presence of cavitation nuclei such as 

microbubbles; however, the questions that require further elucidation are, firstly, what the 

mechanisms of this ROS generation are and which ROS types are produced; and secondly, whether 

the quantities of ROS generated are enough to result in cell death, especially considering the short 

lifetimes of most ROS species. 

 

1.3.2.1 Mechanism of ROS generation in SDT 

 

There are a number of hypotheses about the mechanism of ROS generation in SDT. One of them 

is that the drug activation happens the same way as it does in PDT, i.e., via light that is generated 

during cavitation, which is termed sonoluminescence. While sonoluminescence is an established 



42 
 

phenomenon, there remains a question of whether the quantities of light produced are enough 

to account for the observed activation95. Alternative hypotheses are centred around cavitation-

related phenomena as well and include pyrolysis and secondary ROS generation. There is, as of 

yet, no consensus on which process is the principal one; and it is important to note that 

ultrasound-induced cavitation causes a wide array of effects, and it is possible that more than one 

process plays a meaningful role in SDT activation. 

 

1.3.2.2 ROS types produced in SDT 

 

Next, there is the issue of which ROS types are produced. Here, again, there is no established 

consensus. Many comparisons are made with the better researched mechanisms of PDT. Briefly, 

PDT is usually divided into Type I and Type II, where Type I includes the transfer of energy via 

electron transport and can include such ROS species as superoxide, hydrogen peroxide and 

hydroxyl radical, while in Type II energy is passed through the generation of singlet oxygen (3O2)96. 

PDT drugs are typically classified as Type I or Type II depending on their main mechanism pathway. 

Interestingly, for SDT, different studies have produced different conclusions in regard to the type 

of generated ROS species by specific drugs97,98. 

There are several explanations as to why a consensus on ROS species in SDT is still to be reached. 

One of them is the difficulty of selecting ROS sensors that have sufficient selectivity for the target 

species and, in addition, are compatible with the ultrasound agents and processes in a way that 

does not change their specificity. For example, SOSG (Singlet Oxygen Sensor Green), which is 

commonly used for singlet oxygen detection, has been shown to undergo self-activation under 

certain conditions99, including when exposed to ionizing radiation100 and, importantly, 

ultrasound101. In both cases, hydroxyl radicals were believed to be involved in the SOSG activation 

process. 
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Another issue is the wide variety of ultrasound parameters and setups used in different studies. 

The number of ultrasound parameters that can impact the action of SDT is high: in addition to the 

peak field pressures and total deposited energy, the duty cycle and pulse length are also important 

parameters for the resulting cavitation behaviour102; therefore, full optimisations are time-

consuming, and there is no commonly used set of parameters, with studies using any cycle lengths 

from single pulse to continuous, and therefore direct comparison of different experiments may be 

challenging. Moreover, ultrasound transducers require regular pressure field calibrations, and 

many of the commonly used sample holders, such as 96-well plates, distort the ultrasound field 

and therefore require careful quantification of the resulting acoustic field. As a result, better 

acoustic field characterisation and reporting in the literature is an important goal for the field of 

medical ultrasound; some of these issues will be touched upon below in the section on the design 

and characterisation of the ultrasound setup103. 

These issues, when taken together, mean that it is not surprising that SDT studies with different 

drugs, ultrasound parameters and setups and ROS sensing methods may produce different 

conclusions as to the types of ROS species involved. This question therefore still needs further 

study, with robust ultrasound characterisation and carefully validated ROS sensing methods. 

 

1.3.2.3 Quantities of ROS produced during SDT 

 

Finally, irrespective of the type of ROS, the question remains as to whether sufficient quantities 

are generated during sonication to explain the biological effects seen in SDT. This consideration is 

important, since most studies on ROS generation with ultrasound only compare values within the 

ultrasound experiments, e.g., ROS levels with or without ultrasound, and do not provide a positive 

control, which for PDT-compatible drugs would be the ROS production after being exposed to light. 

Importantly, comparison between light and ultrasound activation for typical therapeutic 
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parameters shows the fact that, at least for some drugs, there is indeed a certain amount of ROS 

produced during sonication, but it is orders of magnitude lower than ROS produced under light; 

this discrepancy has been seen both in this project and other recent work (personal 

communication Victor Choi). Since PDT-generated levels of ROS can be used as a benchmark for 

ROS levels that are needed, in the absence of other effects, to produce a clinical effect, the 

question that consequently arises is how the lower levels of ROS produced with ultrasound can 

explain its in vivo action. 

Here it is important to underline the wide variety of effects that ultrasound is capable of inducing 

in tissues. Depending on exposure parameters, both light and sound can induce heating; this is 

used in some applications, but excessive heating is typically avoided in PDT and SDT in order to 

reduce tissue damage and unwanted side effects. What differentiates ultrasound, however, is that 

it can also cause cell membrane permeabilization (usually referred to as sonoporation) and 

enhanced extravasation of drugs into tumours104,105. 

 

1.3.2.4 Sonoporation 

 

Sonoporation has been used for a number of intracellular delivery applications such as gene 

transfection106, and it is present to some degree under most therapeutic ultrasound exposure 

regimes. It is usually defined as ultrasound-induced cell permeabilization. It can be reversible, 

resulting in cell recovery, or non-reversible, resulting in cell death. 

Although the existence of sonoporation as an ultrasound-induced phenomenon is well-established, 

its exact mechanism is still being researched. The commonly accepted understanding is that 

sonoporation is the process of generating openings in cell membranes due to cavitation-induced 

effects such as microstreaming, or possibly direct bubble-cell interactions107,108. However, it was 
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also shown that endocytosis, as opposed to membrane rupture, may be an important or even a 

dominant mechanism109–111. 

Vastly different sonoporation parameters, such as the enhanced permeability time window, 

sonoporation efficiency and cell viability, are reported in the literature. One of the reasons is the 

substantial differences between the ultrasound parameters and setups used in the literature, as 

discussed above. Another important consideration is the differences between cell lines112; as 

specific mechanisms of sonoporation are not yet known, it is not feasible to suggest a feasible 

explanation for this, but it is not surprising considering the differences in membrane properties 

and composition between different cell types. 

One more factor is the validity of cell death quantification methods. Importantly, many of the 

commonly used cell death markers, such as propidium iodide, which are considered to be non-

toxic to healthy cells under normal conditions113, may not be non-toxic after entering transiently 

permeabilised cells; therefore, it is important to validate cell viability measurement protocols in 

order to avoid artificially changing cell death numbers. 

 

1.3.2.5 Role of sonoporation in sonodynamic therapy 

 

Interestingly, although sonoporation is a well-established process for the purposes of intracellular 

drug delivery, and, despite the fact that it is known to occur at least to some degree under the 

commonly used therapeutic ultrasound parameters, in the literature sonoporation is usually 

completely separated from the discussions of SDT mechanisms. Nonetheless, as the ROS 

production in SDT is much lower than that of SDT, some mechanism has to be proposed that could 

explain how a low concentration of ROS, which in addition have short lifespans in physiological 

media, is able to induce the observed in vivo effects. 
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A hypothesis proposed for this project was that the SDT effects are possible due to the synergy of 

sonoporation and drug action. As sonoporation may be able to induce drug uptake by the cells, 

this in itself might be able to make the drug toxic to the cell despite the extracellular 

concentrations being harmless. 

SDT studies do not typically include controls that would account for the effect of sonoporation; 

therefore, although sonoporation is an established process, its role in SDT remains unexplored, 

and the focus of most SDT studies remains on ultrasound-induced ROS production. In this project, 

therefore, experiments were designed specifically with the goal of distinguishing between the 

roles of sonoporation-enhanced cell uptake and possible ultrasound-induced activation of a widely 

used SDT drug Rose Bengal. 

 

 

1.3.3 Challenges and research objectives: sonodynamic therapy 

 

As outlined above, there are a number of issues in the field of SDT studies. 

Firstly, there is a need for better characterisation of ultrasound exposures reported in the 

literature, in order for it to be possible to compare results across different experiments. This 

entails making ultrasound field characterisation and output monitoring, such as passive cavitation 

detection (PCD), more widely accepted as the standard practice in the field of therapeutic 

ultrasound. 

Secondly, in order to assist with faster SDT translation into clinical practice, the understanding of 

its mechanisms has to be expanded. This includes better characterisation and quantification of the 

generated ROS, as well as a feasible mechanism by which these ROS can induce cell death in the 

concentrations obtainable by SDT. 
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The goals of this part of the project were therefore to further characterise an in-house ultrasound 

exposure setup, in order to produce reliable sonication results for in vitro SDT experiments, as well 

as to use this setup to quantitatively characterise the ROS generation after the exposure of a 

widely-used PDT and SDT drug Rose Bengal to either light or ultrasound (Chapter 5). Next, the aim 

was to develop protocols for cell experiments in order to check the hypothesis that SDT-induced 

cell death is activated via a drug entering the sonoporated cells and exhibiting toxicity 

intracellularly, as opposed to the widely accepted but insufficiently tested assumption that SDT-

induced ROS generation works analogously to PDT and sonoporation does not play a decisive role 

in the process (Chapter 6). 
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Chapter 2. Agent production and characterization 
 

2.1 Introduction 

 

As described in the previous chapter, a wide variety of agents has been used both in the areas of 

oxygen delivery and therapeutic ultrasound. This chapter will describe the main types of agents 

used in the present thesis, including the methods of their production, size characterization and 

determination of their oxygen-carrying properties. 

 

2.1.1 Microbubbles 

 

The principal agent used in both diagnostic and therapeutic ultrasound is microbubbles (MBs) 

filled with a heavy, low-diffusivity gas to enhance their stability37. The commonly used gases are 

sulfur hexafluoride (SF6), perfluoropropane (PFP) and perfluorobutane (PFB); all three gases have 

been tested and compared for MB production in this study. The MB coating usually consists of a 

phospholipid component and an emulsifier; polymer and protein MBs are also used, although their 

response to ultrasound is expected to be weaker and less sustained due to a more rigid shell114. 

Lipid composition used in this work was 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) with 

polyethylene glycol (40) stearate (PEG40S) in 9:1 molar ratio; lipid chain length of 22 carbons was 

chosen for optimal gas retention115. 

Various core and shell MB compositions have been optimised for different applications in 

laboratory use. A number of commercial MB agents are approved for diagnostic use, such as 

SonoVue (Bracco International B.V., The Netherlands), Definity (Lantheus Medical Imaging, USA) 

and Optison and Sonazoid (GE Healthcare, USA). Many of these agents have been in active clinical 

use for about two decades, and their safety profiles have been extensively reviewed116–119. 
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Two main methods of MB production are sonication and shaking; both have their advantages and 

drawbacks. Other MB production methods have been explored as well, most notably the 

microfluidic method, which can produce agents with relatively narrow size distributions desirable 

in some applications, but is limited by scale-up difficulties120. For commercial applications, it is 

common to either provide pre-made dried bubbles to be suspended in the buffer right before 

usage, or even provide pre-made MB solutions, which is convenient for the end user but 

potentially problematic for agent stability; another option is providing lipid/surfactant solutions to 

be shaken and turned into MBs before usage. In this study, the sonication method was used. 

A summary of commonly used commercial agents’ compositions, compared to the MBs used in 

the current study, is presented in the Table 2.1.1.1. 

 

 

Name Core gas Shell components Preparation method 

In-house MBs SF6/PFP/PFB DBPC, PEG40S Sonication 

SonoVue SF6 
DSPC, DPPG sodium, palmitic acid, Macrogol 
4000 

Resuspension of pre-made 
MBs 

Definity PFP 
DPPA monosodium salt, DPPC, MPEG5000 
DPPE 

Shaking 

Optison PFP Human albumin Pre-made solution 

Sonazoid PFB 
Hydrogenated egg phosphatidylserine 
sodium, sucrose 

Resuspension of pre-made 
MBs 

 

 

Table 2.1.1.1. Comparison of microbubbles produced for this study and commonly used clinically 

approved ultrasound contrast agents. All abbreviations are detailed in the List of Abbreviations. 
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2.1.2 Nanobubbles 

 

Microbubbles are widely used and studied for both diagnostic and therapeutic ultrasound due to 

their strong ultrasound response and ability to induce bioeffects, as well as their good safety 

profile. However, they do have a number of limitations – most importantly their short circulation 

times and inability to extravasate because of their size, which for most agents is around 1 um. 

Other drawbacks include limited stability (due to the core gas dissolving out of the bubbles and 

their rupturing under pressures that are easily achievable by accident during handling) and limited 

modes of administration (by intravenous or intratumoral injections, while the oral route would be 

beneficial in some circumstances). 

Consequently, some research efforts have been directed at developing sub-micrometre 

ultrasound-responsive particles, preferably with a better stability profile than that of MBs. 

Materials used for such nanobubbles include various lipids (including bio-derived lipid mixtures 

such as soybean lecithin), dextran and chitosan50,121–125. The lecithin-based nanobubbles used in 

this study were developed and manufactured in-house and were previously shown to alleviate 

tumour hypoxia and enhance sonodynamic therapy in a mouse model53,126. 

 

2.1.3 Nanodroplets 

 

A different approach to reduce the agent size is to make use of phase change properties of 

perfluorocarbons. By choosing PFCs which have a gas-liquid transition temperature close to 37°C, 

it is possible to create agents that exist in superheated liquid form, stabilised by the coating, until 

they are activated by ultrasound and expand into the gas-filled microbubble form, thus combining 

the advantages of MBs with the smaller size of the droplet phase69. A number of techniques and 

materials have been proposed to produce such acoustically activated droplets127. The core and 
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shell materials are overall similar to those of MBs; in fact, one of the commonly used methods of 

producing NDs is condensation of pre-made or commercially acquired MBs. Other methods 

include shaking, sonication and microfluidics69. In this study, condensation of in-house produced 

microbubbles was used. 

Similar to MBs, nanodroplets have been proposed for a wide range of therapeutic applications128. 

As in other areas of therapeutic ultrasound, safety monitoring is of utmost importance; a 

consideration specific to acoustically activated droplets is that the vaporisation threshold often 

differs significantly between in vitro and in vivo, depending on a number of parameters such as 

other components in solution and vessel diameter, and therefore droplets require a careful 

transition into in vivo experiments69. 

PFC-based nanodroplets, as described in the literature review, have also found broad applications 

as artificial blood substitutes. Naturally, in this case formulations that do not undergo a phase 

transition have to be used, in order to enhance their stability; consequently, these formulations 

are different from those used for ultrasound-responsive phase-change droplets, but many of their 

physical properties are nonetheless similar. Compositions for these agents were optimised from 

the point of view of optimal body retention times and other factors, most importantly biosafety 

for the typically large dosages used for blood replacement therapies. Some studies have looked 

into using stable, non-phase-change droplets in combination with ultrasound; in this case 

ultrasound is used in order to promote faster oxygen payload release and better extravasation, as 

opposed to a phase transition into a gas agent73. In this study, stable NDs were produced via the 

emulsification method, using materials commonly used for PFC-based blood substitutes. 

A summary of two formulations of NDs (phase-change and non-phase-change), compared to some 

formulation examples from other studies and several PFC-based blood substitutes, is provided in 

Table 2.1.3.1. 
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Type Name Core material Shell components Preparation method 

P
h

as
e

-c
h

an
ge

 N
D

s In-house NDs PFB DBPC, PEG40S 
Sonication and subsequent 
condensation 

Definity (condensed) PFP 
DPPA monosodium salt, 
DPPC, MPEG5000 DPPE 

Shaking and subsequent 
condensation129 

Condensed MBs PFP and PFB DSPC, DSPE-PEG2000 
Shaking and subsequent 
condensation130 

N
o

n
-p

h
as

e-
ch

an
ge

 N
D

s 

In-house non-phase-
change NDs 

PFOB Soybean lecithin Emulsification 

Oxygent PFOB, PFDB Egg yolk lecithin Emulsification 

Fluosol-DA PFD, PFTPA 
Pluronic F-68, egg yolk 
lecithin 

Emulsification 

Perftoran PFD, PMCP Proxanol 258 Emulsification 

“Shuttle” NDs for US-
mediated O2 delivery73 

Perfluoro-15-
crown-5-ether 

HSA US emulsification 

 

Table 2.1.3.1. Comparison of nanodroplets produced for this study and examples of other 

commonly used formulations. Note that they are divided into phase-change agents, which 

undergo a phase transition under ultrasound stimulation, and stable non-phase-change agents, 

many of which are PFC-based blood substitutes. All abbreviations are detailed in the List of 

Abbreviations. 

 

2.1.4 Other agents 

 

The vast majority of ultrasound-responsive agents are either microbubbles, nanobubbles or 

nanodroplets, with the most common materials being PFC liquid or gas cores stabilised by lipids 

and surfactants. However, other materials or forms are also possible. 

Some microbubbles are made with protein shells instead of lipid ones, which increases shell 

rigidity, resulting in better stability but also decreased echogenicity. Proteins or inorganic 

materials can also be used to construct a different kind of particle, which holds a gas bubble on its 

surface as opposed to having it fully surrounded by a stabilising shell. One example of such particle 
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is protein nanocups131,132. Nanocups have shown promise for various applications, including drug 

delivery to tumours and transdermal delivery133. Other examples include gas-stabilising gold 

nanocones134 and mesoporous silica particles135. 

These agents may offer some advantages compared to the traditional ultrasound agents; however, 

as they are still an emerging area of research, more studies are needed to improve their safety 

and biocompatibility, as well as further clarify the mechanisms of gas entrapment133. They were 

therefore not investigated in this study. 

 

2.1.5 Chapter overview and objectives 

 

This chapter presents a description of the agents used throughout this thesis, detailing the 

protocols of their production and characterisation. For some agents, different compositions are 

compared, or the effect of some of the components on the final formulation is explored. Oxygen 

loading methods are described, and the agent stability before and after payload introduction is 

studied. Oxygen release in deoxygenated media or after ultrasound exposure is measured and 

compared to theoretical estimations. 

 

2.1.6 Attribution of work 

 

The MATLAB script used to perform optical particle sizing was previously developed in our group. 

The MATLAB script used to handle particle characterisation datasets from various devices was 

written by Dr Luca Bau. The non-phase-change droplet preparation was done by Dr Luca Bau. 

The focused ultrasound oxygen release experiments (A 2.4.3) were performed in collaboration 

with Dr Catherine Paverd. 

All other experimental and data processing work was performed by the author of this thesis. 
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2.2 Materials and methods 

 

2.2.1 Materials 

 

1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), polyethylene glycol (40) stearate (PEG40S), 

glycyrrhizic acid ammonium salt, glycerol (BioReagent, >= 99%), chloroform, citric acid (ACS 

reagent, >= 99.5%), sodium chloride, sodium phosphate monobasic, perfluorooctyl bromide 

(PFOB, 1-bromoheptadecafluorooctane) and Dulbecco’s phosphate buffered saline (DPBS) were 

obtained from Sigma-Aldrich Company Ltd. (Gillingham, UK). Lecithin (90%, soybean) and di-

sodium hydrogen orthophosphate dodecahydrate were purchased from Thermo Fisher Scientific 

(Waltham, USA). Sulfur hexafluoride (SF6), O2 and N2 gases were obtained from The BOC Group 

(Guilford, UK). Perfluoropropane and perfluorobutane gas cylinders were ordered from 

FluoroMed (Round Rock, USA). SonoVue microbubbles were produced by Bracco (The Bracco 

Group, Italy).  

 

2.2.2 Microbubble production 

 

Microbubbles (MBs) were produced by sonicating the gas-liquid interface of the lipid/surfactant 

solution. Chloroform solutions of 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) and 

polyethylene glycol (40) stearate (PEG40S) were mixed in a glass vial in 9:1 molar ratio and 

chloroform was evaporated using a rotor evaporator (10 min in alcohol regime, 20 min in aqueous 

regime, 45°C). When the lipids were fully dried, they were reconstituted in 5 mL of buffer (10% vol 

glycerol, 10% vol propylene glycol, 80% DPBS; or 100% DPBS) to final total concentration of 4 

mg/mL and dissolved under constant stirring on a hot plate or a heating mixer set to 100°C until 

the solution became clear. Afterwards the solution was allowed to cool down to room 

temperature and sonicated at low intensity with an ultrasound probe at amplitude 20% (probe 20 
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kHz, 125 W, QSonica, NY, USA) until it became fully transparent. Then the sonicator probe tip was 

moved to the liquid-gas interface, the vial headspace was filled with the core gas (SF6, PFP or PFB) 

and the probe was turned on at high intensity (30 seconds, amplitude 85%) under constant gas 

flow. After that the vials were capped with core gas headspace and put on ice for at least 10 

minutes. 

Before use, the MB solution was gently mixed and then allowed to separate until a clear border 

between the microbubble and the macroscopic foam was visible. The lower (microbubble) fraction 

was then separated into a clean vial and kept on ice for the duration of experiments. For longer 

experiments the MB solution was aliquoted into smaller vials with the headspace filled with the 

core gas for better stability. 

 

2.2.3 Nanobubble production 

 

To produce nanobubbles (NBs), 300 mg of lecithin, 500 mg of citric acid, 50 mg of glycyrrhizic acid 

and 1.25 mL of glycerol were added to a glass bottle. Then 100 mL of Milli-Q purified water or 

DPBS was added to the mixture, which was then stirred on a hot plate for 30-60 minutes until fully 

dissolved and afterwards allowed to cool down to room temperature. Before use NB mixture was 

shaken vigorously by hand for 1 minute. 

 

2.2.4 Nanodroplet production 

 

Phase-change nanodroplets were produced by condensing DBPC-PEG40S microbubbles filled with 

PFB and made in the high-viscosity buffer (10% vol glycerol, 10% propylene glycol, 80% PBS). To 

perform the condensation, 4 mL of MBs were loaded in a syringe via a 18G blunt needle, taking 

care to avoid introducing air or foam; the syringe was then capped and placed into a cold bath 
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filled with 40% ethylene glycol at -10°C for 4 min. After the incubation the syringe volume was 

adjusted to the new solution volume and then the formed droplets were transferred into 

Eppendorf tubes for washing by centrifugation (3 times 5 mins at 7000g, 4°C). Droplet solution 

was kept on ice at all stages. 

To produce non-phase-change nanodroplets, a suspension of lecithin (108 mg) in MilliQ water (1 

mL) was added to 1.8 g of perfluorooctyl bromide in an 8 mL glass vial. 0.3 mL of a solution of 

sodium chloride (3.6% w/v), sodium phosphate monobasic (0.69% w/v) and sodium phosphate 

dibasic (4.74% w/v) were added and the mixture was then diluted with MilliQ water (~0.9 mL) to 

a final volume of 3 mL. The mixture was pre-emulsified with an IKA turrax T10 basic homogenizer 

(IKA, Germany) at speed 5, 20000 rpm for 30 sec and immediately emulsified with an LV1 

microfluidizer (Microfluidics, USA) primed with PBS (25000 psi, 3 passes). The resulting emulsion 

was filtered through a Millex 0.45 µm syringe filter (Merck Millipore, USA). 

 

2.2.5 Agent characterization: size distributions and concentrations 

 

MBs were characterized by diluting the MB solution 1:20 in PBS, placing a 10 uL sample on a 

hemacytometer and acquiring at least 15 images on an optical microscope (Bright-Line 

Hemacytometer Hausser Scientific, microscope Leica DM500, objective 40x, cameras Qimaging 

MicroPublisher 3.3 and Leica MC170 HD) and then processing the images with a custom MATLAB 

script. The sizing window was set to 0.5-10 um: particles smaller than 0.5 µm could not be reliably 

sized due to the resolution restrictions, and microbubbles larger than 10 µm represented foam 

contamination that was ideally isolated from the final sample. 

Nanobubbles and nanodroplets were characterized by nanoparticle tracking analysis using a 

NanoSight NS300 particle sizer (Malvern Panalytical, UK). Samples were diluted in MilliQ water to 
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the concentration of approximately 108-109 particles/mL; acquisition and processing settings were 

adjusted to minimise background scattering noise. 

Nanodroplets were additionally characterised with dynamic light scattering (DLS) (Zetasizer Nano 

ZS, Malvern Panalytical, UK). 

 

2.2.6 Agent oxygenation and nitrogenation 

 

For most experiments, loading agents (MBs, NBs or droplets) with oxygen or nitrogen was 

performed by aliquoting the agent solutions and saturating them with the payload gas. In the case 

of MBs and droplets, aliquots of approximately 500-700 uL were used and the headspace was 

filled with a gentle flow of the payload gas for 2 mins. Due to the better stability of NBs, they could 

be saturated in larger volumes of approximately 10 mL by actively sparging the gas through the 

solution for 3 mins. For sparging, a blunt needle was attached to the end of the gas line and the 

gas flow rate was regulated to promote solution agitation and mixing; the parts of the gas line that 

may come in contact with the solution were cleaned before and after with 70% ethanol. 

For MBs, this method was compared with loading them with the payload gas or with a mixture of 

a low-diffusivity gas and a payload gas (O2/N2) directly during MB production. The gas flows were 

regulated by two Omega FL-1442-S gas rotameters (OMEGA engineering, Manchester, UK) with 

all gas pressures at the entrance to the rotameters kept at approximately 1 bar. For this method, 

the protocol was exactly the same as for the normal MB production, with the low-diffusivity gas 

replaced by its mixture with the payload. 

 

 

 

 



58 
 

2.2.7 Oxygen release characterisation 

 

For microbubbles, O2 release was measured after introducing MBs into degassed media and after 

sonication. For the degassed media measurement, 320 uL of MBs were added to 12.5 mL of non-

degassed or degassed DPBS buffer (~35% airsat); then vials were closed and mixed and O2 

concentration was measured in the liquid phase. For ultrasound-mediated O2 release, MB samples 

and lipid solution controls were added to non-degassed DPBS buffer and sonicated for 60 seconds 

in an ultrasound water bath (Eumax US cleaner UD150SH-6L, 150W, 40 kHz). O2 concentration 

was measured with a non-invasive optical sensor (OXY MINI Minisensor Oxygen Meter (PreSens 

Precision Sensing GmbH, Germany) with SP-PSt3-NAU-D5 sensor dots); the sensor temperature 

probe was placed in room-temperature-equilibrated water. 

For nanobubbles, the dynamics of oxygen release into deoxygenated (nitrogen-saturated) 

medium were measured. A sample was introduced into a vial with 100% N2 headspace under 

constant mixing with a magnetic stirrer, and the released O2 concentration in the vial was 

measured with an optical oxygen sensor (PreSens). The oxygen sensor temperature probe was 

placed into the solution for better measurement precision. 
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2.3 Characterization of agents 

 

2.3.1 Microbubbles 

 

It is known that the sonication protocol for microbubble preparation is dependent on the specifics 

such as the method of lipid solubilization, incubation times and speed of solution cooling after 

sonication136,137, therefore care was taken to conduct MB production in a reproducible manner. 

The resulting size distribution was well-reproducible, with a peak below 1 µm (Fig. 2.3.1.1). 

 

 

 

Fig. 2.3.1.1. Example of a microbubble micrograph and the corresponding size distribution. 

 

 

As described in section 2.1.1, the lipid composition of MBs in this study was fixed (DBPC-PEG40S), 

but three different low-diffusivity gases were compared for the core composition: SF6, PFP and 

PFB. In agreement with other studies138, PFC-based MBs showed larger concentrations at 

production and improved stability (Figs. 2.3.1.2, 2.3.1.3). For most of the following experiments, 

PFB-based MBs were used. 
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Fig. 2.3.1.2. Normalised size distributions and concentrations of DBPC-PEG40S microbubbles with 

different core gases (n = 5, error bars indicate standard deviations). 

 

A. Sub-micrometre fraction 

 

The optical sizing method that was used to characterise MBs has a resolution limit of several 

hundreds of nanometres, which is sufficient to measure the size fractions of the MB solution that 

contribute the most to the ultrasound response, i.e., the gas-filled particles of 1-2 micrometres in 

diameter. However, for the purposes of gas delivery applications it is also important to note that 

some lipid particles exist in the solution below the optical microscopy resolution limit. To check 

whether this fraction can have a meaningful contribution to the gas-loading capacity, the MB lipid 

solution (DBPC-PEG40S) before the sonication step and the smaller fraction of PFB-filled MBs after 

centrifugation (10 min, 500 g) were measured by NTA. It was found that for these samples particle 

concentrations in the hundreds of nanometres range were 1*1013/mL and 6*1012/mL 

correspondingly, meaning that the total volume of the sub-micrometre fraction is on the order of 
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magnitude of 1-10 uL/mL; this is comparable to the total gas volume of the larger fraction as 

measured by optical microscopy, which is around 5-15 uL/mL. Consequently, due to the large total 

volume and potentially better stability than MBs, the sub-micrometre fraction of the MB solution 

may play some role in the gas delivery; however, the gas-carrying capacity of this fraction depends 

on the nature of these small particles and therefore remains to be determined. 

In addition, size distributions of the lipid solution and smaller MB fractions after centrifugation 

were measured by DLS (Fig. 2.3.1.3). They confirmed the presence of the sub-micrometre fraction, 

although, due to the nature of DLS, they could not confirm the concentrations. Interestingly, the 

subnatant samples exhibited a shift to larger sizes with time, possibly indicating the dynamic 

nature of these samples and resulting in the large error bars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3.1.3. DLS measurements of size distributions for DBPC-PEG40S lipid solution (n = 3), small 

fraction of PFB MBs after 15 min, 500 g centrigugation (subnatant 1, n = 2) and after subsequent 

20 min, 500 g centrifugation (subnatant 2, n = 3) (error bars indicate standard deviations). 
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B. Stability 

 

MB stability is well-researched, and it was confirmed in this study that the size distributions and 

concentrations did not undergo any major changes during 6-8 hours of storage of the stock 

solution on ice, signifying that the same stock could be used for a day of experiments. MB stability 

was also checked after dispersion in aqueous media at room temperature, which was also found 

to be sufficient for the purpose of these experiments (see below section 2.4.2). 

 

C. Commercial microbubbles (SonoVue) 

 

In addition to in-house produced microbubbles, some experiments were performed with 

commercially available microbubbles (SonoVue, lipid shell with SF6 gas core). SonoVue bubbles 

were characterised by optical microscopy, checking the stability during 3 hour storage at room 

temperature, which corresponds to storage during a typical experiment (Fig. 2.3.1.4). Three 

batches were also compared after dispersion, and size distributions and concentrations 

reproducibility was found to be comparable to that of in-house MBs (concentrations 2.11*108/mL, 

2.29*108/mL and 2.49*108/mL, with peaks around 1 um). 

 

Fig. 2.3.1.4. SonoVue size distribution and concentration right after dispersion according to the 

manufacturer’s protocol and after 3 hours of storage at room temperature. 
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2.3.2 Nanobubbles 

 

Lecithin-based nanobubbles were produced via mixing the components (lecithin, citric acid, 

glycyrrhizin and glycerol) on a hot plate until the solution became homogenous, which resulted in 

the formation of nanoparticles (size distribution peak at approximately 100 nm and concentration 

on the order of magnitude of 1012-1013 particles/mL as measured with nanoparticle tracking 

analysis (NTA)). NTA was used for all NB characterisation, as the NB samples were too polydisperse 

to produce a reliable result using DLS sizing. 

Preliminary optimisation of nanobubble composition was performed prior to the current study 

and therefore is not shown here. As a part of the current project, some aspects of the NBs were 

studied, such as the importance of shaking and different components on the particle size 

distributions and stability at physiological temperatures. 

The NB fabrication protocol involves shaking the solution by hand, and saturation with the payload 

gas involves solution agitation; therefore from the point of view of gas loading and delivery it is 

important to understand whether agitation influences the particle size distributions. Size 

distributions and concentrations were measured before and after the shaking step during 

production (Fig.2.3.2.1) and it was found that the shaking step has only a small effect on the 

increase of particle concentration and no significant effect on the size distribution, signifying that 

the agitation of solution during gas payload loading would not present an issue. 
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Fig. 2.3.2.1. Normalised size distributions and concentrations of nanobubble solutions before and 

after the shaking step of the production, measured with NTA (n = 3, error bars represent standard 

deviations). 

 

The influence of different components on the process of particle formation was studied by 

excluding components from the formulation and comparing the resulting particles with the NB 

solution (Fig. 2.3.2.2). Lecithin is believed to be the main particle-forming agent, and therefore it 

is not surprising that it was found to be important for NB formation. Interestingly, citric acid was 

shown to be also important for particle formation, while other components had significant but 

small impacts on normalised size distributions. 
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Fig. 2.3.2.2. Comparison of size distributions (raw and normalised) for nanobubbles (NBs), lecithin 

solution (at the same concentration as in NBs) and NB solutions without one of the components: 

citric acid, glycyrrhizin or glycerol, measured with NTA (n = 3, error bars represent standard 

deviations). 

 

Citric acid is the component that makes the NB solution acidic (pH 2.0), therefore it was of interest 

to determine whether it influences the formation of particles via pH or directly, for example via 

incorporation of citric acid molecules into the particles. Size distributions were compared for 

neutral and acidic solutions of NBs and lecithin; pH adjustment was performed with HCl and NaOH. 

It was shown that adjusting the pH of NBs and lecithin produced only small changes in size 

distributions, while adding citric acid to lecithin resulted in a size distribution close to that of NBs; 

therefore the effect of citric acid on the formation of nanoparticles is more likely to be direct 

rather than pH-mediated, or else it is possible that pH is important during the formation of NBs 

and changing it afterwards has a smaller effect on the resulting formulation (Fig. 2.3.2.3). 

 



66 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3.2.3. Comparison of normalised size distributions of lecithin and NB solutions at different 

pH values: lecithin pH-neutral (pH = 6.7), lecithin pH-adjusted to acidic (pH = 2.0), NBs pH-acidic 

(pH = 2.0) and NBs pH-adjusted to neutral (pH = 7.5), measured with NTA (n = 3, error bars 

represent standard deviations). 

 

While the stability and coalescence dynamics of lipid-shelled microbubbles are relatively well-

understood, these phenomena are less studied for lecithin-based particles. For this reason, the 

stability of NB solution was studied when incubated at stock concentration in a 2 mL test tube 

submerged in a water bath heated to 35°C (Fig. 2.3.2.4). Measurements were conducted at 

timepoints t = 0 min, 5 min, 15 min, 30 min, 60 min and 120 min. Neither size distributions nor 

concentrations showed a significant change between the 0 min and 2 hours timepoints (with only 

the 60 mins measurement showing a size distribution change, which is small and does not agree 

with the 120 mins timepoint, meaning it is likely an experimental fluctuation). Therefore, NBs are 

stable within at least the 2-hour time window at physiological temperatures. 
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Fig. 2.3.2.4. Normalised size distributions and concentrations as a function of time at 35°C 

measured by NTA (n = 3, error bars represent standard deviations). 

 

2.3.3 Nanodroplets 

 

Firstly, phase-change droplets acquired by condensation of DBPC-PEG40S PFB MBs were 

fabricated and tested for their size distribution and stability. As expected, phase-change droplet 

stability was not optimal, with the drop in concentration by about one-third after 1 hour at room 

temperature in water, in 1:40 dilution from the stock solution (Fig. 2.3.3.1). Nonetheless, they 

were explored in some of the experiments under the restraints of running all sample and control 

measurements as quickly as possible to minimise the impact of droplet evaporation. 
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Fig. 2.3.3.1. Size-distributions and concentrations of DBPC-PEG40S PFB phase-change 

nanodroplets before and after 1 hour at room temperature in water, in 1:40 dilution from the 

stock solution, measured by NTA (concentrations adjusted to non-diluted samples, n = 3, error 

bars represent standard deviations). 

 

In addition, a droplet sample was measured by the NTA in two different dilutions: 1:40 and 1:4000 

from stock solution. The reason for this is that the optimal concentration range for the NTA is 

~108/mL, and therefore the more concentrated dilution is optimal for measuring the droplets 

acquired from the MBs (the concentration of MBs is known to be ~2-4*109/mL, and the droplet 

concentration is therefore expected to be in the same range), while the more diluted sample 

allows to measure the more concentrated sub-micrometre fraction (Fig. 2.3.3.2). Interestingly, the 

more diluted sample did correspond in size distribution to the sub-micrometre fraction of 

microbubbles and the DBPC-PEG40S lipid solution discussed previously, and its concentration 

(~1.7*1011/mL) was about 1-2 orders of magnitude lower than that of the small MB fraction or 

lipid solution (section 2.3.1). 
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Fig. 2.3.3.2. Size distributions of DBPC-PEG40S PFB phase-change nanodroplets in two different 

dilutions, 1:40 from stock solution and 1:4000, measured with NTA with different settings for the 

two samples (n = 3, error bars represent standard deviations). 

 

The non-phase-change ND formulation used in this study was based on perfluorooctyl bromide 

(PFOB, also known as perflubron) and lecithin – typical components of PFC-based blood 

substitutes. The size distributions acquired on DLS are shown in Fig. 2.3.3.3. 

 

 

 

 

 

 

 

 

 

Fig. 2.3.3.3. Size distributions of lecithin PFOB non-phase-change droplets acquired by DLS 

(showing 3 repeats, distribution by intensity). 



70 
 

2.4 Agent saturation with payload gases 

 

2.4.1 Methods of loading the gas into carriers 

 

As discussed above (1.2.4.1 – 1.2.4.2), due to the high diffusivity of oxygen in physiological media, 

the loading of carrier agents with oxygen is transient and the excessive payload gas quickly 

dissolves out of the carriers after they start equilibrating with blood under the pO2 below 20% of 

that of a full oxygen atmosphere. However, it is still of interest to investigate the loading of payload 

gases into carriers, for several considerations, such as checking their structural or chemical 

stability with various gas compositions, or practically investigating the gas volume held by these 

agents in order to support the theoretical estimations. 

A number of methods are available to load an agent with a carrier gas. The ones most widely used 

in the literature are saturating the agent solution with the payload gas and allowing the loading to 

happen via concentration gradient-driven diffusion, or creating the agent in the atmosphere that 

is partially or fully saturated with the payload gas, in particular by mixing it with a low-diffusivity 

gas for a gas-based agent. Another option, especially convenient for commercial agents, is freeze-

drying the agent and reconstituting it in the atmosphere of the payload gas. 

 

The best method for each carrier depends on its properties and the practical considerations of its 

use. In particular, freeze-drying with reconstitution just before use has been widely implemented 

in commercial ultrasound agents due to its convenience for the end user and long-term storage 

possibility, and some studies chose this method for payload gas loading64,65. However, ensuring 

that the MBs remain stable during the freeze-drying process presents a substantial technical 

difficulty, and, since long-term storage was not a requirement for this study, the freeze-drying 
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method was not investigated in detail. Instead, saturation with a payload gas either during or after 

the carrier production was explored. 

For the payload gas loading, it is important to consider the carrier stability, especially in the case 

of gas-based agents, and find an optimum between better stability and higher payload gas loading. 

Another important consideration is carrier storage after the payload is introduced: due to the high 

oxygen and nitrogen diffusion speed in aqueous solutions, the buffer in which the agents are 

stored has to be kept saturated with the payload gas to the desired concentration in the carrier 

until it is used in an experiment, in order to prevent the loss of the payload. These considerations 

are reflected in the gas loading protocols. 

 

2.4.2 Size distributions before and after gas loading 

 

Agent stability is an important consideration for gas loading, and therefore size distributions and 

concentrations were checked before and after gas loading. 

 

A. Microbubbles 

 

For microbubbles, which are less stable to gas phase change than nanobubbles or droplets, due 

to their gas cores, two different types of payload loading were considered: by payload saturation 

after production (designated below as PFB O2), or by using a mixture of a payload gas and a low-

diffusivity core gas during production. For the latter method, 50%, 80% and 95% O2 by volume was 

used, as well as 100% O2 at production with no PFB. These samples were compared to PFB MBs 

that did not undergo oxygenation. 

First, size distributions and concentrations were compared after production or oxygenation (t = 0 

for the stability study) (Fig. 2.4.2.1). As expected, all size distributions (except for 100% O2 MBs) 
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were similar with a peak around 1 um, but the concentration decreased sharply with the increasing 

ratio of oxygen. Pure O2 MBs yielded larger bubbles and low concentration and were quickly 

destroyed during storage. 

The morphology of the produced MBs followed similar trends: while PFB, PFB O2 and 50% O2 MBs 

were round in shape in the optical microscopy images, some 80% O2 MBs looked slightly 

misshapen, and most 95% O2 and pure O2 MBs were visibly misshapen, which agrees with lower 

yields, as rapid gas loss due to diffusion without a stabilising PFC core is expected to result in both 

irregular shapes and lower concentrations  (Fig. 2.4.2.2). 

Next, to explore MB stability, all samples were incubated for 3 hours in stock concentration on ice, 

mimicking MB storage during a typical experiment; for 4 hours in 1:20 dilution at room 

temperature; and for 3.5 hours in 1:20 dilution at 37°C; test tube headspaces were filled with 

corresponding core gases to decrease post-production payload gas loss (Fig. 2.4.2.3). Normalised 

size distributions and concentrations exhibited some changes, with the size distribution peaks 

shifting to larger values for some samples after storage at 37°C and concentrations dropping after 

storage at higher temperature, as expected. Particle morphology showed the same trends as seen 

at t = 0 , with 95% and 100% O2 MBs becoming even more misshapen. 
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Fig. 2.4.2.1. Size distributions and concentrations of PFB non-oxygenated and oxygenated 

microbubbles measured by optical microscopy after production or oxygenation (t = 0). Samples 

are: PFB MBs; PFB MBs oxygenated by O2 flow after production (PFB O2); PFB:O2 MBs produced 

with 50% / 80% / 95% vol O2; MBs produced with 100% O2 without PFB. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.2.2. Examples of bubble morphology from optical microscopy images for PFB non-

oxygenated and oxygenated microbubbles measured by optical microscopy after production or 

oxygenation (t = 0). Note that these images do not represent MB concentrations, as each sample 

was diluted differently in order to have optimal concentrations for optical sizing. 
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Fig. 2.4.2.3. Normalised size distributions and concentrations measured by optical microscopy at 

the start of the experiment (t = 0), after 3 hours in stock concentration on ice, after 4 hours in 1:20 

dilution at room temperature and after 3.5 hours in 1:20 dilution at 37°C, shown separately for 
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each sample: PFB MBs; PFB MBs oxygenated by O2 flow after production (PFB O2); PFB:O2 MBs 

produced with 50% / 80% / 95% vol O2; MBs produced with 100% O2 without PFB. 

 

The results seen here agree with the literature. The lack of stability of pure oxygen microbubbles 

corresponds to the history of the development of ultrasound contrast agents, as the first lipid MBs 

were produced with air but were found insufficiently stable, which led to the use of high diffusivity 

gases such as SF6 and PFCs in subsequent formulations; for this reason, all MBs in clinical use for 

ultrasound imaging today have low-diffusivity gas cores37. It has also been shown both 

theoretically and experimentally that, due to the fast oxygen diffusion, the addition of a low-

diffusion gas is necessary to stabilise an ultrasound agent for the purpose of gas delivery and to 

achieve higher yields during production44. 

It is important to note that these experiments were conducted in air-saturated buffer solutions. 

Sometimes in the literature MB experiments are performed in a degassed buffer, for example to 

maximise the difference measured between oxygenated and non-oxygenated MBs, or to lower 

the background for reactive oxygen species measurements. However, it is known to have a  

detrimental effect on MB stability and reproducibility of experiments, especially for oxygen-loaded 

MBs139. For this reason, the size distributions of SF6 MBs oxygenated by O2 flow were checked 

after dilution in a normal buffer (100% air saturation (airsat) O2 concentration) and a buffer 

degassed with a vaccum pump to approximately 60% or 40% airsat O2 (as measured by a PreSens 

oxygen sensor). The MBs diluted in 60% and 40% airsat buffers lost concentration, as indicated by 

the opacity of the solution, quickly after dilution; size distributions, as measured within a few 

minutes after the dilution due to the speed limitations of optical sizing, show that most of MB 

concentration is lost within that time frame and remaining bubbles are big and visibly misshapen 

(Fig. 2.4.2.4). It was observed that non-oxygentaed SF6 MBs also dissolve within a few minutes 

when diluted in 60% airsat buffer (visual observation, data not shown), which agrees with the 
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literature139. Consequently, all MB experiments in this project were carried out in non-degassed, 

100% airsat O2 buffers, except for the oxygen release experiments where the degassed buffer was 

used specifically to destroy the MBs and measure their payload. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.2.4. Size distributions and bubble morphology examples captured by optical microscopy 

after oxygenated SF6 MBs were diluted in a buffer at 100%, 60% and 40% air saturation O2 

concentration. 

 

B. Nanobubbles 

 

The nanobubble formulation used in this project did not utilise a low-diffusivity gas core; therefore, 

the method of oxygen loading during production was not tested and nanobubbles were loaded by 

payload gases by sparging after production. Normalised size distributions and concentrations of 

nanobubbles before loading with a payload gas (i.e., air-filled) and after loading with O2 or N2 are 

shown in Fig. 2.4.2.5. The differences in both size distributions and concentrations are small, 

signifying that NBs, as expected, remain stable during gas loading. 
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Fig. 2.4.2.5. Nanobubble normalised size distributions and concentrations before payload gas 

sparging (air) and after loading with O2 or N2, measured by NTA  (n = 3, error bars represent 

standard deviations).  

 

2.4.3 Measurements of oxygen release 

 

To experimentally confirm the volume-based oxygen payload estimations detailed in the previous 

sections (1.2.4.1 – 1.2.4.2), measurements of oxygen payload release were performed after 

introducing the agents into deoxygenated medium or after sonication. 

 

A. Microbubbles 

 

O2 release measurements were performed for PFP MBs and PFP MBs oxygenated by O2 flow 

(concentration 1.9*109/mL, total volume ~20 uL/mL). 320 uL of MBs were added to 12.5 mL of 

non-degassed or degassed DPBS buffer (~35% airsat); then vials were closed and mixed and O2 

concentration was measured in the liquid phase. 
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The results were compared to the values obtained by theoretical estimations. For the PFP MBs, it 

was assumed that the MBs and the buffer have equilibrated with air before this experiment. In 

these estimations, two values were calculated: the oxygen concentration increase from the 

microbubbles, calculated via the Henry’s law (assuming that all MBs were destroyed during mixing 

and the payload is homogenously distributed in the solution; this is a reasonable assumption for 

the timeline of this experiment, which was checked during the stability studies of MBs in degassed 

buffers – see section 2.4.2 and figure 2.4.2.4) and the contribution of the MB buffer, calculated 

from the oxygen solubility values in aqueous solutions found in the literature; the buffer is also 

either air- or oxygen-saturated due to the process of oxygenation (Fig. 2.4.3.1). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.3.1. Oxygen concentration in the liquid phase (expressed as % airsat) increase after the 

addition of PFP MBs and PFP O2 MBs: comparison of the experimental result and theoretical 

estimations. For the theoretical estimations, the O2 concentration rise from the MBs and the 

buffer is shown separately; PFP MBs and their buffer are assumed to be air-saturated at the start 

of the experiment. 

 

The experimentally measured rise in O2 concentration was larger than the theoretical estimation, 

due to the fact that the degassed solution mixed with the vial headspace during the experiment, 
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which increased the baseline O2 concentration; however, this effect is much reduced if comparing 

the difference between the O2 increase caused by PFP O2 and PFP MBs. This difference agrees well 

between the experiment and the theoretical estimation (16.1% vs 14%, which is within the MB 

sizing error margins). This confirms the accuracy of theoretical estimations of O2 dosages via the 

MB volumes, used throughout this thesis. 

It is important to note that the contribution from the buffer was larger than that from the MBs 

(Fig. 2.4.3.1, right-hand side): although the oxygen solubility in aqueous media is smaller than in 

MBs, the small total volume of MBs compared to the buffer in which they are kept means that the 

buffer oxygen content is substantial. Consequently, care should be taken in using proper controls 

in oxygen release experiments, such as oxygenated buffer; and in interpreting the oxygen release 

results, since most of the released oxygen comes from the buffer. 

For ultrasound-mediated O2 release measurements, PFB MBs and PFB O2 MBs, oxygenated by O2 

flow, were used. O2 concentration was measured using an optical sensor (PreSens) in the sample 

vial. For this experiment, 570 uL of a sample were introduced into 12.5 mL of non-degassed DPBS 

and then sonicated (Fig. 2.4.3.2). In line with the considerations detailed above for the importance 

of accurate controls to determine the fraction of oxygen coming from the MBs and not the buffer, 

the controls in these experiment were DBPC-PEG40S lipid solutions in the same concentration as 

used for MB production, oxygenated or not oxygenated similarly to the MB samples; another 

control was ruptured MBs, which are similar to the lipid solution but may more accurately 

represent the MB solution lipid concentration due to the loss of lipid into foam during MB 

production. Sonication was performed in an ultrasound water bath (150 W, 40 kHz) for 60 sec. 
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Fig. 2.4.3.2. O2 concentrations before and after sonication and O2 release for PFB MBs and PFB O2 

MBs with corresponding controls – DBPC-PEG40S lipid solutions in the same concentrations as 

used for MB production and ruptured MBs; controls were oxygenated by O2 flow in the same way 

as MBs (n = 2, error bars represent standard deviations). 

 

As expected, the O2 concentration was elevated after ultrasound exposure, and more so for 

oxygenated samples than for non-oxygenated; however, this rise was, within the experimental 

error, similar for MBs and lipid controls. This demonstrates that, although O2 MBs appeared to 

induce a rise in O2 level after sonication, this result became experimentally insignificant after the 

comparison with buffer/lipid controls, which agrees with the considerations detailed above that 

MBs hold a small fraction of oxygen payload compared to the oxygenated buffer (Fig. 2.4.3.1). 

Another important consideration is that, as shown by additional controls performed afterwards, 

at least some of the measured change in O2 was due to sample heating and potentially other 

effects of ultrasound on the O2 sensor, which provides even stronger motivation for appropriate 

controls in O2 release experiments. 

In order to attempt to construct a setup that would allow ultrasound-induced O2 release 

monitoring in real time with reduced effects of heating or ultrasound interaction with the sensor, 
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a focused ultrasound setup was tested with an imbedded O2 sensor that was located within the 

sample holder but away from the ultrasound focus. This experiment is described in the Appendix 

(A 2.4.3). 

 

B. Nanobubbles 

 

For the lecithin-based nanobubbles, the dynamics of O2 release from the agent were measured 

after its introduction into a deoxygenated (nitrogen-saturated) buffer. A sample of O2-sparged NBs 

or water was introduced into a vial with N2-saturated buffer and 100% N2 headspace under 

magnetic mixing, and the resulting O2 concentration in the vial was measured with an optical 

sensor as a function of time (Fig. 2.4.3.3). NBs in this experiment do not show greater O2 

concentration at the initial peak than the control; however, they do demonstrate slightly longer 

O2 retention than the water control. This underlines that, when characterising oxygen-carrying 

properties of an agent, it is important to take into account the dynamic properties as well as static 

or final equilibrium values. 
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Fig. 2.4.3.3. O2 release from oxygenated NBs and water after the sample is introduced into N2-

saturated solution under constant mixing (n = 3, shaded areas represent standard deviations). 

Oxygen release was also checked for NBs and O2 NBs after sonication, similarly to MBs (Fig. 2.4.3.4). 

Again, these experiments showed the importance of correct controls for O2 release measurements, 

as DPBS controls showed an increase in O2 levels after sonication, which could be explained by 

various effects such as heating or ultrasound interaction with the O2 sensor. The difference 

between the O2 levels of oxygen-saturated NBs and buffer before ultrasound could be explained 

by slightly different oxygen solubility in the NB solution – for example, it is known that oxygen 

solubility depends on solution salinity140. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.3.4. O2 concentrations before and after sonication in an ultrasound bath for NBs and O2 

NBs, oxygenated by sparging, in stock concentration compared to DPBS and O2 DPBS, before and 

after 60 sec ultrasound (n = 2, error bars represent standard deviations). 
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2.5 Summary and conclusions 

 

This chapter details the production and characterisation of various agents used throughout this 

project, most importantly PFC and SF6 microbubbles, lecithin-based nanobubbles and two 

formulations of PFC droplets. Various questions relating to the production process and agent 

composition were checked and optimised. Stability of the agents was verified to be sufficient for 

the purposes of the experiments in this project. The oxygenation process was studied and agent 

stability was confirmed after oxygenation. Oxygen-loading capacity was checked experimentally 

and compared to theoretical estimations, confirming their accuracy. Oxygen release was 

measured in degassed or deoxygenated media or after ultrasound exposure, and it was found that 

most of the oxygen dose carried in the agent is stored in the buffer; however, the agent could slow 

down the payload release compared to the buffer controls. 

The results shown in this chapter form the basis for the measurements described in later chapters 

and confirm the theoretical oxygen-loading capacity estimates based on agent volumes made in 

the literature review. Thus, they confirm the discrepancy between oxygen payloads in typical 

doses of oxygen-carrying agents and the in vivo effects of these carriers. 

The following chapter returns to the discussion of possible solutions to this mismatch and focuses 

on the hypothesis of enhanced diffusion between red blood cells and tissue. 
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Chapter 3. Oxygen diffusion measurements 

 

3.1 Introduction 

 

3.1.1 The diffusion hypothesis 

 

As discussed in the literature review (section 1.2.4), for several of the strategies proposed for 

mitigating tumour hypoxia, there exists a discrepancy between the small oxygen dose delivered 

by the agents and the in vivo effects reported in multiple studies. One promising hypothesis that 

could explain this mismatch has been proposed in the literature on PFC-based blood substitutes 

and will be referred to as the “diffusion hypothesis”75,76,81. It states that the total O2 payload 

volume for a solubility-based agent is indeed too small to explain most in vivo effects by direct O2 

release or by the agents recirculating and transporting O2 from the lungs into the tissue; instead, 

the particles decrease the average diffusion time of O2 from red blood cells (RBCs) to the tissue, 

therefore increasing the efficiency of O2 unloading from RBCs and, consequently, tissue 

oxygenation. 

Indeed, oxygen diffusion speed in aqueous solutions is known as a speed-limiting factor in many 

processes. This is the reason why, for example, bacterial cultures in solutions require constant 

mixing to ensure sufficient oxygenation, or why some chemical reactions require optimal 

oxygenation designs for better outputs. Importantly, using particles with high oxygen solubility has 

been successfully explored to enhance oxygen delivery in these and many other oxygen-

dependent processes141–146. More generally, enhancing mass transfer using a micro- or nanophase 

is a well-established approach147. 

In the case of enhanced oxygen delivery to tissues, although the diffusion hypothesis seems to be 

well-accepted for PFC-based carriers and can be theoretically applied to many other agents, direct 
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experimental evidence to support it has been limited to a small number of agents79,80. Establishing 

whether or not the diffusion enhancement mechanism plays a role in oxygen delivery by a wider 

range of agents, including ultrasound-responsive carriers, would be valuable, in particular for 

developing optimal carriers for enhancing oxygen-dependent therapies and establishing the role 

that initial gas loading of these agents plays in the process. 

 

3.1.2 Other cases of enhanced oxygen diffusion 

 

The diffusion hypothesis described above applies to a micro- or nanophase introduced into the 

solution that has enhanced oxygen solubility and in this way increases the speed of oxygen 

exchange. Interestingly, there are other agents that are claimed to enhance oxygen diffusion in 

solutions via a different mechanism. 

An example of such a substance is trans-sodium crocetinate (TSC), which is believed to directly 

increase oxygen diffusion coefficients by rearranging water molecules via hydrophobic 

interactions82,83. 

Crocetin, which has the identical chemical structure to TSC, was also tested in the diffusion 

measurements in this chapter to provide comparison with an agent with a potentially different 

mechanism. 
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3.1.3 Chapter overview and objectives 

 

The main goal of the work described in this chapter was to construct an experimental setup to test 

the diffusion hypothesis for a range of agents used for ultrasound-medicated oxygen delivery, such 

as microbubbles, nanobubbles and nanodroplets. 

First, preliminary work was carried out by measuring oxygen diffusion coefficients in simple agent 

solutions without blood or flow; this allowed to develop experimental methods and compare 

measurement results with theoretical calculations that were carried out numerically in COMSOL. 

Following this, a capillary flow oxygen exchange setup was constructed, and calibrations and 

preliminary measurements were carried out in agent solutions without blood. Finally, the 

developed setup was used to compare blood oxygen exchange speed with or without the addition 

of oxygen-carrying agents. 

 

3.1.4 Attribution of work 

 

The OrganOx experiments were assisted by Tamsyn Clark and Daniel Voyce. 

All other experimental and data processing work was performed by the author of this thesis. 
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3.2 Materials and methods 

 

The materials and methods for the production of microbubbles, nanobubbles and nanodroplets 

used in this chapter are described in detail in Chapter 2. 

 

3.2.1 Materials 

 

Silicon tubing (HelixMark) was purchased from Avantor (PA, USA). O2 and N2 gases were obtained 

from The BOC Group (Guilford, Surrey, UK). EXPANCEL 551 DE 20 d60 microspheres were acquired 

from Nouryon (The Netherlands). Trans-Crocetin (70%) was obtained from Biosynth Carbosynth 

(Switzerland/UK). 

Human blood was acquired from a volunteer with informed consent and its use was approved by 

the University of Oxford ethics committee. It was stored in BD Vacutainer K2E 10.8 mg vials with 

an anti-clotting agent (EDTA). 

 

3.2.2 COMSOL simulations 

 

To compare experimental results with theory, computer simulations of oxygen diffusion were 

performed with boundary conditions reproducing the experimental setup. Computer simulations 

were performed with the COMSOL Multiphysics 5.5 software in the Transport of Diluted Species 

(tds) regime. 

The model used was a 1D simulation model of experiments described in section 3.3. Briefly, a 

sample layer was equilibrated with air, and then the headspace was replaced with oxygen at t = 0, 

and the oxygen concentration was measured at the bottom of the sample. In the simulations, the 

x axis was directed vertically down through the sample with x = 0 at the gas/sample border; x = 0 
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border had a fixed elevated oxygen concentration and the opposite border had a no-flux condition 

and an oxygen concentration probe (Fig. 3.2.2.1). The start conditions were for air-equilibrated 

solutions. The equation used for these calculations was the one-dimensional diffusion equation: 

𝜕𝑐(𝑥, 𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑐(𝑥, 𝑡)

𝜕𝑥2
 

where 𝑐(𝑥, 𝑡) is the concentration of the diffusing agent at the position 𝑥 and time 𝑡 and 𝐷 is the 

diffusion coefficient. The COMSOL numerical calculations were done on a physics-controlled 

extremely fine mesh. 

 

 

 

 

 

Fig. 3.2.2.1. Example of COMSOL simulation results with a geometry schematic. x-axis goes down 

through the sample with x = 0 at the sample/gas phase border (border with constant O2 

concentration condition), and the O2 sensor is on the opposite border, which has a no-flux 

condition. The experiment starts at t = 0 when the gas phase is changed from air to oxygen and 

oxygen starts diffusing into the sample along the x axis. The series graph represents the simulated 

oxygen concentration as a function of x for 60 minutes of simulation with 1 min steps; the right-

hand graph shows the oxygen concentration as a function of time on the no-flux border. 
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The values for the concentrations and the diffusion coefficient of oxygen in water and PBS were 

taken from the literature values for 20°C (Table 3.2.2.1). For the simulations modelling oxygen loss 

from the headspace, the O2 concentration on the second end of the 1D model was changed from 

100% (1 atm) oxygen to a slightly lower time-dependent value calculated as a 5th degree polynomic 

approximation of the experimental measurement of O2(t) in an empty setup. 

 

Parameter Value 

Water oxygen saturation in equilibrium with air 0.284 mol/m3 

Water oxygen saturation in equilibrium with 1 atm oxygen 1.352 mol/m3 

PBS oxygen saturation in equilibrium with air (calculated from the O2 
saturation of saline solutions and known PBS salinity) 

0.267 mol/m3 

PBS oxygen saturation in equilibrium with 1 atm oxygen 1.271 mol/m3 

Diffusion coefficient of oxygen in water (estimated the same for PBS) 2.0*10-5 cm2/s 

 

Table 3.2.2.1. Parameter values used in the COMSOL simulations. 

 

 

3.2.3 Microbubble protocol adjustments 

 

Some adjustments to the MB production protocol were made for the diffusion experiments. Firstly, 

lipid films were reconstituted in pure PBS to avoid the effect of MB buffer on viscosity. Secondly, 

MBs were put on ice for 10 mins following fabrication, but then kept at room temperature to 

prevent temperature-induced diffusion effects. And thirdly, MBs were allowed to float for 

approximately 1 hour (as opposed to several minutes) before separating the lower fraction, sizing 

it and sealing it with a headspace of PFB, which allowed  better separation of the 1 µm MB fraction 

from larger bubbles and reduced flotation effects in the setup. 
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3.2.4 Oxygen diffusion experiments 

 

The optical oxygen sensor used in all experiments was OXY MINI Minisensor Oxygen Meter  with 

SP-PSt3-NAU-D5 sensor “dots” (PreSens Precision Sensing, Regensburg, Germany). The sensor 

dots were regularly replaced to avoid bleaching and each dot was calibrated relative to 100% air 

saturation of the corresponding buffer in the experiment (water or DPBS). In all experiments 

using % air saturation as a measure of oxygen concentration it is used relative to the corresponding 

buffer for each experiment. The oxygen sensor had a temperature probe for temperature 

corrections, which was placed directly into samples. 

The gas rotameters used to regulate gas flow were Omega FL-1442-S gas rotameters (OMEGA 

engineering, Manchester, UK). Their maximum flow rate was checked manually and found to be 

approximately 200 mL/min. 

For the artificial lung experiments (section 3.4), we used an OrganOx perfusion system (OrganOx, 

Oxford, UK), a Terumo CDI Blood Parameter Monitoring System (Terumo, Tokyo, Japan) and 

LILLIPUT 2 ECMO artificial lungs (LivaNova, London, UK). 

For the blood measurements (section 3.6), we used a Thorlabs CCS175/M spectroscope (Thorlabs, 

NJ, USA), a SCHOTT KL 1500 compact broadband light source (SCHOTT, Mainz, Germany) and a 

syringe pump (NE 1000, World Precision Instruments, FL, USA). All spectra obtained with the 

Thorlabs spectroscope were processed in the Thorlabs software using the moving average smooth 

function (window width 11, number of passes 10) to reduce fluctuations. 

Blood absorbance 𝐴 was calculated as 

 

𝐴 = −𝑙𝑜𝑔10

𝐼𝑏𝑙𝑜𝑜𝑑

𝐼𝑏𝑢𝑓𝑓𝑒𝑟
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where 𝐼𝑏𝑙𝑜𝑜𝑑 and 𝐼𝑏𝑢𝑓𝑓𝑒𝑟 are the spectroscope signal intensities for the blood samples and DPBS 

buffer controls respectively. 

 

3.2.5 PDMS moulding 

 

To produce microfluidic channel setups: 

Positive models were produced in an in-house workshop. After they were cleaned with 

isopropanol and dried with nitrogen, they were filled with a 9:1 (by weight) mix of PDMS and a 

cross-linking agent, degassed for at least 40 minutes in a vacuum chamber and placed in an oven 

at 650°C overnight. Afterwards the negative moulds were placed in a plasma cleaner (Henniker 

Plasma Vacuum System HPT-200) (3 min, 80%) and treated with PVA (3 10-min cycles alternating 

with nitrogen drying and 15-min incubations on a hot plate at 150°C). Then these negative moulds 

were cleaned and filled with polymer and cross-linking agent mix (9:1), degassed for at least 40 

minutes and incubated in an oven at 650°C overnight. After treatment in the plasma cleaner 

(settings same as above), sample holder parts were firmly pressed together. If hydrophilic coating 

of the inside of the sample holder was desired, it was again treated with PVA as described above. 

To produce membranes: 

A 9:1 (by weight) mix of PDMS and a cross-linking agent was degassed for at least 40 minutes in a 

vacuum chamber. Two glass slides were cleaned and a heat-resistant tape was placed on their 

edges. A small amount of PDMS solution was placed on one of the plates and the second slide was 

pressed to it, taking care to avoid creating air bubbles; the tape kept the slides apart at a fixed 

distance, resulting in reproducible membrane thickness. The slides were placed in an oven at 

650°C overnight. 
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3.3 Measurement of oxygen diffusion speed in simple solutions with oxygen-
carrying agents 

 

3.3.1 Design of a liquid layer diffusion setup 

 

Before attempting to account for various complicated phenomena such as the role of capillary size 

and the interaction of oxygen carriers with red blood cells, a setup was developed for measuring 

oxygen diffusion coefficients in solutions, in order to compare the diffusion coefficients of simple 

aqueous solutions of various agents in a simple geometry. 

A literature analysis showed that one of the commonly used configurations for gas diffusion 

measurements is a layer of liquid sample separated by a gas-permeable membrane from a gas 

reservoir and an oxygen sensor at the opposite border; the gas in the reservoir is changed and the 

change in oxygen concentration is measured at the other end of the sample layer, with the 

resulting curve allowing to calculate diffusivity148. This project followed the same design concept. 

PDMS was chosen as the membrane material because of its good oxygen permeability, detailed 

studies present in the literature on its oxygen diffusion properties149, as well as its ease of 

manufacturing and the possibility of precise thickness control. 

A number of setups were designed and tested; this process is described in detail in the Appendix 

(A 3.3.1). Briefly, the most prominent issues underlined by this setup development process were 

the importance of avoiding temperature-induced convection and mechanical agitation, in order 

to characterise specifically diffusion and not other processes. In addition, the PDMS membrane 

decreased the measurement reliability, since, due to its flexibility, it decreased the precision of 

controlling the sample thickness. Consequently, the final setup was constructed without a 

membrane, with the sample layer being in direct contact with the gas phase, and precautions were 
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taken to decrease temperature changes and vibrations in the setup. This setup is shown in Fig. 

3.3.1.1. 

In a typical experiment, the setup and sample were allowed to equilibrate with air oxygen 

concentration and room temperature; afterwards, oxygen was introduced into the headspace 

with a syringe and the setup was sealed to perform the measurement of oxygen concentration at 

the bottom of the sample as a function of time with an optical oxygen sensor (PreSens). This setup 

was found to function with good reproducibility and agreement with theory, while having little 

oxygen loss during a 1-hour experiment; oxygen loss in an empty setup was measured regularly 

between experiments to ensure the setup sealing quality. COMSOL simulations confirmed that the 

small oxygen loss from the headspace during a 1-hour experiment had a negligible effect on the 

resulting measurement (Fig. 3.3.1.1). 

 

 

 

 

Fig. 3.3.1.1. Oxygen diffusion measurement setup for a sample layer without a PDMS membrane 

and DPBS controls. The diameter of the setup is approximately 8.5 cm and the typical sample layer 

thickness was 3 mm. The buffer controls were performed by equilibrating the DPBS layer with air 

and then introducing oxygen into the headspace at t = 0 and measuring the oxygen concentration 



94 
 

at the bottom of the sample; the three experimental runs are compared to COMSOL simulations 

with and without accounting for O2 loss from the headspace during the experiment. 

 

Oxygen diffusion measurements were conducted for DBPC-PEG40S PFB MBs and DBPC-PEG40S 

lipid solutions; MBs were pre-equilibrated with air to avoid oxygen scavenging, and MB 

concentration was similar to the concentration used in the reactive oxygen species experiments 

in this project and higher than typical in vivo values. Neither of these samples showed an increase 

in oxygen diffusivity (Fig. 3.3.1.2), which for MBs may be explained by MB flotation in the opposite 

direction from the sample, potentially nullifying the diffusion enhancement effect, and/or by 

insufficient concentration to produce a measurable effect in this setup. 

Crocetin was used as a potential positive control for diffusion enhancement – it is chemically 

similar to trans-sodium crocetinate, which is claimed to produce a 30% increase in oxygen 

diffusion in water in a range of concentrations including the concentration used in this 

experiment83 (Fig. 3.3.1.2). Interestingly, we did observe a significant increase in diffusivity, 

although only by approximately 10% (estimated by comparisons with COMSOL simulations of this 

experiment using different diffusion coefficients). 
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Fig. 3.3.1.2. Results for the diffusion measurements performed in the setup without a PDMS 

membrane: DBPC-PEG40S microbubbles in DPBS (4*107 particle/mL); DBPC-PEG40S lipid solution 

in DPBS (0.2 g/L) and crocetin (100 µM in DPBS, diluted 1:1000 from stock in DMSO). All samples 

are compared to corresponding buffer controls. (n = 3, shaded areas represent standard 

deviations) 

 

Discussion 

 

In order to explain the lack of measured oxygen diffusivity increase in the presence of 

microbubbles, some further COMSOL simulations were performed. Building a full theoretical 

model of oxygen diffusion in complex solutions lies beyond the scope of this project; instead, a 
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simplified model was built in order to have a rough theoretical estimate. It was based on the 

COMSOL model described in section 3.2.2 with an added gas layer in the middle of the liquid 

sample, which is a simplified representation of the gas phase introduced with the microbubbles 

(Fig. 3.3.1.3). These simulations confirm that the sensitivity of the setup is not enough to detect 

an oxygen diffusion difference with microbubbles, since their gas volume fraction is around 1% in 

stock solution and was around 0.01% in these experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.1.3. Results for COMSOL simulations of oxygen diffusion experiments in a model with a 

single gas layer in the middle of the liquid sample. The presented results are for 3 mm total sample 

thickness with 60 um, 150 µm or 300 µm thick gas layer in the middle, corresponding to 2%, 5% 

or 10% gas phase by volume. 

 

The lack of a positive result for microbubbles was therefore in agreement with theory, even 

without accounting for other factors such as flotation. Nonetheless, this does not disprove the 

diffusion theory, as the length scales in capillaries are on a different order of magnitude, and due 

to the near wall excess effect the agents can achieve a high volume fraction locally between RBCs 

and tissue. 
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In addition, an interesting result was seen for crocetin, confirming the literature claim that it can 

enhance the diffusion coefficient of oxygen in water. Consequently, crocetin was used as a positive 

control for diffusion enhancement in further experiments. 

Furthermore, developing this setup provided a valuable step in the preparation of the capillary 

flow experiments described further, in particular underlining the importance of precise sample 

thickness and temperature control – these issues were considered during the design of flow setups. 
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3.4 Oxygen exchange setups with flow 

 

In order to check the diffusion hypothesis in vitro, the characteristic that has to be measured is 

the RBC oxygenation or deoxygenation speed in flow in a gas-permeable capillary, in the presence 

or absence of various agents. The first attempts to do these measurements were performed using 

commercial extracorporeal oxygenation devices, or “artificial lungs”. 

 

3.4.1. Setup with commercial artificial lungs 

 

The first attempts at oxygen exchange measurements in flow were performed using an organ 

perfusion setup. It was based on the OrganOx perfusion system150 and comprised a flow loop with 

two artificial lungs (LILLIPUT 2 ECMO, paediatric hollow fiber oxygenator), one of which had either 

air or oxygen flowing through it and thus served as an oxygenator and the other was flowed with 

nitrogen to model hypoxic tissue. Oxygen partial pressure (pO2) was measured after both lungs 

with clinical pO2/pH sensors (Terumo) (Fig. 3.4.1.1). The flow loop could be heated to 37°C or left 

at room temperature, and liquid and gas flows could be regulated. The oxygen exchanged in the 

N2 lung was measured in the outlet of the lung with a PreSens oxygen sensor in order to quantify 

the O2 released in the lung. 
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Fig. 3.4.1.1. Scheme of the OrganOx/Terumo setup. The solution passed through two artificial 

lungs in each cycle, with the first filled with either air or oxygen (O2 lung) and the second with 

nitrogen (N2 lung), presenting a simplified model of a blood flow cycle going through the lungs and 

then depositing the O2 load in the hypoxic tumour tissue. Oxygen concentration was measured 

after both lungs by the clinical sensors; in addition, O2 was measured in the N2 lung outlet to 

quantify the O2 exchanged in this lung. 

 

A number of preliminary experiments were carried out in this setup with saline buffer controls, 

nanobubbles and microbubbles; however, it was found that the commercial artificial lungs and 

blood monitoring systems did not allow to perform the necessary measurements of oxygenation 

speed (data not shown). After the analysis of the results and setup parameters, it was concluded 

that the OrganOx/Terumo loop is not the optimal setup to observe the oxygenation speed effects 

for a number of reasons. Most importantly, the artificial lung used in this setup (LILLIPUT 2 ECMO) 

is a clinical device and provides efficient gas exchange, even for low gas flow rates; this makes 

observing gas exchange speed difficult, since the solution reached an equilibrium pO2 level 

regardless of the possible oxygen diffusion speed changes. The artificial lung also had a fixed 

capillary diameter and material, which did not allow to check various capillary parameters closer 
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to the ones seen in vivo (e.g., smaller capillary diameter). Another issue is that the Terumo blood 

monitoring system is a clinical device and therefore does not provide raw data, which would have 

been important to correct for the solution composition (and other variables such as temperature) 

affecting the oxygen solubility. Moreover, due to the setup being clinical, the cost of a set of 

disposables for an experiment is high; an additional practical issue is the large loop volume (0.5 L) 

requiring a large volume of samples and blood. 

 

3.4.2. Setup with simple artificial lung: preliminary experiments without blood 

 

To address these limitations, alternative apparatus were designed that were less sophisticated, 

but allowed a much greater degree of control over the relevant parameters and enabled more 

direct measurements of oxygen diffusion speed. 

The first version of the setup was constructed with a PDMS chip with a single channel, covered 

with a thin gas-permeable layer of PDMS, since the good oxygen permeability of PDMS is well-

characterised and polymer moulding allows for creating channels with precise dimensions and 

geometry. However, the diffusion experiments described in the previous section (3.3) showed that 

the results are sensitive to liquid layer thickness, and PDMS membrane deformation introduces 

large variability. 

For this reason the design was changed to a more robust version – a simple “artificial lung” 

consisting of a gas-permeable silicon tube in a bottle with controlled gas environment (Fig. 3.4.2.1), 

inspired by a design proposed by Hamilton et al151. The following paragraphs describe some of the 

most important design considerations. 
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Fig. 3.4.2.1. Schematic of the “simple artificial lung” setup for the buffer oxygen saturation 

experiments. It consists of a glass bottle, sealed except for a small outlet, and gas-permeable 

silicon tubing, connected outside the lung by gas-impermeable PTFE tubing. Gas flow is controlled 

by a rotameter and temperature is monitored with a thermocouple; O2 concentration in output 

solution is measured with an optical O2 sensor (PreSens). The table on the right shows the 

parameters of the two sizes of silicon tubing used inside of the lung: inner diameter (ID), outer 

diameter (OD) and wall thickness. 

 

Firstly, an important parameter was the gas flow speed. A gas rotameter was used to control the 

gas flow into the system. The protocol for its use was optimised for stable O2 levels inside of the 

lung, measured with an optical O2 sensor, and stable temperature, measured with a thermocouple 

(data not shown); the resulting protocol required keeping the gas rotameter fully open (gas flow 

~200 mL/min) for at least 5 min to fill the lung and then decreasing the flow to 50-100 mL/min for 

the duration of the experiments to ensue continuous oxygen delivery. 

Next, temperature had proven to be an important parameter in previous diffusion experiments, 

and therefore it was carefully monitored. A thermocouple was inserted into the lung to monitor 

the lung temperature in the gas phase, and the output sample temperature was measured with a 

temperature probe that is part of the optical oxygen sensor setup. In order to avoid temperature 

gradients that could influence the oxygen exchange process in the sample, all samples and buffers 

 
“Small” 
tubing 

“Big” 
tubing 

ID 310 um 1.47 mm 

OD 640 um 1.96 mm 

Wall 165 um 245 um 
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were allowed to fully equilibrate with the room temperature after production; purified water 

(MilliQ) was allowed to stand at room temperature at least overnight after filtration before the 

experiments. 

Finally, it was important to consider the tubing. To prevent oxygen exchange outside of the lung, 

gas-impermeable PTFE tubing was used to connect the lung to the syringe pump and the output 

container with an oxygen sensor. Inside of the lung, gas-permeable silicon tubing of two sizes was 

used: smaller tubing with 0.31 mm inner diameter and 0.64 mm outer diameter and larger tubing 

with 1.47 mm inner and 1.96 mm outer diameter. The smaller tubing had the advantage of being 

closer to physiological capillary parameters, although still being larger than the smallest capillaries; 

but it presented more technical issues with elevated pressure in the sample. The bigger tubing 

was less representative of physiological conditions, but did not present pressure or agent stability 

challenges in the range of parameters used, and it was the same as the tubing used for an artificial 

lung in the literature151. Consequently, the smaller tubing was used for blood experiments, but 

first a number of calibrations and preliminary experiments was carried out in larger tubing in order 

to explore the setup’s behaviour in a wider range of parameters. 

 

A. Results with larger diameter silicon tubing (inner diameter 1.47 mm), lung with 1 atm O2 

 

First, the output O2 measurements were performed with different tubing lengths and flow speeds 

using purified (MilliQ) water, with the lung filled with pure oxygen at 1 atm (Fig. 3.4.2.2). These 

measurements were found to be in good agreement with theory: output O2 concentration in water 

increased with increasing tubing length (until it saturated at around 470% airsat, which 

corresponds to 1 atm of O2) and decreased with increasing sample flow rate, experimentally 

confirming that O2 content of the sample was closer to the O2 levels in the lung with more time 

for O2 exchange. The temperature levels were also monitored and found to be stable, mostly 
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fluctuating within a 0.4°C range both for the gas phase in the lung and the liquid phase in the 

sample (data not shown). 

 

Fig. 3.4.2.2. Output oxygen concentration in water after passing through the artificial lung filled 

with 1 atm of oxygen depending on sample flow rates, measured with different lengths of silicon 

tubing inside of the lung; the graph on the right- hand side represents part of the dataset for the 

flow rates of 10, 20 and 30 mL/min represented as a dependence on tubing length (n = 3, error 

bars represent standard deviations). 

 

For the experiments with oxygen-carrying agents, on order to see whether they have any impact 

on the O2 output concentration, it was necessary for the output O2 concentration of the setup to 

be well below saturation. In addition, a shorter length of tubing was preferable for better agent 

stability, and larger flow rates  for faster equilibration of the output readings. Consequently, for 

the next set of experiments a tubing length of 1.5 m and  flow rates of 10 and 20 mL/min were 

chosen. 
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Next, experiments with and without DBPC-PEG40S PFB microbubbles were performed. 

Importantly, since going through the setup can impair agent stability, MB size distributions and 

concentrations before and after going through the lung were compared, and it was confirmed that 

there was no concentration decrease or change in size distribution (Fig. 3.4.2.3). Then, oxygen 

concentration in the sample after going through the lung was compared between the MB solution 

and a water control (Fig. 3.4.2.3 right-hand side). No significant increase in oxygen exchange was 

seen, which is likely due to the small gas phase percentage in the MB solution, similar to the 

diffusion layer experiments. Similar experiments with flow through the lung were performed for 

nanobubble and lecithin solutions, as well as crocetin and glycerol controls (Appendix A 3.4.2).  

 

 

 

Fig. 3.4.2.3. DBPC-PEG40S PFB microbubbles size distributions and concentrations before going 

through the lung with 1.5 m tubing and after going through the lung at a flow rate of 10 mL/min 

or 20 mL/min (n = 3, error bars represent standard deviations). The graph on the right-hand side 

shows the output oxygen concentrations measured in this experiment. 
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B. Results with smaller diameter silicon tubing (inner diameter 310 um), lung with 1 atm O2 

 

After the preliminary experiments in the larger diameter silicone tubing, experiments were carried 

out in smaller (ID 310 um) silicone tubing. This tubing is closer to physiological blood capillary sizes 

and therefore was also used for the later blood experiments. 

First, calibrations with water were performed for different sample flow rates and tubing lengths 

(Fig. 3.4.2.4). Since the smaller tubing presented  more practical challenges in terms of the 

pressure required in the system, this calibration was done over a narrower range than that for the 

larger tubing; however, the trends that were seen in this calibration were similar and correspond 

to the theoretical understanding that increasing tubing length or decreasing flow speed leads to 

increased time for oxygen exchange, and therefore to higher output oxygen concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.2.4. Output oxygen concentration in water after passing through the artificial lung filled 

with 1 atm of oxygen depending on sample flow rates, measured with different lengths of silicon 

tubing inside of the lung (n = 3, error bars represent standard deviations). 
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Then, microbubble stability was checked after passing through 1 m of tubing in the lung (Fig. 

3.4.2.5). MB stability was heavily impaired, with most MBs destroyed at the flow rate of 3 mL/min, 

and all of them destroyed at 5 mL/min. The size distributions and concentrations of output 

samples were measured with NTA in order to check whether any sub-micrometre agents remain; 

however, for both 3 mL/min and 5 mL/min flow rates, the output samples were similar to the sub-

micrometre MB fractions and lipid solutions controls measured earlier, signifying agent 

destruction (Fig. 3.4.2.6). 

 

 

 

  

 

Fig. 3.4.2.5. DBPC-PEG40S PFB microbubbles size distributions and concentrations before passing 

through the lung with 1 m smaller diameter tubing and after going through the lung at a flow rate 

of 3 mL/min or 5 mL/min (n = 3, error bars represent standard deviations). The graph on the right-

hand side shows the output oxygen concentrations measured in this experiment. 
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Fig. 3.4.2.6. Size distributions and concentrations of some of the MB samples after passing through 

the 1 m lung, measured by NTA (n = 3, error bars represent standard deviations). 

 

An oxygen exchange experiment was attempted with a different type of microbubbles (EXPANCEL, 

copolymer shell (acrylonitrile and vinylidene chloride) microbubbles) with larger size and more 

rigid shells, in the hope that they would be more stable in this setup. Indeed, these bubbles were 

more stable than lipid-shelled MBs, and they produced a small but significant rise in output oxygen 

levels (Fig. 3.4.2.7); however, the large size led to impractically fast flotation times that prevented 

the use of these microbubbles in future experiments. 
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Fig. 3.4.2.7. The EXPANCEL microbubbles size distributions and morphology example (optical 

microscopy) and the output oxygen concentrations after the EXPANCEL solution (105/mL in water) 

and water control passing through the lung with 1 m smaller diameter tubing, filled with 1 atm O2; 

sample flow speed 5 mL/min (n = 3, error bars represent standard deviations). 

 

Lipid-based MBs were used in all subsequent experiments. Since they were not sufficiently stable 

under the experimental parameters described above, their stability was also checked in a lung 

with shorter (30 cm) tubing and at the lower flow rate of 3 mL/min (Fig. 3.4.2.8). MBs were 

characterised before loading into the system, as well as sampled after the syringe pump has been 

running for some time from the syringe (before going into the lung) and the output sample (after 

passing the lung), in order to check whether the pressure in the system is the main issue for the 

MB stability, or whether passing through the tubing impacts the stability further. In this 

experiment, MB stability was notably better than in the lung with 1 m tubing, although there was 

still considerable destruction; the syringe and output samples were not significantly different, 

signifying that the pressure is the main issue for MB stability and there is no additional destruction 

associated with passing through the lung. 
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Fig. 3.4.2.8. DBPC-PEG40S PFB microbubbles size distributions and concentrations before being 

loaded into the setup; before going through the lung with 30 cm tubing (in syringe) and after 

passing through the lung (in output) at a flow rate of 3 mL/min (n = 3, error bars represent standard 

deviations). The graph on the right-hand side shows the output oxygen concentrations measured 

in this experiment. 

 

Nanodroplet stability was also checked in this setup with the 1 m lung. For this experiment, phase-

change NDs acquired from DBPC-PEG40S PFB MBs by condensation were used. Their storage 

stability was checked beforehand (Fig. 2.3.3.1) and it was shown that these droplets undergo 

notable changes after 1 hour at room temperature in 1:40 dilution. However, when the duration 

of the experiment was kept to the minimum to minimise the impact of storage stability, it was 

found that the droplet stability was not impaired by passing through the lung (Fig. 3.4.2.9). The 

fact that the lung stability of these droplets is much better than that of microbubbles from the 

same materials corresponds to the theoretical understanding of these agents, as droplets have 

liquid cores that are stable to positive pressure, unlike the gas cores of MBs. 
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Fig. 3.4.2.9. DBPC-PEG40S PFB condensed droplet size distributions and concentrations before 

loading into the lung, sampled from the syringe before the lung and from the output sample after 

going through the lung, measured by NTA (n = 3, error bars represent standard deviations). The 

graph on the right-hand side shows the output oxygen concentrations measured in this 

experiment. 

 

Output oxygen concentrations were measured for all the experiments with microbubbles and 

droplets described above, as well as some other samples such as nanobubbles and crocetin; these 

results are described in the Appendix (A 3.4.2). 

 

C. Results with smaller diameter silicon tubing, lung with 1 atm N2 

 

All the experiments above were performed with the lung filled with 1 atm of oxygen. This was 

done in order to perform the calibrations of O2 concentrations in output samples and check agent 
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samples vs controls without blood (results in Appendix A 3.4.2). The output sample O2 levels were 

typically in the range of 200-300% airsat. 

However, this is not the O2 range needed for the experiments with blood. In order to see whether 

there is any change in RBC oxygenation, measurements have to be carried out in the O2 

concentration range in the buffer that corresponds to approximately 50% RBC oxygenation, which 

is around 20% airsat152. A lung loaded with oxygen cannot achieve sample airsat below 100%; 

consequently, for further experiments, including blood measurements, a lung filled with 1 atm of 

nitrogen was used. 

Similar to the previous measurements  in the O2-filled lungs, calibrations with water for various 

tubing lengths and sample flow rates were performed (Fig. 3.4.2.10). For 30 cm tubing, the 

desirable output O2 of 20% airsat could not be achieved with flow rates reasonable for this setup, 

while for 1 m tubing the MB stability was insufficient. Therefore, as a compromise between O2 

output, flow rates and MB stability, 60 cm tubing was used, in which 20% airsat in the output water 

sample corresponded to a sample flow rate of ~ 0.8 mL/min. 

 

Fig. 3.4.2.10. Output oxygen concentration in water after passing through the artificial lung filled 

with 1 atm of nitrogen depending on sample flow rates, measured with different lengths of smaller 

diameter silicon tubing inside of the lung (n = 3, error bars represent standard deviations). 
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Microbubble stability was checked in the lung with 60 cm tubing at 0.8 and 2.0 mL/min and was 

markedly improved compared to the 1 m tubing; there was no significant change in size 

distribution or concentration of MBs after going through the lung (Fig. 3.4.2.11). MB stability under 

these conditions was therefore sufficient for subsequent blood experiments. Oxygen 

concentration in output was also measured; similar to previous experiments, it did not differ 

significantly between MBs and controls, however it did confirm the calibration reading for output 

O2 concentrations (Fig. 3.4.2.11 right-hand side). 

 

 

 

 

Fig. 3.4.2.11. DBPC-PEG40S PFB microbubbles size distributions and concentrations before and 

after going through the N2 lung with 60 cm tubing at a flow rate of 0.8 or 2.0 mL/min (n = 3, error 

bars represent standard deviations). The graph on the right-hand side shows the output oxygen 

concentrations measured in this experiment. 
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3.4.3. Setup with simple artificial lung: experiments with blood 

 

Based on the results of the preliminary experiments described in 3.4.2, the parameters for the 

lung were chosen as follows: 60 cm small (ID 310 um) silicone tubing, lung filled with 1 atm N2, 

flow speed of 0.8 mL/min corresponding to ~20% airsat in the output water control. 

The setup was modified for blood oxygenation measurements. The output optical O2 sensor was 

replaced by a lamp and an optical spectroscope, which allowed  measurement of blood 

absorbance spectra and, consequently, oxygenation (Fig. 3.4.3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.3.1. The modification of the artificial lung setup for blood oxygenation measurements. To 

detect blood oxygenation via the absorbance spectra, a broadband light source was used to shine 

through the tubing with blood samples, and the light was detected on the other side of the sample 

by an optical spectroscope; the light source, spectroscope detector and outlet tubing were fixed 

in a custom-made holder in order to keep relative positions fixed during an experiment. 

 

Preliminary experiments were carried out with porcine blood. The absorbance of undiluted blood 

was too high to detect the haemoglobin spectrum; different dilutions in DPBS were tested, and a 
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1:10 dilution was sufficiently transparent to reliably measure haemoglobin absorbance (Fig. 

3.4.3.2). The blood in these experiments was equilibrated with air and therefore the absorbance 

spectrum shows the two characteristic peaks of oxygenated haemoglobin absorbance. 

Deoxygenated haemoglobin only has one peak in this part of the spectrum, which means that 

absorbance in the 520-590 nm range allows for quantification of RBC oxygen saturation. 

 

 

Fig. 3.4.3.2. Light intensity and absorbance relative to the DPBS buffer for different dilutions of air-

equilibrated (fully oxygenated) porcine blood measured in the setup. 

 

For further experiments, blood freshly collected from a human volunteer was used, instead of 

acquiring commercially available animal blood products. The reason for this is that blood is known 

to have reduced oxygen exchange properties after storage, due to the degradation of some 

oxygen release co-factors such as 2,3-DPG153, and therefore in order to study oxygen exchange 

fresh blood was needed. 

Spectra for air-equilibrated (fully oxygenated) and N2-equilibrated (fully deoxygenated) human 

blood were measured with the lamp and spectroscope outside of the lung setup. It was found that 
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the measured spectra corresponded to the literature, with two peaks in the 500-600 nm range for 

oxygenated blood and one peak for deoxygenated blood154 (Fig. 3.4.3.3). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.3.3. Absorbance spectra relative to DPBS buffer for human blood, diluted 1:7 in DPBS, in a 

Luer µ-slide (0.2 mm height, glass bottom); blood was either air-equilibrated (oxygen-saturated) 

or subjected to a gentle flow of N2 before loading into the sample holder (deoxygenated). The 

green arrows illustrate the blood oxygenation quantification, which was performed by subtracting 

the local minimum absorbance from the two local peak values. 

 

The blood oxygenation quantification was performed by measuring the two local peaks seen in 

the oxygenated haemoglobin spectra (illustrated in Fig. 3.4.3.3). For each absorbance spectrum, 

the local maxima were found for the first peak (~542 nm) and second peak (~576 nm), and then 

the local minimum value (~560 nm) was subtracted from these numbers, resulting in the two peak 

heights: 
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It was observed that the obtained spectra had small variations between repeats, most likely due 

to slight light output variations from the source or shifts in alignment, which could be almost fully 

corrected by shifting the spectra by a small constant value, i.e., multiplying the intensity by a 

constant factor close to 1 (checked on a buffer controls dataset, data not shown). Quantifying the 

blood oxygenation levels by calculating the peak heights as shown above allowed for these small 

shifts to be corrected, since the correction factor for intensities would be reduced in the fraction 

on the right-hand side, providing a metric that allows for meaningful comparison between 

experiment runs. 

After these preliminary experiments, blood oxygenation measurements were performed in the 

lung filled with N2 at 1 atm. The first set of lung parameters was chosen from the buffer calibrations 

(Fig. 3.4.2.9) in order to achieve output buffer O2 concentration corresponding to ~50% 

haemoglobin oxygen saturation: 60 cm of smaller diameter tubing, 0.8 mL/min sample flow speed. 

The air-saturated blood sample (diluted 1:10 in saline buffer) was therefore expected to go from 

100% to around 50% Hb O2 saturation after going through the lung under these conditions. No 

haemolysis was detected in the blood samples after going through the lung (data not shown); 

however, it was observed that the output blood samples in these experiments were still almost 

fully oxygenated. This was likely caused by the blood dilution, since it is known that dilution can 

affect the RBC oxygen dissociation curve, shifting it towards higher affinity to oxygen155. 

In order to experimentally determine better flow conditions for this blood dilution, measurements 

were performed with various sample flow speeds – 0.1, 0.4 and 0.8 mL/min (Fig. 3.4.3.4). It was 

seen that lowering the sample flow speed improved gas exchange, with blood becoming less 

oxygenated after going through the lung at slower speeds. 
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Fig. 3.4.3.4. First and second peak in blood absorbance spectra (human blood in 1:10 dilution in 

saline buffer, air-equilibrated before the experiment) after going through the lung filled with 1 

atm N2 (60 cm smaller diameter silicon tubing) at the flow speeds of 0.1, 0.4 or 0.8 mL/min; as 

explained above, higher peaks indicate more oxygenated blood, and lower peaks in this 

experiment therefore signify more gas exchange with the lung (n = 3, error bars represent 

standard deviations). 

 

Next, experiments were performed in the same setup (60 cm smaller diameter tubing, lung filled 

with N2 at 1 atm) with blood samples with or without added oxygen-carrying agents. The runs 

were performed at three flow speeds as above, with the expectation that at the lower flow rate 

(0.1 mL/min) the potential effect from the added agents would be more pronounced due to the 

increased gas exchange time. In all cases the blood and agent solutions were equilibrated with air 

oxygen concentration and room temperature before the experiments, and temperature stability 

was monitored in the gas phase of the lung throughout the runs. The agents used were DBPC-

PEG40S PFB microbubbles, lecithin PFOB non-phase-change droplets and lecithin-based 

nanobubbles (detailed characterisations are provided in Chapter 2), as well as crocetin (Figs. 

3.4.2.5 – 3.4.2.8). 
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Fig. 3.4.3.5. First and second peaks of the absorbance spectra of blood (diluted 1:10 in DPBS 

buffer) with or without DBPC-PEG40S PFB MBs (dilution 1:10 from stock, concentration in final 

solution ~1*108/mL) after passing through the lung (60 cm smaller tubing, 1 atm N2) at the flow 

rates of 0.1, 0.4 or 0.8 mL/min; results are shown for two independent experiments carried out 

with different samples on different days (n = 3, error bars represent standard deviations). * 

indicates significant difference (p < 0.05 as calculated with a two-tailed t-test), ns – not significant 

(p >= 0.05). 
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Fig. 3.4.3.6. First and second peaks of the absorbance spectra of blood (diluted 1:10 in DPBS 

buffer) with or without lecithin PFOB droplets (approximately 0.06 g/mL PFOB in final solution) 

after passing through the lung (60 cm smaller tubing, 1 atm N2) at the flow rates of 0.1, 0.4 or 0.8 

mL/min (n = 3, error bars represent standard deviations). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.3.7. First and second peaks of the absorbance spectra of blood (diluted 1:10 in DPBS 

buffer) with or without lecithin-based nanobubbles (dilution 1:10 from stock, concentration in 

final solution ~5*1011/mL, pH of stock adjusted to neutral) after passing through the lung (60 cm 

smaller tubing, 1 atm N2) at the flow rates of 0.1, 0.4 or 0.8 mL/min (n = 3, error bars represent 

standard deviations). 
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Fig. 3.4.3.8. First and second peaks of the absorbance spectra of blood (diluted 1:10 in DPBS 

buffer) with or without crocetin (concentration 100 µM in final solution) after passing through the 

lung (60 cm smaller tubing, 1 atm N2) at the flow rates of 0.1, 0.4 or 0.8 mL/min (n = 3, error bars 

represent standard deviations). 

 

For the droplet, nanobubble and crocetin samples, the difference between the blood samples with 

and without the agent was insignificant (p >= 0.05 as calculated with a two-tailed t-test) (Figs. 

3.4.3.6 – 3.4.3.8). A large and significant change in peak heights was observed in some cases for 

microbubbles added to the blood samples for the lower flow rate of 0.1 mL/min (Fig. 3.4.3.5); 

interestingly, however, the absorbance peaks increased with added MBs, signifying more 

oxygenated blood and, consequently, less – not more – gas exchange with the lung; a similar result 

was observed in the same experiment repeated independently on a different day. 

This effect could be explained by comparing two characteristics of the MB solutions: diffusion 

speed and solubility. The diffusion speed through the MB solution is increased compared to the 

buffer, as the gas phase provides faster oxygen and nitrogen diffusion; the payload gas passing 

through the lipid layer, although potentially slowing the diffusion down, does not nullify this speed 

increase156. However, oxygen and nitrogen solubility in MB solutions is also increased due to the 
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presence of the gas phase. This does not impact the gas diffusion speed in the dynamic equilibrium, 

but solubility becomes important when MBs are introduced into a medium with a different gas 

content, as for example in the lung experiments. In this case, when oxygen and nitrogen gases 

start exchanging when the sample begins passing through the setup, there are two competing 

processes: the diffusion speed increasing due to the presence of MBs, but also the MBs taking up 

the gases, which would lead to slower gas exchange. The diffusion theory relies on the first process 

being dominant; however, the second process may also be substantial depending on the 

parameters of the system. 
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3.5 Summary and conclusions 

 

Based on the discrepancy between the small total volume in one dose of PFC-based oxygen 

carriers and the oxygenation effects that they have been shown to produce in vivo, a hypothesis 

has been proposed that these agents act by shortening the speed-limiting diffusion path of oxygen 

through plasma and thus enhancing oxygen diffusion between red blood cells and tissue. The 

experimental support for this hypothesis is limited to only a few agents, and therefore the aim of 

this chapter was to develop a setup to test the diffusion hypothesis for a wider variety of oxygen 

carriers, including ultrasound-responsive agents. 

Preliminary work was carried out by developing a setup for measuring oxygen diffusion speed in a 

sample layer without blood or flow, which allowed to determine important setup design 

considerations for future work. Then, preliminary tests with flow were carried out in a clinical 

organ perfusion setup with artificial lungs, but it was found that this setup does not provide 

enough control over the parameters of the experiment to efficiently measure the speed of oxygen 

exchange. 

Consequently, a simple artificial lung setup was constructed to measure oxygen saturation of RBCs 

in a flow setting after they undergo gas exchange in a controlled gas environment. A number of 

experiments were undertaken in order to perform calibrations and optimise the setup parameters 

for optimal agent stability and output oxygen levels. Final experiments undertaken with this 

optimised setup showed no significant oxygenation changes for blood samples with PFOB droplets, 

lecithin nanobubbles and crocetin compared to blood controls; however, a change was detected 

for blood samples with DBPC-PEG40S microbubbles at lower flow speeds, signifying that the 

microbubbles slowed down the gas exchange process, as opposed to speeding it up. This was 

explained by the increased gas solubility in the microbubbles, which taken together with the 
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diffusion processes can, under certain experiment parameters, lead to overall decreased gas 

exchange speed in non-equilibrium situations. 

Although this observation does not disprove the diffusion hypothesis, it leads to the conclusion 

that more detailed calculations are needed to understand the space- and timescales of the 

competing processes of the gas exchange processes being sped up by enhanced diffusion and 

slowed down by enhanced solubility. 

 

Future work 

 

The experiments described in this chapter do not conclusively support or contradict the diffusion 

hypothesis for the tested agents. In order to test this hypothesis further, different experimental 

parameters are needed. 

Most importantly, the smallest silicon tubing inner diameter used in this study was 310 um, as 

smaller gas-permeable tubing could not be obtained, and there are practical challenges in 

producing smaller channels in other suitable materials such as PDMS; in addition, the setup would 

have to be carefully designed in order to avoid pressure increases that would damage the agent 

or RBC stability, and suitable adjustments would have to be made to the absorbance spectra 

detecting part of the setup. If these challenges could be solved, smaller tubing or channels would 

provide a better model for the capillaries that conduct most of the gas exchange in the body, 

therefore making this a more reliable model of in vivo conditions, as the size is important not only 

for the timescales of all the processes, but also to better model the radial agent distribution in the 

vessel and the wall excess phenomenon. 

Another aspect that was not explored in this project in sufficient detail is the potential interaction 

between the RBCs and oxygen-carrying agents: in addition to the diffusion enhancement through 
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the plasma, the carriers may be able to fuse with the RBC membranes. It is known that at least 

some of the agents used in this project can transfer material into the cell membranes during 

ultrasound exposure; therefore it would be of interest to check whether this applies to RBCs in 

suspension as well, and to test whether any of the agents can go into the RBC membranes after 

incubation without ultrasound. Preliminary experiments were carried out to this end, but agent 

labelling requires further optimisation. 

Finally, more detailed theoretical simulations or calculations of the dynamics of oxygen diffusion 

in a mixture of RBCs and agent flowing in a vessel, for example using the microphase framework147, 

would also be of interest. This would allow to better understand this system and make informed 

predictions of the experimental parameters that would be needed to reproduce the possible 

diffusion effects in vitro. 
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Chapter 4. Characterisation of the ultrasound exposure setups 

 

4.1 Introduction 

 

The previous chapter describes the investigation of the mechanisms of oxygen delivery by various 

carrying agents, which is an important aspect for oxygen-dependent therapies such as 

sonodynamic therapy (SDT). This chapter addresses a different aspect of SDT, namely reactive 

oxygen species (ROS) generation and mechanisms of cell killing. 

As described in the literature review (section 1.3), there are some discrepancies in the types of 

ROS reported in the literature for SDT with various drugs under various exposure conditions, and 

there is a mismatch between the quantities of ROS produced by drugs that exhibit both photo- 

and sonosensitivity when exposed to either light or sound. The following part of this project 

explored this issue, studying ROS production during SDT and testing a cell kill mechanism 

hypothesis. 

An important preparatory step for sonication experiments, in order for the results to be reliable 

and appropriately reported, is the design and characterisation of the ultrasound exposure setup. 

This chapter details the ultrasound setups used in this project, describing the motivation behind 

their design, as well as various characterisation experiments. 

 

4.1.1 Importance of the characterisation and monitoring of therapeutic ultrasound experiments 

 

One of the reasons for the discrepancies in the reported characterisation of ROS produced with 

ultrasound is the ongoing lack of standards for the characterisation, monitoring and subsequent 

reporting of therapeutic ultrasound exposures. While some studies utilise carefully designed and 

calibrated setups, many others use commercially available ultrasound sources and common 
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sample holders such as 96-well plates without proper ultrasound output monitoring, which makes 

comparing the results across different studies difficult or even impossible. There has been an 

active push across the therapeutic ultrasound field to implement better experimental practices 

and literature reporting standards157; however, this issue is still ongoing. 

For this reason, particular attention in this project was devoted to good experimental practice with 

regard to the ultrasound setup usage. It included publication work carried out in collaboration 

with Dr Michael Gray, Veerle Brans and Prof Eleanor Stride, which provided experimental protocol 

guidelines and representative measurements with the ultrasound setup used in the current 

project103. 

 

4.1.2 Chapter overview and objectives 

 

This chapter aims to summarise the characterisation of ultrasound setups used in this project and, 

importantly, discuss some of the good practice experimental guidelines that were followed. 

 

4.1.3 Attribution of work 

 

The system for acoustic transfection (SAT) 2 setup described in this chapter was designed and built 

in-house, as reported in the paper by Carugo et al158. SAT2 setup schematic image (Fig. 4.3.1.1) 

was provided by Dr Michael Gray. Transducer calibration in Fig. 4.3.1.2 was performed by the 

project author with the help of Dr Michael Gray. 

SAT2E setup was designed and characterised by Dr Michael Gray (Figs. 4.4.1.1 – 4.4.1.2). 

The PCD processing MATLAB script was written by Dr Michael Gray and adjusted by the thesis 

author. 
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All other experimental and data processing work was performed by the author of this thesis. 

4.2 Materials and methods 

 

The materials and methods for microbubbles and other agent production and characterisation are 

described in detail in Chapter 2. 

 

4.2.1 List of equipment 

 

The SAT2 and SAT2E setups used a 1 MHz transducer (Imasonic 8233 A101, Imasonic SAS, France). 

The transducer was driven by an amplified signal from a waveform generator (generator Agilent 

33250A, Agilent Technologies, USA; amplifier ENI A300, Electronic Navigation Industries, USA, or 

1140LA, Electronics & Innovation, Ltd., USA). The amplifier output was monitored with an 

oscilloscope (Teledyne LeCroy, USA) via a high voltage probe. 

The passive cavitation detection was performed with a PCD probe (7.5 MHz centre frequency, 

either focused in the centre of the sample dish or unfocused depending on experiment, Olympus 

V320, Olympus, UK). Drive frequency was removed from the signal with a high-pass filter (2 MHz, 

Allen Avionics, Inc., USA, or 1.8 MHz, ThorLabs, USA). Afterwards the signal was preamplified 5x 

(SR445A, SRS, Sunnyvale, USA) and recorded using a digital oscilloscope (TiePie HS3 or HS5 

depending on experiment, TiePie engineering, The Netherlands). 

 

4.2.2 PCD processing 

 

The PCD signals, after passing through a 2 MHz high-pass filter and a pre-amplifier, were recorded 

with a digital oscilloscope (TiePie) at a sampling frequency of 25 MHz (100 000 samples per record). 

The recorded traces were fitted with a Tukey window and analysed using a Fast Fourier Transform 
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in MATLAB (data was processed with Welch’s method for power spectral density). Harmonic and 

ultraharmonic intensities were estimated from the signal at harmonic and ultraharmonic 

frequencies within a frequency bin window (5 kHz). 

 

4.2.3 PDMS moulding 

 

The sample holder is a PDMS lid designed to fit a 35 mm cell culture dish158 (µ-Dish, Thistle 

Scientific, UK). 

To produce sample holder lids, an in-house manufactured mould form was cleaned with 70% 

ethanol, filled with a 9:1 (by weight) mix of PDMS and a cross-linking agent and was degassed for 

at least 40 minutes in a vacuum chamber; the level of PDMS was controlled so that the surface of 

the sample holder is as thin as possible (~1 mm). Then it was placed in an oven at 650°C overnight. 
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4.3 SAT2 setup 

 

4.3.1 Description of the setup 

 

The SAT2 ultrasound exposure setup was designed and built in-house158 (Fig. 4.3.1.1). The main 

rationale behind its design was to provide a blueprint for constructing a ultrasound setup that can 

provide a reproducible ultrasound field and the possibility of PCD monitoring, but at the same time 

is easy to assemble and use. 

The setup consists of a small water tank (volume ~1L, filled with filtered MilliQ water after 

degassing for at least 1 h down to approximately 50% air saturation with a vacuum pump), which 

contains the transducer (1 MHz) and the sample holder. The sample holder is a PDMS lid designed 

to fit a 35 mm cell culture dish (Ibidi µ-Dish); during the experiments the sample is sealed and the 

cell dish is inverted, in order to ensure good microbubble contact with cells via flotation, as well 

as to avoid having the plastic of the cell culture dish in the ultrasound path between the transducer 

and the sample. 

The chamber lid contains an ultrasound absorber and a slot for a passive cavitation detector (PCD, 

7.5 MHz centre frequency, either focused in the centre of the sample dish or unfocused depending 

on experiment). 
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Fig. 4.3.1.1. Schematic of the SAT2 setup (design and image courtesy of Dr Michael Gray). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.1.2. Schematic and photographs (side view and top view) of the sample holder: PDMS lid 

(SonoLid) with an inserted cell culture dish (35 mm Ibidi dish); the PDMS lid has holes for sample 

filling that are plugged for ultrasound exposures. In the setup the sample holder is positioned with 

the cell-adherent surface facing up (in order to assist cell-MB interactions through MB flotation) 
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and the ultrasound transducer is positioned below the sample (as PDMS is more transparent to 

ultrasound than the cell dish plastic). 

 

The pressure calibration of the transducer across the sample plane is shown in Fig. 4.3.1.3. As the 

field was not homogenous, it was averaged over the sample surface area for the pressures 

indicated in suspension experiments; a modification of this setup (SAT2E, see section 4.4) was 

constructed in order to achieve a bigger area of homogenous pressure for dish-adherent cell 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.1.3. Peak negative pressure field of the SAT2 transducer in the plane corresponding to the 

sample plane (32 mm away from the transducer surface) at the input peak negative voltage of 

60.6 V. For suspension experiments, the centre of the sample was approximately aligned to this 

plane, while for cell experiments, the top of the sample (i.e., the cell dish surface) was put into this 

position (the sample height on the sample holder is adjustable). 
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4.3.2 Experiments with SAT2 

 

To obtain robust and well-reproducible ultrasound exposure data, it is important to keep in mind 

several technical issues regarding the experiments and ultrasound agent sample preparation. 

 

A. Buffer oxygenation 

 

One of the principal issues is the gas content of the sample buffer. For some in vitro experiments, 

especially for ROS measurements or experiments with oxygen-containing samples, buffers are 

degassed to reduce the background; however, this can negatively impact the stability of the 

microbubbles; in addition, buffer air content has to be controlled for the whole duration of the 

experiment to ensure reproducibility139. Moreover, degassed buffers cannot be used for cell work 

experiments. Consequently, the optimal buffer gas content depends on the type of the experiment 

conducted and the microbubbles/other ultrasound-responsive agents used. 

From the point of view of microbubble stability, this issue has been discussed above, and it was 

shown that MB stability is severely impaired in degassed media (Fig. 2.4.2.4). Here, this issue was 

also investigated from the point of view of PCD emissions. Fig. 4.3.2.1 shows an example of PCD 

detection for a sample of commercially available SonoVue microbubbles diluted in DPBS at 100% 

and ~50% air saturation, with the degassed buffer sample showing lower broadband intensity and 

larger variability in harmonic and ultraharmonic peak heights. This confirms that measurements 

in degassed media are not well-suited for microbubble experiments; all further experiments were 

carried out in air-equilibrated buffers. 
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Fig. 4.3.2.1. Sample power spectra for a microbubble sample (SonoVue, 107 MB/mL) measured in 

DPBS at 100% air saturation and ~50% air saturation. Signals detected with a focused PCD with a 

7.5MHz center frequency. Ultrasound parameters: 1 MHz, 1.06 MPa peak to peak, 30% duty cycle, 

100 Hz pulse repetition frequency. 

 

B. Focused and unfocused passive cavitation detectors 

 

Another important issue for ultrasound experiments is signal monitoring. In particular, the choice 

of PCD center frequency and focal parameters may impact the interpretation of the detected 

signal. For these studies, a PCD with the center frequency of 7.5 MHz was used, and focused and 

unfocused PCD detectors were compared for a microbubble sample (Fig. 4.3.2.2). Due to the small 

focal area of the focused PCD, it was expected that the signal would be lower and variability over 

time higher than for unfocused PCD due to microbubbles (or macroscopic bubbles/foam formed 

during the sonication) floating in and out of the focal region; indeed, this was what was observed 

experimentally. Due to these results, most of the experiments reported in Chapter 6 used an 

unfocused PCD. 
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Fig. 4.3.2.2. PCD signal vs time (full power and its harmonic component) for a microbubble sample 

(SonoVue, 107 MB/mL in 100% airsat DPBS) measured with a focused and unfocused PCD. Both 

PCDs had a center frequency of 7.5 MHz; for the focused PCD the focus was in the middle of the 

sample holder. Filled areas represent standard deviations for n = 3 repeats (cut off at -100dB for 

the harmonic component due to large variability). Ultrasound parameters: 1 MHz, 1.06 MPa peak 

to peak, 30% DC, 100 Hz PRF. Ultrasound was switched on at t = 3 sec. 

 

C. Macroscopic air bubbles in the setup 

 

In order to obtain reliable data, one more technical issue is avoiding cavitation and scattering 

outside of the sample. For this reason, water is purified and degassed to ~50% airsat prior to 

loading into the setup, and visible bubbles are removed from the water tank before and between 

experiments. Care should also be taken when loading sample solutions into the sample holder. Fig. 
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4.3.2.3 illustrates the importance of this in an example of PCD data obtained with a macroscopic 

air bubble deliberately introduced into the sample holder, with the air bubble signal being much 

more noisy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.2.3. PCD power vs time and example power spectra for a sample holder with a large air 

bubble compared to a fully filled sample holder. SonoVue concentration 107 MB/mL, sample 

volume 10mL in DPBS (100% airsat). Signals detected with a focused PCD with a 7.5MHz center 

frequency. Ultrasound parameters: 1 MHz, 1.06 MPa peak to peak, 30% DC, 100 Hz PRF. 

Ultrasound was switched on at t = 3 sec. 
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The issues above illustrate only some of the considerations that should go into designing 

ultrasound exposure experiments, and they were taken into consideration for the experiments 

described in Chapters 5 and 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 
 

4.4 SAT2E setup 

 

4.4.1 Description of the setup 

 

The SAT2 setup was used for a number of experiments in which the sample (microbubbles with or 

without various sonosensitisers and/or ROS sensors) was in suspension inside of the sample 

holder; for the purpose of these experiments, the ultrasound pressure was spatially averaged 

across the sample area under the assumption that the mixing within the sample during the 

experiment is sufficient. However, such an assumption is not applicable for experiments with cells 

that are adherent to the sample holder dish; in this case, a sufficiently large area of homogenous 

pressure is needed in order to characterise the pressure field that the observed cells were 

subjected to. The inhomogeneity of the pressure fields in the SAT2 setup was too large for this 

goal (Fig. 4.3.1.2), and therefore the setup was re-designed with a larger tank that would allow to 

place samples further from the transducer and therefore obtain a more homogenous pressure 

field. 

This setup was named SAT2E (Fig. 4.4.1.1). The electrical components of this setup, including the 

transducer and the PCD circuit, were identical to the SAT2, as was the sample holder polymer dish; 

the tank configuration was the only change. This resulted in a more homogenous field across the 

sample plane (Fig. 4.4.1.2); the central area of approximately 5 mm diameter, which is a feasible 

size scale for microscopy imaging, had less than 10% pressure field standard deviation. 
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Fig. 4.4.1.1. SAT2E tank schematic (design and image courtesy of Dr Michael Gray). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4.1.2. Transducer normalised pressure field across the sample plane; the dashed line 

indicates the 20 mm2 central region with the pressure >= 71% of the maximum value (i.e., less 

than 10% pressure standard deviation across the region) (data and image courtesy of Dr Michael 

Gray). 
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4.5 Summary and conclusions 

 

This chapter described the main ultrasound setups used for the current project (named SAT2 and 

SAT2E), which were designed and assembled in-house. Good experimental practice for the field 

of therapeutic ultrasound was discussed. Experimental data illustrating some of these issues 

(sample buffer gas content, focused vs unfocused PCD and macroscopic air bubbles in sample) 

was given using the SAT2 setup and commercially available SonoVue microbubbles. The guidelines 

described here for reliable ultrasound exposure experiments were followed throughout this 

project. 
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Chapter 5. Reactive oxygen species generation and measurement 

 

5.1 Introduction 

 

In order to aid in the transition of SDT into clinical use, better understanding of its mechanisms 

has to be developed (see section 1.3 of the literature review). In particular, this entails further 

characterisation of reactive oxygen species (ROS) that are produced during sonication. 

Chapter 4 discusses the technical side of the sonication experiments, in particular the ultrasound 

setup characterisation and important consideration for the reliability of experiments. The current 

chapter moves on to the issue of ROS detection and quantification during ultrasound exposures 

of sonosensitive drugs. 

 

5.1.1 Sonodynamic therapy drugs 

 

Sonodynamic therapy employs a wide array of active compounds (usually referred to as 

sonosensitizers). As SDT initially emerged from PDT, it is not surprising that many SDT drugs were 

initially developed for PDT and exhibit light, as well as ultrasound, responsiveness. 

Small-molecule SDT drugs can be roughly divided into several types159: 

• Porphyrin-based: these drugs include photosensitizers such as porphyrin and photofrin, as 

well as their derivatives such as protoporphyrin and chlorin e6; this is the oldest class of 

SDT drugs, as first publications on SDT used hematoporphyrin88,89. 

 

• Xanthene-based: xanthene dyes such as erythrosine B and rose bengal (RB). 

 

• Non-steroidal anti-inflammatory-based, including fluoroquinolone antibiotics, 

ciprofloxacin, gatifloxacin, lomefloxacin, sparfloxacin, tenoxicam and piroxicam. 
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• Other sonosensitizers: a wide variety of molecules159, including curcumin, indocyanine 

green, acridine orange, hypocrellin B, 5-ALA and IR780. 

 

A number of nanoparticle-based agents have also been developed, such as titanium dioxide 

particles and even black phosphorus semiconductor nanosheets hybridised with gold particles, as 

well as a wide array of agents for combining SDT with imaging, or chemo- or immunotherapy94. 

Similar to many areas of nanobiotechnology, these particles offer a number of advantages, but 

still require a long development process before they may be tested clinically. Small molecule drugs, 

despite their much more limited function versatility, are better-studied, especially in the case of 

many SDT drugs, which have been repurposed from other applications for which their safety 

profiles and pharmacokinetic properties are already known. 

The SDT drug used in this project is Rose Bengal (4,5,6,7-tetrachloro-2',4',5',7'-

tetraiodofluorescein, or RB; structure is shown in Fig. 5.1.1.1). Like many other drugs, RB was 

initially used as a textile dye; now RB sodium salt is a commonly used dye used in eye drops in 

order to identify damaged cells, and it is used in some other applications where staining of dead 

cells is needed. (Note that in the literature RB sodium salt is also often referred to as simply Rose 

Bengal; in this thesis, the distinction is also not generally drawn unless it is important to the 

discussion.) 

 

 

 

 

 

 

 

Fig. 5.1.1.1. Rose Bengal and Rose Bengal disodium salt structure (image source: Wikipedia.org). 
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RB was discovered to have photo- and sonosensitive properties, which has led to its application in 

therapy. A number of studies showed that RB enhanced ultrasound-induced cell killing in cell 

experiments and (when delivered in suitable form or carrier vehicles) slowed down tumour growth 

in animal models160. 

(An important note on the cell studies is that they characterised the effect of RB or its derivatives 

on cells in different ways, some of which could be reliable live/dead cell markers, while others may 

not be able to distinguish between reversibly and irreversibly sonoporated cells, depending on the 

exact protocol and the timelines of the experiment; care should therefore be taken when 

interpreting some of the results. This is a notable issue in the field of sonoporation studies and will 

be covered in more detail in Chapter 6.) 

One of the barriers to using Rose Bengal in cancer therapy is its fast clearance from the body that 

does not allow for therapeutically relevant concentrations to be generated in a tumour. One of 

the ways to overcome this issue is chemical modification, in particular to make the molecule more 

amphiphilic, and indeed it has been attempted161,162. Another strategy is loading or attaching Rose 

Bengal to delivery vehicles, such as microbubbles that have additional functionality for SDT as 

cavitation nuclei41,42. 

Some attention has been directed at elucidating the RB-induced cell killing mechanisms. Its light-

activation mechanism is well-studied: in PDT terminology, it is a type II sensitizer, meaning that its 

activation by green light (532 nm) leads to the generation of singlet oxygen. The understanding of 

the ultrasound-induced action of RB is less well-developed. One study showed that RB-induced 

cell effects were suppressed by the addition of histidine, which is known to scavenge singlet 

oxygen and possibly hydroxyl radicals97. Another study argued that singlet oxygen, or indeed any 

other sensitizer-derived free radicals, do not play a role in RB-induced cell killing, and the effects 
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are mainly mechanical163. Yet another paper concluded that singlet oxygen is not the principal 

mechanism of ultrasound-induced RB toxicity and instead suggests peroxyl and alkoxyl radicals98. 

This is illustrative of an issue common to many SDT drugs, which is that the mechanisms of 

activation and/or action are not yet fully understood93. One of the aims of the presented thesis 

was therefore to contribute to better understanding of SDT, with the current chapter discussing 

in vitro ROS measurements with Rose Bengal, and the following chapter presenting cell 

experiments and discussing a sonoporation mechanism hypothesis. 

 

5.1.2 Reactive oxygen species measurements 

 

There are various methods of ROS detection; one of the most popular is using fluorescent 

chemicals as markers for one or several ROS species, but other methods such as sensor 

quantification by HPLC or other methods of optical detection (e.g., by specific infrared emissions 

for singlet oxygen) are also used. A number of literature reviews have summarised these methods 

in great detail164,165; in this introduction, only the sensors used in the current study are discussed. 

 

A. Singlet Oxygen Sensor Green (SOSG) 

 

SOSG is an optical sensor that exhibits fluorescence when exposed to singlet oxygen. As it is a 

commercial agent, its structure was not disclosed, but a feasible structure has been suggested in 

the literature based on fluorescein and anthracene166. 

It has become popular for singlet oxygen detection due to its alleged specificity to this ROS species; 

a number of studies showed its use for in vitro and in vivo ROS measurements167,168. However, due 

to its widespread use, SOSG has also been widely studied to understand its mechanisms and 

limitations, and a number of problems have been reported, such as photodecomposition, singlet 
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oxygen generation (i.e., self-activation)169, efficient binding to proteins that can impede its use in 

cells and, in vivo166, unwanted activation in the presence of ionizing radiation100, in alkaline pH or 

in the presence of certain solvents, as well as other off-target interactions. 

Interestingly, a study that was published after the experiments presented in this chapter were 

carried out also stated that SOSG is activated by ultrasound in aqueous solutions and that hydroxyl 

radicals may be involved in this process101. 

Taken together, this body of work signifies that care should be taken when using SOSG and 

designing appropriate controls. 

 

B. 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) 

 

While the SOSG results emphasize the need for great care when using this sensor, one of the SOSG 

photochemistry studies also noted that problems like photodegradation and self-activation are 

common for fluorescein-based sensors169. In addition, fluorescence measurements in general, 

despite their marked advantages, also bring a number of technical issues, especially in complex 

solutions. Consequently, a chemically different sensor was explored with the goal of detecting 

singlet oxygen via the change in absorbance spectra, as opposed to fluorescence. 

ABDA is a water-soluble derivative of anthracene (Fig. 5.1.2.1) that can be photobleached by 

singlet oxygen to the corresponding endoperoxide. It has a characteristic absorbance spectrum 

with four peaks in the 340 – 420 nm range that can be used to monitor changes in singlet oxygen 

concentration170. 
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Fig. 5.1.2.1. Structure of ABDA (image source: PubChem; PubChem Identifier: 3458978; URL: 

https://pubchem.ncbi.nlm.nih.gov/compound/9_10-Anthracenediyl-bis_methylene_dimalonic-

acid#section=2D-Structure). 

 

C. 1,3-diphenylisobenzofuran (DPBF) 

 

Another sensor that was tested due to its widespread use in singlet oxygen detection, including 

ultrasound-induced ROS studies, was DPBF. It is a diene (Fig. 5.1.2.2) that interacts with singlet 

oxygen, resulting in its transformation into a colourless substance 1,2-dibenzoylbenzene, which 

allows to optically quantify the presence of singlet oxygen. The fact that DPBF interacts with singlet 

oxygen was noticed around half a century ago171, and it has been widely used as a singlet oxygen 

sensor since, making it well-established in the field. 

 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/compound/9_10-Anthracenediyl-bis_methylene_dimalonic-acid#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/9_10-Anthracenediyl-bis_methylene_dimalonic-acid#section=2D-Structure
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Fig. 5.1.2.2. Structure of DPBF (image source: PubChem; PubChem Identifier: 21649; URL: 

https://pubchem.ncbi.nlm.nih.gov/compound/1_3-Diphenylisobenzofuran#section=2D-

Structure). 

 

A notable shortcoming of DPBF is its poor water solubility, which makes it unsuitable for most 

biological applications. Attempts have been made to develop water-soluble derivatives of 

DPBF172,173, but these do not seem to have been translated into widespread use. 

 

D. Furfuryl alcohol (FFA) 

 

Finally, ROS measurements were attempted in a non-optical way, in order to provide a different 

detection mechanism that is free of challenges associated with fluorescent sensors, via HPLC 

detection of FFA (Fig. 5.1.2.3). It is known that FFA reacts with singlet oxygen174, and an HPLC 

protocol for its detection was developed for this project. 

 

 

 

 

 

Fig. 5.1.2.3. Furfuryl alcohol structure (image source: Wikipedia.org). 

https://pubchem.ncbi.nlm.nih.gov/compound/1_3-Diphenylisobenzofuran#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/1_3-Diphenylisobenzofuran#section=2D-Structure
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5.1.3 Chapter overview and objectives 

 

The goal of the present chapter was to perform ROS measurements after activating Rose Bengal 

and in particular to compare the ROS output between the light and ultrasound stimulation of the 

drug. Emphasis was placed on developing suitable and reliable protocols, and limitations of the 

current methods were discussed. 

 

5.1.4 Attribution of work 

 

The HPLC FFA protocol was developed by Dr Luca Bau and Dr Richard Browning, and HPLC 

measurements for the current project were performed by Dr Bau. 

The green LED setup characterisation was performed by Victor Choi. 

Preliminary work on the infrared detector setup was done in collaboration with Dr Shamit 

Shrivastava. 

All other experimental and data processing work was performed by the author of this thesis. 
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5.2 Materials and methods 

 

The materials and methods for microbubbles and other agent production and characterisation are 

described in detail in Chapter 2. The ultrasound setups description and characterisation is 

provided in Chapter 4. 

 

5.2.1 Materials 

 

Singlet Oxygen Sensor Green (special packaging) was purchased from Thermo Fisher Scientific 

(USA). Rose Bengal (95%) was purchased from Sigma-Aldrich (USA). 

9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) (90%) and 1,3-diphenylisobenzofuran 

(DPBF) (97%) and furfuryl alcohol (FFA) were purchased from Sigma-Aldrich (USA) 

 

5.2.2 Ultrasound exposure setups 

 

US exposures were performed in the SAT2 setup, which is described and characterised in Chapter 

4. The experimental protocol was as follows: 

Stock solutions of reagents were prepared in purified MilliQ water (Rose Bengal) and methanol 

(SOSG). RB stock was stored in the fridge between experiments; new SOSG stock was prepared for 

each day. DBPC-PEG40S PFB MBs were prepared on the day of experiments. 

Experiments were performed in the dark. The sample solution (consisting of Rose Bengal, SOSG or 

other sensor and microbubbles in the DPBS buffer) was prepared in a vial, loaded into a syringe 

and introduced into the SonoLid sample holder (sample volume ~10mL). Then the sample holder 

was inserted into the SAT2 ultrasound setup, macroscopic air bubbles were removed from the 

sample holder and the PCD, and the sample was sonicated. A control was obtained by preparing 
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and loading the solution into a syringe and then applying manual pressure to burst microbubbles 

in the sample. 

The sample (after sonication) or control solutions were then put into a black-walled 96-well plate 

with flat transparent bottoms, covered to avoid light exposure and measured by a FLUOstar plate 

reader (section 5.2.4). 

If oxygenated MBs were used, they were oxygenated immediately prior to the experiment, and 

care was taken to conduct the measurements quickly and in a reproducible timeline. 

For some experiments, an ultrasound water bath was used (Eumax US cleaner UD150SH-6L (150W, 

40kHz)). For these experiments, samples were exposed in 2 mL plastic vials (Eppendorf Ltd, UK). 

Another setup used for ultrasound experiments was a Sonidel SP100 transducer (1 MHz, 100 Hz 

PRF, with regulated duty cycle and power; SONIDEL limited, Ireland). For these experiments, a 96-

well plate with black walls and a thin flat transparent bottom was used (Greiner Bio One Ltd, UK) 

and ultrasound gel (Anagel) was applied to connect the bottom of the plate and the ultrasound 

transducer. 

All experiments were performed in the dark to avoid false positive Rose Bengal activation, and 

care was taken to avoid light exposure when transferring the samples from the setup to the plate 

reader or HPLC. 

 

5.2.3 Light exposure setup 

 

To perform light exposures, the following setup was used: a green LED (M565L3 – 565 nm, 

bandwidth 104 nm, 880 mW (Min), ThorLabs, USA), with the light passing through an excitation 

filter (MF559-34, TXRED, 559 nm, bandwidth 34 nm, ThorLabs, USA) and reflected from a dichroic 

mirror (MD588, CY3.5/TXRED, reflection band 533 – 580 nm, ThorLabs, USA). 
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As the light passed through a filter and a dichroic mirror (due to the geometry of the setup), the 

light intensity in the sample was lower than the output intensity of the LED. Light intensity was 

checked with a USB power meter (PM16-121, 400 – 1100 nm, 500 mW max, ThorLabs, USA). 

 

5.2.4 Optical measurements 

 

The fluorescence and absorbance spectra detection was performed with the FLUOstar OMEGA 

plate reader (BMG LABTECH, UK) in black-walled 96-well plates with flat transparent bottoms. 

For SOSG (excitation peak 504 nm / emission peak 525 nm), the fluorescence filters used were 

490 nm / 520 nm. The gain was adjusted so that the biggest value in the experiment was ~90% of 

the device maximum, and the gain was preferably left unchanged for a set of experiments; if the 

gain did have to be adjusted, the results were either all recalculated to the same gain or only 

compared as relative to the corresponding control. 

For DPBF (excitation peak 410 nm / emission peak 455 nm), the fluorescence filters used were 410 

nm / 455 nm. 

For ABDA, absorbance spectra were measured. Fluorescence could also be measured (excitation 

peak 380 nm / emission peak 407 nm; fluorescence filters 340 nm / 410 nm). 

 

5.2.5 HPLC measurements 

 

For HPLC measurements, furfuryl alcohol (FFA) was used, in concentration 2.5 mM in final sample. 

HPLC analyses were performed on an Agilent 1260 Infinity II (Agilent, USA) with 

spectrophotometric detection at 230 nm. An Atlantis T3 column (3 mm, 2.1 mm × 50 mm; Waters, 

USA) was used for chromatographic separation. The samples were eluted isocratically with a 
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mobile phase consisting of water and acetonitrile (98:2) with 0.1% formic acid at a flow rate of 0.5 

mL/min and a temperature of 32°C over 3 minutes. The injection volume was 4 µL. 

The measured signal was the area under the HPLC curve peak corresponding to the product of the 

reaction of FFA with singlet oxygen. 
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5.3 Measurement of Rose Bengal ROS production with optical sensors 

 

5.3.1 Singlet Oxygen Sensor Green 

 

The first measurements of Rose Bengal ROS production were performed with Singlet Oxygen 

Sensor Green (SOSG); this choice was dictated by its widespread use for singlet oxygen 

measurements in biological systems, as well as its previous use in our laboratory. Preliminary 

ultrasound parameters and reagent concentrations were also taken from previous optimisations 

of the RB/SOSG system175. 

The initial experiments were aimed at quantifying the ROS production with RB and oxygenated or 

non-oxygenated microbubbles, with the goal of assessing the MB-mediated oxygen delivery and 

its impact on the ROS production in this system, and in this way complementing the oxygen 

delivery mechanism studies described in Chapter 3. However, what was found was that MB 

oxygenation did not lead to the expected increase in ROS generation (Fig. 5.3.1.1 shows a 

representative experiment out of a number of runs that gave similar results). This prompted more 

detailed investigations into the components of this experiment. 
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Fig. 5.3.1.1. Relative increase in SOSG fluorescence intensity for sonicated samples vs non-

sonicated controls for samples of Rose Bengal and SOSG with: DBPC-PEG40S PFB MBs; oxygenated 

MBs (PFB O2 MBs) and a lipid solution of DBPC and PEG40S in similar concentrations as used for 

producing MBs. Samples were diluted in DPBS (3 µM RB, 1.5 µM SOSG, 5*107 MBs/mL or 

corresponding lipid concentration). Ultrasound exposure was performed in SAT2 (US parameters: 

1 MHz, 0.7 MPa pk-pk spatial average, 30% duty cycle, 100 Hz pulse repetition frequency, time 30 

sec). (n = 2, error bars represent standard deviations) 

 

A number of troubleshooting investigations were carried out, optimising and revising various 

technical aspects of the experiment; none of them however answered the question of why 

additional doses of oxygen did not have a positive impact on SOSG fluorescence. 

One of the issues explored was RB purity. Measurements were made comparing 90% purity Rose 

Bengal (which was used for the experiments in 5.3.1.1) and 95% RB, in order to check whether the 

results were caused by insufficient drug purity. 90% and 95% RB were compared with HPLC, which 

did not show any notable differences (data not shown), as well as in several SOSG ultrasound 

exposure experiments (Fig. 5.3.1.2). Interestingly, these and some other experiments showed that 

Rose Bengal decreased SOSG fluorescence compared to SOSG alone, while it was expected to do 

the opposite. (There was no difference seen between 90% and 95% RB in this effect, and most 

further experiments used 95% RB.) 
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Fig. 5.3.1.2. Influence of Rose Bengal purity on SOSG ultrasound experiments: SOSG fluorescence 

for sonicated samples vs non-sonicated controls for SOSG without RB; SOSG + 90% RB and SOSG 

+ 95% RB. All samples were diluted in DPBS and contained DBPC-PEG40S PFB MBs (~5*107 

MBs/mL); reagent concentrations were 3 µM RB, 1.5 µM SOSG. Ultrasound exposure was 

performed in SAT2 (US parameters: 1 MHz, 1.4 MPa pk-pk, 30% duty cycle, 100 Hz pulse repetition 

frequency, time 30 sec). 

 

The influence of the Rose Bengal concentration on the results was further explored, and it was 

confirmed that increasing RB concentration decreased both baseline SOSG concentration and its 

increase after sonication in a wide range of RB concentrations (representative experiment is 

shown on Fig. 5.3.1.3). 
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Fig. 5.3.1.3. SOSG fluorescence intensity for sonicated samples and non-sonicated controls with 

varying RB concentration: no RB, 3 uM, 9 µM and 18 µM. All samples were diluted in DPBS and 

had 1.5 µM SOSG and DBPC-PEG40S PFB MBs (~5*107 MBs/mL). Ultrasound exposure was 

performed in SAT2 (US parameters: 1 MHz, 1.4 MPa pk-pk, 30% duty cycle, 100 Hz pulse repetition 

frequency, time 60 sec). 

 

The possible reasons for this were explored. One hypothesis was that the substantial overlap 

between the SOSG emission and RB absorbance spectra could lead to increasing RB concentration 

absorbing the SOSG emissions faster than the corresponding rise in ROS generation (SOSG 

emission peak 525 nm, RB absorbance peak 548 nm). 

Some insight into this issue could be gained by comparing the ultrasound exposure results for RB 

with light exposure (Fig. 5.3.1.4). For this set of experiments, an ultrasound bath was used (40 kHz) 

in order to check whether a different ultrasound frequency would change the result; the time-

dependence of signals was as expected, with SOSG fluorescence growing with ultrasound time, 

but the dependence on RB concentration was again not in agreement with theory. For the light 

experiments, on the other hand, both the dependence on light exposure duration and on RB 

concentration were positive as expected. 
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Fig. 5.3.1.4. SOSG fluorescence after a sample with RB was either sonicated or exposed to green 

light. Samples had 1.5 µM SOSG and varying concentrations of RB; sonicated samples had DBPC-

PEG40S MBs (~5*107 MBs/mL), and for ultrasound t = 0 were ruptured manually in a syringe. In 

this experiment, sonication was performed in an ultrasound bath (150W, 40kHz) in 2 mL plastic 

tubes, and exposure to light was carried out as described in the Methods section. For the laser 

measurements, fluorescence gain setting was 1800, and for the sonicated samples it was 1450. 

 

A similar result was obtained in a different ultrasound setup (Sonidel transducer with a 96-well 

plate) for the same samples (ultrasound parameters were 1 MHz, 50% duty cycle, 100 Hz PRF, 3.5 

W/cm2). This setup was less well-characterised than the SAT2 setup and had no PCD monitoring; 

therefore, similar to the ultrasound bath setup, it did not meet the good ultrasound experiment 

guidelines discussed in Chapter 4. Nonetheless, these experiments were carried out, in order to 

check whether the setup can explain the results seen with SOSG and RB, and to provide some 

comparison to the literature using ultrasound baths or 96-well-plate ultrasound setups for ROS 

experiments. However, similar results were seen in this setup, with added RB increasing SOSG 

fluorescence after exposure to light but not ultrasound (Fig. 5.3.1.5). Therefore, neither the 

specific ultrasound setup nor exposure parameters could have been responsible for this effect. 
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Fig. 5.3.1.5. SOSG fluorescence after exposure to ultrasound in a 96-well plate in Sonidel (1 MHz, 

50% duty cycle, 100 Hz PRF, 3.5 W/cm2, 2 min) or to light (2 min). All samples had 6 µM SOSG, 

DBPC-PEG40S PFB MBs (3*106/mL) and varying concentration of RB (no RB, 2.5 µM or 10 µM); for 

non-sonicated samples MBs were ruptured by applying manual pressure before the measurement. 

(n = 3, error bars represent standard deviations) 

 

The spectral overlap also does not seem to explain the unexpected dependence of SOSG signal on 

RB concentration, since it would similarly affect the laser-exposure experiments. It should be 

noted that RB has a slightly shifted spectra in the presence of lipids or microbubbles176; however, 

it does not appear to be sufficient to explain why the light and ultrasound exposure results behave 

so differently. 

 

5.3.2 Optical measurements of ROS with ABDA and DPBF 

 

In order to attempt to explain the decreasing SOSG fluorescence with increasing RB concentration, 

other ROS sensors were tested. 

One of them was 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA). It is a water-soluble 

sensor that allows to detect singlet oxygen by measuring its absorbance spectrum, which bypasses 
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some problems associated with fluorescence, and has no spectral overlap with Rose Bengal (see 

Fig. 5.3.2.1). However, absorbance detection is often less sensitive than fluorescence methods, 

and in the case of ABDA preliminary experiments showed that its sensitivity was insufficient for 

the amounts of ROS produced in typical ultrasound experiments (Fig. 5.3.2.1 shows a 

representative experiment, where no difference was seen in ABDA spectra between sonicated and 

non-sonicated samples within the limits of experimental error). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3.2.1. Representative experiment of absorbance spectra of a solution of 10 µM RB, 30 µM 

ABDA and DBPC-PEG40S MBs after ultrasound (3 min in SAT2, 1 MHz, 1.4 MPa pk-pk, 30 % duty 

cycle, 100 Hz pulse repetition frequency) compared to a non-sonicated control (MBs ruptured by 

hand). 

 

Another sensor that was tested was 1,3-diphenylisobenzofuran (DPBF). It is a popular and well-

studies singlet oxygen sensor, but it has a major limitation of poor water solubility. Initial 

experiments were carried out in the hope that a suitable buffer could be found for both DPBF and 

ABDA RB 
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lipid microbubbles; however, it was found that DPBF is soluble in 100% and 50% ethanol, but not 

30% ethanol, making a biologically-compatible buffer not feasible. Attempts to use DPBF in 

aqueous buffers did not lead to any meaningful results. 

 

5.3.3 HPLC measurements of ROS with FFA 

 

As optical measurements of ROS proved to have some technical challenges, an alternative protocol 

was developed by members of the group using furfuryl alcohol (FFA) as an HPLC singlet oxygen 

sensor. 

Measurements of Rose Bengal ROS production were performed after exposing the sample to 

ultrasound in the SAT2 setup (1 MHz) (Fig. 5.3.3.1) or the ultrasound water bath (40 kHz) (Fig. 

5.3.3.2) and compared to the same samples activated optically by a green LED. 

Interestingly, the results seen with RB and SOSG (with increasing RB concentration leading to the 

decreased sensor signal) were not seen in these experiments: increasing RB concentration led to 

a small but significant increase in the FFA signal (see Fig. 5.3.3.2), which is encouraging from the 

point of view of the reliability of FFA as a Rose Bengal-compatible ROS sensor. 

However, it was also seen consistently across several experiments and ultrasound setups that the 

amounts of ROS generated with ultrasound were small compared to the same time of exposure 

to light. In the SAT experiments, a small rise in FFA signal was seen with increasing ultrasound time 

(although it was still smaller than the light control) (Fig. 5.3.3.1); for the ultrasound bath 

experiments, no significant rise in FFA signal was seen with increasing ultrasound time, while the 

signal rose in a linear manner with increasing time of light exposure (Fig. 5.3.3.2). 
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Fig. 5.3.3.1. Detection of the product of reaction of FFA with singlet oxygen using HPLC. The 

samples (prepared in DPBS) contained 2.5 mM FFA and 2.5 µM RB; ultrasound samples contained 

DBPC-PEG40S PFB MBs (~2*107/mL), and MBs in non-sonicated controls were ruptured by 

applying manual pressure; sonication was performed in SAT2 (1 MHs, 1 MPa pk-pk, 30% duty cycle, 

100 Hz PRF), and light exposure was done with a green LED (see Methods) (n = 3, error bars 

represent standard deviations). 
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Fig. 5.3.3.2. Detection of the product of reaction of FFA with singlet oxygen using HPLC. The 

samples (prepared in DPBS) contained 2.5 mM FFA, varying concentration of RB (no RB, 2.5 µM or 

5 µM); ultrasound samples contained DBPC-PEG40S PFB MBs (~2*107/mL), and MBs in non-

sonicated controls were ruptured by applying manual pressure; sonication was performed in an 

ultrasound bath (40 kHz) in 2 mL vials, and light exposure was done with a green LED (see 

Methods) (n = 3 for ultrasound samples and n = 1 for light; each sample was measured at 4 

timepoints by taking 50 uL for HPLC measurement and continuing light or ultrasound exposure, 

error bars represent standard deviations). 
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5.4 Summary and conclusions 

 

Measurements of reactive oxygen species produced with Rose Bengal were obtained after 

exposure to ultrasound and light. Several ROS sensors were tested for this purpose (SOSG, ABDA 

and DPBF), but all presented challenges that made reliable measurements impossible. The most 

notable of these was SOSG, as it was used for ROS measurements of light-activated RB both in the 

literature and in the presented project, but did not function as expected for ultrasound-activated 

RB. 

A different sensor (FFA) that did not require the use of direct optical measurements was then used 

for RB ROS detection. The results obtained with FFA corresponded to theoretical expectations in 

terms of the increase of produced ROS with increasing RB concentration; however, the amount of 

ROS produced by both 1 MHz and 40 kHz ultrasound was much smaller than for the same samples 

after exposure to green light, which is especially important as the green light intensity was much 

lower than typical therapeutic values. 

The experiments presented in this chapter underline, firstly, the technical difficulties associated 

with ultrasound-induced reactive oxygen species and the need for careful design of control 

experiments; and, secondly, the difference between the quantities of ROS generated by 

ultrasound and light activation, as measured with FFA for several ultrasound setups and sets of 

ultrasound parameters. 

 

Future work 

 

The Rose Bengal studies presented in this project mostly focused on singlet oxygen quantification, 

as this is the ROS associated with photoactivation of RB. However, some studies suggested that 
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other ROS may be involved in ultrasound-induced activation of RB. It is clear that a more detailed 

investigation of this issue is needed. 

In particular, it would be of interest to conduct a thorough investigation of ROS production by 

ultrasound and light for a number of drugs with ROS sensors that detect different ROS classes and 

comparing whether the ROS profiles are similar for photo- and ultrasound-induced activation. A 

number of papers in the literature have attempted investigations into ROS classes produced by 

some drugs; however, these studies are difficult to compare directly due to the fact that they use 

different drugs and ultrasound parameters and setups. In the discussions in these studies, when 

comparisons to other SDT studies are drawn, there tends to be an implied suggestion that ROS 

mechanisms are the same across all of the SDT field regardless of specific parameters. This 

suggestion, however, requires validation and having a comprehensive dataset comparing ROS 

production under the same conditions would be of great value when attempting to draw 

conclusions on drug activation/action and whether there is indeed one overarching mechanism. 

Regardless of the findings from such an experiment, there remain further questions. If the ROS 

classes are found to be different for photo- and sonoactivation of the same drug, a molecular-level 

mechanism explanation will be required. If the ROS classes are the same, an explanation would be 

needed as to how the relatively small amounts of ROS seen in several studies correspond to the 

comparable cell death seen with the same drugs in PDT and SDT; the latter question is the subject 

of Chapter 6. 

Another issue underlined in this chapter is the difficulties associated with optical ROS sensors, 

especially in complex solutions. One way to overcome this problem is detecting ROS directly by 

their optical emissions; for example, this is possible for singlet oxygen in the infrared range. Such 

setups were reported in the literature, including for the purposes of quantifying PDT ROS 

generation177. In the current project, an attempt was made to construct such a setup using an 
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infrared detector module (C12483-250, ThorLabs, USA); however, preliminary experiments found 

that the setup sensitivity required significant optimisation in order to be useful for ultrasound 

experiments. As it was found in FFA studies that the ROS levels generated by typical ultrasound 

parameters were much lower than those seen in light exposures, the IR setup optimisation was 

decided to be a complex task that is outside of the scope of the current project, and it would be 

an interesting direction for future work, as measurements seen in the literature for IR singlet 

oxygen detection are usually done for light and not ultrasound-mediated excitation of drugs. 
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Chapter 6. Sonoporation hypothesis of sonodynamic therapy mechanism 

 

6.1 Introduction 

 

6.1.1 Issue of SDT mechanism 

 

As discussed in the Chapter 5, there is still no consensus on the ROS types produced by 

sonosensitive drugs during sonodynamic therapy (SDT), which is caused by various factors, 

including the technical difficulties of ROS sensing and the broad range of ultrasound parameters 

used in therapeutic ultrasound studies. 

Aside from the question of ROS types, another issue is their quantity. As seen above in the 

experiments with FFA, as well as in other recent observations (personal communication Victor 

Choi), the amounts of ROS produced by drugs activated with ultrasound compared to light is low 

when the ultrasound and light parameters are comparable to those used in therapeutic ultrasound 

and PDT respectively. However, there is ample evidence that a combination of certain drugs and 

ultrasound can kill cells in vitro and slow down tumour growth in vivo93. A question that stems 

from these observations leads back to the discussion of the mechanisms of SDT: if the amounts of 

ROS produced appear to be much lower than for PDT, then the cell kill mechanisms of SDT must 

somehow differ from PDT to explain the comparable cell kill rates90. 

Some solutions have been proposed in the literature. One proposal is that the ultrasound effect is 

mediated via immune system modulation. However, while ultrasound has indeed been explored 

for the purposes of immunotherapy178 and has some potential in this area, in order to explain the 

in vivo results better understanding of the interaction of SDT drugs with these processes is needed. 

Moreover, immunomodulation is not a viable explanation for the reported in vitro results. 
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It is important to highlight that there are a number of effects associated with ultrasound that are 

not usually discussed in the context of SDT. These include enhanced drug extravasation and 

sonoporation, which can be reversible (with possible intracellular delivery of the drug) and 

irreversible, resulting in cell death. In the SDT literature, enhanced extravasation is sometimes 

mentioned as a factor that (independently from the main mechanism) improves the SDT-induced 

effects, and ultrasound-induced cell killing is also discussed as a separate enhancing factor. These 

effects are, however, not seen as essential for SDT success. Here it is proposed that this separation 

should be questioned, as it is difficult experimentally to separate the ultrasound-induced 

activation of the drug from other ultrasound-induced processes, such as sonoporation. 

 

6.1.2 Sonoporation hypothesis of SDT mechanism 

 

It is hypothesised that sonoporation plays a key part in SDT by enabling the drugs to enter the cells 

so that they may produce toxic effects at concentrations that extracellularly would be harmless. 

Cell death may be due to ROS production, or through other mechanisms that are independent of 

ultrasound-mediated activation. 

Controlling for the role of sonoporation during SDT experiments is challenging and requires careful 

experiment design. In most published studies of SDT, the selected experimental groups do not 

allow for the contribution of sonoporation to be assessed. Interestingly, this means that the 

hypothesis above (referred to hereafter as the sonoporation hypothesis) does not contradict the 

existing literature, rather it provides a possible explanation for the discrepancy in ROS generation 

between SDT and PDT. 

In order to test this hypothesis, experiments were designed in order to attempt to pry apart 

sonoporation-induced drug internalisation by cells and ultrasound-induced drug activation. This 

was done by introducing the drug either during ultrasound exposure or at various timepoints 
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afterwards. Microscopy was performed to directly observe drug uptake by cells and to assess the 

number of cells dying as the result of treatment. 

The same drug that was used in Chapter 5 – Rose Bengal – was used in the studies described in 

this chapter. Several different cell lines were tested, as cell lines may have substantially different 

survival rates and sonoporation window lengths when exposed to ultrasound. 

 

6.1.3 Chapter overview and objectives 

 

The aims of this chapter were: 

• to develop protocols for cell work, including ultrasound exposures, identification of 

live/dead and sonoporated cells and microscopy; 

• to verify the reliability of these protocols, in particular the accurate assessment of live, 

dead and sonoporated cells; 

• to assess sonoporation efficiency and time windows for several cell lines; 

• to determine whether Rose Bengal enters the cells if introduced after the ultrasound 

exposure and compare the cell death rates for RB added at different time points of the 

experiment; 

• to use the data to test the sonoporation hypothesis. 

 

6.1.4 Attribution of work 

 

In the preliminary experiments, the cell culture and microscopy was performed by Veerle Brans, 

and MB preparation and ultrasound exposures were done by the thesis author. 

In the subsequent experiments, the cell culture (for HeLa and A549 cells) and microscopy was 

performed by Kritika Singh, and MB preparation and ultrasound exposures were done by the thesis 

author. Cell culture for GFP VE cells was done by Olive Jung. 

All other experimental and data processing work was performed by the author of this thesis. 
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6.2 Materials and methods 
 

The materials and methods for microbubble and other agent production and characterisation are 

described in detail in Chapter 2. The description of the ultrasound setups and characterisation is 

provided in Chapter 4. 

 

6.2.1 Materials 

 

Cell-compatible dishes for ultrasound experiments (µ-dish, 35 mm, high) were obtained from 

Thistle Scientific (UK). 

Calcein AM, Cell Mask Deep Red and DMEM media were purchased from Thermo Fisher Scientific 

(USA). 

 

6.2.2 Cell culture 

 

HeLa (cervical cancer cells) and A549 (adenocarcinomic human alveolar basal epithelial cells) cell 

lines were routinely cultured in DMEM  supplemented with 10% FBS. HeLa and A549 cell lines 

were obtained through collaborations and originally were purchased from ATCC. All cell lines were 

used within 15 passages of their initial freeze down. 

GFP-tagged VE (vascular endothelial) Cadherin brain microvascular endothelial cells were thawed 

and plated directly onto either T-75 or coverslips that have been pre-treated with the 

QuickCoating solution. The media was usually changed every other day, and the components in 

the basal media were 5 ng/ml rhFGF, 50 ug/ml ascorbic acid, 1 ug/ml hydrocortisone, 10 mM L-

glutamine, 15 ng/ml rh IGF-1, 5 ng/ml rhVEGF, 0.75 U/ml heparin sulphate and 2% FBS. 
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6.2.3 Ultrasound exposures 

 

Preliminary experiments were performed on the SAT2 setup, but the setup used for the majority 

of ultrasound exposures in this chapter was SAT2E (see Chapter 4). Briefly, it is a modified version 

of the SAT2 setup that has sufficient homogeneity of the pressure field in the sample plane (the 

central area with a diameter of 5 mm has a standard deviation in the peak negative pressure of 

less than 10%). All pressures shown in this chapter were calculated as spatial averages for this 

central area, and cell imaging was only performed within this region. 

For both set ups, the sample was prepared and loaded with a syringe into the sample holder 

comprising the cell dish with a PDMS lid (SonoLid) and sealed. The sample holder was oriented 

with the cell dish facing upwards and inserted into the ultrasound setup; importantly, there was a 

pause of 1 min between inserting the sample and performing the sonication, in order to allow for 

microbubbles to float and come into contact with the cell layer. 

 

6.2.4 Microscopy 

 

Preliminary experiments were carried out in the SAT2 and imaging performed using either a 

confocal microscope (Zeiss LSM 780, ZEISS, Germany) or Nikon microscope (Nikon ECLIPSE Ti, 

Nikon Instruments Inc., USA). The imaging region was not confined to the central area in this case. 

For the other experiments shown here, only the Nikon microscope was used. The images were 

taken in the central 5 mm diameter area. 
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6.2.5 Imaging cell death and sonoporation 

 

For the purposes of these experiments, it was important to distinguish between cell death and 

reversible sonoporation. For most other applications, the lack of integrity of the cellular 

membrane indicates cell death, and therefore some of the most popular cell death markers, such 

as propidium iodide (PI), mark the cells which they are able to enter. This is notably different 

however for the field of ultrasound: PI can only be used as a marker of sonoporated cells 

(reversibly or otherwise), and an additional marker is needed to distinguish between cells that are 

dead and those that are alive. In this study, we used Calcein AM (CAM) in combination with PI, 

where CAM marked metabolically active (and therefore alive) cells, and PI marked sonoporated 

cells (dead or alive), using as a basis a protocol developed previously in our group and then 

correcting it for more appropriate reagent usage. 

 

6.2.5.1 Preliminary experiments (SAT2) 

 

The steps of the preliminary experiments shown in this chapter were as follows: 

 

• Cell staining with Cell Mask Green; wash cells with buffer (2 times) 

• Cell dish was closed with PDMS lid (SonoLid) and sample was loaded into it (RB and MBs for 

no ultrasound and RB before ultrasound samples, only MBs for RB after ultrasound samples) 

• Sample holder inserted into SAT2 setup, cell dish facing up, and MBs were allowed to rise for 

at least 30 seconds 

• US sonication (30 sec) 

• Wash cells with buffer (2 times) 

• For RB after ultrasound sample, 1 min of incubation with RB, followed by wash (2 times) 

• Incubation to allow for reversible sonoporation to close (10-30 mins in DPBS) 

• Incubation with PI, followed by washing and microscopy (CAM imaging was not done for these 

experiments) 
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6.2.5.2 Final experiments (with calcein AM, SAT2E) 

 

The timeline for the final experiments was as follows: 

 

• Cells incubated 5 min with Cell Mask Deep Red (CMDR) 

• Wash with buffer (2 times) 

• Cell dish put into the SonoLid 

• Pre-made sample solution in DPBS is filled into the sample holder 

o For the sample with RB added before ultrasound: DBPC-PEG40S MBs (~8*106/mL 

and RB (5 uM) 

o For the sample with RB added after ultrasound: DBPC-PEG40S MBs (~8*106/mL) 

o For PI ultrasound controls: DBPC-PEG40S MBs (~8*106/mL) and PI (4 ug/mL) 

• SonoLid with the sample (cell side up) inserted into the SAT2E, major bubbles are removed 

• 1 min pause to allow for MB flotation 

• US exposure 

• Cell dish is taken out 

• Wash with buffer (2 times) 

o For the sample with RB added right after ultrasound, a RB solution is added to the 

sample (5 µM in DPBS) for 1 min and the sample is washed 2 more times 

o For the sample with RB added 20 min after ultrasound, cells are incubated in cell 

media for 20 mins, then a RB solution is added to the sample (5 µM in DPBS) for 1 

min and the sample is washed 2 more times 

• 10 minutes incubation with CAM (5 µM in DPBS) 

• Wash with buffer (2 times) 

• 10 minutes incubation in cell media 

• Wash with buffer (2 times) 

• Microscopy (in DPBS) 

 

Note that this is the protocol for the final set of experiments, and the details of the protocols of 

some of the presented experiments differed in some details (if there were differences to this 

protocol, they are pointed out in the relevant results). 
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Care was taken to do the washing step gently in order to avoid cell damage or detachment. For 

the A549 cells, the cell layer was always kept in the buffer or media, and its contact with air was 

minimised. For incubations longer than 5 mins the cell dishes were kept in a cell incubator at 37°C. 

An overview of experimentally relevant details for the chemicals and agents used is presented in 

Table 6.2.5.2.1. 

 

 Stock 
Dilution in 

sample 
Nikon 

channel 
Notes 

Calcein AM 
(CAM) 

1 mg/mL 
(approx. 1 mM) 
In DMSO 

5 uL / 1 mL 
(to 5 uM) 

FITC 

- To be used in buffer or serum-free 
medium 
- Incubation in cell medium required 
after CAM to avoid false positives 

Propidium 
Iodide (PI) 

1 mg/mL in mQ 4 uL / 1 mL 
TRITC (RB 
overlap) 

- Potentially toxic intracellularly (see 
Results) 

Cell Mask 
Deep Red 
(CMDR) 

In DMSO 1 uL / 1 mL Cy5 
- Cell Mask Blue was attempted, but did 
not function as expected 

Rose Bengal 
(RB) 

1 mM in mQ 
5 uL / 1 mL 
(currently) 

TRITC 
(PI 
overlap) 

- Rapid bleaching and potential 
activation under microscope light, which 
has to be accounted for in experiment 
design 

Microbubbles 
(MBs) 

DBPC-PEG40S 
PFB in DPBS, 
around 
1.4*10^9/mL 

35 uL / 10 
mL for 
~8*10^6/mL 

 

- Concentration adjusted for each batch 
- MB fraction transferred into a clean 
vial before experiments (to remove 
macroscopic foam) 

 

Table 6.2.5.2.1. Experimental protocol details for the used chemicals and agents: concentrations 

and buffers in stock and in sample, Nikon microscope imaging channel and notes on usage. 

 

 

 

6.2.5.3 Cell image processing 

 

The image processing shown in this chapter was performed with Fiji179, which is an open source 

image processing package based on ImageJ. Image contrast was automatically adjusted for cell 
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counting (as the fluorophore intensity was not quantified, the contrast enhancement was also not 

quantified and was only used for the purposes of cell counting). As some of the cell lines did not 

grow in a strictly monolayer fashion, they presented a challenge for automated cell counting, and 

therefore for the purpose of this thesis cell counting was performed manually. 

For the cell counting processing, the counts for CAM-positive, PI-positive or total cells were 

summed for all microscopy fields of view (FOVs) for each sample. 

For A549 and GFP-VE cells, % of alive cells was calculated as % of CAM-positive cells relative to 

total cells for each sample, and the % of dead cells was calculated as % of CAM-negative cells. HeLa 

cells detach easily after death, and therefore it was impossible to use the same field of view to 

calculate total cells; for this reason, total cells count was calculated as average for n = 3 non-

sonicated controls, and % of alive cells was calculated as % of CAM-positive cells for each sample 

relative to this average total cell number in non-sonicated control, all normalised by the number 

of microscopy FOVs; % of dead cells was estimated as the % of alive cells calculated in this manner 

subtracted from 100%. 
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6.3 Preliminary experiments 

 

6.3.1 Experiments and results 

 

In order to test the sonoporation hypothesis, some preliminary experiments were carried out 

using the SAT2 and A549 cells, with Rose Bengal (RB) added before, immediately after or at 

different time points after ultrasound exposure to determine the effect on cell internalisation. 

Propidium iodide (PI) was added 10-30 mins after the ultrasound exposure, on the assumption 

that this time would be sufficient for resealing of the cell membrane and that PI would therefore 

serve as a cell death marker. 

The results of this experiment are presented in Figs. 6.3.1.1-3. A sample with added RB but no 

ultrasound exposure showed little cell death, as marked by PI, and no RB internalisation by cells. 

Samples with RB added before or immediately after the sonication, interestingly, showed 

qualitatively similar rates of RB internalisation. Quantitative cell counting was not performed for 

these experiments, since the highly non-homogenous ultrasound field in SAT2 means that cells in 

different images were subjected to different pressures and should not be compared; this issue 

was solved in the final experiments. 

Almost all cells with internalised RB were also positive for PI. This suggests that, if PI is a reliable 

cell death marker, then the cell kill rate for intracellular RB was almost 100%. The question remains 

as to whether RB caused cell death, or only entered irreversibly sonoporated cells and this was 

studied in further experiments. 

One practical issue for imaging RB and PI is their spectral overlap. On the confocal microscope 

used in these experiments, RB and PI could be separated into two optical channels, but still showed 

substantial cross-talk. They could, however, be easily distinguished by their localisation in the cell 

in addition to the optical channel, as RB was seen in the cytoplasm and PI was bound in the nucleus. 
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Fig. 6.3.1.2 shows an example picture of cells with RB but no PI present; Fig. 6.3.1.3 represents the 

different optical channels for a sample of cells with both RB and PI present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3.1.1. Results of an experiment with Rose Bengal (RB) added either before or immediately 

after ultrasound, with a no ultrasound control. Sonication was performed in SAT2 (250 kPa pk-pk 

spatial average over the cell dish surface, 30% duty cycle, 10 Hz PRF, 30 sec). Reagent 

concentrations were 5 µM RB and 7*106 MBs/mL (DBPC-PEG40S PFB MBs); no ultrasound controls 

were handled in the same way as sonicated samples, with adding RB and MBs, but without 

ultrasound exposure. No CAM imaging was done in these experiments; PI was added 10 to 30 

minutes after ultrasound. Colours indicate: green – cell stain (Cell Mask Green), purple – Rose 

no US 

RB before US RB right after US 
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Bengal (and PI due to spectral overlap). n = 2 independent repeats for each sample (no ultrasound, 

RB before ultrasound, RB after ultrasound), images show representative microscopy results. 

Images courtesy of Veerle Brans. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3.1.2. Representative image of Rose Bengal distribution in A549 cells after the cells were 

exposed to ultrasound in the presence of RB (no PI present in this sample; green colour represents 

Cell Mask Green, purple - RB). Images courtesy of Veerle Brans. 

 

 

 

 

 

 

 

 

 

Fig. 6.3.1.3. Representative image of Rose Bengal and PI distribution in A549 cells after the cells 

were exposed to ultrasound in the presence of RB, with PI added 30 mins after ultrasound 

exposure (green colour represents Cell Mask Green, purple – Rose Bengal, cyan – PI). Images show 

optical channels for RB and PI merged, as well as separately RB and PI channels. Images courtesy 

of Veerle Brans. 

PI + RB RB PI 

50 µm 

50 µm 50 µm 50 µm 
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6.4 Final experiments (with CAM in SAT2E) 

 

6.4.1 Rationale and design considerations 

 

The preliminary experiments described in section 6.3 brought promising results, showing that RB 

is efficiently internalised by cells with comparable efficiency if introduced during or right after 

sonication, and almost all of the RB-containing cells also internalise PI that was introduced 10 to 

30 minutes after the sonication, which was hypothesized to be outside of the cell sonoporation 

window. 

While this shows that drug uptake after sonication is still efficient and seems to correlate to cell 

death, there were still a number of questions remaining. Firstly, the cause and effect issue: did 

Rose Bengal cause cell death, or did it enter irreversibly sonoporated cells killed by ultrasound 

exposure? Secondly, can the PI-marked cells be reliably considered dead, or should another 

marker be introduced to verify cell viability? And finally, what is the time window of reversible 

sonoporation resealing and the fraction of reversible vs irreversible sonoporation? 

To address these issues and to perform quantitative measurements, a new set of experiments in 

an improved ultrasound setup was conducted. 

The setup used for current experiments was SAT2E (see Chapter 4), which is similar to SAT2 but 

provides a sufficiently large region of homogenous pressure field in the sample plane (standard 

deviation < 10%); this region was used to calculate the spatial-average pressures in the 

experiments and to acquire the microscopy images. 

Adjustments were also made to the protocol. As opposed to using PI as a cell death marker after 

the reversible sonoporation window is expected to close, PI was used as a sonoporation marker 

and added to some of the samples during ultrasound exposure. To distinguish between reversible 
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and irreversible sonoporation, calcein AM (CAM) was introduced, which exhibits fluorescence in 

metabolically active cells; presence of CAM was therefore interpreted as a live cell, and its absence 

in a cell marked by Cell Mask was interpreted as a dead cell. The initial hypothesis was that, for 

samples with PI added during ultrasound and CAM added right after, cells that contain CAM but 

not PI were not sonoporated; cells that contain CAM and PI are reversibly sonoporated; and cells 

that contain PI but not CAM are irreversibly sonoporated. 

The results of the initial experiments showed, however, that PI itself may be toxic when it enters 

the cell, therefore making it unsuitable for the marking of reversibly sonoporated cells. In all the 

experiments reported in this chapter, only a vanishingly small number of cells exhibited both PI 

and CAM fluorescence, with almost 100% of cells being either PI-positive or CAM-positive only. 

This was surprising, since PI is widely used in sonoporation studies as a marker of permeabilization. 

Further experiments are ongoing to confirm the intracellular PI toxicity; but for the purposes of 

the results shown in this chapter, PI-positive cells were interpreted as sonoporated, without 

making the distinction of whether they were reversibly or irreversibly sonoporated, as this 

conclusion does not depend on PI toxicity. 

 

6.4.2 Note on the use of CAM 

 

Initial experiments were carried out with the CAM imaging performed after a 5 minute incubation 

of cells with CAM in DPBS, in accordance with previously published protocols. However, it was 

found that most of the PI-positive cells exhibited positive but weak CAM fluorescence (see for 

example cells marked with yellow dashed rectangle in Fig. 6.4.2.1). This raised the question as to 

whether these cells were alive but metabolically less active due to the sonoporation, or dead but 

exhibiting some residual signal. 
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Fig. 6.4.2.1. Example of CAM and PI experiment without media incubation after CAM: A549 cells 

sonicated with PI and MBs (~5*106/mL MBs, ultrasound parameters: 250 kPa pk-pk, 30% duty 

cycle, 100 Hz PRF, 30 sec), washed and incubated for 5 mins in DPBS with CAM, with no subsequent 

media incubation. Green indicates CAM, cyan – PI, no cell mask shown; close-ups of the sector 

indicated with yellow dashed lines (approximately 70x70 µm)  show PI and CAM channels 

separately. Images courtesy of Kritika Singh, processed by the thesis author. 

 

The CAM imaging protocol was therefore adjusted to include 10 minutes of cells incubation with 

CAM in DPBS, followed by subsequent washing and a further 10 minutes of incubation without 

CAM in cell media, in order for the cells to either recover, or loose the residual CAM fluorescence 

if they were dead. The results showed that this new protocol vastly reduced or removed fully the 

PI CAM 

PI + CAM 
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weak CAM fluorescence seen around many PI-positive cells, leading to the conclusion that residual 

CAM fluorescence should not be counted as a marker of alive cells in this experiment, and that 

post-CAM incubation is needed for cleaner CAM results, which was corrected correspondingly in 

the final protocol. Some cells still exhibited weak fluorescence in the CAM channel, which is 

possibly due to cell autofluorescence180. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4.2.2. Example of CAM and PI experiment with media incubation after CAM: A549 cells 

sonicated with PI and MBs (8*106/mL MBs, ultrasound parameters: 250 kPa pk-pk, 30% duty cycle, 

100 Hz PRF, 30 sec), washed and incubated for 10 mins in DPBS with CAM, washed and incubated 

for 10 mins in cell media (see Methods). Green indicates CAM, cyan – PI, no cell mask shown; 

PI + CAM 

PI CAM 
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close-ups of the sector indicated with yellow dashed lines (approximately 62 x 67 µm) show PI and 

CAM channels separately. Images courtesy of Kritika Singh, processed by the thesis author. 

 

6.4.3 Role of ultrasound parameters 

 

A number of ultrasound parameters was tested in the setup in order to check its performance and 

to determine the parameters allowing for substantial sonoporation fractions; for this, A549 cells 

were sonicated in the presence of MBs and PI. It was seen that, as expected, the PI-positive cells 

fraction grew with increasing duty cycle (Table 6.4.3.1, Fig. 6.4.3.1). Interestingly, in the 

experiment performed at 0.5% duty cycle increasing the pressure from 250 kPa pk-pk to 500 kPa 

pk-pk had only a small effect on the sonoporation efficiency. 

For most of the subsequent experiments, the parameters of 250 kPa pk-pk, 100 Hz PRF, 30% duty 

cycle were used. 

 

 

 

 

 

 

 

 

Table 6.4.3.1. Sonoporation efficiency (calculated as % of PI-positive cells to total cells counted for 

each sample) for a range of ultrasound parameters (all sonications 30 seconds) and a no 

ultrasound control. Experiments performed with A549 cells in SAT2E with 5*106/mL DBPC-PEG40S 

PFB MBs and PI added during the sonication, and CAM and cell media incubations performed after 

the ultrasound (see Methods). 

 

Pressure 
(pk-pk) 

PRF N cycles Duty cycle Total cells 
Sonoporation 
(cells w PI) % 

No US 925 0% 

250 kPa 1 Hz 10 0.001% 1514 0.30% 

250 kPa 100 Hz 50 0.5% 1942 5.40% 

500 kPa 100 Hz 50 0.5% 2691 6.30% 

250 kPa 100 Hz 3000 30% 1197 24.70% 
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Fig. 6.4.3.1. Example microscopy images of A549 cells from the experiment described in Table 

6.4.3.1. Red indicates the cell mask staining the plasma membrane, green indicates CAM as a 

marker for live cells, cyan indicates PI as a marker of cell permeabilization; each image width 

approximately 205 µm. Images courtesy of Kritika Singh, processed by the thesis author. 

 

6.4.4 Role of microbubbles 

 

A separate experiment was carried out in order to assess the role of microbubbles in the 

ultrasound-mediated cell sonoporation and killing. A549 cells were sonicated with PI with or 

without microbubbles at the ultrasound parameters chosen in section 6.4.3. This resulted in 24.2% 

of PI-positive cells (1637 cells counted), showing good agreement with the previous result, vs no 

PI-positive cells, i.e., 0% sonoporation, for the sample without MBs (1459 cells counted) (example 

microscopy images in Fig. 6.4.4.1). 

This confirmed that MBs are needed to achieve substantial cell sonoporation at the ultrasound 

parameters used in this project, and therefore they were used in subsequent sonications. 

0% PI cells 
No US 

0.3% PI cells 
250 kPa pkpk 
1 Hz PRF 
10 cycles 

5.4% PI cells 
250 kPa pkpk 
100 Hz PRF 
50 cycles 

6.3% PI cells 
500 kPa pkpk 
100 Hz PRF 
50 cycles 

24.7% PI cells 
250 kPa pkpk 
100 Hz PRF 
3000 cycles 
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Fig. 6.4.4.1. Representative images for A549 cells after the sonication in SAT2E (US parameters: 

250 kPa pk-pk, 30% duty cycle, 100 Hz PRF, 30 sec) with PI, with or without MBs (DBPC-PEG40S 

PFB MBs, 5*106/mL). In this experiment the incubation with CAM was 5 minutes long with no post-

incubation in cell media; each image width approximately 410 µm. Images courtesy of Kritika Singh, 

processed by the thesis author. 

 

6.4.5 Rose Bengal added at different time points for three cell lines 

 

Finally, in order to investigate the sonoporation hypothesis, measurements were performed with 

RB added at different time points of the experiment: before ultrasound, immediately after 

ultrasound (within approximately 10-15 seconds) or 20 mins after ultrasound. PI was not added to 

these samples in order to avoid optical overlap with RB, but separate experiments were performed 

with cells that were sonicated with PI but without RB, and PI was also added to no ultrasound 

controls. As cell type is known to be important in sonoporation, three different cell lines were 

tested in this experiment. The results are shown in Fig. 6.4.5.1, and Fig. 6.4.5.2 presents example 

microscopy images. 

 

NO MBs WITH MBs 
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Fig. 6.4.5.1. Cell death results in sonication experiments for A549, HeLa and GFP-VE cells (see 

section 6.2.5.3 for the protocol of quantifying cell death from the microscopy images). Samples 

were: no ultrasound control (with incubations with PI and CAM, but without ultrasound); RB added 

before ultrasound; RB added right after ultrasound; RB added 20 mins after ultrasound; and PI 

added before ultrasound (no RB). All ultrasound samples had DBPC-PEG40S PFB MBs (8*106/mL); 

ultrasound parameters 250 kPa pk-pk, 100 Hz PRF, 30% DC, 30 sec. n = 3 repeats for HeLa and 

A549 cells (except for PI control for A549) and n = 1 repeat for GFP-VE cells; error bars indicate 

standard deviations. 
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Fig. 6.4.5.2. Example microscopy images for experiments in Fig. 6.4.5.1. Red colour indicates cell 

mask, green – CAM, cyan – PI, magenta – RB; each image width approximately 205 µm. Images 

courtesy of Kritika Singh, processed by the thesis author. 

PI, no US RB before US RB after US 
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The cell death results differed considerably between cell lines. A549 cells when sonicated with PI 

exhibited similar levels of sonoporation as seen in several experiments before (~25%), which is 

encouraging for the reproducibility of these experiments and the reliability of the setup. RB 

showed higher toxicity when added before ultrasound, compared to right after or 20 mins after, 

although some toxicity was still seen for the latter samples. In addition, the cell death levels seen 

after ultrasound exposure with RB and PI were similar (within the experimental uncertainty), 

which again points to the possibility of intracellular PI toxicity, which will be discussed later. 

HeLa cells exhibited high levels of cell death, on comparable levels between all ultrasound controls 

with RB or PI. However, the technical difficulty of HeLa cell death quantification is that these cells 

detach easily upon death, and therefore further analysis of detached cells would be needed to 

corroborate these results. 

GFP-VE cells showed higher cell death levels for RB added right after ultrasound compared to 

before ultrasound; however, as these experiments were done in only one repeat, no conclusions 

should be drawn from this before more repeats are performed, and the experiment shown here 

for this cell line should be treated as a preliminary result. 
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6.5 Conclusions 

 

An experimental protocol was developed for cell sonication experiments and viability 

quantifications. A number of controls were performed, showing good reproducibility of cell 

sonoporation ratios between different runs of the same experiment, the necessity of the presence 

of MBs to achieve sonoporation at the ultrasound parameters used here, as well as the necessity 

of the correct use and interpretation of cell markers such as CAM and PI. Contrary to some 

previous literature reports, uptake of Rose Bengal was clearly observed following ultrasound 

exposure, indicating that sonoporation does occur under conditions relevant to SDT. 

Further experiments were performed to compare the toxicity of RB when added before, right after 

or 20 mins after ultrasound, in order to assess its effect when it’s present during the sonication, 

compared to added after the sonication within the sonoporation window, or after most of the 

cells have resealed. The results indicated that cell death was highest for RB added before 

sonication, but some cell death was still observed with RB added after the sonication, to a different 

degree in the cell lines that were used in this experiment. 

From the point of view of the sonoporation SDT hypothesis, this may indicate that sonoporation 

and other ultrasound-induced effects do play some role in the SDT-induced cell death, to a 

different extent depending on the cell line; the sonoporation hypothesis is not able to fully explain 

the results seen in the A549 cells, but it may still contribute to some of the cell death, as seen in 

the results with RB added post-ultrasound. It is also possible that, in order to achieve the highest 

cell death rate, both sonoporation and ultrasound-induced drug activation are needed: as RB can 

achieve high intracellular concentrations in the sonoporated cells, it may lead to the levels of ROS 

generated by its ultrasound activation to be sufficient to induce cell death; however, checking this 

experimentally would present a considerable challenge.   
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Interestingly, PI was found to produce high levels of cell death, indicating that it should be used 

with caution as a marker of cell permeabilization. 

 

Future work 

 

These experiments show encouraging results for the reproducibility of the protocols developed 

here and the reliability of the setup. The results demonstrate that sonoporation does occur under 

ultrasound exposure conditions used in SDT and that internalisation of a sensitiser, Rose Bengal, 

does take place. A number of further questions still have to be answered, however, to test the 

sonoporation hypothesis. 

Firstly, it would be of interest to perform these experiments with other cell lines and drugs, as 

sonoporation dynamics and general behaviour are different for different cell lines, and different 

types of drugs may vary in their mechanisms of action. Most of the experiments in this Chapter 

were performed on A549 cells, with some preliminary experiments with HeLa and GFP-VE cells; 

further experiments should be performed in these and other cell lines in order to more fully assess 

the potential of the sonoporation hypothesis. A number of measurements that were not carried 

out in this project, such as assessing the intracellular ROS production, may also be of interest. 

Another important factor is the sonoporation window length. 20 minutes were assumed to be 

enough for most of the sonoporated cells to either close or to die, but literature reports vastly 

different lengths of sonication windows for different cell lines and ultrasound parameters, and 

therefore this should be verified. Preliminary checks carried out in this study did not produce 

conclusive results. 

Further studies are also needed to assess the intracellular toxicity of PI: although the results here 

indirectly point towards it, this requires more experiments. If confirmed, this would be an 
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important note for sonoporation experiments, as PI is a popular marker of either cell death or 

sonoporation, and if it is indeed toxic intracellularly, it would artificially decrease the rates of 

reversible compared to irreversible sonoporation. 
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Chapter 7. Conclusions 

 

 

One of the barriers faced by sonodynamic therapy on the way to clinical use is better 

understanding of its mechanisms. The overall goal of this thesis was to contribute to this 

understanding by developing robust protocols and experiments and testing hypotheses that could 

explain some of the effects observed in vivo. 

The first part of the thesis addressed the discrepancy between the small delivered oxygen doses 

and substantial in vivo results in ultrasound-mediated oxygen-enhanced sonodynamic therapy and 

in ultrasound-mediated targeted oxygen delivery more generally. A hypothesis proposed in the 

blood substitute literature, which states that artificial agents may be able to speed up the oxygen 

exchange between red blood cells and tissue, was tested in application to other agents, in 

particular those used for ultrasound-mediated delivery, and an experimental setup was developed 

to this end. Although the experimental sensitivity was not sufficient to detect changes in 

oxygenation speed for the parameters tested here, it is still possible that this setup could be used 

to study blood oxygenation under a wider range of parameters – in particular, smaller channel size 

would be of interest. 

The second part focused on reactive oxygen species generation. It was observed that a widely 

used optical probe Singlet Oxygen Sensor Green did not produce theoretically predictable results 

when sonicated in the presence of sonosensitive drug Rose Bengal. An HPLC protocol was 

developed to detect singlet oxygen, which showed that the amount of reactive oxygen species 

produced by the combination of Rose Bengal and ultrasound was much lower than that for the 

light activation of this drug, even for light intensities that are much lower than those used for 

therapeutic applications. In order to explain the discrepancy between the low amounts of reactive 

oxygen species and the observed in vivo effects, in particular when comparing sonodynamic and 
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photodynamic therapy, it was proposed that ultrasound-induced permeabilization of cell 

membranes plays an important role by substantially increasing intracellular concentrations of 

drugs and therefore potentially making them toxic at concentrations that are non-toxic 

extracellularly. A number of experiments were carried out in several cell lines, and it was observed 

that there is indeed marked uptake of a drug by cells, even if the drug is introduced right after the 

sonication and not before. Cell death results were different for different cell lines; for the cell line 

most studied in this project (A549) it was seen that Rose Bengal toxicity is highest if the drug is 

added before ultrasound, but there is still some toxicity if a drug is added after the sonication, 

showing that sonoporation may indeed play some part in overall toxicity of sonodynamic therapy. 

Further investigations are ongoing with a broader range of cell lines and drugs. 

Separate chapters were dedicated to agent and ultrasound setup characterisation, and substantial 

attention was paid to good experimental practice, reproducibility issues and reliability of protocols 

used in this study. 

It is the hope of this author that the protocols, setups and results presented here will help in 

further elucidating the mechanisms of sonodynamic therapy and ultrasound-mediated oxygen 

delivery. 
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APPENDIX 

 

 

 

A 2.4.3 Oxygen release measurements with focused ultrasound 

 

Introduction 

 

As explained in section 2.4.3, ultrasound-mediated O2 release measurements suffer from a 

number of technical difficulties, one of which is the sample heating (and potentially the effect of 

ultrasound on the O2 sensor) that lead to artificially elevated results of O2 release. This may be 

mitigated with proper controls; however, it would also be of interest to develop a setup for real-

time ultrasound-mediated O2 release measurement that did not have these issues. 

To this end, a setup was proposed using a focused ultrasound transducer. The sample holder was 

designed so that the focus of the transducer would be located in the centre of the sample, and 

the O2 sensor is placed on the periphery of the sample, this way hopefully avoiding the direct 

interaction between the ultrasound and the sensor. This setup was tested in a proof-of-concept 

experiment, which is described here. 

This experiment was performed in collaboration with Dr Catherine Paverd. 

 

Materials and methods 

 

Materials and protocols for MB production are described in Chapter 2. In this experiment, DBPC-

PEG40S MBs with PFP cores were used. 

Focused Ultrasound (FUS) experiments were performed using a 0.5 MHz focused single element 

transducer made by Sonic Concepts (H107 series). Signals were recorded using a Verasonics 

Vantage 256 channel array (128 channels used in this experiment). Sample holder made of 

ultrasound-transparent materials was modified to accommodate a PreSens oxygen sensor 

(PreSens, Germany); a waterproof channel was attached to the sample holder to accommodate 

the oxygen sensor cable (Fig. A 2.4.3.1 a). The sample holder, transducer and array were put in a 

water tank (water degassed to ~30% airsat), with the Verasonics probe positioned horizontally in 
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order to avoid the influence of the coalescent bubble foam that can accumulate on the top of the 

sample after sonication, and a custom B-Mode and Passive Acoustic Mapping (PAM) acquisition 

script was used to position the holder and then to acquire the raw signal traces. These traces were 

then beamformed using an RCB (Robust Capon Beamformer) PAM algorithm to form a cavitation 

energy map on a 12x12 spatial grid (Fig. A 2.4.3.1 b). Total cavitation energy was calculated as sum 

of energies over the detection grid. 

 

 

 

Fig. A 2.4.3.1. a) Sample holder with an optical oxygen sensor for the focused ultrasound setup; b) 

example of cavitation energy map processed for a 12x12 spatial grid. 

 

Samples of DBPC-PEG40S PFP microbubbles diluted to the concentration of 5*107 MB/mL were 

prepared in DPBS with 3 µM Rose Bengal and 1.5 µM Singlet Oxygen Sensor Green to quantify ROS 

production. Sample solution was injected into the holder, sealed and subjected to ultrasound (0.5 

MHz, 1.6 MPa peak negative pressure, 1 Hz pulse repetition frequency, 10% duty cycle, 10 min 

sonication time). 
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Results and discussion 

 

O2 release measurements were performed for oxygenated and non-oxygenated PFP microbubbles 

(Fig. A 2.4.3.2). A general trend for O2 concentration, observed for all MB samples, was oxygen 

decrease before the ultrasound, then increase with a sharp peak, followed by a decrease until the 

end of the sonication period, after which O2 levels remained stable for the time of observation (at 

least 1 minute). 

Initial oxygen increase was slightly larger for oxygenated bubbles than for non-oxygenated 

samples (Fig. A 2.4.3.3). However, this is overshadowed by the large decrease in O2 concentration 

seen during the ultrasound time, which has to be increased. Additional experiments showed that 

part of this effect could be caused by oxygen leaking from the sample holder into the degassed 

water tank, but that it could only account for about 20% of the O2 decrease seen in the 

experiments. 

 

 

Fig. A 2.4.3.2. Oxygen concentration vs time, maximum cavitation energy vs time and total 

cavitation energy vs time in the sample for a) non-oxygenated and b) oxygenated PFP MBs. 
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Fig. A 2.4.3.3. Oxygen concentration parameters (increase from start of ultrasound to peak: 

decrease from peak to end of ultrasound; decrease from start to end of ultrasound) for non-

oxygenated and oxygenated PFP MBs; the schematic on the right-hand side explains the 

definitions of these parameters) (n = 3, error bars represent standard deviations). 

 

In conclusion, this experiment showed the technical feasibility of using focused ultrasound to 

monitor real-time O2 release; however, troubleshooting is needed for the setup to be used reliably. 

The large O2 concentration drop seen during the experiments could not be readily explained; in 

addition, some further artefacts were seen with O2 concentration oscillations for some of the lipid 

control samples (data not shown). 

Although this setup could be developed further to study the time-dependence of oxygen release 

from O2-carrying agents, this goal was not within the principal aims of this thesis, and for this 

reason this setup was not developed further. 
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A 3.3.1 Development of the oxygen diffusion measurement setup for simple agent solutions 
without blood or flow 

 

This section details the development of the setup for measuring oxygen diffusion in simple 

solutions without blood or flow. This development process allowed to establish the experimental 

principles for further diffusion setups, such as the utmost importance of avoiding temperature-

induced convection or mechanical agitation, which agree with what is underlined in the 

experimental literature on oxygen diffusion measurements181. 

 

Liquid layer diffusion setup – version 1 

 

The first rudimentary version of the setup is shown in Fig. A 3.3.1.1. However it was quickly 

established that the size of such a setup was too large and the layer thickness needed for a 1-hour 

experiment was below approx. 3 mm (Fig. A 3.3.1.1 b). 

 

 

 

Fig. A 3.3.1.1. a) Oxygen diffusion setup for a sample layer, version 1; b) COMSOL simulations for 

a 5-hour experiment with water layers of various thickness. 
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Liquid layer diffusion setup – version 2 

 

An updated version of the setup was made using a polymer sample holder (SonoLid158) with an 

inlet and outlet for gas flow (regulated via a gas rotameter); the membrane was removed from 

this setup to avoid membrane deformation and oxygen delay issues (Fig. A 3.3.1.2 a). The function 

of slow but continuous gas flow was to 1) counterbalance any oxygen leaks from the system and 

2) to avoid mechanical agitation of the system that could be caused by plugging an outlet. The 

flow rate of approximately 250mL/min was shown to fill the setup quickly and to maintain the 

oxygen levels inside it (Fig. A 3.3.1.2 b). 

Several iterations of adjustments were made to the sample holder supporting the setup to avoid 

mechanical agitation during sample handling, after which the experimental repeats showed an 

acceptable degree of reproducibility (Fig. A 3.3.1.2 c). However comparison with a theoretical 

estimation (calculated with COMSOL software) showed that the oxygen levels were rising much 

faster than they should due to diffusion alone, and this large discrepancy could not be explained 

by experimental imprecisions such as an error in measuring the liquid layer thickness. Due to the 

good reproducibility of results, it was still possible but not likely that this was caused by accidental 

mechanical agitation. Temperature changes in the sample due to the gas flow were determined 

as a likely cause for the results, since even a small temperature gradient could induce convection 

in the sample, with the top colder layers going down and therefore significantly accelerating 

oxygen exchange, and reproducible temperature curve could also account for the good 

reproducibility of the incorrect diffusion measurements (Fig. A 3.3.1.2 d). 
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Fig. A 3.3.1.2. Oxygen diffusion setup for a sample layer, version 2: a) schematic of the setup; b) 

oxygen filling speed check without a sample present (oxygen flow at approximately 250mL/min); 

c) oxygen concentration measurements and COMSOL simulation results for a 6 mm layer of PBS 

(simulation results for 5.0 mm are also included to demonstrate that the discrepancy was not 

caused by imprecise measurement of the layer thickness); d) sample temperature changes during 

the PBS experiments shown in c). 

 

Liquid layer diffusion setup – version 3 

 

The next version of the setup was designed taking these shortcomings into account (Fig. A 3.3.1.3). 

The sample was separated by a PDMS membrane to minimize mechanical disturbance and avoid 

the surface curving due to the surface tension in the sample. The sample area diameter was small 



199 
 

(1 cm) in order to decrease the potential membrane deformation magnitude. The gas 

compartment above it could be filled with a syringe with oxygen equilibrated to the room 

temperature and then sealed off. The setup was fixed with a clamp on an optical tabletop plate to 

further decrease the mechanical disturbance. Parts of the setup were pressed together with O-

rings and all connections were covered with sealant to prevent oxygen or sample loss. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A 3.3.1.3. Oxygen diffusion setup for a sample layer, version 3. The covers were attached to 

the gas compartment with 4 screws (omitted in the schematic for clarity). The diameter of the 

sample compartment was 1 cm and its height was 3 mm. 

 

To check the achievable oxygen concentrations and losses, the empty setup was filled with oxygen, 

sealed and monitored for the duration of a typical experiment. This was repeated periodically to 

monitor the sensor calibration and setup insulation state; a representative example is shown in 

Fig. A 3.3.1.4 a. It was found that the setup has some degree of oxygen loss, but this could be 

mitigated by incorporating the measured loss into the theoretical COMSOL model that was used 

to determine the diffusion coefficient (Fig. A 3.3.1.4 b presents COMSOL simulations for oxygen 

diffusion in a 3.0 mm PBS layer with a 200 µm PDMS membrane implementing 4 different 

experimental runs for oxygen levels in the setup, showing that, while oxygen loss could not be fully 
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eliminated in this setup, it could be included into the theoretical model with a good degree of 

reproducibility). 

The results obtained with this setup agreed with the theoretical predictions much better, 

indicating that the problems of thermally induced convection or mechanical agitation have been 

eliminated or at least mitigated (Fig. A 3.3.1.4 c). The remaining issue in this setup was the PDMS 

membrane deformation, since even a small layer deformation induced a significant relative 

increase in the oxygen path length (a deformation on the order of magnitude of the PDMS layer 

thickness would constitute a 10% change, which corresponds to the remaining variability of results 

– shown in Fig. A 3.3.1.4 c with a comparison to a COMSOL simulation for a 10% change in sample 

thickness). Introducing a thicker and hopefully more rigid PDMS layer and making small 

constructive changes to the setup did not resolve this issue, leading to persisting result variability 

(Fig. A 3.3.1.4 d). 
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Fig. A 3.3.1.4. Results for the diffusion setup, version 3: a) oxygen concentration in an empty setup 

after it was filled with oxygen and sealed; b) COMSOL simulations for a 3.0 mm PBS layer with a 

200 µm PDMS membrane using 4 experimental repeats of oxygen loss measured in an empty 

setup; c) a comparison of 3 experimental repeats with PBS samples to COMSOL simulations for 

different sample layer thickness; d) experimental runs with a 670 µM PDMS membrane for PBS, 

10% glycerol in PBS and nanobubble samples; shaded area indicates standard deviation for n = 3 

repeats. 

 

 

 

 

 



202 
 

A 3.4.2 Oxygenation speed experiments for agent solutions in flow without blood 

 

This section of the Appendix describes the results of the experiments described in section 3.4.2 

for various types of agents. Briefly, air-equilibrated oxygen-carrying agent solutions were put 

through a section of gas-permeable silicon tubing that was immersed in 1 atm oxygen or nitrogen 

at the parameters corresponding to non-complete oxygen exchange, and the output oxygen 

concentrations were measured for agent solution samples compared to buffer control. A 

difference in output oxygen concentration in this experiment would signify a different oxygen 

exchange speed, or different oxygen solubility. 

 

Results with 1.5 m larger diameter silicon tubing, 1 atm O2 lung 

 

The experiments in this section were performed with the artificial lung setup with 1.5 m of big 

(1.47 mm ID) silicon tubing, described in section 3.4.2. 

In addition to microbubble experiments described in section 3.4.2, a number of measurements 

were carried out with other samples (lecithin, nanobubbles, crocetin and glycerol) comparing 

oxygen content before and after going through the lung (Figs. A 3.4.2.1 - A 3.4.2.3). Due to 

nanobubbles being much more stable than microbubbles, and other samples having no stability 

concerns under the experimental conditions, no stability checks were performed for these 

samples. 
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Fig. A 3.4.2.1. Oxygen concentration in lecithin solutions in water (3 g/L) and lecithin-based 

nanobubbles (prepared in water) compared to water controls after passing through the lung with 

1.5 m tubing filled with 1 atm O2 at flow rates of 10 or 20 mL/min (n = 2 for NBs in flow experiments, 

n = 3 for all other measurements, error bars represent standard deviations). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A 3.4.2.2. Oxygen concentration in crocetin solutions in water (100 µM, 500 µM or 2.5 mM) 

compared to water controls after passing through the lung with 1.5 m tubing filled with 1 atm O2 

at flow rates of 10 or 20 mL/min (n = 2 for water control in flow experiments, n = 3 for all other 

measurements, error bars represent standard deviations). 
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Fig. A 3.4.2.3. Oxygen concentration in glycerol solutions in water (10% or 20% vol) compared to 

water controls after passing through the lung with 1.5 m tubing filled with 1 atm O2 at flow rates 

of 10 or 20 mL/min (n = 3, error bars represent standard deviations). 

 

Discussion 

 

The samples with lecithin, NBs and crocetin showed a significant increase in output oxygen 

concentration relative to water controls, and glycerol samples demonstrated a marked decrease. 

However, care should be taken when interpreting whether these changes were seen due to 

oxygen diffusivity differences; in particular, two factors that should be taken into account are 

oxygen solubility in the samples, and the temperature of the samples in the experiment. 

Oxygen solubility can be measured as oxygen content in air-saturated samples (Fig. A 3.4.2.4), and 

for some of the samples literature data exist for comparison. Interestingly, the measurements 

showed oxygen concentrations above 100% (relative to water). For nanobubbles, literature 

comparison for oxygen solubility is not available, however there is data separately on citric acid 

(which is one of the NB components in concentration of 3 g/L) showing that it decreases the 

oxygen solubility of water slightly (to ~99.5% airsat at 3 g/L) due to the salting-out effect182. 

Literature comparison for crocetin was not found. However, the solubility of oxygen in glycerol 

solutions was showed by several studies to be low; data from at least two papers allows to 

estimate oxygen solubility in 10% vol glycerol at ~87% airsat, and in 20% vol glycerol at ~72% airsat 

(at 20°C)182,183. The air-saturated samples measurements for glycerol do not therefore correspond 
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to the literature. One possible explanation for this could be oxygen sensor errors – some time after 

the sensor calibration the water oxygen saturation was shown to be around 102% instead of 100% 

(Fig. A 3.4.2.4), indicating that a small signal drift upwards is possible; it is however insufficient to 

explain the big difference with the literature for glycerol. It is possible that glycerol affects the 

performance of the oxygen sensor; for this reason, glycerol controls that were measured for some 

of the experiments were excluded from the final data sets until this issue can be understood better. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A 3.4.2.4. Oxygen concentration in air-equilibrated samples used in experiments above (% air 

saturation expressed relative to water): lecithin (3 g/L in water); lecithin-based nanobubbles; 

crocetin in different concentrations in water; 10% and 20% vol glycerol in water (n = 3, error bars 

represent standard deviations). 

 

The second important consideration is the sample temperature. Despite the efforts to keep the 

temperature constant throughout the experiments, some changes in temperature were still seen 

in samples after going through the lung (Fig. A 3.4.2.5). The biggest increases were seen for 

crocetin and glycerol. For crocetin, notable heating was observed during solution preparation, and 

it is possible that additional mixing during the lung experiment could prompt further solubilisation 

of crocetin if it had not been full at the start of the experiment, therefore explaining the heating; 

for glycerol, it is possible that the heating is connected to the relatively high viscosity. Increased 

temperature is known to decrease oxygen solubility in aqueous solutions by about 1.5% airsat per 

1°C around room temperature184. 
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Fig. A 3.4.2.5. Temperatures in the samples after going through the lung, measured during the 

experiments described above (Figs. A 3.4.2.1 – A 3.4.2.3): lecithin (3 g/L in water); lecithin-based 

nanobubbles; crocetin in different concentrations in water; 10% and 20% vol glycerol in water (n 

= 2 for NBs and water controls in crocetin experiments, n = 3 for all other measurements, error 

bars represent standard deviations). 

 

When all of these considerations are taken together, it becomes clear that the results seen in Figs. 

A 3.4.2.1 – A 3.4.2.3 may be caused by various factors; oxygen diffusion speed can still play some 

role, but its contribution is unclear. 

 

Results with 1.0 m smaller diameter silicon tubing, 1 atm O2 lung 

 

Similar to the experiments described above, output O2 concentrations were measured in the same 

setup with 1 m smaller diameter silicon tubing (ID 310 um) for nanobubble and lecithin solution 

samples (Fig. A 3.4.2.6). Oxygen concentration was also measured in air-equilibrated samples (Fig. 

A 3.4.2.7). 
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Fig. A 3.4.2.6. Oxygen concentration in lecithin solutions in water (3 g/L) and lecithin-based 

nanobubbles (prepared in water) compared to water controls after passing through the lung with 

1.0 m tubing filled with 1 atm O2 at flow rates of 10 or 20 mL/min (n = 3, error bars represent 

standard deviations). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A 3.4.2.7. Oxygen concentration in air-equilibrated samples used in experiments above (% air 

saturation expressed relative to water): lecithin (3 g/L and 6 g/L in water); lecithin-based 

nanobubbles; crocetin (500 µM in water); 10% and 20% vol glycerol in water (n = 3, error bars 

represent standard deviations). 
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