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Abstract 

Medical ultrasound (US) imaging is an established and powerful tool for diagnostic imaging. 

Combined with contrast enhancing agents called microbubbles, its imaging performance has been 

improved, as well as offering a potential tool for molecular imaging and targeted drug delivery and 

therapeutics.  

Microbubbles (MBs) consist of micron-sized, inert gas cores stabilised by a lipid monolayer or 

protein and suspended in aqueous dispersion. These non-targeted blood perfusion agents were 

found to persist in circulation, sticking to sites of inflammation or injury in the vasculature. This 

non-targeted MB retention in the vasculature is not fully understood and this project investigates the 

role of surface charge on MB-cellular adhesive behaviour. 

The adhesion of current clinical MBs, SonoVue™, Definity™, Optison™, and an experimental 

agent, BR38, with healthy and diseased vascular phantoms were observed in vitro. Human 

umbilical vein endothelial cells (HUVECs) were used to mimic the healthy vasculature and TNFα-

activated HUVECs mimicked the diseased vasculature. Some degree of preferential binding for the 

TNFα-activated versus non-activated HUVECs was observed, indicating a surface component to 

this interaction. We hypothesised that surface charge plays a role in this interaction. MB surface 

charge was characterised with laser Doppler electrophoresis (LDE), the most widely-used method 

for determining particle surface charge. However, MB buoyancy compromised the reliability of this 

method and hence a micro-electrophoretic technique to determine MB surface charge was 

developed. MB electrophoretic movement was tracked using an in-house algorithm which was able 

to determine MB surface charge with at least a 10-fold improvement in relative standard deviations 

when compared to the LDE method.  

Our findings suggest an electrostatic role in MB adhesion to TNFα-activated HUVECs for 

phospholipid-stabilised MBs but not for protein-stabilised MBs. In conclusion, while surface charge 

may play a role in MB adhesion, there may be other unknown factors which can contribute to MB-

cellular interaction. 
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http://www.nhlbi.nih.gov/health/health-topics/topics/cu/during
http://www.nhlbi.nih.gov/health/health-topics/topics/cu/
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10 

Typical US machine [Image reproduced with permission from Shutterstock.com, URL: 

http://www.shutterstock.com/pic-138666440/stock-photo-medical-ultrasound-diagnostic-

machine.html?src=ma4ebPGhE7uquLVPe20Rfw-1-0, accessed 19/12/2014] with multiple 

transducer probes highlighted and magnified. The different probes are used for specific 

applications or areas of the body [Image of transducers reproduced with permission from GE 

Healthcare, URL: 

http://www3.gehealthcare.in/en/products/categories/ultrasound/ultrasound_probes#tabs/tab8AC

EC72FF3AA49D7899F732E47BB1C92, accessed 15/12/2014] 

11 

11 

Schematics of wave reflection and transmittance through a boundary. Dotted line represents the 

normal to the boundary between the two media, θi is the angle between the incident wave and the 

normal, θr is the angle between the reflected wave and the normal and θt is the angle between the 

transmitted wave and the normal. 

11 

12 
Schematics of the image acquisition process and some signal processing before storage in the 

image memory, followed by image display. 
13 

13 
Schematic representation of (a) specular reflection, which occurs on smooth interfaces and (b) a 

diffuse reflection, which occurs on rough surfaces. 
13 

14 

Compromises forced on harmonic imaging: Transmitted frequencies restricted to a band around 

the fundamental, limiting resolution. As this overlap becomes greater, the harmonics signal 

would largely compose of tissue echoes; blocking the tissue echoes would effectively block the 

useful harmonic signals. Left to right: (a) Ideal small overlap of signals, (b) Increasing 

transmitted and received bandwidths to improve resolution would cause tissue signal to overlap 

with harmonics, reducing contrast and (c) If the harmonic echoes are weak, harmonic signals 

may be largely composed of tissue signal [Image reproduced with permission from (Becher and 

Burns, 2000)] 

15 

15 

Short-axis images of left ventricle in fundamental mode (left) and harmonic mode (right). Systolic 

images from a control subject (bottom) and diastolic images from a patient with systemic 

sclerosis (top) [Image reproduced with permission from (Caidahl et al., 1998)] 

15 

16 

Schematics of the Doppler effect. The moving sound source here is depicted by the ambulance. 

As the ambulance is moving towards observer A, the sound waves emitted are more closely 

packed, therefore observer A will hear a higher frequency (high pitch) wave. Observer B will 

hear a lower frequency (low pitch) sound wave as the ambulance moves away from observer B 

and therefore the sound waves emitted are more widely spread out. 

16 

17 

Schematics of a transducer emitting US waves on a blood vessel. The angle, θ, between the path 

of the US beam and the blood flow is called the insonation angle, which can change depending 

on the position of the probe or the blood vessel [Image adapted from (Azhari, 2010)]. 

17 

18 

Duplex mode imaging (combined B-mode with colour flow imaging). Coloured blood flow 

velocities were mapped on top of greyscale B-mode image. The velocity of the blood flow is 

assigned with two different colours depending on whether the blood flow is going towards or 

away from the transducer (shown as positive and negative values here). The insonation angle is 

determined from the B-mode image and is displayed, along with the spectral Doppler 

information [Image reproduced with permission from (Madhwal et al., 2014)]. 

17 

19 

Enhancement of Doppler signal by a microbubble contrast agent. The spectral display shows an 

increase in intensity with the arrival of the agent in the artery following intravenous injection. 

[Image reproduced with permission from (Becher and Burns, 2000)] 

20 

20 
Endocardial border detection: (A) before and (B) after (indicated by arrows) introduction of 

contrast agents [Image reproduced with permission from (Cosgrove and Harvey, 2009)] 
20 
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21 

Reperfusion technique for myocardial perfusion: in this technique, a series of high mechanical 

index (MI) pulses is used to destroy the MBs within the image plane; then the scanner is switched 

to a low MI imaging mode and the increasing signal, as the slice is reperfused, is quantified. 

Diagram shows two still images from a contrast echocardiogram video. Left (taken immediately 

after destruction of MB): strong signals from the heart chambers (which refill very rapidly) but 

little in the myocardium. Right (a few seconds later): shows enhancement in the myocardium 

(arrowheads) [Image reproduced with permission from (Cosgrove and Harvey, 2009)] 

21 

22 

Typical lipid microbubble (MB) construct: a perfluorocarbon (PFC) gas core surrounded by a 

phospholipid monolayer (lipid shown here is 1,2-distearoyl-sn-glycero-3-phosphocholine 

[DSPC]). The separation between the gas and liquid phase is stabilised by the assembly of 

phospholipid surrounding the core and depending on the charge of the head group of the 

phospholipid, would determine whether the MB would be positive or negatively charged. 

24 

23 

Diagram of MB resonance with transmitted power. At low insonating intensities, simple 

reflection occurs. As the transmitted power increases, MBs begin to resonate in a linear fashion, 

and then non-linearly. Harmonic and transient phenomena such as stimulated emission 

(sonoscintillation) result at higher power outputs. All of these effects occur within the permitted 

power output levels. [Image reproduced with permission from (Cosgrove, 1998)] 

26 

24 
Optison™ (GE Healthcare) microbubbles photographed in vitro with red blood cells [Image 

reproduced with permission from (Becher and Burns, 2000)] 
27 

25 

Schematic representation of pressure relations for a microbubble in circulation [Diagram: 

courtesy of Dr. Charles Sennoga, Ultrasound Research Group, Division of Imaging Sciences, 

Imperial College London] 

28 

26 

Microscopic images taken 330 ns apart shows volumetric oscillation of a microbubble during 

exposure to a 500 kHz ultrasound pulse. Each picture corresponds to a different point on the 

wave [Reproduced with permission from (Lindner, 2004)] 

29 

27 

Schematic representation schematic representation of the range of bubble behaviour. The 

expansion ratios drawn for these bubbles are exaggerated to illustrate the pulsations more 

clearly [Reproduced with permission from (Cosgrove, 1998)] 

30 

28 

Inflammation cascade of events: schematic representation of the molecules involved in the 

inflammatory response upon injury. When there is a form of injury, nuclear factor-κB (NF-κB) 

pathway is activated, through cytokine receptors (interleukin-1 or tumour necrosis factor α 

[TNF-α]) or Toll-like receptors. This results in the transcription of many genes that contain κB 

sites. In endothelial cells, these include adhesion molecules: E-selectin, intercellular adhesion 

molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1). For extravasation to 

occur, T cells need to be slowed down and tethered, using cutaneous lymphocyte antigen P-

selectin glycoprotein ligand 1 (CLA-PSGL-1) cell surface molecules, binding to E-selectin and 

P-selectin on the luminal surface of the cutaneous post-capillary venules. Once tethered, the T 

cells slowly roll on the surface of the endothelial in the direction of the blood flow, exposing the 

surface of the T cells to the endothelial surface, where chemokines are present. The binding of 

chemokines to specific receptors on these T cells causes a modification of the structure of the 

αLβ2 integrin (lymphocyte-function-associated antigen 1 [LFA-1]) and the α4β1 integrin (very late 

antigen 4 [VLA-4]) so that they can bind to ICAM-1 and VCAM-1, respectively. The integrin 

binding not only holds the CLA-positive T cells in place, but also flattens the lymphocytes for 

extravasation. Once extravasated on the abluminal side of the vessel, the T cells are no longer 

subjected to the shear forces from blood flow and they can respond to the chemotactic gradients 

emanating from the site of injury or infection. If these T cells encounter antigen in tissue, they 

will become activated. The subsequent release of T cell cytokines will modify and expand the 

inflammatory infiltrate [Reproduced with permission from (Robert and Kupper, 1999) Copyright 

Massachusetts Medical Society] 

32 
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29 

Quantification of stationary contrast agents using the sensitive particle acoustic quantification 

(SPAQ). Drawings illustrate the principles of SPAQ. If an US transducer moves over an object 

(in this case agar-phantom containing MB), the US beam destroys the MB within the acoustic 

field. (A) Low frame-to-frame displacement between the single US pulses results in a high SPAQ 

resolution providing good discrimination of single signals. (B and C) Higher displacements 

equates to higher SPAQ slices, but produces lower SPAQ resolutions finally resulting in an 

overlay of single slice signals [Reproduced with permission from (Kiessling et al., 2011; 

Reinhardt et al., 2005)] 

35 

30 

Schematic representation of (a) fundamental and (b) harmonic imaging. Right: MB signal 

generation at varying transmitted frequencies. The strongest harmonic signal occurs at twice the 

transmitted frequency, known as the second harmonic. The harmonic image is constructed 

strictly from the signal emanating from MB [Reproduced with permission from (Lindner, 2004; 

Schutt et al., 2003)] 

36 

31 
Phase inversion harmonic low-power imaging: cancellation of tissue signal, leaving only bubble-

specific harmonics [Reproduced with permission from (Schutt et al., 2003)] 
37 

32 
Power modulation imaging: complete tissue signal elimination, leaving purely harmonic signals 

[Image adapted from (Serra et al., 2004)] 
37 

33 

In vitro images of model vessels containing microbubble contrast agent, Optison™ surrounded 

by tissue-mimicking material. (a) Conventional/Fundamental image, (b) Harmonic image, 

slightly improved contrast between tissue and vessel and (c) Pulse-inversion harmonic image, 

contrast further improved by suppressing linear echoes from tissue [Reproduced with permission 

from (Becher and Burns, 2000)] 

38 

34 

Imaging myocardial microvascular blood flow: Background-subtracted, colour-coded 

myocardial contrast echocardiography images from a patient with a moderate left anterior 

descending artery stenosis obtained at rest (left) and during hyperaemic stress (right) 

[Reproduced with permission from (Lindner, 2004)] 

38 

35 

Images of tumour implanted in the thigh of a rabbit (a) before and (b) after intravenous 

administration of Imagen™. Presence of tumour is apparent [Reproduced with permission from 

(Schutt et al., 2003)] 

39 

36 

Views of carotid artery bifurcation using power Doppler imaging: (a) before administration, (b) 

after intravenous administration of Optison™ and (c) schematic depiction of anatomy. The exact 

configuration of the narrowed lumen, the true thickness and internal architecture of plaques 

shows clear severity of stenosis [Reproduced with permission from (Schutt et al., 2003)] 

39 

37 

Strategies for microbubble targeting: MBs are targeted to regions of disease either by (a) 

intrinsic properties of the shell constituents or (b) by surface conjugation of specific ligands or 

antibodies [Image adapted from (Lindner, 2004)] 

40 

38 
Schematic representation of a targeted microbubble [Courtesy of Dr. Charles Sennoga, 

Ultrasound Research Group, Division of Imaging Sciences, Imperial College London] 
41 

39 

Schematic of MB design for drug delivery: interior contains gas and therapeutic agent and the 

exterior contains targeting ligand to allow site-specific delivery. [Reproduced with permission 

from (Blomley et al., 2001)] 
43 

40 

Schematic of MB design for gene delivery: (a) a cationic MB incorporated with negatively 

charged nucleic acid (by electrostatic interaction) (b) an MB-lipoplex conjugate: liposomes 

(containing nucleic acid) are connected to the shell material via a linker. Smaller liposomes 

released during insonation could extravasate due to their small size. [Reproduced with 

permission from (Unger et al., 2014)] 

43 

41 
Schematic overview of (a) a stable atherosclerotic plaque and (b) an unstable atherosclerotic 

plaque [Reproduced with permission from (W van Lammeren et al., 2011)] 
45 
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42 

Left: SonoVue™ pack consisting of 25mg lyophilised powder in a vial filled with SF6 headspace 

and a 5ml pre-filled saline syringe for MB suspension (Image reproduced from 

http://www.ilsung-ph.co.kr/renewal/body/image/f210.jpg, accessed 20/01/2010) Right: 

Respective chemical structures of MB surfactant: distearoyl-phosphatidyl-choline [DSPC], 

dipalmitoyl-phosphatidyl-glycerol [DPPG], palmitic acid and Macrogol (polyethylene glycol 

[PEG]). 

46 

43 

Left: Vial of Definity™ (top) and Luminity™* (bottom) Right: Respective chemical structures of 

lipid blend (dipalmitoyl-glycero-phosphate [DPPA], dipalmitoyl- glycero-phosphocholine 

[DPPC] and [methoxy(polyethylene glycol)-5000] dipalmitoyl-glycero-phosphoethanolamine 

[MPEG5000-DPPE] *Marketed as Luminity™ in Europe and Australia. 

47 

44 

Left: Optison™ (Image reproduced with permission from GE Healthcare, URL: 

http://md.gehealthcare.com/optison/monograph/om09-01.html, accessed 20/01/2010) Right: 

Chemical structures of N-acetyltryptophan (top) and caprylic acid (bottom) 

48 

45 

Bright-field microscopy image (at 10X magnification) of (a) tumour necrosis factor alpha 

(TNFα) activated and (b) non-TNFα-activated human umbilical vein endothelial cells (HUVECs) 

cultured on 35 mm Dow Corning™ petri dishes coated with gelatin. There are no morphological 

changes between TNFα-activated HUVECs versus non-TNFα-activated HUVECs. Scale bar 

represents 100 µm. 

52 

46 

Ribbon diagrams of the structure of tumour necrosis factor alpha (TNFα) seen from the side 

(left) and top (right) orientation [Reproduced with permission from (Bodmer et al., 2002; Eck 

and Sprang, 1989)] 

53 

47 

Type II activation of endothelial cells. In response to binding of inflammatory cytokines, such as 

interleukin-1 (IL-1) or tumour necrosis factor (TNF) to relevant receptors, signalling complexes 

are formed within the cell. In the case of TNF, complexes that are formed activate the same sets 

of mitogen-activated kinases (MAPK) that are involved in the initiation of signals that lead to the 

activation of the transcription nuclear factor-κB (NF-κB) and activating protein 1 (AP1). These 

factors initiate the transcription of specific genes within the nucleus leading to the expression of 

pro-inflammatory proteins. Among them are adhesion molecules that bind leukocyte, such as E-

selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 

(VCAM-1); chemokines; enzymes, such as cyclooxygenase-2 (COX-2) and unknown effector 

proteins that reorganise actin filaments [Image reproduced with permission from (Pober and 

Sessa, 2007)]   

53 

48 

Glycotech™ circular parallel-plate flow chamber. Left: Flow deck with the inlet and outlet 

tubings, and gasket with a thickness of 0.0254 cm and flow path width 1.0 cm; Right: Schematics 

of the flow chamber assembly [Images reproduced with permission from (Gentile et al., 2008; 

Yona et al., 2010)] 

54 

49 

Bright-field microscopy image (at 20X magnification) of Optison™ on TNFα-activated HUVECs. 

Due to the difference in refractive index between the MB gas core and the surrounding, 

Optison™ MB could be clearly seen without the need of fluorescence tagging. Red circles mark 

the presence of MBs. Scale bar represents 50 µm.  

55 

50 

Bright-field microscopy images (at 20X magnification) of (a) Optison™ on non-activated 

HUVECs and (b) Optison™ on TNFα-activated HUVECs. The degree of MB binding is 

quantified by the total number of MBs seen sticking on HUVECs. The higher the number of MBs 

seen sticking, the greater the degree of binding. It was expected that TNFα-activated HUVECs 

increases the release of adhesion molecules and therefore would increase the degree of MB 

binding to HUVECs. In (b) more MBs were seen sticking. Red circles mark the presence of MBs. 

Scale bar represents 50 µm. 

56 

51 

Left: The experimental agent, BR38 (supplied directly from Bracco Diagnostics Incorporated) 

Right: Mechanical stirrer, VialMix™ used for activating Definity™/Luminity™ [Image 

reproduced from http://www.definityimaging.com/how-vialmix.html, accessed on 25/08/2010] 

58 

52 Chemical Structure of fluorescein isothiocyanate (FITC) 59 

http://www.ilsung-ph.co.kr/renewal/body/image/f210.jpg
http://md.gehealthcare.com/optison/monograph/om09-01.html
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53 

Right: Microscope stage is in a temperature-controlled (at 37
o
C) hood. Top left: Circular 

parallel-plate flow chamber connected to a Harvard Apparatus™ PHD2000 Programmable 

Syringe Pump (bottom right) with a set infusion rate of 2 ml/min. 

60 

54 
Schematic illustration of bubble and cell contact during chamber flipping (side view). The acrylic 

flow deck is not shown. 
61 

55 

Schematic illustration of stage movement for image capture of petri dish. This yields 25 images 

for the inlet side and another 25 images on the outlet side, totalling in 50 images per 

experimental run (as seen from above). 

62 

56 

An example of an image captured using the Lumenera Infinity™ CCD camera, at 20X 

magnification, clearly showing microbubbles (marked with yellow circles) and artefacts, which 

look like bubbles (marked with red boxes). Scale bar represents 50 µm. 

63 

57 

The number of each MB agent seen adhering per mm
2
 of interrogated area is shown here. The 

error bars show the deviation of between the two runs (n = 2). We can see that more MBs adhere 

to activated HUVECs compared to the non-activated HUVECs. This shows some level of 

preferential binding for activated HUVECs even though these MB agents are non-targeted. 

65 

58 

MB adhesion with activated and non-activated HUVECs, looking at the difference in MB uptake 

(if any) between the inlet side and the outlet side for (a) SonoVue™, (b) Definity™, (c) BR38 and 

(d) Optison™ respectively. Data was displayed as total number of MBs seen for all 50 images 

from the two runs for activated and non-activated HUVECs. Results suggest minimal difference 

between MB uptake between the inlet and outlet part of the flow gasket flow path [For a full set 

of data, refer to supplemental data 1-4]. 

67 

59 

Varying degrees of HUVECs confluency: (a) HUVECs at roughly 90% confluency, this was the 

gold standard of what should be used. (b) and (c) There are still some areas where it looks like 

HUVECs were sparsely distributed, but overall healthy HUVECs. (d), (e), (f) and (g) some 

sparse HUVECs distribution, some clustering and differences in HUVECs shape could be seen. 

(h) and (i) show over-confluent HUVECs, these are not suited for experimental use. Images were 

obtained at 10X magnification using JVC analogue CCD camera. Scale bar represents 100 µm. 

69 

60 

HUVECs and MBs at different magnifications: (a) HUVECs and (c) MBs at 10X magnification, 

scale bar 100 µm; (b) HUVECs and (d) MBs at 20X magnification, scale bar represents 50 µm. 

(b) shows the magnification of the highlighted area in (a). It is easier to gauge the health of 

HUVECs at 10X magnification compared to 20X magnification. Therefore, magnification was 

changed in order to see MBs or HUVECs. 

70 

61 

Differences in image quality between the analogue JVC™ TK-C1360B Colour Video Camera 

and the Celestron™ microscope imager model 44421 at 20X magnification: (a-b) Images 

obtained by the JVC analogue camera (once converted to digital); (a) MB bolus arriving in the 

flow path; (b) HUVECs in focus with MBs demarcated with yellow circles. Artefacts (which look 

like bubbles) are denoted by red boxes. Image resolution deteriorated upon digital conversion. 

(c-d) Images obtained by Celestron™ camera; (c) MB bolus arriving in the flow path; (d) 

HUVECs in focus with MBs demarcated with red circles. Scale bar represents 50 µm. 

71 

62 

Images from fluorescence and HUVECs interaction. (a)-(d) FITC-labelled SonoVue™ and 

(a),(b) non-activated HUVECs, (c),(d) activated HUVECs. (e)-(h) FITC and (e),(f) non-activated 

HUVECs, (g),(h) activated HUVECs. Fluorescence images obtained were similar in all cases. 

Fluorescence experiments failed to elucidate whether microbubbles are being engulfed 

(phagocytosed) or merely adhering to the surface of the cell. Images taken by Lumenera 

Infinity™ CCD Camera at 20X Magnification. Scale bar represents 50 µm. 

73 

63 

Images of MBs and HUVECs at 20X magnification: (a) focusing on HUVECs; (b) focusing 

readjusted (movement in the Z-plane) to make MBs clearer. Red circles highlight the presence of 

MBs. Scale bar represents 50 µm. 

75 

64 
Celestron™ digital microscope imager mounted onto Nikon Diaphot 300 microscope objective 

eye-piece. 
76 

65 

Schematics of experimental set-up: parallel-plate flow chamber, housed in a 37°C temperature-

controlled hood, connected to a programmable syringe pump and visualised using an inverted 

bright-field microscope. 

77 
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66 

Right: Actual experimental set-up. Flow chamber was placed in a temperature-controlled hood. 

Top left: Glycotech™ flow chamber, inverted and with marked flow path. Bottom left: Harvard 

Apparatus™ Programmable Syringe Pump. 

77 

67 

Examples of images taken at different events: (a) initial look at HUVECs (at 10X magnification), 

to assess health of HUVECs prior to experiment start; (b) during bolus introduction (bubble 

focus at 20X magnification); (c) HUVECs focus (at 20X magnification) and (d) MB focus, red 

circles marks the presence of MBs (at 20X magnification). Scale bar in all images represent 50 

µm. 

79 

68 
The number of MBs seen adhering per mm

2
 of the interrogated area is presented here as a bar 

chart. The error bars represent the deviation between experimental runs (n = 6). 
80 

69 

Schematic representation of a US-targeted drug delivery system. The system comprises polymeric 

micelles (small circles), nanobubbles (stars) and MBs (large circles). A lipophilic drug 

(doxorubicin) is loaded in the micelle cores and on the surface of the nano/microbubbles. Tight 

junctions between endothelial cells in blood vessels of normal tissues do not allow extravasation 

of drug-loaded micelles or nano/microbubbles (indicated by cross). In contrast, tumours are 

characterized by defective vasculature with large gaps between the endothelial cells. This allows 

extravasation of drug-loaded micelles and small nanobubbles, resulting in their accumulation in 

the tumour interstitium. These small nanobubbles coalesce into larger, highly echogenic MBs 

upon accumulation in the tumor tissue and release their drug load in response to therapeutic 

ultrasound [Image reproduced with permission from (Gao et al., 2008)] 

84 

70 

An example of (a) number (b) volume and (c) intensity distribution graphs for a sample 

containing only two sizes of particles (5 nm and 50 nm) but with equal numbers of each size 

particle [Image reproduced from (Malvern Instruments Ltd., 2004)]. 

86 

71 

Screenshots of the defined Standard Operating Procedures (SOP) for sizing on the Malvern 

Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK) [For a full list of defined 

parameters, please refer to Protocols section] 

88 

72 

Size distribution graph of 0.5 µm sulphate beads in terms of (a) scattering intensity, (b) volume 

and (c) number obtained by Malvern Zetasizer Nano Z (Malvern Instruments Ltd., 

Worcestershire, UK). The different coloured line show multiple sample repeats (n = 3). Average 

particle diameter and standard deviation (SD) as reported by the software is 0.54 (± 0.14) µm. 

90 

73 

Size distribution graph of 5 µm sulphate beads in terms of (a) scattering intensity, (b) volume and 

(c) number obtained by Malvern Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, 

UK). The different coloured line show multiple sample repeats (n = 3). Average particle diameter 

and standard deviation (SD) as reported by the software is 5.0 (± 0.6) µm. 

91 

74 

An example of a sizing report generated by the Malvern Zetasizer Software (v 7.10) for a 

SonoVue™ sample prior to zetasizing experiments. The highlighted area in blue shows the 

obtained average sizes of SonoVue™ particles (0.44 µm and 4 µm), but notice the standard 

deviation (SD) value for the given readings. The relative standard deviation (RSD) is 77.9% for 

0.44 µm particles and 27.8% for the 4 µm particles. DLS machines are not suitable for 

measuring the size distributions of a polydisperse sample. 

93 

75 

SonoVue™ (concentration made to ~10
6
 MBs/ml) size distributions as obtained by the Zetasizer 

Nano Z (Malvern Instruments Ltd., Worcestershire, UK) in terms of (a) scattering intensity, (b) 

volume and (c) number, before (red line) and after (green line) zetasizing. It was difficult to 

determine how the average value shown by the software was obtained solely by looking at the 

graphs. 

94 

76 

Size distributions of MB samples based on scattering intensity obtained for (a) SonoVue™, (b) 

Definity™ and (c) Optison™ (all samples were made to a concentration of ~10
6
 MBs/ml) using 

the Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). The red line shows the 

size distribution before zetasizing and the green line shows the size distribution after zetasizing. 

In this case, zetasizing applied a voltage of 30 V. 

96 
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77 
Representative images of MB samples taken before and after zetasizing experiment. Images taken 

by Olympus DP-70 Digital CCD Camera at 40X Magnification. Scale bar represents 0.3 mm. 
97 

78 
Schematics of the electrical double layer (EDL) formed when a negatively charged microbubble 

(MB) is in 0.15 M NaCl solution. [Diagram adapted from (Hunter, 2001)] 
101 

79 
Simplified schematics of laser Doppler electrophoresis (LDE) systems (e.g. Malvern Zetasizer 

instrument). [Diagram adapted from (Hunter, 2001)] 
102 

80 

(Top left) Front view of zeta cell; (Middle) 0.75 ml DTS1060 green disposable folded-capillary 

zeta cell; (Right) Malvern Zetasizer Nano Z (both from Malvern Instruments Ltd., 

Worcestershire, UK); (Bottom left) Path of incident beam makes interference patterns which can 

be correlated to particle mobility [Images reproduced from (Malvern Instruments Ltd., 2004)] 

103 

81 

Schematics of a micro-electrophoresis setup. Particle movement is directly observed under 

bright-field microscopy and particle zeta potential is determined by measuring particle velocity 

under electric field. 
104 

82 

Flow velocity profile in an electrophoresis cell, viewed from the side. Electro-osmotic flow 

generated by the charged cell wall causes a back flow which affects particle velocity. Image 

adapted from (Hunter, 2001). 

104 

83 

Chemical structure of Lipidure™-CM5206. The alkyl end sticks to the substrate surface, leaving 

the neutral lipid surface exposed, effectively making the substrate surface neutral [Image 

reproduced from NOF America website]. 

109 

84 

Schematic representation of experimental set-up. MB dispersion (normalised to ~10
6
 MBs/ml) 

was flowed into an ibidi™ microchannel (channel dimensions: L = 5 cm, w = 0.5 cm, h = 200 

µm, v = 50 μl) and a potential of 29.8 V was applied. MB movement was visualised using an 

inverted bright-field microscope. 

109 

85 

Snapshots of SonoVue™ tracked using in-house MATLAB software (developed by Mr. Chee Hau 

Leow) at different time points (a) t = 0 s and (b) t = 10 s. Algorithm only tracks particles of 

certain diameters (reject particles smaller than 1 µm), roundness (reject MBs which formed 

aggregates) and velocity (reject stationary MBs) Scale bar shows 20 µm. 

110 

86 

Zeta potential distribution graphs of (a) zeta potential standard DTS1235, (b) 5 µm sulphate 

beads and (c) 0.5 µm sulphate beads obtained by Zetasizer Nano Z (Malvern Instruments Ltd. 

Worcestershire, UK). The different coloured lines showed different sample repeats (n = 3). 

112 

87 

Zeta potential distribution graphs obtained with laser Doppler electrophoresis (LDE) for (a) 

SonoVue™, (b) Definity™ and (c) Optison™ respectively. Different coloured lines show repeats 

(n=3). 

114 

88 

Schematic representation showing forces acting on a buoyant, negatively charged MB in a 
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Chapter 1: Introduction 

Overview 

This chapter presents an overview of medical imaging to give an overall context, and highlights the 

importance of ultrasound as an imaging modality and the advantages which it can deliver over 

other imaging techniques. 

There follows a review of some typical specific applications of ultrasound imaging, as well as some 

of the scientific basis for the technique. 

Finally we review some of the limitations and weaknesses of ultrasound imaging, and look at how 

contrast agents are helpful and necessary in tackling some of these weaknesses. 

 

1.1 - Medical Imaging 

Imaging is an established diagnostic tool to investigate a medical condition. It is a non-invasive 

method to understand the progression of disease, allowing clinicians to make accurate diagnoses, 

from which the most suitable therapeutic options can be carried out (Mengel et al., 2002). The 

images obtained from medical imaging could contain anatomical information, where diseases are 

investigated based on the morphological changes in the body. This is historically the most common 

method of investigating diseases. However, for a number of diseases, once there are morphological 

changes, the disease has either progressed too far for effective treatment, or more invasive 

procedures are required to excise tumours or any abnormal growth. This is where molecular 

imaging becomes a more attractive option. In molecular imaging, functional information is obtained 

from certain molecular markers on tissues and cells, which can be indicative of disease. Diseases 

could be detected earlier, often requiring less invasive treatments with a higher rate for success and 

minimal side effects. 
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Figure 1 - Images obtained from Biograph mMR, the world’s first, fully integrated Positron Emission 

Tomography (PET) and Magnetic Resonance Imaging (MRI) whole-body imaging system, providing 

clinicians with both morphological and molecular information [Images reproduced with permission from 

Siemens AG, URL: http://www.healthcare.siemens.co.uk/magnetic-resonance-imaging/mr-pet-

scanner/biograph-mmr, accessed 07/11/2014] 

1.1.1 - Ultrasound Imaging 

Medical ultrasound (US) imaging, also known as ultrasonography, is a highly recognised imaging 

modality used in many areas in medicine, from the more commonly known neonatal development 

to musculoskeletal structures. It is cheap, portable and safe as it emits no ionising radiation. 

According to the UK office of National Statistics, in 2013-2014 alone, nearly 10 million US 

examinations were carried out in the National Health Service (NHS) (see Fig. 2), exceeding the 

number of examinations of  Magnetic Resonance Imaging (MRI) and X-Rays Computerised 

Tomography (CT) scans combined (Postins and Payne, 2014).  
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Figure 2 - Total number of imaging and radio-diagnostic examinations or tests, by imaging modality, 

England, from 1995-96 to 2013-14. X-Rays (plain film), Computerised Tomography (CT) and fluoroscopy 

are all X-ray based and therefore have a high dose of ionising radiation. The number of magnetic resonance 

imaging (MRI) and radio-isotopic (nuclear) imaging is still low compared to US examinations [Figure based 

on information from (Postins and Payne, 2014)]. 

 

1.1.2 - Advantages of US Imaging 

There are various advantages for using US imaging over any other imaging modality. Generally 

speaking, US imaging offers greater and more flexible imaging power with fewer potential side 

effects than a traditional X-Ray, while US imaging compares favourably in terms of cost with 

imaging modalities such as PET and MRI. A typical US machine cost ranges from as low as £5,000 

up to £250,000, depending on application (Absolute Medical, 2014). This is a mere fraction of the 

cost of an MRI machine or Positron Emission Tomography (PET), which can cost over a million 

pounds (GBP). Including technicians’ time and salaries and all running costs, the average cost of a 

typical US examination to the NHS (UK) in 2012-13 came to approximately £70 per test (~£140 

with the use of contrast agents or other non-routine examinations) compared to approximately 

£150-£230 for MRI and PET (see Table 1). This makes US imaging relatively accessible and cost-

effective in routine examinations or in long-term studies for many medical institutions worldwide.  
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Category of Procedure 
No. of 

procedures 

Total Costs 

(GBP) 

Average cost per 

procedure (GBP) 

X-Rays (Plain Film) 5,254,817 148,631,506 28 

X-Rays (Dexa/Bone Density Imaging) 235,163 1,5763,058 67 

Ultrasound 6,186,672 427,822,416 69 

X-Rays (Computerised Tomography, CT) 1,649,124 175,257,441 106 

X-Rays (Fluoroscopy) 291,374 34,821,310 120 

Ultrasound (Echocardiogram) 262,504 35,936,086 137 

Magnetic Resonance Imaging (MRI) 1,659,301 255,307,912 154 

Nuclear Medicine (PET, SPECT) 408,955 95,000,108 232 

Table 1 - NHS average costs of procedures (2012-13) involving different imaging modalities [Figures based 

on information from (Department of Health, 2013)] 

Secondly, due to the absence of ionising radiation, US scans are suitable for carrying out routine 

examinations, to minimise the risk of causing long-lasting damage to the patient. A good example 

of this is in a typical foetal US scan, a process that has become routine for expecting parents. US 

imaging has an exemplary safety record (Nyborg, 2001) which makes this imaging modality very 

attractive for clinical research, as the absence of ionising radiation or radioactive tracers (like in 

PET)  allows the repeated study of subjects. This increases diagnostic accuracy and enables 

longitudinal studies, while keeping the cost – when compared to scintigraphy, single photon 

emission computer tomography (SPECT), PET or MRI imaging – much lower. 

SPECT and PET exposes subjects to radioactive tracers and a certain amount of time between 

experiments is needed to ensure the radioactive material decays before starting the consecutive 

rounds. This limits the number of repeated studies that can be done on a single subject in a day. 

Consideration of exposure not only applies to the subjects, but to the researchers as well (namely 

the operators who handle radioactivity). PET imaging also requires the presence of a cyclotron on-

site in order to produce the necessary radio-labelled ligands needed. This increases the cost of 

running and maintaining a PET facility. 

Another significant advantage of US imaging is the real-time nature of images, allowing dynamic 

viewing of live organs (such as in echocardiography), offering additional information that cannot be 

provided by a static image. This is a feature that is only available in US imaging, making it a useful 

tool for applications such as image-guided therapies and surgeries. 
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US machines are portable and versatile, making it suitable for emergency situations, where the 

patient cannot be moved. This makes it a useful diagnostic tool on-site or on the move whilst 

moving the patient to a more well-equipped healthcare facility. This makes it easily accessible to a 

wide range of medical professionals worldwide. The portability of US machines is unrivalled by 

any other imaging modality, with the smallest US machines not much bigger than a mobile phone 

(see Fig. 3). 

 

Figure 3 - VScan™, the most portable US machine from General Electric (GE) healthcare [Images 

reproduced with permission from GE Healthcare, URL: 

http://www3.gehealthcare.in/en/products/categories/ultrasound/vscan_family/vscan_with_dual_probe, 

accessed 05/11/2014] 

US imaging has good public acceptance, when comparing the experience of having a US scan 

versus an MRI scan (which also does not have any ionising radiation). US scans are typically less 

invasive, with a very low level of discomfort and real-time image acquisition process. A typical US 

examination usually takes 20 minutes or less. In an MRI examination, by comparison, the patient 

has to lie in a narrow, enclosed space, which may be uncomfortable for patients suffering from 

claustrophobia. MRI machines also utilise a high-strength magnetic field, therefore patients with 

any form of metallic implants or pacemakers could not undergo an MRI scan. In addition, the high-

strength magnetic field needed by the MRI machine is achieved by passing large currents through a 

superconducting material. In order for this superconductive behaviour to occur, the material 

resistance is reduced to zero. This is achieved by cooling the wired coils using liquid helium. Liquid 

helium is a non-renewable resource and is therefore could face supply challenges. 

 

 

 

 

http://www3.gehealthcare.in/en/products/categories/ultrasound/vscan_family/vscan_with_dual_probe
http://www3.gehealthcare.in/en/products/categories/ultrasound/vscan_family/vscan_with_dual_probe
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Imaging 

Modality 
Ultrasound (US) 

X-Ray 

Computer 

Tomography 

(CT) 

Magnetic Resonance 

Imaging (MRI) 

Nuclear Imaging 

Positron Emission 

Tomography (PET) 

Single Photon 

Emission Computer 

Tomography (SPECT) 

Radiation Type Visible Light X-Rays Radio Frequency Waves γ-Rays Low Energy 

Spatial 

Resolution 
< 100μm < 10μm 10-100μm 1-2mm <1mm 

Temporal 

Resolution 
s, min s, min s-1h min min 

Contrast 

Agents/ 

 Type of Probe 

Microbubbles 

Electrodense 

compounds  

(Ba, I) 

Paramagnetic compounds 

(chelated Gd/Mn),  

Super-paramagnetic iron 

oxides (SPIOs) 

Radionuclides 

(18F, 11C, 15O) 

Radionuclides 

(111In, 123I, 99mTc) 

Costs* £-££ £££ ££££ £££££ £££ 

Information 

Structural, 

physiological, 

target specific 

Structural, 

physiological 

Structural, physiological, 

cell trafficking,  

reporter gene 

Drug bio-distribution,  

target specific (ligands, 

antibodies), reporter gene 

Physiological,  

target specific  

(ligands, antibodies) 

Advantages 

High spatial 

resolution, no 

ionising 

radiation, cheap, 

portable 

High spatial 

resolution, 

cheap 

High spatial resolution, no 

ionising radiation, high soft 

tissue contrast 

High sensitivity†, 

isotopic labelling of 

ligands 

High sensitivity†, long 

life time of 

radionuclides 

Disadvantages 

Low sensitivity†, 

limited target 

accessibility (due 

to large targeting 

groups) 

Low 

sensitivity†, 

high radiation 

doses 

Low sensitivity†, limited 

target accessibility (due to 

large targeting groups), 

expensive 

Low spatial resolution, 

expensive, 11C studies 

requires cyclotron on-site 

Low spatial resolution, 

expensive 

Table 2 - Comparison of the different imaging modalities currently available in clinical practice [Based on 

information compiled from (Massoud and Gambhir, 2003; Rudin, 2005)]*For more detailed cost breakdown 

on different imaging modalities refer to Table 1. Procedure costs also depend on complexity and time taken 

for procedures. †Sensitivity of method depends on probe targeting group: high sensitivity (due to small 

targeting ligand, e.g. 18-fluorodeoxyglucose [FDG]); low sensitivity (due to large targeting molecule, e.g. 

antibodies). 

1.1.3 - Typical Applications of US Imaging 

US imaging is such a well-established and widely-available imaging modality that it is no surprise 

that its use encompasses many areas in medicine (see Table 3). This section highlights some of the 

more common applications. 

Area in Medicine Looking At 

Neurology Neonatal Brain, Carotid Artery 

Cardiology Heart, Blood Vessels, Aorta 

Obstetrics Neonatal Development 

Gastroenterology Solid Abdominal Organs (i.e. liver, kidneys, spleen, pancreas, aorta) 

Gynaecology Female Pelvic Organs (i.e. uterus, ovaries, Fallopian tubes, bladder) 

Urology Bladder, Prostate 

Musculoskeletal Joints, Muscles, Tendons, Bone Surface 

Opthalmology Eye 

Table 3 - Examples of some areas in medicine where diagnostic US imaging is used [Based on information 

obtained from http://www.medicinenet.com/ultrasound/page2.htm, accessed 16/12/2014] 

http://www.medicinenet.com/ultrasound/page2.htm
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1.1.3.1 - Foetal US Imaging 

 

Figure 4 - Left: An expectant mother undergoing a foetal ultrasound examination. Right: Example of an 

foetal ultrasound scan. Once limited to 2D images, newer systems allow 3D rendering of images. [Images 

reproduced with permission from Shutterstock.com, URLs: http://www.shutterstock.com/pic-

155725736/stock-photo-pregnant-woman-having-d-ultrasound-scan.html?src=wot9-d6LL71BlJNEO_XTCg-

1-8 and http://www.shutterstock.com/pic-147539792/stock-photo-a-baby-on-the-ultrasound-

image.html?src=Hny_zHBAAXelrDNBBe1fLQ-1-9, accessed 19/12/2014] 

US imaging is often picked above other imaging modalities, due to the absence of ionising 

radiation. In obstetrics, US machines are used to monitor foetal development during pre-term 

pregnancies. This is a process very well recognised and widely accepted by the public, as it has 

been established that US imaging is a very safe, low-risk imaging modality suitable for this 

purpose. Once limited to producing 2D images, the technology has further evolved to produce 

surface-rendered 3D image reconstruction and even 4D or dynamic-3D real-time US images and 

this has been utilised when more information is needed when there are complications expected in 

during the pregnancy (Bonilla-Musoles and Machado, 2004). 

1.1.3.2 - Cardiac US Imaging 

As previously implied, US imaging has the ability to produce real-time, dynamic images. This is the 

biggest advantage of US imaging, a feature still not provided by other imaging modalities. In 

addition to providing dynamic morphological data, ultrasound can also be used to determine the 

blood flow velocity, due to the ‘Doppler effect’ (see Glossary of Terms) and this is known as 

Doppler echocardiography (Shah et al., 1985). This has made US imaging indispensable in 

echocardiography – an area of medical imaging focusing on the sonographic study of the heart. 

A typical echocardiogram not only provides a dynamic 2D image (useful for studying the size, 

shape and wall motion) of the heart (see Fig. 5), it also gives the velocity of blood flow in the 

http://www.shutterstock.com/pic-155725736/stock-photo-pregnant-woman-having-d-ultrasound-scan.html?src=wot9-d6LL71BlJNEO_XTCg-1-8
http://www.shutterstock.com/pic-155725736/stock-photo-pregnant-woman-having-d-ultrasound-scan.html?src=wot9-d6LL71BlJNEO_XTCg-1-8
http://www.shutterstock.com/pic-155725736/stock-photo-pregnant-woman-having-d-ultrasound-scan.html?src=wot9-d6LL71BlJNEO_XTCg-1-8
http://www.shutterstock.com/pic-147539792/stock-photo-a-baby-on-the-ultrasound-image.html?src=Hny_zHBAAXelrDNBBe1fLQ-1-9
http://www.shutterstock.com/pic-147539792/stock-photo-a-baby-on-the-ultrasound-image.html?src=Hny_zHBAAXelrDNBBe1fLQ-1-9
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cardio-vasculature. Any structural abnormalities or irregularities in blood flow can be indicative of 

cardiovascular or heart disease.  

 

Figure 5 - Left: Schematics of an echocardiographic examination. Patient lies on the left side while the 

sonographer moves the transducer on the patient’s chest [Illustration reproduced with permission from the 

National Heart, Lung, and Blood Institute (NHLBI), National Institutes of Health, U.S. Department of Health 

and Human Services, URL: http://www.nhlbi.nih.gov/health/health-topics/images/echo_setup.jpg, accessed 

05/11/2014]. Right: Structural information of the heart (RA/LA – right/left atrium and RV/LV – right/left 

ventricle) could be obtained along with the dynamic blood flow information. Different colours on the  

echocardiogram signify different segments of the heart [Reproduced with permission from F.Guenther et. al, 

Eur. J. Echocardiogr. (2008), 9 (1), 186-187, © Oxford University Press, 2007] 

Development of 3D echocardiography was first started in the 1980s and within a decade, the system 

was further improved to incorporate real-time 3D, making this method increasingly attractive for 

clinical application (Ramm and Smith, 1990). This technology allows dynamic insight of a beating 

heart, offering additional information that cannot be provided by a static cardiogram (Bharucha et 

al., 2008).  More recently (Provost et al., 2014) have demonstrated 3D ultrafast cardiac imaging, 

with even higher contrast and image resolution with high image acquisition rates. 

1.1.3.3 - Vascular US Imaging 

The use of Doppler echocardiography to measure the rate of blood flow in the peripheral arteries 

began in 1961 (Franklin et al., 1961). It was found to be useful in the diagnosis of vascular disease 

by identifying patterns of smooth, turbulent or reduced blood flow in vasculature. Reduced blood 

flow can be an indication of the presence of stenosis (narrowing of blood vessels) due to 

atherosclerosis (artery wall thickening due to build-up of fatty acids or plaque formation) [see Fig. 

6]. Continual reduced blood flow can lead to ischemia (lack of oxygen supply), which can 

ultimately result in a heart attack/myocardial infarction (if in the coronary arteries) or stroke (if 

present in the carotid artery). 

http://www.nhlbi.nih.gov/health/health-topics/images/echo_setup.jpg


Chapter 1: Introduction 

Page 9 of 224 

 

     

Figure 6 - Left: Doppler US imaging of the carotid and schematics of carotid artery occlusion: reduced 

blood flow can be an indication of fatty acid build-up in the carotid, increasing the risk of strokes 

[Illustrations reproduced with permission from the National Heart, Lung, and Blood Institute (NHLBI), 

National Institutes of Health, U.S. Department of Health and Human Services, URL: 

http://www.nhlbi.nih.gov/health/health-topics/topics/cu/during and http://www.nhlbi.nih.gov/health/health-

topics/topics/cu/, accessed 05/11/2014] Right: Carotid Duplex scan of a normal common carotid artery 

(CCA) combining B-mode image, colour mode and spectral Doppler waveform [Image reproduced with 

permission from (Madhwal et al., 2014)] 

There is great importance in determining the severity of carotid atherosclerotic stenosis as it can 

affect the decisions undertaken in patient care, from the more radical carotid endarterectomy to 

pharmaceutical or life-style treatment interventions. Monitoring the progression or regression of the 

carotid plaques allows quantification and correlation of plaque morphology, composition and 

features with the risk of stroke (Salcuni et al., 1995; Sterpetti et al., 1988; Zwiebel, 1992). 

1.1.4 - Physics of Ultrasound Imaging 

US imaging utilises sound waves with frequencies higher than 20 kHz (see Fig. 7) and uses the 

scatter coming from a reflected signal to construct an image, similar to a bat using echolocation, or 

a submarine with a sonar. 

 

Figure 7 - The frequency ranges of sound. US imaging utilises sound waves of frequencies higher than 20 

kHz (exact frequencies depend on applications: lower range of ultrasonic frequencies for animals and sonar, 

middle range for sonochemistry and higher for medical diagnostic imaging). 

http://www.nhlbi.nih.gov/health/health-topics/topics/cu/during
http://www.nhlbi.nih.gov/health/health-topics/topics/cu/
http://www.nhlbi.nih.gov/health/health-topics/topics/cu/
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Figure 8 - Schematic diagram of (a) echolocation, a bat using sound to determine position of prey and (b) 

submarine using sonar to determine position of ship.  

Medical ultrasound imaging also works on this principle. A transmitted pulse emitted from the 

transducer goes through the medium to the object, where it is then reflected and received by the 

transducer. This signal is then processed to form a single slice of an image. The actual frequency 

used for looking at a specific organ varies and depends on the object we want to image. Different 

tissues attenuate by different degrees. The higher the frequency, the higher the attenuation, but the 

resolution is better. Therefore, the choice of frequency is a compromise between resolution and 

penetration. As a rule of thumb, higher frequencies give better resolution, but cannot penetrate 

deeply into the organ. Lower frequencies penetrate deeply, but resolution is lower. 

 

Figure 9 - Schematics of an ultrasound transducer. The signal emitted from the transducer is reflected off 

the organ. The reflected signal is received by the transducer, where this signal is converted into an image. 

As the choice of frequency depends on the medical application, a typical US machine would have 

several probes to match the need of the application. The different probes reflect the different 

applications (see Fig. 10). 
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Figure 10 - Typical US machine [Image reproduced with permission from Shutterstock.com, URL: 

http://www.shutterstock.com/pic-138666440/stock-photo-medical-ultrasound-diagnostic-

machine.html?src=ma4ebPGhE7uquLVPe20Rfw-1-0, accessed 19/12/2014] with multiple transducer probes 

highlighted and magnified. The different probes are used for specific applications or areas of the body 

[Image of transducers reproduced with permission from GE Healthcare, URL: 

http://www3.gehealthcare.in/en/products/categories/ultrasound/ultrasound_probes#tabs/tab8ACEC72FF3A

A49D7899F732E47BB1C92, accessed 15/12/2014] 

Sound waves produce a mechanical disturbance (vibrations) which propagates due to the motion of 

particles in the medium. The propagation of the sound waves through a medium is dependent on the 

elasticity and density of the medium, as shown by the equation: 

𝑐 =  √
𝛽

𝜌
  (1) 

where 𝑐 is the speed of propagating disturbance through a medium, 𝛽 is the elasticity of the medium 

and 𝜌 is the density of the medium. 

 

Figure 11 - Schematics of wave reflection and transmittance through a boundary. Dotted line represents the 

normal to the boundary between the two media, θi is the angle between the incident wave and the normal, θr 

is the angle between the reflected wave and the normal and θt is the angle between the transmitted wave and 

the normal. 

http://www.shutterstock.com/pic-138666440/stock-photo-medical-ultrasound-diagnostic-machine.html?src=ma4ebPGhE7uquLVPe20Rfw-1-0
http://www.shutterstock.com/pic-138666440/stock-photo-medical-ultrasound-diagnostic-machine.html?src=ma4ebPGhE7uquLVPe20Rfw-1-0
http://www3.gehealthcare.in/en/products/categories/ultrasound/ultrasound_probes#tabs/tab8ACEC72FF3AA49D7899F732E47BB1C92
http://www3.gehealthcare.in/en/products/categories/ultrasound/ultrasound_probes#tabs/tab8ACEC72FF3AA49D7899F732E47BB1C92
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When the sound wave reaches a boundary of two media (e.g. air to water), the degree of reflection 

is dependent on the acoustic impedance, 𝑍. The acoustic impedance is the product of the 

propagating disturbance speed,𝑐, and the density of the medium, 𝜌.  

For a plane wave, the acoustic impedance is related to c and density: 

𝑍 =  𝜌𝑐  (2) 

Some numerical values for the speed of ultrasound and acoustic impedance in various materials are 

shown below: 

Medium 
Density 

(kg/m
3
) 

Speed   

(ms
-1

) 

Acoustic Impedance        

(10
6
 kg m

-2 
s

-1
) 

Air 1.2 333 0.0004 

Water (20
o
C) 1000 1480 1.48 

Blood 1060 1566 1.66 

Muscle 1070 1542-1626 1.65-1.74 

Fat 920 1446 1.33 

Lung 400 650 0.26 

Kidney 1040 1567 1.62 

Liver 1060 1566 1.66 

Brain 1030 1505-1612 1.55-1.66 

Bone 1380-1810 2070-5350 3.75-7.38 

Table 4 - Densities, speeds of sound and acoustic impedances of different materials in the body 

[Compiled from (Erbel et al., 1998; Goss et al., 1980, 1978)] 

As we can see from Table 4, US imaging is limited when it comes to imaging organs containing air 

(e.g. lungs and bowel) and bones. The speed and acoustic impedance is outside the range of 

detection. This is why during US examinations, a gel is applied to the area being scanned as US 

would not produce a good signal passing through air. 

1.1.4.1 - Image Acquisition 

In a medical ultrasound, a mechanical disturbance (in the form of an ultrasound pulse) is generated 

by the probe (acts as transducer). The pulse travels through the body, where it then encounters 

boundaries between tissues with different acoustic impedances (e.g. fluid and soft tissue, soft tissue 

and bone, muscle and fat).  At these boundaries, the pulse either reflects completely in the first 

medium or is transmitted further into the second medium and then reflected at another boundary or 

both. The signal reflected back (backscatter) is then picked up by the probe (now acts as receiver). 

Using the speed of sound in tissue (approximately 1540 ms
-1

), the US machine can then calculate 

the distance from the probe to the various tissue boundaries and the time it takes for each 

backscatter to return. The distances and the intensities of the echoes are then displayed as a 2D 
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image on the US machine screen. With the aid of computer tomography, the series of individual 2D 

image slices can be reconstructed to form a 3D image (Fenster et al., 2008). 

 

Figure 12 - Schematics of the image acquisition process and some signal processing before storage in the 

image memory, followed by image display. 

The image acquisition process described is rather simplistic, relying on the backscatter signal 

detected by the probe when the US encounters a boundary. In reality, when a transmitted sound 

wave encounters an interface with different acoustic impedance, the reflection produced may be 

specular (reflected) or non-specular (scattered) (see Fig. 13), depending on the boundary surface 

and signal wave length (Nanda et al., 1997).  

 

Figure 13 - Schematic representation of (a) specular reflection, which occurs on smooth interfaces and (b) a 

diffuse reflection, which occurs on rough surfaces. 

Specular reflection (similar to mirror-like reflection of light), occurs when the boundary is smooth, 

and the reflected wave has a wavelength greater than the incident pulse wavelength and the 

reflection angle is similar to the angle of incidence (𝜃𝑖  =  𝜃𝑟). Non-specular reflection, or 

scattering, occurs when the boundary is rough, and the reflected wave has a wavelength smaller 

than the incident pulse wavelength and is reflected and scattered in all directions. 
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In the human body, tissue is composed of cells and thus the boundaries are not smooth. Therefore 

most signals produced are tiny scatter signals. These scattered signals can be picked up by the 

probe, making US images appear ‘noisy’ or have ‘speckles’. The next section discusses how these 

scatter signals can become useful, rather than remain as noise. 

1.1.4.2 - Ultrasound Scanning Modes 

There are many scanning modes available with ultrasound imaging (Fish, 1990). Examples include 

amplitude mode (A-mode), brightness mode (B-mode), motion mode (M-mode) and Doppler mode. 

Modern scanners do not just exclusively use one imaging mode, but often combine the different 

imaging modes. This section discusses some fundamentals of B-mode imaging (looks at 

morphological information), Doppler mode imaging (looks at blood flow imaging) and harmonic 

imaging.  

1.1.4.2.1 - Fundamental (B-mode) Imaging 

In this method, the intensities of the backscatter (echo) are what gives the 2D image. This 

“fundamental image” works best for specular ultrasounds, where the specular interfaces have 

greater wavelength, but the same frequency as the incident pulse. This imaging technique is angle 

dependent, therefore produces longer wavelength reflections when the boundary is more 

perpendicular to the incident sound wave. In echocardiography, this makes the visualisation of the 

anterior and lateral wall of the left ventricle difficult as the wall and the incident sound beam are 

almost parallel. As a result of clutter and near-field artefact, visualisation of the apical segment is 

also limited (Spencer et al., 1998). 

1.1.4.2.2 - Harmonic Imaging 

Unlike fundamental imaging, harmonic imaging works by transmitting the US pulse at a certain 

frequency and then receiving the signal at twice the transmitted frequency. In order to construct an 

image purely from the harmonic signal, the stronger returning fundamental signal is suppressed, 

often by means of a filter. Other, more effective methods to suppress the fundamental signal include 

low-amplitude multi-pulse sequencing methods such as pulse inversion and power modulation 

(discussed further in section 1.2.6.3). 
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(a)        (b)             (c)  

 

 

 

Figure 14 - Compromises forced on harmonic imaging: Transmitted frequencies restricted to a band around 

the fundamental, limiting resolution. As this overlap becomes greater, the harmonics signal would largely 

compose of tissue echoes; blocking the tissue echoes would effectively block the useful harmonic signals. Left 

to right: (a) Ideal small overlap of signals, (b) Increasing transmitted and received bandwidths to improve 

resolution would cause tissue signal to overlap with harmonics, reducing contrast and (c) If the harmonic 

echoes are weak, harmonic signals may be largely composed of tissue signal [Image reproduced with 

permission from (Becher and Burns, 2000)] 

 

Figure 15 - Short-axis images of left ventricle in fundamental mode (left) and harmonic mode (right). 

Systolic images from a control subject (bottom) and diastolic images from a patient with systemic sclerosis 

(top) [Image reproduced with permission from (Caidahl et al., 1998)] 
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Harmonic imaging eliminates the angle dependency of sound beams and therefore shows 

improvements in tissue imaging (Caidahl et al., 1998; Spencer et al., 1998). However, the scattering 

echoes are often weak and susceptible to imaging errors due to movement within the tissue. 

Therefore, there is importance in enhancing these scattered echoes to produce better contrasted 

images. 

1.1.4.2.3 - Doppler Imaging  

This imaging mode makes use of the Doppler effect, a phenomenon whereby the observed 

frequency and wavelength of a moving object changes depending on whether the object is moving 

towards or away from the observer (see Fig. 16). A common example is when the pitch of an 

ambulance siren changes from low pitch when it is far away to high pitch when it is nearby. This 

resulting change in the observed frequency from the actual transmitted frequency is called the 

Doppler shift. The magnitude of the Doppler shift frequency is proportional to the relative velocity 

between the source and the observer. 

 

Figure 16 - Schematics of the Doppler effect. The moving sound source here is depicted by the ambulance. 

As the ambulance is moving towards observer A, the sound waves emitted are more closely packed, therefore 

observer A will hear a higher frequency (high pitch) wave. Observer B will hear a lower frequency (low 

pitch) sound wave as the ambulance moves away from observer B and therefore the sound waves emitted are 

more widely spread out. 

US echoes can be utilised to detect the motion of blood and tissue. The change in frequency of the 

scattered US from the moving source can be used to assess tissue motion, for example in cardiac 

wall motion studies or blood flow in cardiovascular imaging. The transducer is kept stationary and 

scattering signals determine whether the source is stationary, or is moving towards or away from the 

transducer. The detected Doppler shift frequency (𝑓𝑑) is the difference between the transmitted 

frequency (𝑓𝑡) and the received frequency (𝑓𝑟). This could then be related to the velocity of the 

moving object (e.g. blood flow) using the Doppler equation (Hoskins, 2003): 

𝑓𝑑 =  𝑓𝑟 −  𝑓𝑡 =  
2𝑓𝑡𝑣 cos 𝜃

𝑐
   (3) 
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Where 𝑣 is the velocity of blood flow, 𝑐 is the propagation speed of US in the medium and 𝜃 is the 

angle between the path of the ultrasound beam and the direction of blood flow (see Fig. 17). 

 

Figure 17 - Schematics of a transducer emitting US waves on a blood vessel. The angle, θ, between the path 

of the US beam and the blood flow is called the insonation angle, which can change depending on the 

position of the probe or the blood vessel [Image adapted from (Azhari, 2010)]. 

Rearranging equation 3 and knowing the insonation angle, θ, allows the blood flow velocity to be 

determined and this is often an indication of the health of the blood vessels. In modern Doppler 

systems, this blood velocity information is displayed as a Doppler frequency shift versus time. This 

is called a spectral Doppler. Often this information is coupled with some anatomical information 

containing a greyscale B-mode image of the vessel with colour flow mapping information 

superimposed on top of it (see Fig. 18). This scanning mode is more commonly known as Duplex 

mode imaging. 

 

Figure 18 - Duplex mode imaging (combined B-mode with colour flow imaging). Coloured blood flow 

velocities were mapped on top of greyscale B-mode image. The velocity of the blood flow is assigned with 

two different colours depending on whether the blood flow is going towards or away from the transducer 

(shown as positive and negative values here). The insonation angle is determined from the B-mode image 

and is displayed, along with the spectral Doppler information [Image reproduced with permission from 

(Madhwal et al., 2014)]. 
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1.1.5 - Limitations of US Imaging 

While US imaging has proved to be advantageous, it is important to realise that no single imaging 

technique is perfect. All existing imaging modalities have their strengths and weaknesses, therefore 

it is up to the clinician to decide which imaging modality best fits the investigation. 

One disadvantage of US imaging is the limited field of view, arising from the usage of the probe as 

a transducer and detector. US probe surface areas are small (~10 cm
2
), therefore only provides 

images of areas around where the probe is placed, as opposed to MRI scanning, where a full body 

image can be obtained in a single scanning session. Thus, an US scan may not be practical in a 

situation where the diagnostician isn’t aware of the location or extent of injury or lesions. 

US imaging is still limited for organs containing air, and therefore could not be used to image the 

lungs or the gastrointestinal tract. It is also limited for imaging all bone structures and is therefore 

cannot be utilised to image bone fractures. This also limits its use in neuroscience, as the skull, 

being a dense bone structure, compromises any attempts for US neuroimaging. In this case, an x-ray 

CT or MRI would prove more useful, producing high resolution images (Roelants-van Rijn et al., 

2001). However, neurosonography is still possible, mostly in the case of neonates (pre-term 

infants), where the skull structure is not fully developed yet (Pape et al., 1979; Sauve, 2001). 

The biggest disadvantage of US imaging is the subjectivity of the conventional exam during 

diagnostic investigation. US imaging is heavily reliant on the experience and knowledge of the 

sonographer when manipulating the US probe, to produce the best possible image. The difficulty 

therein lies within using 2D imaging technique to image 3D anatomy, and the interpretation of the 

images is subjected to the bias of the diagnostician. Conventional 2D-US imaging requires the user 

to mentally integrate many images to form 3D anatomy and pathology, which is where human bias 

can occur. Also, scanning is usually done manually (free-hand scanning) and therefore it is difficult 

to relocate a certain anatomical point. There are no standardised examination techniques. Hence, 

human interpretation can have some impact on the reliability and accuracy of this technique. 

One way to tackle problems in 2D imaging is by 3D visualisation techniques (Fenster and Downey, 

1996; Fenster et al., 2008), but this may involve having to update to more expensive equipment and 

further training sonographers to use these new systems. This reduces the cost-effectiveness of US 

imaging.  

Accuracy is particularly a problem in cancer US imaging, whereby false-positive results during 

examinations of suspected tumours often result in unnecessary expensive procedures and biopsies. 

For example, in breast screening procedures carried out, there is a higher rate of false-positive 
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examination results with US than with mammography (2.4%-12.9% for US and 0.7%-6% for 

mammography) (Elmore et al., 1998; Irwig et al., 2004) and that additional studies using MRI are 

needed to prevent these false positive cases (Lord et al., 2007). 

Therefore, another way of tackling diagnostician bias and improving accuracy is to produce better 

quality images that are easily interpretable by the operator, by introduction of contrast agents to 

make tumours or lesions more obvious. Existing US systems, combined with contrast agents, can 

improve images without the need for expensive equipment. Therefore the contrast agent provides a 

significant increase in the accuracy and usefulness of existing technology. To use the example of 

the NHS data (see Table 1), an echocardiogram (a contrast agent is required for this) costs around 

£140 compared to the standard US cost of around £70, and does not require capital investment for 

new technology, staff and training – rather, the additional cost of the contrast agent can be used 

selectively to improve results for particular procedures and patients. 

1.1.6 - Need for Ultrasound Contrast Agents 

In US imaging, the natural contrast between interfaces arises from differences in attenuation and 

backscattering from the interface. In many circumstances, however, this natural contrast is 

insufficient, making it difficult to differentiate one tissue from its neighbour.  

An ultrasound contrast agent can enhance US image quality by reducing reflectivity of undesired 

interfaces or by increasing the backscattered echoes from the desired regions (Goldberg et al., 

1994). Reducing the reflectivity of undesired interfaces is useful in the case of imaging organs that 

contain air (e.g. bowel) and in this case, contrast agents are taken orally to displace air. In this 

project, however, we will focus more on contrast agents that increase backscattered echoes from 

desired regions. 

1.1.6.1 - Contrast Agents in the Vasculature  

In a typical US image, it is well known that blood appears ‘black’ (Becher and Burns, 2000). Blood 

scatters sound waves at very low signals (1000-10,000 times weaker than that of solid tissue), and 

therefore lies below the dynamic range of the image. Hence, increasing the echoes emanating from 

blood would make blood visible in a typical US image.  

In a duplex Doppler ultrasound examination, the rate of blood flow is measured. Augmenting blood 

echoes would have obvious implications in vascular imaging. The intensity of blood flow signals 

would be increased, improving the data for blood flow investigations (see Fig. 19). Introducing a 

contrast agent into the blood vessels would also allow visualisation of blood flow in the vasculature. 
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Figure 19 - Enhancement of Doppler signal by a microbubble contrast agent. The spectral display shows an 

increase in intensity with the arrival of the agent in the artery following intravenous injection. [Image 

reproduced with permission from (Becher and Burns, 2000)] 

1.1.6.2 - Contrast Agents in Echocardiography 

Contrast agents are crucial in echocardiography. In any wall-motion study, it is crucial to clearly 

define the boundaries between blood and the wall of the cavity, especially in identifying the entire 

margin of the endocardium in a view of the left ventricle. As previously mentioned, there is a 

problem in outlining this border with typical B-mode (fundamental) imaging, due to the angle 

dependency of this technique. Even with harmonic imaging, the endocardial border is often 

indistinguishable due to the additional echoes within the cavity, masking the weak scattering signals 

emitted from the blood. Therefore, a contrast agent that can enhance these echoes is needed to make 

the blood in the cavity visible, so that the endocardial border can be clearly seen (see Fig. 20). 

 

Figure 20 - Endocardial border detection: (A) before and (B) after (indicated by arrows) introduction of 

contrast agents [Image reproduced with permission from (Cosgrove and Harvey, 2009)] 

 

Enhancing the blood echoes also has an effect on the small blood volume in the microvessels of the 

myocardium. The muscle should appear bright, but there is additional brightness (see Fig. 21) due 
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to the contrast agent (Cosgrove and Harvey, 2009). Studying these additional signals would enable 

us to estimate the perfusion of blood volume in the myocardial muscle itself. Without the presence 

of a contrast agent, this would not be possible. 

 

 

Figure 21 - Reperfusion technique for myocardial perfusion: in this technique, a series of high mechanical 

index (MI) pulses is used to destroy the MBs within the image plane; then the scanner is switched to a low 

MI imaging mode and the increasing signal, as the slice is reperfused, is quantified. Diagram shows two still 

images from a contrast echocardiogram video. Left (taken immediately after destruction of MB): strong 

signals from the heart chambers (which refill very rapidly) but little in the myocardium. Right (a few seconds 

later): shows enhancement in the myocardium (arrowheads) [Image reproduced with permission from 

(Cosgrove and Harvey, 2009)] 

1.2 - US Contrast Agents 

As previously mentioned, contrast agents can enhance US image quality by reducing the reflectivity 

of undesired interfaces or by increasing the backscattered echoes from the desired regions 

(Goldberg et al., 1994). The first approach is the basis of oral contrast agents and works on a 

principle of displacing gas from organs that contain air, such as the gastrointestinal system (bowel). 

The second approach, i.e. increasing backscatter echoes, held more interest and proved to be more 

useful in medical imaging. 

1.2.1 - Historical Development of Ultrasound Contrast Agents 

The first ultrasonic “contrast effect” was reported by (Gramiak and Shah, 1968), when they 

observed cardiac chamber opacification following the injection of saline solution during 

angiography. Further investigation shows that the strong echoes were due to the presence of free 
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microbubbles (MBs) in the saline solution (Meltzer et al., 1980). The free air MBs in the saline 

solution and the surrounding blood were so acoustically different, that sound waves were scattered 

very effectively when they encountered the blood and microbubble boundary. However, these hand-

agitated saline solutions only produced large and unstable MBs that diffuse into the solution in less 

than 10 seconds. They were neither small enough nor stable enough to survive trans-pulmonary 

crossing and reach the left cardiac chamber. 

"Generation" Formulation Characteristics 

0 Free gas bubbles Could not traverse cardiopulmonary beds 

1 Encapsulated air bubbles Successful transpulmonary passage 

2 Encapsulated low-solubility gas bubbles Improved stability 

3 "Particulated" (e.g. polymer shell) gas bubbles Controlled acoustic properties 

Table 5 - The evolution of US contrast agents [Adapted from (Becher and Burns, 2000)] 

More stable MBs were developed in the 1980s, when it was found that serum albumin is the critical 

blood component that led to the stability of MBs and that sonification produced more reliable MBs 

with more control over their sizes (Feinstein et al., 1984; Keller et al., 1986). This eventually led to 

the commercial development of Albunex
™

 (Molecular Biosystems Inc., San Diego, California), the 

first pharmaceutical echo-enhancer approved by the United States Food and Drug Administration 

(FDA) for human use (Feinstein et al., 1990). Albunex
™

 and Levovist
™

 (Schering AG, Berlin) were 

the first agents that were able to reach the left cardiac chambers following intravenous 

administration. These were the first generation contrast agents. 

The first generation contrast agents were still imperfect because the encapsulated air is highly 

diffusible when mixed with blood. This causes a decrease in the size of the bubble which 

consequently reduces its echogenicity. The bubbles’ survival time increases with greater bubble-

surface tension, therefore adding surfactants (such as palmitic acid in trace amounts) can help 

improve stability (Porter and Xie, 1995). 

Other attempts to maximise the endurance of the MBs include substituting the encapsulated air 

inside the MBs with high-density, inert gases with low solubility and diffusibility (such as sulphur 

hexafluoride and perfluorocarbons [PFCs]) (Cheng et al., 1998). These are the second generation 

contrast agents. Studies have shown the effectiveness of these agents both in myocardial 

opacification (revealing the endocardial border) and myocardial perfusion imaging following 

intravenous administration (Firschke et al., 1997; Skyba et al., 1996). 

To further control the stability of the MB, recent development of MBs focus on varying the capsule 

material by using biological or biodegradable synthetic materials. These are the third generation of 
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contrast agents. Biological materials, such as phospholipids and liposomes, have been employed in 

agents like SonoVue™ (Bracco, Milan, Italy) and Definity™ (Lantheus, Massachussets, USA) 

(Schneider et al., 1995; Unger et al., 1994). Others, for example Sonovist™
 
(Schering AG, Berlin) 

use cyanoacrylate, a synthetic biodegradable material so stable, it is treated as a foreign particle in 

the body (Burns et al., 1995). The agent is taken up by the liver cells where it persists for many 

hours before being disposed by phagocytosis into the macrophage system. This suggests the 

potential for Sonovist™ to be a suitable enhancer for delineation in the liver or spleen, making it an 

organ-specific contrast agent (Cosgrove, 1997). A full list of current MBs approved for clinical use 

is discussed by (Moran and Butler, 2001). 

The development of clinically useful echogenic contrast agents has been a long trail of exploration 

and as such is still continuing. Because it is still quite a recent development, there is much space for 

further research in understanding the behaviour of the bubbles and its biological effects during 

circulation.  

1.2.2 - Characteristics of an Ideal Ultrasound Contrast Agent 

As previously mentioned, the purpose of adding contrast agents to ultrasound is to increase the 

intensity of the backscattered signals. However, it should be realised that in order for these agents to 

actually have any significant clinical value, some additional factors need to be considered. 

First, the bio-effects of the contrast agent need to be considered. Ideally, the contrast agent should 

be non-toxic, but if they do pose a health risk (as in radioactive tracers in PET/SPECT), it should be 

ensured that they are introduced in such minute amounts that they will not cause any significant 

damage to the cells in the human body. This is where it is important to use the least possible amount 

of the agent, to minimise side-effects to the subject, but sufficient amount to produce an 

enhancement of the signals.  

In order to image the vasculature, the contrast agent first needs to be easily introducible into the 

bloodstream. While there are applications which require the introduction of the contrast agents 

directly into the arteries, which may be uncomfortable for the subject, the ideal prospective contrast 

agent should be intravenously injectable, either by bolus (typically a one-off injection via syringe 

needle) or infusion (typically via steady intravenous drips). 

Therefore, the stability of the contrast agent plays a crucial factor. After being intravenously 

introduced, the contrast agent should be stable enough to cross the pulmonary capillaries to reach 

the cardiac chamber (for endocardial border opacification). In addition, it should have a long 

enough lifetime to achieve enhancement during the examination. 



Chapter 1: Introduction 

Page 24 of 224 

 

There is also a need for a level of control over the behaviour of the contrast agent, to minimise its 

effects on peripheral organs. To enhance the backscatter signals of the blood, the contrast agent 

should remain within the blood pool, mapping out the circulation of the blood. These are the ‘blood 

pool’ agents. For targeting sites, it is also useful for the tissue distribution of the agent to be well-

specified. 

Another important factor is the lifetime of the contrast effect. The contrast agent should remain in 

circulation, organ or system long enough for the image to be acquired, but should not persist too 

long in the subject, as this may cause adverse unknown reactions to the cells at a molecular level. 

An ideal contrast agent should persist for the duration of the imaging examination only, and then be 

expelled. This would minimise the risk exposure of the subject. 

For the development of the ideal ultrasound contrast agent, we must first understand the basic 

principles in order to manipulate its properties, while keeping these ideal properties in mind. 

1.2.3 - MB Basic Principles 

1.2.3.1 - MB Construct 

MBs consist of small (typically 1-10 µm) inert gas cores stabilised by a surfactant or a shell, which 

is typically constructed of a biodegradable synthetic polymer, lipid layer, liposome or cross-linked 

albumin. Lipids are a large class of compounds consisting of a hydrophilic polar head group and a 

hydrophobic non-polar tail group. 

 

Figure 22 - Typical lipid microbubble (MB) construct: a perfluorocarbon (PFC) gas core surrounded by a 

phospholipid monolayer (lipid shown here is 1,2-distearoyl-sn-glycero-3-phosphocholine [DSPC]). The 

separation between the gas and liquid phase is stabilised by the assembly of phospholipid surrounding the 

core and depending on the charge of the head group of the phospholipid, would determine whether the MB 

would be positive or negatively charged. 

1.2.3.2 - MB Physical Properties 

The compressibility of gases is several orders of magnitude higher than that of biological tissue, 

making MBs highly echogenic (refer to table 4) (Jong et al., 1992). This echogenicity is further 
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enhanced as MBs resonate when excited at certain frequencies (see Fig. 23). This makes them 

behave as though they have a much larger scattering cross-section (see Equation 4) than a rigid 

bubble of the same diameter. They differ by a factor of 10
4
 (de Jong et al., 1991; Twersky, 1964). 

This makes the acoustic properties of MBs vary so vastly from the tissue in which they are 

insonated that even a single bubble can create significant and specific US echoes when combined 

with suitable contrast-specific imaging techniques (see section 1.2.6 - MB detection strategies). 

When imaging MBs in vivo, their response to varying acoustic pressures is very important factor to 

consider. This is because the safe use of US scanners depends on the acoustic pressures applied to 

the subject. However, on most US scanners, the acoustic pressure is not directly displayed. This is 

displayed as the thermal and mechanical safety indices, where the mechanical index (MI) is defined 

as (Moran and Butler, 2001): 

𝑀𝐼 =  
𝑝𝑟

√𝑓
   (4) 

where 𝑝𝑟 is the peak rarefaction pressure of the US wave in situ (also known as peak negative 

pressure which is measured in MPa) and 𝑓 is the centre frequency of the US wave. The peak 

negative pressure is the maximum pressure amplitude of the negative pulse of a shock wave and this 

accounts for the difference between in-water and in-tissue acoustic attenuation. The MI describes 

the likelihood of onset of mechanical damage in tissue and following clinical safety guidelines, MI 

is usually limited (see section 1.2.5 - Safety of Contrast Agents). Figure 23 describes the MB 

behaviours at different MIs. 
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Figure 23 - Diagram of MB resonance with transmitted power. At low insonating intensities, simple 

reflection occurs. As the transmitted power increases, MBs begin to resonate in a linear fashion, and then 

non-linearly. Harmonic and transient phenomena such as stimulated emission (sonoscintillation) result at 

higher power outputs. All of these effects occur within the permitted power output levels. [Image reproduced 

with permission from (Cosgrove, 1998)] 

The intensity of the backscattered wave is directly proportional to their concentration, and also 

proportional to the sixth power of the bubble radius, which is related to the scattering cross-section, 

𝜎 (i.e. Rayleigh scattering) by the following equation (Morse and Ingard, 1968): 

𝜎 =  (
4

9
𝜋𝑅2(𝑘𝑅)4) ((

𝜅𝑠− 𝜅

𝜅
) +  

1

3
(

3(𝜌𝑠−𝜌)

2𝜌𝑠−𝜌
)

2

)  (5) 

where 𝑅 is the radius of the scatterer, 𝑘 = 2𝜋/𝜆 is the wavenumber (𝜆 is the wavelength), 𝜅𝑠 is the 

compressibility of the scatterer, 𝜅 is the compressibility of the surrounding medium, 𝜌𝑠 is the 

density of the scatterer, and 𝜌 is the density of the surrounding medium. 

This equation shows that the greater the radius of the scatterer (i.e. bubble), the greater the 

scattering intensity. However, the size of the bubble is also limited by its ability to cross the 

capillary beds, therefore the size needs to be comparable to that of red blood cells (6-8µm), 

preferably in the range of 3 µm (Becher and Burns, 2000). 
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Figure 24 - Optison™ (GE Healthcare) microbubbles photographed in vitro with red blood cells [Image 

reproduced with permission from (Becher and Burns, 2000)] 

Bigger bubbles, though being more effective scatterers, would get trapped in the lung, restricting 

their usefulness in medical applications. It is a fortunate coincidence that microbubbles of 1-7 µm 

have resonance frequencies in the medical ultrasound range (2-15 MHz) that makes them the basis 

for clinical diagnostic use. 

The lifetime of the bubbles once introduced intravascularly is a crucial factor to consider. An 

intravascular agent needs to have a half-life of several minutes to survive the several passages of 

lung and peripheral vessels. As previously mentioned, air-filled MBs are highly diffusible in blood. 

This happens because the gas pressure within the bubble, which is the sum of the equilibrium 

pressure (sum of partial pressures of the constituents), the Laplace pressure (surface tension) and 

the blood pressure, exceed the gas pressure in the blood. 
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Figure 25 - Schematic representation of pressure relations for a microbubble in circulation [Diagram: 

courtesy of Dr. Charles Sennoga, Ultrasound Research Group, Division of Imaging Sciences, Imperial 

College London] 

The Laplace pressure, ΔP, is represented as:
 

∆𝑃 = 2𝜎/𝑟   (6) 

where 𝑟 is the bubble radius and 𝜎 is the air/water surface tension (Schutt et al., 2003). Having 

surfactants to stabilise the shell reduces the air/water surface tension, thus reducing the Laplace 

pressure, but this does not eliminate it completely. 

Driven by the pressure gradient, gas from inside the bubble leaves, the bubble shrinks, thereby 

increasing the Laplace pressure. This further accelerates the rate of gas effusion and causing 

additional shrinkage to the bubble. 

The rate of bubble shrinkage is predicted to follow the equation (Schutt et al., 2003): 

𝑑𝑟

𝑑𝑡
=  −𝐷 × 𝐿 × 

𝑟.𝑝∗+ 2𝜎

𝑟.𝑝𝑎𝑡𝑚+ 4
3

𝜎
 × [

1

𝑟
+

1

√𝜋.𝐷.𝑡
]  (7) 

where 𝐷 is the diffusivity of gas in water, 𝐿 is the partition coefficient of the gas between the 

gaseous and aqueous phase (known as the Ostwald coefficient, i.e. the ratio of the solubility of the 

gas in the liquid to the density of the gas), 𝑝𝑎𝑡𝑚 is the atmospheric pressure and 𝑝∗  is the excess 

pressure due to the systemic blood pressure and oxygen metabolism. 

One way to reduce bubble shrinkage is to lower the Ostwald coefficient (𝐿), by using less-soluble, 

high density gases. These gases also have to be inert and biocompatible. PFCs meet this criteria and 
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hence they have been utilised in the development of MBs. Substituting the encapsulated gas from 

air to PFCs has shown to increase the lifetime of an approximately 5 μm bubble from seconds to 

several minutes (Porter and Xie, 1995). 

It should also be realised that the exposure of the bubbles to the ultrasound pulses during the 

examination itself can weaken the shell of the bubble, either causing the bubble to expand or 

contract rapidly in response to the low and high pressure phases (see Fig 26). 

 

Figure 26 - Microscopic images taken 330 ns apart shows volumetric oscillation of a microbubble during 

exposure to a 500 kHz ultrasound pulse. Each picture corresponds to a different point on the wave 

[Reproduced with permission from (Lindner, 2004)] 

Bubbles can also behave differently (grow or shrink) over time, depending on the strength of the 

ultrasound pulse. A full range of microbubble behaviour is illustrated on the next page (see Fig. 27): 
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Figure 27 - Schematic representation schematic representation of the range of bubble behaviour. The 

expansion ratios drawn for these bubbles are exaggerated to illustrate the pulsations more clearly 

[Reproduced with permission from (Cosgrove, 1998)] 

The ability to manipulate the behaviour of these bubbles offers potential for novel applications for 

microbubbles. These bubbles can be loaded into the vasculature and ruptured on demand, a 

prospective approach for drug/gene delivery. Looking at the range of bubble behaviour, we can see 

that there are different mechanisms for bubble scintillation. Other than the destruction of a free-

flowing bubble, the bubble could also be coaxed into approaching a boundary, then ruptured (see (j) 

on Fig. 27). This enables site-specific targeted imaging or therapeutic applications. 
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1.2.4 - Types of MB Contrast Agents 

Available MB contrast agents behave differently when crossing the microcirculation.  Based on 

their behaviours, we can classify them as free-flow MBs and deposit tracers. It should be noted that 

while there are targeting strategies that could be adopted to make these MBs actively targeting 

agents, the MBs listed here are only passively targeted (see sections 1.2.8 for further discussion on 

targeting strategies). 

1.2.4.1 - Free-flow (perfusion) MBs 

Free-flow MBs, as the name suggests, cross the microcirculation freely upon administration and are 

not caught by myocytes and do not adhere to any particular region or molecule in the body. Their 

rheological properties and size are analogous to the red blood cells, making them good red blood 

tracers. These properties make them indispensable in the following applications: improving Doppler 

signal (von Bibra et al., 1995), myocardial border opacification (Porter et al., 1995; Zamorano et al., 

2002) and evaluating myocardial blood perfusion in tissue (Heinle et al., 2000; Moreno et al., 

2002). 

1.2.4.2 - Deposit tracer MBs 

The other class of US contrast agents, which display opposite behaviour to the ‘blood pool’ agents, 

are called deposit tracers. These deposit tracers, showed some degree of non-specific binding, 

persisting in microcirculation and are selectively accumulated by the tissue cells or attach to the 

endothelium, even though they are not designed to be actively targeting. 

It has been demonstrated that several new agents are organ specific. PFC-filled bubbles with 

stabilised shells are found to be liver/spleen-specific. It was found that the agent was taken up by 

the liver’s Kupffer cells, where it persists for many hours, before being degraded by phagocytosis 

(Bauer et al., 1999; Hauff et al., 1997). 

Other agents have also showed retention in myocardial circulation in the presence of atherosclerotic 

lesions. This suggests interaction between the agents and the inflamed cells (Villanueva et al., 

1998). This makes these agents useful in mapping vascular diseases, as the inflammatory response 

is often the mechanism for the molecular expression of disease (see Fig. 28). By targeting these 

certain molecular markers (such as selectins, chemokines and adhesion molecules), molecular 

probes can be designed which are early indicators of disease. 
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Figure 28 - Inflammation cascade of events: schematic representation of the molecules involved in the 

inflammatory response upon injury. When there is a form of injury, nuclear factor-κB (NF-κB) pathway is 

activated, through cytokine receptors (interleukin-1 or tumour necrosis factor α [TNF-α]) or Toll-like 

receptors. This results in the transcription of many genes that contain κB sites. In endothelial cells, these 

include adhesion molecules: E-selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell 

adhesion molecule 1 (VCAM-1). For extravasation to occur, T cells need to be slowed down and tethered, 

using cutaneous lymphocyte antigen P-selectin glycoprotein ligand 1 (CLA-PSGL-1) cell surface molecules, 

binding to E-selectin and P-selectin on the luminal surface of the cutaneous post-capillary venules. Once 

tethered, the T cells slowly roll on the surface of the endothelial in the direction of the blood flow, exposing 

the surface of the T cells to the endothelial surface, where chemokines are present. The binding of 

chemokines to specific receptors on these T cells causes a modification of the structure of the αLβ2 integrin 

(lymphocyte-function-associated antigen 1 [LFA-1]) and the α4β1 integrin (very late antigen 4 [VLA-4]) so 

that they can bind to ICAM-1 and VCAM-1, respectively. The integrin binding not only holds the CLA-

positive T cells in place, but also flattens the lymphocytes for extravasation. Once extravasated on the 

abluminal side of the vessel, the T cells are no longer subjected to the shear forces from blood flow and they 

can respond to the chemotactic gradients emanating from the site of injury or infection. If these T cells 

encounter antigen in tissue, they will become activated. The subsequent release of T cell cytokines will 

modify and expand the inflammatory infiltrate [Reproduced with permission from (Robert and Kupper, 1999) 

Copyright Massachusetts Medical Society] 

In a similar fashion to the way that the bubbles persist in the inflamed myocardial endothelial cells, 

the same behaviour was also observed in the carotid arteries when there is a sign of endothelial 
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dysfunction or damage (Tsutsui et al., 2004). This opens up a possibility for using US to image 

molecular function, useful for the detection of disease before the pathological evidence can be seen 

on a normal anatomical imaging technique (Lindner, 2001). This means diseases can be detected 

early enough for the therapy to be more effective and, in the case of heart attacks or stroke, early 

detection is essential to save lives. 

Deposit tracers can also be utilised for target-specific imaging, as they can be utilised to target 

specific areas of injury or malignancy, in the case of tumour growth (Lindner et al., 2000c). 

Combining its imaging abilities with the manipulation of US intensity, it can also offer therapeutic 

solutions, such as targeted drug or gene delivery (Liu et al., 2006), or tumour degradation (ablation) 

via high-intensity focus ultrasound (HIFU) (Dubinsky et al., 2008).  

1.2.5 - Safety of Microbubble Contrast Agents 

As previously mentioned, US imaging has had an exemplary safety record (Nyborg, 2001, 2000). 

However, safety concerns arise when using MBs as contrast agents. MBs can be manipulated to 

increase the intensity of scattered signals, but it needs to be considered how this affects the cells and 

the surrounding exposed tissue. 

Firstly, considering the constituents of the bubble itself, they are made up of materials that are 

known to be safe and biocompatible. The encapsulated gas mixture consists of inert gases, often 

found in the blood already. MB shells are also selected based on safe biological materials and 

biocompatible synthetic materials. Extensive tests looking for biochemical evidence of 

neurotoxicity or cardiotoxicity in the constituents have yielded negative results, therefore, like the 

process of drug discovery, will have to undergo various clinical trials before its approved use in 

humans (ter Haar, 2009). 

Some of the commercially available US contrast agents such as Definity™ and Optison™, have 

come under scrutiny after its use was temporarily related to 4 deaths. The Food and Drug 

Administration USA, has issued a “black-box” warning on these agents cautioning users of serious 

adverse effects (Main et al., 2007). 

Determining how safe the contrast agents are in a clinical trial can be a difficult process. US 

contrast agents are popular in fields such as echocardiography and trial subjects often  have a pre-

existing condition prior to being subjected to the examination. Therefore, the problem may already 

be underlying and the contrast agent may not have “caused” the adverse effect directly (Dolan et al., 

2009). 
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In a report by Blomley et. al., for the World Federation of Societies for Ultrasound in Medicine and 

Biology, it was concluded that while there is incomplete knowledge on the potential risks of using 

US contrast agents, they are extremely safe, with low incidence of side effects, especially when 

compared to the more established contrast agents used in X-ray angiography or MRI. They are even 

less toxic when compared to the radioactive tracers used in PET and SPECT (Blomley et al., 2007).  

One minor concern of injecting bubbles into the bloodstream is the possibility of embolism 

(blockage of blood vessel), but this is highly unlikely since the bubbles are small in size (2-3 μm), 

and could not aggregate into a foam because of the small amounts needed during an examination. 

For example, in Levovist™, each clinical dose contains less than 200 μl of air. This is much less 

than during an administration of a typical intravenous infusion (Cosgrove, 1998). 

Another concern is the possibility of cavitation, produced by the interaction of the sound beam with 

the MBs, which can be associated to haemorrhagic damage to the vasculature. However, this only 

occurs at MI values of 0.4 or greater, much higher power deposition than is used in medical 

diagnostic ultrasound scanners (Dalecki, 2007). 

Thus far, US contrast agents seem safe, the risks outweigh the benefits in medical examinations and 

there are guidelines for safe use of these agents (Barnett et al., 2000). Nonetheless, cautious use of 

these agents should still be practiced and pre-/post-marketing surveillance for any adverse reactions 

should be ongoing. 

1.2.6 - MB Detection Strategies in US Imaging (Bubble-Specific Imaging) 

MBs have very manipulable acoustic properties and their echogenicity produces specific, enhanced 

scattering signals that could be detected by the probe. Detecting these bubble-specific signals can 

improve visualisation because there are no artefacts arising from fundamental imaging. There are 

three main strategies for detecting the signals of MBs. 

1.2.6.1 - Bubble Destruction 

MB destruction gives a loud specific echo that could be detected by the receiver. In a typical US 

examination, the contrast agent could be administered and then a high amplitude pulse could 

destroy the MBs and the resulting signal would be highly specific, giving us an excellent picture of 

where the bubbles are in the image. This method provides good sensitivity and resolution, providing 

quantifiable information (see Fig. 29). Also, this method of detection works with current Doppler 

signal processing. However, because the image is dependent on bubble destruction, this gives a 

single-frame image. Thus, the real-time nature of the image is effectively lost. 
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Figure 29 - Quantification of stationary contrast agents using the sensitive particle acoustic quantification 

(SPAQ). Drawings illustrate the principles of SPAQ. If an US transducer moves over an object (in this case 

agar-phantom containing MB), the US beam destroys the MB within the acoustic field. (A) Low frame-to-

frame displacement between the single US pulses results in a high SPAQ resolution providing good 

discrimination of single signals. (B and C) Higher displacements equates to higher SPAQ slices, but 

produces lower SPAQ resolutions finally resulting in an overlay of single slice signals [Reproduced with 

permission from (Kiessling et al., 2011; Reinhardt et al., 2005)] 

1.2.6.2 - Harmonics Detection of MBs 

This detection strategy works similar to the harmonic imaging method discussed in section 

1.1.4.2.2. US pulse is transmitted at a certain frequency and then received at twice the transmitted 

frequency. This is possible because at twice the transmitted frequency, MBs demonstrate a peak 

signal, which is very different from the fundamental tissue signal (see Fig. 30). 
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Figure 30 - Schematic representation of (a) fundamental and (b) harmonic imaging. Right: MB signal 

generation at varying transmitted frequencies. The strongest harmonic signal occurs at twice the transmitted 

frequency, known as the second harmonic. The harmonic image is constructed strictly from the signal 

emanating from MB [Reproduced with permission from (Lindner, 2004; Schutt et al., 2003)] 

Therefore, filtering the fundamental signal (𝑓0) would only give the bubble-specific second 

harmonic signal. However, another problem arises from using this method. Using a filter would 

limit the spatial resolution of the image, as there will be overlap between the fundamental signal 

and the second harmonic signal. Useful signals could be blocked out. This is particular problem 

when the overlap between the first and second harmonic is significant (when the harmonic echoes 

are weak). 

1.2.6.3 - MB Asymmetric Oscillations 

In this method, the non-linear response of the oscillating MB is processed using non-destructive, 

low amplitude multi-pulse sequences. MBs have different acoustic responses, and therefore 

generate different signals depending on the nature of the transmitted pulse. Tissue, due to its linear 

response, would create similar signals regardless of the nature of the incident transmitted pulse. 

This provides the basis for this method of detection. There are two main ways to manipulate the 

transmitted pulses. 

1.2.6.3.1 - Phase/Pulse Inversion 

In this pulsing sequence, two pulses are transmitted: a positive pulse and a negative pulse. The 

resulting signal would then be summed. The tissue signal would display a linear behaviour and 

therefore summing up the two signals would effectively cancel the tissue signal. Bubbles are non-

linear and therefore would produce a resultant signal when added (see Fig. 31). 



Chapter 1: Introduction 

Page 37 of 224 

 

 

Figure 31 - Phase inversion harmonic low-power imaging: cancellation of tissue signal, leaving only 

bubble-specific harmonics [Reproduced with permission from (Schutt et al., 2003)] 

1.2.6.3.2 - Power Modulation 

In this pulsing sequence, the amplitude size of the incident pulse is varied. One pulse is generated at 

full power and a subsequent pulse is released at half the amplitude size. The signal generated from 

the larger pulse is then subtracted by twice the smaller pulse, resulting in tissue signal elimination 

and a bubble-specific signal remaining (see Fig. 32). 

 

Figure 32 - Power modulation imaging: complete tissue signal elimination, leaving purely harmonic signals 

[Image adapted from (Serra et al., 2004)] 

This low-amplitude multi-pulse sequence imaging has obvious advantages over the previous two 

methods of harmonic imaging: it is non-destructive, there is no loss of the real-time nature of the 

image and there is no loss of resolution. This method has provided effective fundamental tissue 

signal suppression, improving the contrast between tissue and the region we want to image (see Fig. 

33). 
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Figure 33 - In vitro images of model vessels containing microbubble contrast agent, Optison™ surrounded 

by tissue-mimicking material. (a) Conventional/Fundamental image, (b) Harmonic image, slightly improved 

contrast between tissue and vessel and (c) Pulse-inversion harmonic image, contrast further improved by 

suppressing linear echoes from tissue [Reproduced with permission from (Becher and Burns, 2000)] 

1.2.7 - Current Applications of MB Contrast Agents 

It has been shown that MB contrast agents have been effective in improving US images, 

significantly increasing the clinical importance of US imaging. This section discusses uses of MBs 

which employ their properties and behaviours in the body. 

1.2.7.1 - Passive Imaging 

In echocardiography, it is well established that MB contrast agents have allowed good opacification 

of the myocardial border (refer to section 1.1.6.2) and are essential in the evaluation of blood 

perfusion in stress echocardiography. This is a form of passive imaging, whereby the contrast agent 

flows freely and its circulation is mapped out. 

 

Figure 34 - Imaging myocardial microvascular blood flow: Background-subtracted, colour-coded 

myocardial contrast echocardiography images from a patient with a moderate left anterior descending 
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artery stenosis obtained at rest (left) and during hyperaemic stress (right) [Reproduced with permission from 

(Lindner, 2004)] 

The ability to map out blood flow could be useful in imaging the growth of malignant tumours. It 

has already been demonstrated that blood tends to flow more towards malignant cells (Schutt et al., 

2003). Introducing contrast agents in the blood flow may highlight these areas of malignancy. 

 

Figure 35 - Images of tumour implanted in the thigh of a rabbit (a) before and (b) after intravenous 

administration of Imagen™. Presence of tumour is apparent [Reproduced with permission from (Schutt et 

al., 2003)] 

1.2.7.2 - Targeted Imaging 

Utilising deposit tracers, a targeted imaging application has been made possible. These contrast 

agents target the leukocyte, one of the molecules released as an inflammatory response in an event 

of a disease. This has delivered better imaging methods for assessing the severity of atherosclerotic 

lesions in the vasculature, namely in the carotid artery. 

 

Figure 36 - Views of carotid artery bifurcation using power Doppler imaging: (a) before administration, (b) 

after intravenous administration of Optison™ and (c) schematic depiction of anatomy. The exact 

configuration of the narrowed lumen, the true thickness and internal architecture of plaques shows clear 

severity of stenosis [Reproduced with permission from (Schutt et al., 2003)] 
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1.2.8 - Molecular Imaging and Targeted Therapeutics with MBs 

1.2.8.1 - Target-Specific MBs for Molecular Imaging 

Molecular imaging applications using MBs requires targeting receptors after administration of 

contrast agents. In order to have a firm attachment of a particle contrast agent to a disease target in 

the vasculature, the following factors must be considered: the binding characteristics and density of 

the targeting ligand, the properties of the target molecule and finally, the vascular conditions that 

affect bubble distribution and shear. 

MBs have potential to be molecular probes due to the manipulability of the MB shell. MBs can be 

made into a targeting probe either by using the intrinsic properties of the shell or by ligand 

conjugation on the MB shell (see Fig. 37). As previously mentioned, MB shells are either made up 

of liposomes (e.g. Definity™), phospholipids (SonoVue™ and BR38) or human serum albumin 

(Optison™) and, depending on the target cell, suitable shell materials could be used in order to 

target these specific cells and encourage accumulation of MBs (Lindner, 2004) at the targeted sites. 

Targeting using the intrinsic properties of the MB shell increases the chances of clinical 

translatability, as these MBs are already approved for clinical use. However, in order to improve the 

binding specificity of targeting MBs, certain ligands or antibodies need to be used. 

 

Figure 37 - Strategies for microbubble targeting: MBs are targeted to regions of disease either by (a) 

intrinsic properties of the shell constituents or (b) by surface conjugation of specific ligands or antibodies 

[Image adapted from (Lindner, 2004)] 

Antibodies have high binding affinity and specificity and are therefore used as a targeting probe to 

be conjugated to an MB surface. In order to minimise the risk of immunological adverse effects, 

antibodies have to be suitable for humans for clinical use. One example is to anchor large denatured 

proteins onto formulated MBs. However, the binding affinity of the targeting protein to the MB 

shell is still relatively low, running the risk of reporter group detachment in circulation. Therefore, 
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the targeting ligand needs to be conjugated to the MB surface. One such conjugation technique was 

suggested by (Takalkar et al., 2004), making use of the strong non-covalent, avidin-biotin 

interaction, widely used in biomedical research. Biotin is attached to the shell material, via PEG 

groups, and is then connected to a streptavidin linker and finally connected to biotinylated 

antibodies (see Fig. 38). However, foreign particles can cause an immune response and therefore 

this strategy is only useful in preclinical research (Jain et al., 2007). 

 

Figure 38 - Schematic representation of a targeted microbubble [Courtesy of Dr. Charles Sennoga, 

Ultrasound Research Group, Division of Imaging Sciences, Imperial College London] 

This is where the use of low molecular ligands could be advantageous. (Pillai et al., 2010) has 

successfully incorporated phospholipid-PEG2000-peptide onto existing MB formulations. The 

binding kinetics were improved compared to antibodies and this provides an alternative to the 

biotin-avidin linker route (Pochon et al., 2010).  

Depending on the properties of the target molecule and the intended imaging target, one targeting 

strategy may suit better and, in some cases, multiple targeting probes might show an even higher 

increase in targeting improvement. Table 6 lists some examples of current target molecules for 

cancer imaging (in pre-clinical trials) and their respective ligands that have successfully shown a 

significant increase in retention, as compiled by (Moestue et al., 2012). 

Due to the size of MBs, targeting molecules are only limited to luminal space (MBs are too big to 

extravasate), therefore the molecular targets consist of molecules expressed on the surface of the 

endothelial cells or blood cell events (Inaba and Lindner, 2012). 
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Target Molecule Targeting Ligand References 

Vascular endothelial growth factor 

receptor 2 (VEGFR2) / Kinase 

insert domain receptor (KDR) 

Heterodimeric 

peptide 
(Pysz et al., 2010) 

VEGFR2 
Heterodimeric 

peptide, antibodies 

(Bzyl et al., 2011; Korpanty et al., 

2007; Lee et al., 2008; Palmowski et 

al., 2008; Pochon et al., 2010; Tardy et 

al., 2010; Willmann et al., 2008b) 

αvβ3 integrin 

Echistatin, Knottin, 

arginine-glycine-

aspartic acid (RGD) 

peptide, cyclic RGD 

peptide 

(Anderson et al., 2011; Ellegala et al., 

2003; Palmowski et al., 2008; 

Willmann et al., 2010) 

Endoglin (CD105) Antibody (Korpanty et al., 2007) 

VEGFR2, αvβ3 integrin, Endoglin 

(CD105) 
Antibodies (Deshpande et al., 2011) 

Intercellular adhesion molecule 1 

(ICAM-1), αvβ3 integrin 
Antibodies (Palmowski et al., 2009) 

VEGFR2, αvβ3 integrin Antibodies (Willmann et al., 2008a) 

VEGFR2, αvβ3 integrin, ICAM-1 Antibodies (Warram et al., 2011) 

Table 6 - Summary of studies using targeted MBs to assess tumour angiogenesis (pre-cursor of 

vascularisation usually associated with malignant tumours). Studies were carried out pre-clinically (in 

animal models) and showed significant signal increase compared to non-targeted MBs [Compiled from 

(Moestue et al., 2012)] 

1.2.8.2 - Target-Specific MBs for Drug/Gene Delivery 

Targeted MBs could also be used for therapeutic applications. This is because once a targeted MB 

has reached its targeted site, the mechanical index (MI) on the US machine could be altered in order 

to induce rupture of MBs. This opens up the possibility of using targeted MBs as an agent for 

loading drug or gene delivery for therapeutic purposes (Liu et al., 2006; Rychak and Klibanov, 

2014; Unger et al., 2014). The therapeutic agent could be incorporated onto the MB shell or in the 

void of the MB and then ruptured by applying a high amplitude ultrasound pulse, releasing the 

therapeutic agent. With targeted microbubbles, this delivery mechanism can be made highly 

specific, only targeting areas of interest, allowing site-specific therapeutic applications. This allows 

smaller doses of drugs to be used more efficiently. This is particularly critical in cases where the 

therapeutic agent is highly damaging, for example in cancer for the destruction of malignant cells. 

The drug/gene could be loaded onto the MB shell purely via electrostatic interaction between the 

MB shell material or via linkers attached to liposomes containing drug/gene for therapy (Rychak 

and Klibanov, 2014; Unger et al., 2014). It has been shown that cationic MBs have increased the 
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efficiency of plasmid (a shorter form of nucleic acid) loading for gene transfection and US-

mediated cancer treatments (Wang et al., 2012; Xie et al., 2012). The other strategy is to link 

liposomes onto the MB shell via a linker. Liposomes, due to their small size (nm) have the added 

advantage of being able to permeate into the endothelial lining and extravasate into the tumour 

tissue (De Temmerman et al., 2011; Sirsi et al., 2012).  

 

Figure 39 - Schematic of MB design for drug delivery: interior contains gas and therapeutic agent and the 

exterior contains targeting ligand to allow site-specific delivery. [Reproduced with permission from 

(Blomley et al., 2001)] 

 

Figure 40 - Schematic of MB design for gene delivery: (a) a cationic MB incorporated with negatively 

charged nucleic acid (by electrostatic interaction) (b) an MB-lipoplex conjugate: liposomes (containing 

nucleic acid) are connected to the shell material via a linker. Smaller liposomes released during insonation 

could extravasate due to their small size. [Reproduced with permission from (Unger et al., 2014)] 
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1.3 - Project Overview 

1.3.1 - Background and Motivation 

Each year, over 111,000 strokes occur in England alone, making it the third leading cause of death 

and brain damage caused by a stroke is the largest cause of adult disability in the UK (“NHS 

Website,” 2014). Globally, stroke is the second leading cause of death worldwide (World Health 

Organization (WHO), 2011). 

Cause of Death Death in millions % of deaths 

Coronary heart disease 7.20 12.2 

Stroke and other cerebrovascular diseases 5.71 9.7 

Lower respiratory infections 4.18 7.1 

Chronic obstructive pulmonary disease 3.02 5.1 

Diarrhoeal diseases 2.16 3.7 

HIV/AIDS 2.04 3.5 

Tuberculosis 1.46 2.5 

Trachea, bronchus, lung cancers 1.32 2.3 

Road traffic accidents 1.27 2.2 

Prematurity and low birth weight 1.18 2.0 

Table 7 - World Health Organisation (WHO) ranking of the top 10 leading causes of death [Extracted from 

(World Health Organization (WHO), 2011)] 

Extensive brain damage and fatalities arising from strokes can be reduced if the stroke is treated 

immediately. However, the majority of stroke cases are ischemic strokes arising from rapid blood 

clot formation obstructing blood flow in the inter-cranial artery and occurs too quickly to resolve 

(“NHS Website,” 2014). In such cases, identifying early risk factors that can lead to a stroke would 

prove to be more effective than treatment. The presence of atherosclerosis (thickening arterial wall 

due to fatty-acid build-up) in the carotid has generally been accepted as a major stroke risk factor 

(Petty et al., 1999). 

Most cases of stroke fatalities follow plaque rupture. Depending on an individual’s lifestyle, 

plaques may take a long time to form, therefore providing a starting point for the early diagnosis of 

stroke. Plaque formation in the carotid is a common occurrence, but the difficulty lies in accurately 

identifying plaques that are vulnerable to rupture and causing a stroke. Current clinical imaging 

investigations look at the degree of arterial wall narrowing (luminal stenosis) as an indication for 

how likely a stroke will occur (Zwiebel, 1992). However, plaques that substantially narrow the 

blood vessels are not necessarily the ones that are most prone to rupture (Topol and Nissen, 1995). 

Therefore, the performance of current clinical methods has been poor and cannot accurately predict 
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the incidence of strokes in previously asymptomatic patients (Sterpetti et al., 1988). This is one of 

the main reasons for the continued prevalence of stroke fatalities. 

Histopathological findings conducted by Virmani et. al. have highlighted the differences between a 

stable and unstable plaque prone to rupture (Virmani et al., 2006). Stable plaques consist of thick 

fibrous caps with hard cores. Vulnerable plaques have soft lipid cores coated by thin fibrous caps, 

releasing an abundance of macrophages and a large inflammatory infiltrate upon rupture (see Fig. 

41) (Arroyo and Lee, 1999; Falk, 2006). Whilst these studies shed light into identifying the 

different types plaques that can rupture, they involve destructive handling of the sample. This has 

given rise to great interest in imaging inflammation within the atherosclerotic plaque in vivo. 

 

Figure 41 - Schematic overview of (a) a stable atherosclerotic plaque and (b) an unstable atherosclerotic 

plaque [Reproduced with permission from (W van Lammeren et al., 2011)] 

A review article by (Matter et al., 2009) looked at the current clinical approaches of imaging the 

unstable plaque and the study highlighted the importance of looking at potential biomarkers for 

identifying the unstable plaque. The current approach using US was the more invasive intravascular 

US involving the insertion of a catheter into the lumen in order to image the plaque. This action in 

itself could inadvertently cause plaque rupture due to its invasive nature. This is where the 

combined use of US and MBs proves to be favourable, as this not only shows morphological 

findings (using B-mode), but also shows the biological information of the plaque based on retention 

of MBs in the vasculature. A study by (Owen et al., 2010) has shown that even the non-targeted MB 
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agent, SonoVue™ could be detected via late-phase contrast-enhanced US, identifying plaques 

which were vulnerable versus the non-vulnerable plaque. 

While there are various studies that focus on making targeted MBs (refer to section 1.2.8), this 

project focuses on the intrinsic properties of non-targeting, commercially-available MBs. Probing 

the intrinsic properties of approved agents would make the findings from this project immediately 

translatable for clinical use. 

1.3.2 - MBs Investigated in this Project 

In this project, three commercially-available MBs, SonoVue™ (Bracco Imaging, Milan, Italy), 

Definity™ (Lantheus Medical Imaging, Massachusetts, USA) and  Optison™ (GE Healthcare, 

Princeton, New Jersey, USA) and one experimental agent, BR38 (Bracco Imaging, Milan, Italy) are 

used. These MB agents were selected because they were commercially available and clinically 

approved (SonoVue™, Definity™ and Optison™) while BR38 was provided as a contribution by 

Bracco Imaging (Milan, Italy). 

1.3.2.1 - SonoVue™ (Bracco Imaging, Milan, Italy) 

 

Figure 42 - Left: SonoVue™ pack consisting of 25mg lyophilised powder in a vial filled with SF6 headspace 

and a 5ml pre-filled saline syringe for MB suspension (Image reproduced from http://www.ilsung-

ph.co.kr/renewal/body/image/f210.jpg, accessed 20/01/2010) Right: Respective chemical structures of MB 

surfactant: distearoyl-phosphatidyl-choline [DSPC], dipalmitoyl-phosphatidyl-glycerol [DPPG], palmitic 

acid and Macrogol (polyethylene glycol [PEG]). 

This agent comes in a pack containing a vial consisting of 25 mg lyophilised powder, made up of 

Macrogol 4000 (polyethylene glycol [PEG] with molecular weight [MW] 4000 g/mol), distearoyl-

phosphatidyl-choline (DSPC), dipalmitoyl-phosphatidyl-glycerol (DPPG) sodium and palmitic acid 

(see Fig. 42 for respective chemical structures), stored in 59 mg sulphur hexafluoride gas (SF6). For 

http://www.ilsung-ph.co.kr/renewal/body/image/f210.jpg
http://www.ilsung-ph.co.kr/renewal/body/image/f210.jpg
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use, this agent is reconstituted with 5 ml sodium chloride (0.9% w/v solution) and agitated, 

producing 8 µl sulphur hexafluoride MBs per millilitre aqueous dispersion. In a typical 

echocardiographic examination, a dose of 2-5 ml is administered to the patient (National Institute 

for Health and Clinical Excellence (NICE), 2012). 

1.3.2.2 - Definity™ (Lantheus Medical Imaging, Massachusetts, USA) 

Prior to activation, this contrast agent comes in a vial containing a clear liquid comprising of 0.75 

mg lipid blend, 103.5 mg propylene glycol, 126.2 mg glycerine, 2.34 mg sodium phosphate 

monobasic monohydrate, 2.16 mg sodium phosphate dibasic heptahydrate and suspended in 4.87 

mg sodium chloride in water solution, stored in 6.52 mg/ml octafluoropropane in the headspace. 

The lipid blend consists of 0.045 mg dipalmitoyl-glycero-phosphate (DPPA), 0.401 mg 

dipalmitoyl- glycero-phosphocholine (DPPC) and 0.304 mg (methoxy[polyethylene glycol]-5000) 

dipalmitoyl-glycero-phosphoethanolamine (MPEG5000-DPPE) (see Fig. 43 for respective chemical 

structures) (Lantheus Medical Imaging, 2011). This agent is activated by mechanical agitation, 

yielding up to 1.2×10
10

 octafluoropropane (perflutren) lipid microspheres per millilitre of resulting 

milky white suspension. Typical administration dosage is 1 ml per patient examination.  

 

Figure 43 - Left: Vial of Definity™ (top) and Luminity™* (bottom) Right: Respective chemical structures of 

lipid blend (dipalmitoyl-glycero-phosphate [DPPA], dipalmitoyl- glycero-phosphocholine [DPPC] and 

[methoxy(polyethylene glycol)-5000] dipalmitoyl-glycero-phosphoethanolamine [MPEG5000-DPPE] 

*Marketed as Luminity™ in Europe and Australia. 
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1.3.2.3 - Optison™ (GE Healthcare, Princeton, New Jersey, USA) 

This injectable suspension of perflutren (C3F8) MB gas cores is stabilised with protein-type A 

human albumin (10 mg), N-acetyltryptophan (0.2 mg) and caprylic acid (0.12 mg) in 0.9% w/v 

aqueous sodium chloride (GE Healthcare, 2012). This agent comes in a vial of clear liquid with a 

white upper layer. Gentle mixing yields a milky-white suspension, ready for use. Due to the protein 

nature of the shell, this agent needs to be kept refrigerated to avoid degradation. 

 

Figure 44 - Left: Optison™ (Image reproduced with permission from GE Healthcare, URL: 

http://md.gehealthcare.com/optison/monograph/om09-01.html, accessed 20/01/2010) Right: Chemical 

structures of N-acetyltryptophan (top) and caprylic acid (bottom) 

1.3.2.4 - BR38 (Bracco Imaging, Milan, Italy) 

BR38 is an experimental blood pool MB, courtesy of Bracco Imaging (Milan, Italy). This agent 

comes in a vial consisting of lyophilised PEG4000 solution containing 116 µg of neutral 

phospholipids, DSPC and MPEG5000-DPPE and palmitic acid. The headspace in the vial contains 

a mixture of perfluorobutane and nitrogen gases (36/65 v/v). Similar to SonoVue™, this agent is 

reconstituted with 5 ml sodium chloride (0.9% w/v solution) and gently agitated, yielding a milky 

suspension of  2 X 10
8
 MBs per ml (Schneider et al., 2011). 

Manufacturer Microbubble Gas Shell 
Diameter 

Range 
Neat Concentrations 

Bracco Imaging, 

Milan, Italy 
SonoVue

TM
 SF6 Lipid 1-10 μm 2-5 X 10

8
 MBs per ml 

Lantheus Medical 

Imaging, 

Massachusetts, 

USA 

Definity
TM

 C3F8 Lipid 
1.1-3.3 μm 

(max. 20 μm) 
Max. 1.2 X 10

10
 MBs per ml 

GE Healthcare, 

Princeton, New 

Jersey, USA 

Optison
TM

 C3F8 Albumin 
3.0 - 4.5 μm 

(max. 32.0 μm) 
5-8 X 10

8
 MBs per ml 

Bracco Imaging, 

Milan, Italy 
BR38* C4F10* Lipid* 1 - 8µm* 2 X 10

8
 MBs per ml* 

Table 8 - Some commercially available microbubbles, their diameter ranges and neat concentrations 

[information based on manufacturers’ leaflets: (GE Healthcare, 2012; Lantheus Medical Imaging, 2011; 

http://md.gehealthcare.com/optison/monograph/om09-01.html
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National Institute for Health and Clinical Excellence (NICE), 2012)] *BR38 information as reported by 

(Schneider et al., 2011). 

1.3.3 - Overall Project Aims and Objectives 

In this project, we seek to investigate interactions of different MBs in current medical practice with 

healthy and diseased vasculature in vitro. The MBs studied are SonoVue™ and the experimental 

agent, BR38 (both Bracco Imaging, Milan, Italy), Definity™ 
 
(Lantheus Medical Imaging, 

Massachusetts, USA) and Optison™ (GE Healthcare, Princeton, New Jersey, USA). 

This study has clinical, commercial and academic value. It can be directly translated to clinical 

imaging. US images usually require very well-trained sonographers to interpret images. Introducing 

MBs that can accumulate at abnormal growth areas (at tumours or lesions) makes these areas more 

obvious in the US image. Commercially, companies can use this information to develop better MB 

contrast agents and understanding of the interactions with inflamed sites can help minimise the risk 

of patient adverse reactions to the MB contrast agents. From an academic standpoint, it can help 

unveil the molecular expression of vascular diseases, making US imaging an essential tool in 

molecular imaging research. 

Initially, the focus is to develop a method of visualising MB binding with vascular cells. Once 

successful, the degree of MB binding to vascular cells needs to be quantified in order to compare 

the different MBs binding to vascular cells, both healthy cells and diseased cells. We hypothesised 

that the diseased cells would show an increased amount of binding compared to the healthy cells 

due to the increased concentration of inflammatory biomarkers which encourages adhesion. The 

different MBs studied should also show varying degrees of binding depending on the characteristics 

of the MB shell. 

Secondly, once this method has been perfected and optimised, sufficient repeats should be carried 

out in order to be able to compare MB retention between different MBs and understand the intrinsic 

properties of each MB and what contributes to its retention. 

Lastly, we will focus on the MBs studied, primarily their size distribution and overall surface 

charge in order to see if any of these properties contributes to MB-cellular adhesion. 
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Chapter 2: Microbubble and Cell Interactions 

Overview 

Although historically used as perfusion agents, non-targeted MBs have been shown to stick to sites 

of injury in the vasculature. This opens up the possibility of using these existing non-targeted MBs 

as a molecular marker. One possible application as a molecular marker is in identifying plaques in 

the carotid artery that are vulnerable to rupture, which may lead to a stroke.  

In this chapter, we report our studies using existing clinical MBs and one experimental agent. We 

hypothesised that even these non-targeted MBs could be used to differentiate between healthy and 

inflamed cells. Methods of quantifying MB-cellular binding were developed and optimised. Human 

umbilical vascular endothelial cells (HUVECs) were used as an in vitro phantom of the vasculature 

and, as a variant to the healthy vasculature, HUVECs were treated with a pro-inflammatory 

cytokine, TNFα.  

All MBs tested were found to show some degree of preferential binding to TNFα-activated 

HUVECs. There was a 3-fold and a 2-fold increase in the number densities of Optison™ and 

SonoVue™ seen adhering on TNFα-activated HUVECs when compared to non-activated HUVECs. 

While other studies suggest that the main factor contributing to MB retention is the presence of 

activated leukocytes, this study shows that even in the absence of these leukocytes, MBs were still 

retained, suggesting a more endothelial component to this interaction. 

2.1 - Introduction 

MB use in medical diagnosis is already well-established (Becher and Burns, 2000), reflected by the 

availability of various commercial MB agents. However, a number of MBs – used strictly as 

perfusion agents – were found to persist in circulation long after the first administration of a single 

intravenous bolus, following myocardial ischemic injury (Lindner et al., 1998). Another study 

conducted by Owen et. al. demonstrated that non-target specific, SonoVue™ MBs were able to 

differentiate different types of plaques, providing a promising non-invasive imaging method for 

identifying lipid-rich plaque cores, a crucial indicator of vulnerable plaques in the carotid, which 

may lead to strokes (Owen et al., 2010).  

Despite their wide use in medicine, there is no real understanding of why MBs adhere to sites of 

injury in circulation. Lindner et. al proposed phagocytosis to be the mode of action for MB retention 

and showed phagocytosis of MBs by leukocytes – specifically neutrophils and monocytes – 

released during inflammation in vitro (Lindner et al., 2000b). Yanasigawa et. al. also suggested 

phagocytosis, by demonstrating MBs being phagocytosed in the liver-specific macrophages, 
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Kupffer cells, in vivo (Yanagisawa et al., 2007). Lindner et. al. also associated endothelial 

glycocalyx damage with MB persistence (Lindner et al., 1998), followed by further studies showing 

integrin and complement-mediated adherence of MBs to activated leukocytes (Lindner et al., 

2000a).  In another study, Tsutsui et. al. also showed microbubble retention to sites of endothelial 

dysfunction in the carotid in vivo (Tsutsui et al., 2004). 

Whilst most of the studies conducted looked at the problem from a biological approach, Fisher et. 

al. took a more physical approach and proposed MB surface charge to be the mechanism 

responsible for the microbubble adhering behaviour (Fisher et al., 2002). However, in this study, the 

surface charge of the MBs was altered by changing the lipid group composition and therefore 

inadvertently changed the MB properties. 

2.1.1 - Experimental Aims and Objectives 

In this part of the study, we wish to look at the interactions of different MBs in current medical 

practice with healthy and diseased vasculature in vitro. The focus of this study is to develop a 

suitable method of visualising MB binding with vascular cells, followed by quantifying the degree 

of MB binding to vascular cells in order to compare the different MBs binding to vascular cells, 

both healthy cells and inflamed. We hypothesised that the diseased cells would show an increased 

amount of binding compared to the healthy cells. This is due to the up-regulation of inflammatory 

biomarkers in the diseased cells, which encourages adhesion. We want to show that even these non-

targeted contrast agents have the ability to differentiate between healthy and diseased cells. 

Understanding the intrinsic properties of MBs would shed some light on factors that affect MB-

cellular binding. 

2.2 - Methodology Development and Justification 

The focus of this section is to justify the methodology chosen for investigating MB interaction with 

vascular cells in order to mimic the behaviour of MBs in vasculature. 

2.2.1 - In Vitro Phantom of the Vasculature 

In this study, human umbilical vein endothelial cells (HUVECs) were used as an in vitro phantom 

of the vasculature. HUVECs are a suitable model for the human vasculature, more specifically for 

the pathological studies for atherosclerotic development. Using HUVECs has the added advantage 

of ease of clinical translatability due to using human cells rather than animal cells. In addition, 

HUVECs are easy and simple to obtain, with an established method of isolation and culture for 

experimental use  (Baudin et al., 2007). Whilst the full proteomic study of HUVECs is beyond the 
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scope of this study, there are studies which look at the protein components that make up these 

endothelial cells (Bruneel et al., 2005, 2003). 

 

Figure 45 - Bright-field microscopy image (at 10X magnification) of (a) tumour necrosis factor alpha 

(TNFα) activated and (b) non-TNFα-activated human umbilical vein endothelial cells (HUVECs) cultured on 

35 mm Dow Corning™ petri dishes coated with gelatin. There are no morphological changes between 

TNFα-activated HUVECs versus non-TNFα-activated HUVECs. Scale bar represents 100 µm. 

As a variant of the healthy human vascular cells, a pro-inflammatory cytokine, tumour necrosis 

factor alpha (TNFα) (see Fig. 46) was used as an activating agent to induce the inflammatory 

responses by HUVECs. This biomarker is one of the cytokines that are associated with the 

inflammation response that leads to the development of atherosclerosis (Armstrong et al., 2006). 

TNFα is expressed on type II activated endothelial cells on the surface of endothelial membrane and 

is initially released to induce adhesion of leukocytes during inflammation. Some examples of the 

adhesion molecules that help bind leukocytes are E-selectin, intercellular adhesion molecule 1 

(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), chemokines, enzymes and effector 

proteins that reorganise actin filaments (see Fig. 47) (Pober and Sessa, 2007). 

As seen from Fig. 45, there are no morphological changes between TNFα-activated HUVECs and 

non-TNFα-activated HUVECs, which means that morphological changes, such as surface area of 

the cells, could be ruled out. 
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Figure 46 - Ribbon diagrams of the structure of tumour necrosis factor alpha (TNFα) seen from the side 

(left) and top (right) orientation [Reproduced with permission from (Bodmer et al., 2002; Eck and Sprang, 

1989)]  

 

Figure 47 - Type II activation of endothelial cells. In response to binding of inflammatory cytokines, such as 

interleukin-1 (IL-1) or tumour necrosis factor (TNF) to relevant receptors, signalling complexes are formed 

within the cell. In the case of TNF, complexes that are formed activate the same sets of mitogen-activated 

kinases (MAPK) that are involved in the initiation of signals that lead to the activation of the transcription 

nuclear factor-κB (NF-κB) and activating protein 1 (AP1). These factors initiate the transcription of specific 

genes within the nucleus leading to the expression of pro-inflammatory proteins. Among them are adhesion 

molecules that bind leukocyte, such as E-selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular 

cell adhesion molecule 1 (VCAM-1); chemokines; enzymes, such as cyclooxygenase-2 (COX-2) and unknown 

effector proteins that reorganise actin filaments [Image reproduced with permission from (Pober and Sessa, 

2007)]   
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2.2.2 - Parallel-plate flow chamber 

Endothelial cells in the vasculature are always subjected to a certain level of shear due to the 

physiological blood flow. Therefore, MB-cellular interactions were studied under flow conditions. 

Flow conditions were simulated using a parallel plate flow chamber, which allows simultaneous 

visualisation of cells whilst being able to control the shear rate (via a programmable syringe pump) 

applied to endothelial cells. This method also enables the flushing of non-binding MBs, so the focus 

is looking at MBs which are strongly-bound to HUVECs. 

 

Figure 48 - Glycotech™ circular parallel-plate flow chamber. Left: Flow deck with the inlet and outlet 

tubings, and gasket with a thickness of 0.0254 cm and flow path width 1.0 cm; Right: Schematics of the flow 

chamber assembly [Images reproduced with permission from (Gentile et al., 2008; Yona et al., 2010)] 

2.2.3 - MB-Cellular Visualisation by Bright-Field Microscopy  

In this project, we have chosen not to attach any fluorescent tagging to the MBs as we tried to 

minimise changing the intrinsic properties of the clinical MBs. Also, due to the different refractive 

indexes between the gas core of MBs with the surrounding medium, MBs were clearly seen without 

additional need for fluorescence tagging (see Fig. 49). 
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Figure 49 - Bright-field microscopy image (at 20X magnification) of Optison™ on TNFα-activated 

HUVECs. Due to the difference in refractive index between the MB gas core and the surrounding, Optison™ 

MB could be clearly seen without the need of fluorescence tagging. Red circles mark the presence of MBs. 

Scale bar represents 50 µm.  

2.2.4 - Quantification of MB binding 

The degree of MB binding is quantified by looking at how many MBs were seen sticking on 

HUVECs and this number is compared between the different runs. This gives a good estimate of 

quantification (the increase in the number of MBs seen binding indicate a higher degree of binding). 

Direct physical methods for quantifying the degree of binding, such as atomic force microscopy 

(AFM), have proved to be difficult to carry out on live cells (due to the complexity and time 

consuming nature of the experiment) and were attempted by (Sboros et al., 2007), using 

immortalised cell lines. However, there is much uncertainty whether the force exerted was that of 

the MB detaching from the cantilever tip or from the cell. Our method is simple and provides an 

effective method of quantifying the degree of MB binding.  
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Figure 50 - Bright-field microscopy images (at 20X magnification) of (a) Optison™ on non-activated 

HUVECs and (b) Optison™ on TNFα-activated HUVECs. The degree of MB binding is quantified by the 

total number of MBs seen sticking on HUVECs. The higher the number of MBs seen sticking, the greater the 

degree of binding. It was expected that TNFα-activated HUVECs increases the release of adhesion 

molecules and therefore would increase the degree of MB binding to HUVECs. In (b) more MBs were seen 

sticking. Red circles mark the presence of MBs. Scale bar represents 50 µm. 

2.3 - Preliminary studies, findings and methodology improvements 

2.3.1 - Methodology 

2.3.1.1 - Materials and Reagents 

In this study, the following clinically-approved contrast agents were used: Optison™ from GE 

Healthcare Medical Diagnostics Division (Princeton, NJ, USA), Definity™ from Lantheus Imaging 

(Massachusetts, USA) and SonoVue™ from Bracco Diagnostics Incorporated (Milan, Italy). An 

experimental microbubble agent, BR38 was also obtained from Bracco Diagnostics Incorporated 

(Milano, Italy).  

Chloroform and fluorescein isothiocyanate (FITC), used for the preparation of FITC-labelled 

SonoVue™, were obtained from VWR International Limited (Leicestershire, UK) and Invitrogen 

(Paisley, UK). Saline solution (0.90% w/v sodium chloride) was obtained from Sigma Aldrich® 

(United Kingdom). 

For the preparation of HUVECs, all of the reagents (unless otherwise stated) were obtained from 

Sigma Aldrich® (United Kingdom). Tumour necrosis factor alpha (TNFα) was obtained from 

Research and Diagnostics Systems (R&D Systems) Europe Limited. TrypLE™ Express was 

obtained from Invitrogen, Life Technologies Limited, UK. 

Complete growth medium for passage zero (P0) cell culture consists of medium 199 (M199), mixed 

with 20% activated (heated at 37°C) foetal calf serum (FCS), antibodies penicillin, streptomycin, L-
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glutamine, gentamicin and endothelial cell growth factor (ECGF) from bovine neural tissue 

suspended in 10ml heparin. Complete growth medium for subsequent passages (P1 up to P4) 

consists of a mixture of all the reagents stated previously, without the gentamicin. 35 mm untreated 

Corning™ petri dishes for cell plating were obtained from Appleton Woods (United Kingdom). 

All reagents/plasticware used during cell culture were kept in sterile conditions and any medium 

added to cells was maintained at 37°C to avoid major temperature changes which could affect the 

health of cells. 

2.3.1.2 - HUVECs extraction from the umbilical cord 

[Due to the tricky nature of HUVECs extraction, involving the use of precious umbilical cord 

samples, this section was carried out by experienced research associates and trained biologists, Dr. 

Le Anh Luong, Dr. Christina Warboys and Mr. Fahad Alrashed] 

Human umbilical vein endothelial cells (HUVECs) were collected from newborn aseptic umbilical 

cords following abdominal delivery from healthy pregnant women (hereafter referred to as 

subjects). This project has written approval from the ethical committee of the Imperial College NHS 

Trust, and informed consent was obtained from all subjects. All subjects had normal routine 

urinalysis and blood tests (women with abnormal urinalysis, blood tests or any complications 

during pregnancy or viral infections were excluded). 

The umbilical cord vein (ends secured with 3-way taps to stop flow) was filled with 2% collagenase 

in Hanks’ balanced salt solution (HBSS) and incubated at 37°C for 8 minutes to induce release of 

endothelial cells. The detached endothelial cells were then flushed into a centrifuge tube and the 

supernatant removed, leaving behind a pellet of cells. These cells were then re-suspended in 10 ml 

complete medium before being transferred into a 75 cm
2
 T flask. This flask was then placed in an 

incubator at a temperature-controlled environment (at 37°C) and a regulated 5% CO2 gas flow until 

confluent. 

2.3.1.3 - Cell Culturing and Plating onto 35mm Petri Dishes 

Once confluent, HUVECs in the 75 cm
2
 T flask were then exposed to 1 ml TrypLE™ Express 

(trypsin-ethylenediaminetetraacetate [EDTA] with phenol red) for approximately 30 seconds to 

induce the release of endothelial cells from flask surface. Prior to this, complete growth medium 

was removed and HUVECs washed with HBSS to avoid the trypsin-EDTA inhibiting the growth 

medium. Using HBSS, the detached cells are then flushed into a 15 ml centrifuge tube and 

centrifuged for removal of supernatant. Pelleted cells were then re-suspended in complete growth 

medium. Required concentrations of suspended HUVECs (based on degree of confluency needed) 
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were then aliquoted onto 1% gelatin-coated 35 mm Corning™ petri dishes. These dishes were then 

kept in an incubator maintained at 37°C, regulated with 5% CO2 flow until a confluent monolayer 

HUVECs was produced. 

All cultured HUVECs were washed with HBSS and complete medium was refreshed to remove 

dead floating cells on the plates, which can obscure experimental observations. The degree of 

monolayer confluency and general health of cells were visually assessed using bright-field 

microscopy. 

2.3.1.4 - Preparation of Activated HUVECs 

As a variant to the control (non-activated HUVECs), the complete growth medium was replaced 

with a TNFα-added (10 ng/ml) growth medium, which induces an inflammatory response in 

HUVECs. TNFα-activated HUVECs were kept in this activated media and stored in the incubator 

for a minimum of 4 hours at 37°C and 5% regulated CO2 flow. The TNFα-activated media was used 

immediately after addition of TNFα. This is because TNFα is an unstable compound and degrades 

over time. 

2.3.1.5 - MB Contrast Agent Preparation 

In this study, all MBs (unless otherwise stated) used were prepared according to the manufacturer’s 

instructions. SonoVue™ is prepared by reconstituting its 25 mg lyophilised powder with the pre-

filled syringe containing 5 ml saline solution and manually agitated. The experimental agent, BR38, 

was prepared in a similar manner, using 5 ml filtered saline solution. Definity™ (at room 

temperature) was activated by mechanical agitation for 45 seconds using VialMix™ (Bristol-Myers 

Squibb Medical Imaging Incorporated, North Billerica, MA, USA). Optison™ MBs comes pre-

mixed and only requires gentle agitation prior to use. 

 

Figure 51 - Left: The experimental agent, BR38 (supplied directly from Bracco Diagnostics Incorporated) 

Right: Mechanical stirrer, VialMix™ used for activating Definity™/Luminity™ [Image reproduced from 

http://www.definityimaging.com/how-vialmix.html, accessed on 25/08/2010] 

http://www.definityimaging.com/how-vialmix.html
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FITC-labelled SonoVue™ was prepared by re-suspending 25 mg of lyophilised SonoVue™ powder 

in 500 µl chloroform supplemented with 200 µg FITC followed by freeze-drying (overnight) at 

reduced temperature (-78°C) and pressure. Assuming the 25 mg lyophilised powder is made up of 

just the lipid components (DSPC and DPPG) as these are the insoluble shell components, this 

results in a FITC and SonoVue™ ratio of one FITC tag per 50 lipid molecule. The FITC-labelled 

powders were then re-suspended in saline according to the instructions outlined above. 

 

Figure 52 - Chemical Structure of fluorescein isothiocyanate (FITC) 

For storage, MBs were kept in the fridge (at approximately 4°C) to ensure longevity and to prevent 

microbubble degradation. Similar to the protocol used for bolus introduction in patients, MBs are 

left at room temperature before use. As per instructed, Definity™ was only used within 12 hours of 

activation as the bubbles degrade relatively quickly over time and as such were only used on the 

day of activation. 

2.3.1.6 - Parallel-plate Flow Chamber, Syringe Pump and Microscope Set-Up 

MB and HUVECs (activated and non-activated) interactions were observed in a circular, parallel-

plate Glycotech™ flow chamber (Rockville, MD, USA) connected to an automatic programmable 

syringe pump (Harvard Apparatus™ PHD 2000, Holliston, MA, USA), housed in a temperature-

controlled hood (37°C) centred around an inverted microscope (Nikon Diaphot 300) (see Fig. 53). 
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Figure 53 - Right: Microscope stage is in a temperature-controlled (at 37
o
C) hood. Top left: Circular 

parallel-plate flow chamber connected to a Harvard Apparatus™ PHD2000 Programmable Syringe Pump 

(bottom right) with a set infusion rate of 2 ml/min. 

The flow chamber system consists of an acrylic flow deck, with an inlet, outlet and outer vacuum 

holes connected through Silastic™ tubing – via polypropylene L-connectors and 3-way taps – to the 

syringe pump, waste reservoir and vacuum respectively (refer to section 2.2.2 Figure 48). The 

silicon rubber gasket (thickness, a = 0.0254 cm, flow path width, b = 1 cm and length, L = 2 cm) 

sits in between the flow deck and the petri dish (35 mm Corning™), fitted by means of two tabs that 

fit securely onto the flow deck. The gasket defines the geometry of the flow path where 

microbubbles and complete medium were introduced. 

For all the flow experiments, the infusion rate for the syringe pump (Harvard Apparatus™) was set 

to 2.00 ml/min (volumetric flow rate,𝑄). Volumetric flow rate through the flow chamber and wall 

shear stress is related by the following equation (provided in the flow kit): 

𝜏𝑤 =  𝜇𝛾 =  
6𝜇𝑄

𝑎2𝑏
   (8) 

where 𝜏𝑤is the wall shear stress (in dynes/cm
2
), 𝛾 is the shear rate (in s

-1
), 𝜇 is the dynamic 

viscosity of the media (in centipoise, cP), 𝑎 is the gasket thickness (in cm), 𝑏 is the gasket width (in 

cm) and 𝑄 is the volumetric flow rate (in ml/s). 

Using this equation, we can calculate the wall shear stress exposed to HUVECs during infusion, 

which is 310 s
-1

. This value is lower than the physiological shear rate in the human carotid, which 

was found to be (775 ± 167) s
-1

 (Stokholm et al., 2000). A lower shear value was chosen as 



Chapter 2: Microbubble and Cell Interactions 

Page 61 of 224 

 

exposing HUVECs to too high a shear may cause them to detach from the plates (as some cells 

could already be seen detaching at this lower shear value). Therefore, we chose not to use the more 

physiologically relevant infusion rate of 5 ml/min.  

Before and after each experimental run, the flow chamber, gasket and connecting tubes were 

cleaned and flushed with 70% ethanol and wiped dry. Disposable 3-way taps were secured onto the 

end of the inlet and outlet Silastic™ tubing. These taps enable flow control during the experiment 

(closing the taps stops flow). Complete media was then flushed through the tubes, before placing 

the flow chamber system into the microscope stage and fitting the tubes to its respective vacuum 

exit, inlet and outlet reservoirs. 

The petri dish containing HUVECs was only fitted once the other components of the flow chamber 

were set-up and connected. This is to minimise the time HUVECs were exposed to conditions 

outside the incubator. The petri dish was secured to the flow deck under vacuum suction and 

complete medium was passed through soon after, again to ensure HUVECs stayed as healthy as 

possible, whilst ensuring there are no areas containing air bubbles (as this would starve the 

HUVECs of needed nutrients). 

Once the gasket window was void of any air bubbles, a bolus of MBs (0.6 ml) was introduced 

where the media was introduced. Media (from the syringe pump) was infused, allowing MBs to 

reach the gasket flow path. Once the bubbles arrived (confirmed by optical observation), the taps 

were closed (to stop flow) and the chamber was inverted to ensure MB contact with HUVECs (due 

to the buoyant nature of the bubbles – see Fig. 54). The bubbles were left to rest for 15 minutes to 

allow sufficient time for interaction. The gasket flow path window and the inlet were marked (to 

ensure that we only look at the area exposed to the MBs). Once the incubation period ended, the 

flow apparatus was un-inverted and the bubbles were flushed out by 10 ml media flow (at 2 

ml/min), to remove any unbound MBs. The flow chamber deck was then disconnected and removed 

before refreshing the media on the petri dish. 

 

Figure 54 - Schematic illustration of bubble and cell contact during chamber flipping (side view). The 

acrylic flow deck is not shown. 

For the HUVECs-fluorescence validation experiments, flow cell set-up and protocol were similar to 

bright-field MB-HUVECs interaction experiment, but with minor modifications.  The flow cell set-
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up was covered during incubation to minimise its exposure to light (to reduce photobleaching). 

Only 0.2 ml (instead of 0.6 ml) of FITC-tagged SonoVue™ was introduced (due to lack of FITC-

tagged SonoVue™ available for use). For the FITC-only variant, 0.6 ml FITC was added to the 

HUVECs. 

2.3.1.7 - Data Capture and Analysis 

MB-HUVECs interaction was visualised using an inverted bright-field microscope (Nikon Diaphot 

300) connected to an analogue charge-coupled device (CCD) camera (JVC™ TK-C1360B Colour 

Video Camera). The camera was also connected to an HP Pavilion PC via an analogue-to-digital 

converter (CnM lifestyle electronics). Data was captured digitally in video mode and recorded using 

ShowBiz DVD™ software. There was difficulty in focusing the live image because of the small 

preview window provided by the capture program. Also, the program only allows videos to be 

taken, so still images need to be extracted post experiment. 

MB-HUVECs interaction data (images) were captured sequentially, starting from the top right side 

of the inlet (inlet side marked by a green dot). The stage is moved by a total of 5 increments in the y 

direction and a total of 5 increments in the x direction (see Fig. 55), and at each increment, the 

focusing is adjusted and a video is captured (refocusing is necessary to ensure presence of bubbles). 

This yields 25 images for the inlet side. The same is done for the outlet side (starting from top left 

side), yielding another 25 images for analysis.  

 

Figure 55 - Schematic illustration of stage movement for image capture of petri dish. This yields 25 images 

for the inlet side and another 25 images on the outlet side, totalling in 50 images per experimental run (as 

seen from above). 

For each MB agent, two experimental runs were carried out (each run uses a fresh dish of 

HUVECs), totalling 4 runs (MB and TNFα-activated HUVECs run 1 and 2; and MB and non-

activated HUVECs run 1 and 2). Therefore, for each MB agent tested, there are 200 images 

analysed for activated HUVECs and another 200 images for non-activated HUVECs.  
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Still images were then captured from the videos for offline digital analysis and post-processing. 

Each image was assigned a name: Inlet (x,y) or Outlet (x,y), where x and y denotes its position on 

the petri dish (see Fig. 55). These images were then uploaded on Microsoft Powerpoint 2007 for 

analysis. Artefacts, which look like bubbles, (identified by taking a blank image when there is 

nothing in the optical path) were marked with a red box and the presence of a bubble was denoted 

by a yellow circle (see Fig. 56). The number of bubbles that can be seen on each image is then 

counted and tabulated in Microsoft Excel 2007 for manipulation of data. 

 

Figure 56 - An example of an image captured using the Lumenera Infinity™ CCD camera, at 20X 

magnification, clearly showing microbubbles (marked with yellow circles) and artefacts, which look like 

bubbles (marked with red boxes). Scale bar represents 50 µm. 

One image looks at an area of approximately 0.087 mm
2
 (or 0.00087 cm

2
), so for each petri dish, 50 

images were captured, which totals up to an interrogated area of approximately 4.33 mm
2
. The total 

number of MBs seen adhering was presented in a bar chart, showing the number of MBs seen per 

mm
2
 of interrogated area for each MB agent. 
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Each 35 mm petri dish has a cell growth area of approximately 5090 mm
2
 and this equates to 

roughly 1 million cells per dish at near confluency (Baudin et al., 2007). Therefore, for every mm
2
 

of cell growth area, there are approximately 196 cells, totalling 850 cells in the 50 images captured. 

For the HUVECs-fluorescence experiments, cells were visualised using the same inverted 

microscope (Nikon Diaphot 300) using a mercury-incorporated fluorescence light, filtered with a 

dichroic mirror to obtain a green light of wavelength (535 nm) and connected to a 1.4 MP Infinity 

2-1 USB 2.0 CCD Camera (Lumenera, Ottawa, Ontario, Canada). Due to the low-light nature of the 

fluorescence experiments, the camera’s exposure time was adjusted to 500 ms and the gain was set 

at 9.61, using the camera’s Infinity Capture software. For data capture, cells were visualised in 

random order (instead of noting the position of slides systematically) to get a qualitative idea of 

where the fluorescence resides. The experiment also had to be carried out as fast as possible 

because the FITC photobleaches within 10 seconds of exposure to light. 
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2.3.2 - Preliminary Findings and Methodology Discussion 

2.3.2.1 - MB and activated/non-activated HUVECs adhesion (preliminary finding)  

[For a full dataset of the preliminary MB-cell counting data, please refer to supplemental data 1-4] 

Initially, the focus was to look at a single area before and after bolus introduction. This would make 

it easier to identify the presence of MBs (via image subtraction). However, it was difficult to 

pinpoint the same area after bubble incubation, as the chamber was inverted. In addition, a single 

image only contains roughly 17 cells (see highlighted area in Fig. 60, showing approximately 24 

cells), which would not be representative of the whole sample available on the petri dish. It is 

important to realise that one image area may not contain the same number of cells as other areas 

(refer to section 2.3.2.4 for full discussion of cell growth spread). Instead, the total number of MBs 

seen across 50 images (4.33 mm
2
, roughly containing 850 cells) was summed up and the data is 

represented as total number of MBs seen per mm
2
 (roughly 196 cells) of the interrogated area (see 

Fig. 57) 

 

Figure 57 - The number of each MB agent seen adhering per mm
2
 of interrogated area is shown here. The 

error bars show the deviation of between the two runs (n = 2). We can see that more MBs adhere to 

activated HUVECs compared to the non-activated HUVECs. This shows some level of preferential binding 

for activated HUVECs even though these MB agents are non-targeted. 

Based on Fig. 57, across all four MB agents, initial findings suggest more MBs are seen adhering to 

the activated HUVECs compared to the non-activated HUVECs. A Student’s t-test was carried out 

in order to show statistical difference between activated and non-activated HUVECs per MB agent 

(refer to appendix 1-4 for values). The following assumptions were made for the Student’s t-test: a 

normal distribution and unpaired samples of unequal variance. A p-value of less than 0.05 shows 

statistical difference of MB uptake between activated and non-activated HUVECs. 
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In this section, the discussion will only focus on the proof-of-concept and methodology 

development as the repeats carried out were not sufficient to draw any conclusive remarks. For a 

full discussion of data trends and possible mechanisms, please refer to section 2.5. These initial 

findings show that this method of quantifying the difference between MB adhesion to TNFα-

activated HUVECs versus non-activated HUVECs has been successful. 

2.3.2.2 - Flow Chamber Inlet/Outlet Shear Stress Difference 

As previously mentioned, the images captured focused on the inlet and outlet areas of the flow 

chamber. This reasoning was based on the argument that different parts of the gasket flow path have 

different shear values, which in turn may affect MB adhesion (Brown and Larson, 2001). The 

results represented here are in terms of total number of MBs seen adhering in all the 50 images both 

from the inlet and outlet part of the flow path (see Fig. 58). 
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Figure 58 - MB adhesion with activated and non-activated HUVECs, looking at the difference in MB uptake 

(if any) between the inlet side and the outlet side for (a) SonoVue™, (b) Definity™, (c) BR38 and (d) 

Optison™ respectively. Data was displayed as total number of MBs seen for all 50 images from the two runs 

for activated and non-activated HUVECs. Results suggest minimal difference between MB uptake between 

the inlet and outlet part of the flow gasket flow path [For a full set of data, refer to supplemental data 1-4]. 

This initial finding suggests that positioning the area of interrogation within the flow path may not 

have a big effect on MB adhesion observed. Therefore, in the finalised protocol, rather than 

emphasising on the inlet and outlet area of the petri dish, the area of interrogation will be spread out 

across the petri dish. 

2.3.2.3 - MB bolus introduction 

It was difficult to compare the uptake between different MBs because there are uncontrollable 

variations between the different MB samples. Firstly, it is difficult to accurately determine the 
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concentration between different MB samples. Whilst the rough concentration of each MB sample 

was known (refer to table 8), it is important to realise that no two samples of MBs would have the 

exact same concentration. For example, while it is known that each ml of SonoVue™ contains 

approximately ~10
8
 MBs, this is a large number of MBs and it would be difficult to determine 

whether one sample has 1×10
8
 MBs/ml whilst another has twice the concentration, 2×10

8
 MBs/ml. 

However, for ease of carrying out the experiments, it is assumed that MB concentrations remain 

similar for each repeat of each MB agent. In addition, the concentrations of each MB agent were 

determined in a separate experiment, therefore the rough concentrations of each introduced agent 

were known.  

For each MB agent, 0.6 ml of the bolus was introduced into the flow system via the syringe pump. 

It should be realised that there may be other factors affecting the concentration of MBs, such as 

MBs sticking to the tubes on their way to the viewing area of the flow chamber and MB stability 

being compromised due to the higher temperature of the flow chamber. Due to the time-sensitive 

nature of the experiment, the concentration of MBs in each bolus prior to each experimental run 

was not determined. In addition, MBs were not diluted further, in order to maintain realistic clinical 

conditions (neat bolus is introduced intravenously to patients in a typical contrast-enhanced US 

examination).  

2.3.2.4 - HUVECs growth, spread and viability 

In the experimental runs, HUVECs viability was checked visually. HUVECs that start to change 

shape, for example getting more circular rather than elongated, or starting to show features of 

detaching are considered to be unhealthy. Unfortunately, some areas on the petri dish would have 

certain areas of higher confluency and this may result in these areas being inflamed (may start a 

cascade of events similar to inflammation or apoptosis), while some areas may look more sparse. 

This presents challenges in carrying out the experiment, as some areas may seem healthy, whilst 

other areas exhibit a high level of confluency on the same dish (see Fig. 59). In order to tackle this 

issue of cell spread, the interrogation area was increased to cover a larger area and particular focus 

was taken on healthy areas of the petri dish. 

Precautions were taken in order not to inadvertently cause inflammation of HUVECs. This can be a 

difficult task as HUVECs may start exhibiting cell death behaviour for no discernible reason. There 

are uncontrollable factors that could affect the HUVECs health and, whilst extra care was taken to 

ensure a suitable environment was maintained at all times, there could be variations between 

HUVECs that were unaccounted for. Therefore, in order to minimise the variables between runs 

which could not be controlled, sufficient repeats should be carried out.    
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Figure 59 - Varying degrees of HUVECs confluency: (a) HUVECs at roughly 90% confluency, this was the 

gold standard of what should be used. (b) and (c) There are still some areas where it looks like HUVECs 

were sparsely distributed, but overall healthy HUVECs. (d), (e), (f) and (g) some sparse HUVECs 

distribution, some clustering and differences in HUVECs shape could be seen. (h) and (i) show over-

confluent HUVECs, these are not suited for experimental use. Images were obtained at 10X magnification 

using JVC analogue CCD camera. Scale bar represents 100 µm. 

2.3.2.5 - Image Magnification 

HUVECs confluency was best seen at a lower magnification (as seen from Fig. 59) as the focus 

here is to see the bulk of HUVECs spread. However, at this magnification, it is difficult to see MBs 

(see Fig. 60 [c]). Therefore, the image magnification is increased in order to look at MBs (see Fig. 

60 [d]). However, at this magnification, the outline of HUVECs were not as clear (see Fig. 60 [b]). 

Therefore, the image magnification is changed according to the object of interest.  
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Figure 60 - HUVECs and MBs at different magnifications: (a) HUVECs and (c) MBs at 10X magnification, 

scale bar 100 µm; (b) HUVECs and (d) MBs at 20X magnification, scale bar represents 50 µm. (b) shows 

the magnification of the highlighted area in (a). It is easier to gauge the health of HUVECs at 10X 

magnification compared to 20X magnification. Therefore, magnification was changed in order to see MBs or 

HUVECs. 

2.3.2.6 - Image Resolution 

As previously mentioned, MB-HUVECs interaction was visualised using an analogue CCD camera 

(JVC™ TK-C1360B Colour Video Camera). While the image resolution is better on this 

equipment, image resolution quality was lost during the analogue-to-digital conversion stage (see 

Fig. 61 [a,b]). There was difficulty in assessing the presence of a bubble, therefore an additional 

experiment using fluorescence tagging was carried out (refer to section 2.3.2.7). 

In the optimised methodology section, this issue was resolved by using a different camera 

(Celestron™ microscope imager model 44421, California, USA), thus improving the resolution of 

images (see Fig. 61 [c,d]). 
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Figure 61 - Differences in image quality between the analogue JVC™ TK-C1360B Colour Video 

Camera and the Celestron™ microscope imager model 44421 at 20X magnification: (a-b) Images 

obtained by the JVC analogue camera (once converted to digital); (a) MB bolus arriving in the flow path; 

(b) HUVECs in focus with MBs demarcated with yellow circles. Artefacts (which look like bubbles) are 

denoted by red boxes. Image resolution deteriorated upon digital conversion. (c-d) Images obtained by 

Celestron™ camera; (c) MB bolus arriving in the flow path; (d) HUVECs in focus with MBs demarcated 

with red circles. Scale bar represents 50 µm. 

2.3.2.7 - MB Presence: Validation by Fluorescence 

Due to the difficulty in verifying MB presence on a low resolution image, an additional experiment 

using fluorescence-tagged MBs were carried out. However, the process of tagging FITC onto 

SonoVue™ proved to affect its stability, therefore reducing the amount of fluorescence-tagged MBs 

available for use. 

Preliminary images of FITC-labelled SonoVue™ showed whole areas of HUVECs fluorescing (see 

Fig. 62 [a-d]). However, the possibility that the fluorescence group (FITC) itself could be 

interacting with these HUVECs (as some FITC may detach from SonoVue™ lipid shell or is just 

freely present in the suspension) could not be discounted. In order to confirm this observation, 
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another experiment was carried out whereby HUVECs were exposed with just FITC. The images 

obtained show fluorescence similar to those shown in the FITC-labelled SonoVue
TM

 experiment 

(see Fig. 62 [e-h]), which implies that FITC has detached from the MB shells and attached itself to 

HUVECs.  

One way to tackle the problem of the FITC label detaching from the SonoVue™ MBs is by 

washing the MB suspension, which involves spinning the suspension in a centrifuge to separate out 

the attached FITC-SonoVue™ from the free FITC. However, this spinning process would destroy 

whatever MBs that are left.  

Another important factor which contributed to FITC detaching from MBs was the hydrophilic 

nature of FITC itself. FITC would favour dissolving in water and thereby interacting with HUVECs 

and fluoresce. A possible solution is to replace FITC with a hydrophobic fluorophore, such as 

boron-dipyrromethene (BODIPY) (Hosny et al., 2013). Due to the hydrophobic effect, the 

hydrophobic fluorophore would favourably stay in the hydrophobic part of the MB (which is not 

exposed to HUVECs), minimising the likelihood of FITC detaching from the MB shell and sticking 

to HUVECs. In addition, targeting the hydrophobic region (which is not exposed to HUVECs) 

would not affect the interaction of MB with cells.  

It was difficult to quantify the level of fluorescence as this may be affected by photobleaching as 

well as the quantity of FITC that survived the MB-tagging process. More stable fluorophores could 

be used as well.  

The fluorescence experiments carried out failed to validate the presence of MBs and whether they 

were phagocytosed or adhering on the surface of the cell. A possible solution to this problem would 

be to carry out confocal microscopy with MBs tagged with hydrophobic fluorophores. However, we 

wished to maintain the use of brightfield microscopy without the addition of fluorophores in the rest 

of the MB-HUVECs interaction experiments (see section 2.3.2.8) for another method for MB 

validation. 
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Figure 62 - Images from fluorescence and HUVECs interaction. (a)-(d) FITC-labelled SonoVue™ and 

(a),(b) non-activated HUVECs, (c),(d) activated HUVECs. (e)-(h) FITC and (e),(f) non-activated HUVECs, 

(g),(h) activated HUVECs. Fluorescence images obtained were similar in all cases. Fluorescence 

experiments failed to elucidate whether microbubbles are being engulfed (phagocytosed) or merely adhering 

to the surface of the cell. Images taken by Lumenera Infinity™ CCD Camera at 20X Magnification. Scale 

bar represents 50 µm. 

 

2.3.2.8 - MB presence: validation by Z-plane refocusing 

Due to the difference in the refractive index between the gas core of MBs and the surrounding 

medium, MBs can be seen very clearly in bright-field microscopy. Therefore, instead of using 

fluorescence tagging, we have decided to use this property in order to validate MB presence. By 

changing the microscope focusing stage in the Z-plane, artefacts that initially look like bubbles 

(whether in the cell itself or in the optical path), could be differentiated from actual MBs (see Fig. 

63). 
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Figure 63 - Images of MBs and HUVECs at 20X magnification: (a) focusing on HUVECs; (b) focusing 

readjusted (movement in the Z-plane) to make MBs clearer. Red circles highlight the presence of MBs. Scale 

bar represents 50 µm. 

2.3.2.9 - Automated MB counting 

Initially there were concerns that manual counting of MBs could cause human bias and it was 

thought that developing an algorithm for automated counting would resolve this issue. However, 

developing an algorithm was too time consuming and would not be able to resolve the presence of 

bubbles as well as the human eye. It was difficult for a program to determine the presence of a 
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bubble based on pixel intensity alone as different parts of the image have varying pixel intensity due 

to the sample not being of uniform thickness. Therefore, the MBs seen sticking were counted 

manually. 

2.4 - MB-Cell Adhesion Quantification using Optimised Method 

2.4.1 - Improved Methodology 

In this section, we focus on parts of the methodology that were done differently to the preliminary 

studies. For the preparation of MBs and HUVECs, the methodology was kept similar to the 

preliminary studies (refer to sections 2.3.1.1-2.3.1.5). 

2.4.1.1 - Parallel-plate Flow Chamber, Syringe Pump and Microscope Set-Up 

The parallel-plate flow chamber was set up as previously with the same infusion rate (2.00 ml/min). 

However, the volume of the flushing media was increased to 20 ml. This was to maintain flow 

during the duration of the experiment, ensuring that bubbles adhered. As previously mentioned, the 

JVC™ analogue CCD camera produces images of poor resolution, therefore this was changed to a 

microscope imager (Celestron™ microscope imager model 44421, California, USA) mounted on 

the microscope objective eyepiece. This was advantageous as this device captures images from the 

objective, improving the quality of the images as the image is no longer limited by camera 

resolution, but optics resolution. 

 

Figure 64 - Celestron™ digital microscope imager mounted onto Nikon Diaphot 300 microscope objective 

eye-piece. 
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Figure 65 - Schematics of experimental set-up: parallel-plate flow chamber, housed in a 37°C temperature-

controlled hood, connected to a programmable syringe pump and visualised using an inverted bright-field 

microscope. 

 

Figure 66 - Right: Actual experimental set-up. Flow chamber was placed in a temperature-controlled hood. 

Top left: Glycotech™ flow chamber, inverted and with marked flow path. Bottom left: Harvard Apparatus™ 

Programmable Syringe Pump. 

2.4.1.2 - Data Capture and Analysis 

Images were captured in video mode using the camera software, Digital Microscope Suite 2.0, run 

on a HP ProBook 5320 laptop. Videos were recorded at the following events during the flow 

experiment: 
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1. Initial look at HUVECs (at 10X magnification) upon flow chamber connection to vacuum 

and media flow – to assess the health of HUVECs and ensuring the vacuum sealed 

environment has not compromised HUVECs integrity (see Fig. 67 [a]). 

 

2. Upon MB arrival at flow chamber visualisation window (at 20X magnification) – to confirm 

MB arrival and rough estimation of MB concentration (see Fig. 67 [b]). 

 

3. Post microbubble incubation with HUVECs (at 10X magnification) – again to check 

condition of HUVECs (similar to Fig. 67 [a]). 

 

4. During media flushing for removal of non-adherent MBs (at 20X magnification) – to 

visualise adhering MBs in the marked area. Microscope stage was moved accordingly (in 

the x and y plane) to ensure as much of the marked area is covered during recording. 

Focusing (stage movement in the z-plane) was adjusted for bubble viewing (see Fig. 67 [d]). 

 

5. Post experimental look at HUVECs (at 10X magnification) – again to check on general 

health of cells at the end of the experiment (similar to Fig. 67 [a]). 

The key event from which MBs were counted post experiment was event (d). MB counting was 

done post experiment in order to minimise the experimental duration, whilst ensuring the health of 

HUVECs was not compromised. From the video recorded, suspected MBs were counted and 

validated by movement in the Z-plane. MBs were counted manually per experimental run. 

For each MB agent, 6 experimental repeats were carried out (i.e. 6 non-activated HUVECs dishes 

and 6 activated HUVECs dishes). Therefore, there were 12 runs per MB agent carried out. 35 of the 

best images of healthy HUVECs were selected from each run. These 35 images correspond to an 

area of approximately 1.35 mm
2 

(looking at approximately 200 cells), therefore the data was 

reported as the total number of MBs seen adhering per mm
2
 for each petri dish.   
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Figure 67 - Examples of images taken at different events: (a) initial look at HUVECs (at 10X magnification), 

to assess health of HUVECs prior to experiment start; (b) during bolus introduction (bubble focus at 20X 

magnification); (c) HUVECs focus (at 20X magnification) and (d) MB focus, red circles marks the presence 

of MBs (at 20X magnification). Scale bar in all images represent 50 µm. 
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2.5 - Results and Discussion 

2.5.1 - Non-targeted MBs could differentiate between TNFα-activated cells and non-activated cells 

[For a full dataset of the tabulated MB-cell counting data, refer to appendix 5-8] 

The number of MBs seen adhering per mm
2
 of the interrogated area is represented in the form of a 

bar graph (see Fig. 68).  

 

Figure 68 - The number of MBs seen adhering per mm
2
 of the interrogated area is presented here as a bar 

chart. The error bars represent the deviation between experimental runs (n = 6).  

MB Agent 

No. of MBs seen 

adhering per 

mm
2
 of non-

activated 

HUVECs 

No. of MBs seen 

adhering per 

mm
2
 of TNFα-

activated 

HUVECs 

Students t-test (2-tailed, 

normal distribution, 2 

samples of unequal 

variance) p values* 

Increase in no. of 

MBs (comparing 

between non-

activated versus 

activated HUVECs) † 

SonoVue™ 84 153 5.25 × 10
-14

 1.82 times 

Definity™ 324 397 0.00102 1.23 times 

BR38 106 154 1.96 × 10
-6

 1.45 times 

Optison™ 94 272 1.08 × 10
-32

 2.89 times 

Table 9 - The difference of MB binding between non-activated and TNFα-activated HUVECs are tabulated 

here. *p values of less than 0.05 shows significant difference.  †This value is a ratio between the number of 

MBs seen for TNFα-activated HUVECs and the number of MBs seen for non-activated HUVECs. 

All of the MBs tested show some degree of preferential binding for TNFα-activated HUVECs when 

compared to non-activated HUVECs. A Student’s t-test was carried out (assuming normal 

distribution and 2 samples of unequal variances) and all the p-values obtained were less than 0.05, 

which is indicative of statistical difference between MB retention between activated and non-

activated HUVECs. While this data suggests that even the use of non-targeted MBs could 
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potentially differentiate between an inflamed cell and a non-inflamed cell, the question still remains 

if this increase in the number of MBs would be enough to show a difference in CEUS signal in vivo. 

Based on the increase in numbers here, the MB agents that are most likely be able to differentiate 

between a vulnerable and non-vulnerable plaque would be SonoVue™ and Optison™ which 

showed a 2-fold and 3-fold increase in number of MBs seen adhering respectively. The possibility 

of SonoVue™ being an agent which could differentiate the different types of plaque has already 

been shown in patients by (Owen et al., 2010), but our study shows a quantifiable amount in 

increase of signal in an environment which eliminates the variability between patients. 

This study also shows that even with the absence of leukocytes, MBs were seen adhering to 

HUVECs, which indicated that MBs adhesion was not only just due to activated leukocytes (as 

suggested by (Lindner et al., 2000a, 2000b), but rather due to the adhesion molecules released on 

the surface of the endothelial cells itself, such as P-selectin, ICAM and VCAM (Nakashima et al., 

1998; Villanueva et al., 1998). 

2.5.2 - Phospholipid versus albumin MBs 

Focusing on the adhesion of the different MBs to non-activated HUVECs, it can be seen that all of 

the bubbles, with the exception of Definity™, stick to the same degree (roughly 100 MBs per mm
2
). 

The reason for Definity™’s increased number here is due to its concentration. In each experimental 

run, 0.6 ml of neat bolus of MBs is introduced and while the other three MBs (SonoVue™, BR38 

and Optison™) have roughly the same concentration (~10
8
 MBs per ml), Definity™ has a 

concentration of roughly 10
9
 MBs per ml (determined by optical microscopy, refer to chapter 3). 

This could account for this higher number of MBs seen binding. 

SonoVue™, Definity™ and BR38 are all lipid-based MBs whereas Optison™ has an albumin shell. 

As we can see, Optison™ shows an up to 3-fold increase in MB adhesion for TNFα-activated 

HUVECs. One mechanism suggested for the increased stickiness of activated endothelial cells is 

glycocalyx shedding (Lindner et al., 1998). The glycocalyx is a network of membrane-bound 

proteoglycans and glycoproteins which covers the surface of the endothelium (Reitsma et al., 2007). 

Upon inflammation, this glycocalyx layer sheds, making the endothelial cells more susceptible to 

adhesion. A study conducted by Jacob et. al. shows that this glycocalyx layer prefers albumin when 

stress-induced. This is because stress-induced cells become “leaky” in order to attract white blood 

cells in order to resolve inflammation and albumin forms a better seal to stop this leakiness (Jacob 

et al., 2007). This explains the higher level of Optison™ retention for TNFα-activated HUVECs. 

Albumin, being the earliest form of MB shell, has been thoroughly investigated, and there have 
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been various studies showing higher albumin binding during endothelial dysfunction (Anderson et 

al., 2010; Lindner et al., 1998; Villanueva et al., 1997).  

The phospholipid-stabilised MBs, on the other hand, show a lower affinity for TNFα-activated 

HUVECs compared to Optison™. This is expected, because as previously mentioned, inflamed 

cells prefer albumin (Jacob et al., 2007). However, whilst Definity™ and BR38 have a lower 

number of MB adhering to TNFα-activated HUVECs (1.23 times and 1.45 times respectively), 

SonoVue™’s affinity to TNFα-activated HUVECs is twice that. Upon closer inspection of the lipid 

compositions that make up these bubbles (see Table 10), we can see that both Definity™ and BR38 

have long MPEG5000-DPPE brushes, compared to SonoVue™. It is known that longer PEG 

brushes on particle surfaces affect their cellular uptake, as demonstrated by  (Xie et al., 2007) for 

gold nanoparticles. This was confirmed for MB surface PEG functionalisation by (Chen and 

Borden, 2011) as well. This explains the reduced preferential binding for TNFα-activated HUVECs 

for Definity™ and BR38.  

MB Agent Lipid Composition* 

SonoVue™ 

 Macrogol 4000 (PEG) 

 Palmitic acid 

 DSPC 

 

 

 DPPG 

 

 

Definity™ 

 

 DPPC 

 

 

 

 DPPA 

 

 

 MPEG5000-DPPE 

 

 

 

BR38 

 Macrogol 4000 (PEG) 

 Palmitic acid 

 DSPC 

 

 

 MPEG5000-DPPE 
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Table 10 - Phospholipid-stabilised MBs and their respective shell compositions [Based on manufacturer’s 

leaflets (Lantheus Medical Imaging, 2011; National Institute for Health and Clinical Excellence (NICE), 

2012) and a study by (Schneider et al., 2011)] 

Based on a study conducted by (Fisher et al., 2002), we hypothesised that surface charge plays a 

role in this interaction as well. In order to confirm this, the next part of this project looks at 

characterising MB surface systematically. 
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Chapter 3: Microbubble Size Distributions and Concentration Determination 

Overview 

This chapter reports on the methods used to determine MB size distributions and concentrations for 

this project. While there may be other methods available (references provided), this will not be 

discussed in detail in this chapter. 

3.1 - Introduction 

The use of nano-/micro-particles has gained popularity in molecular imaging and various studies 

have tried to look at the factors that affect their cellular uptake (Verma and Stellacci, 2010). Studies 

have shown that particle size can have a significant effect, suggesting that there may be an optimum 

size for cellular uptake (Chithrani and Chan, 2007; Chithrani et al., 2006). In case of US contrast 

agents, the size may play a factor for molecular imaging and therapeutics as size affects its cellular 

uptake. For example, due to its size, MB access is limited to the surface of vascular cells in 

circulation and they are therefore unable to cross the interstitial spacing between endothelial cells in 

order to reach tumours. Nano-particles, however, could cross this interstitial spacing, making them 

more effective at reaching tumour sites (see Fig. 69). 

 

Figure 69 - Schematic representation of a US-targeted drug delivery system. The system comprises 

polymeric micelles (small circles), nanobubbles (stars) and MBs (large circles). A lipophilic drug 

(doxorubicin) is loaded in the micelle cores and on the surface of the nano/microbubbles. Tight junctions 

between endothelial cells in blood vessels of normal tissues do not allow extravasation of drug-loaded 

micelles or nano/microbubbles (indicated by cross). In contrast, tumours are characterized by defective 

vasculature with large gaps between the endothelial cells. This allows extravasation of drug-loaded micelles 

and small nanobubbles, resulting in their accumulation in the tumour interstitium. These small nanobubbles 

coalesce into larger, highly echogenic MBs upon accumulation in the tumor tissue and release their drug 

load in response to therapeutic ultrasound [Image reproduced with permission from (Gao et al., 2008)] 

In addition to cellular interactions and physical properties, the ultrasonic scatter is also affected by 

MB size distributions and number concentrations (Gorce et al., 2000). It is therefore important to be 

able to determine size distributions and number concentrations accurately. (Sennoga et al., 2012) 



Chapter 3: Microbubble Size Distributions and Concentration Determination 

Page 85 of 224 

 

carried out a careful study evaluating three different methods of MB sizing: optical microscopy 

(OM), electro-impedance volumetric zone sensing (ES) and dynamic light scattering (DLS). The 

next section gives a brief overview of how OM and DLS sizing methods work. 

 3.1.1 - Methods for Determining Size Distributions and Concentrations of MB Samples 

3.1.1.1 - Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) measures the Brownian motion of stationary particles and relates 

this to the size of the particles using the Stokes-Einstein equation (Einstein, 1910): 

𝑑(𝐻) =  
𝑘𝑇

3𝜋𝜂𝐷
   (9) 

where 𝑑(𝐻) is the hydrodynamic diameter, 𝐷is the translational diffusion coefficient, 𝑘 is the 

Boltzmann’s constant, 𝑇 is the absolute temperature and 𝜂 is the dynamic viscosity of the dispersion 

medium. By shining a laser on a sample cuvette, a speckle pattern is produced and, based on the 

size of the particle, the Brownian motion varies. The scattering intensity based on Brownian motion 

is then used to calculate the size of the particle (Chu, 2008).  

Brownian motion is the movement of particles due to the random collisions with the molecules of 

the surrounding medium. Small particles tend to move relatively quickly and large particles move 

relatively slowly. However, it is important to realise, bubbles do not react like stationary particles. 

Trying to determine a bubble’s size based on its diffusive properties may not be accurate as bubbles 

are affected by buoyancy (see section 4.3.1.2 for further discussion on buoyancy speeds). 

DLS machines could additionally provide volume distribution and number distribution for samples 

by converting the intensity fluctuation signals using Mie theory (Mie, 1908). However, in the case 

of a polydisperse sample like MBs, the scattering intensity would be heavily biased towards large 

particles. For example, consider a sample containing the same number of two sizes of particles: 5 

nm and 50 nm. Figure 70 (a) shows the result of a number distribution. As there are equal numbers 

of particles of the two different sizes, the intensity here would be 1:1. Figure 70 (b) shows the 

volume distribution. The peak for the 50 nm particle is 1000 times higher than the peak for the 5 nm 

particle. This is because the volume of a 50 nm spherical particle is 1000 times that of a spherical 5 

nm particle. Figure 70 (c) shows an intensity distribution. The peak intensity for the 50 nm particles 

is now 1 million times larger than the peak for the 5 nm particles due to the fact that large particles 

scatter more light than small particles (the intensity of scattering for a particle is proportional to the 

sixth power of its diameter (Cox et al., 2002)). Reiterating that DLS machines use intensity 

measurements in order to calculate the other two values, it is important to realise that using the DLS 

machine in order to determine number concentrations for a polydisperse MB sample may not be 
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accurate. Nonetheless, due to its high-throughput sampling, it is a quick and simple method to track 

changes in MB sizing (for example before and after MB zetasizing).   

 

Figure 70 - An example of (a) number (b) volume and (c) intensity distribution graphs for a sample 

containing only two sizes of particles (5 nm and 50 nm) but with equal numbers of each size particle [Image 

reproduced from (Malvern Instruments Ltd., 2004)].  

3.1.1.2 - Optical Microscopy (OM) 

In OM, MB samples were directly observed in bright-field microscopy. This gives a direct 

observation of MB size distributions, providing an added confidence to results obtained. Sizing can 

be done by analysing images and volume and number concentrations can be determined if the 

volume of the sample is known (Sennoga et al., 2010). 

3.1.2 - Aims and Objectives 

In this study, we seek to investigate the size distributions and number concentrations of MB 

samples using OM and DLS. Whilst DLS provides a high-throughput sampling method for 

determining MB size distribution and number concentrations, there were concerns of its reliability. 

Therefore OM measurements of MB samples were carried out as well. 

We were concerned that zeta potential measurements cause destruction of MBs. In order to 

determine zeta potential, an electric potential is applied to the sample dispersion via electrodes and 

contact with these electrodes cause MB destruction. Preliminary zetasizing studies showed that 

voltages up to 150 V were applied to MB sample dispersions due to the low conducting nature of 

our MB particles. Therefore, some studies looking at the concentration and size distributions of MB 

samples before and after zetasizing were carried out. 
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3.2 - Methodology 

3.2.1 - Reagents and Materials 

The following clinically-approved contrast agents were used: Optison™ from GE Healthcare 

Medical Diagnostics Division (Princeton, NJ, USA), Definity™ from Lantheus Imaging 

(Massachusetts, USA) and SonoVue™ from Bracco Diagnostics Incorporated (Milan, Italy). An 

experimental microbubble agent, BR38 was also obtained from Bracco Diagnostics Incorporated 

(Milano, Italy). 

0.15 M sodium chloride solution was made from filtered water and sodium chloride salt obtained 

from Sigma Aldrich (United Kingdom). 0.5 µm and 5 µm sulphate beads were obtained from 

Molecular Probes Inc. (Oregon, USA). 

0.75 ml DTS1060 green and clear disposable folded capillary cell and Malvern Zetasizer Nano Z 

were all obtained from Malvern Instruments Ltd. (Worcestershire, United Kingdom). 

3.2.2 - Preparation of Sulphate Beads 

0.5 µm and 5 µm sulphate beads (Molecular Probes Inc., Oregon, USA) was made to a 

concentration of ~10
6
 beads per millilitre by diluting with 0.15 M sodium chloride solution [please 

refer to protocols list]. 

3.2.3 - Preparation of MB samples 

MB samples were prepared as previously mentioned (see section 2.3.1.5) and diluted with filtered 

saline solution (0.15 M sodium chloride) depending on the required concentration. Sample 

concentrations were made to 1:1, 1:10 and 1:100 dilutions depending on the level of concentration 

needed for experiments. It is important to realise that a vial of prepared MB sample may change its 

concentration over time depending on the lifetime of a specific MB (refer to section 1.2.3.2). 

Therefore, MB sample concentrations were often confirmed by OM prior to their use in 

experiments. 

3.2.4 - Sizing of 0.5 µm and 5 µm monodisperse sulphate beads using DLS 

Sizing measurements of monodisperse samples of 0.5 µm and 5 µm sulphate beads were carried out 

using DLS. Samples were inserted into 0.75 ml cuvettes (DTS1060 green disposable folded 

capillary cells, Malvern Instruments Ltd., Worcestershire, UK), carefully, to avoid the introduction 

of air bubbles into the cell. The cuvette was then loaded into the machine and measurements were 

run as controlled by the Zetasizer Software (Version 7.02, Malvern Instruments Ltd.). 
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Measurements were repeated three times on three independent samples to ensure reproducibility of 

results. 

Prior to running a sample, the Standard Operating Procedure (SOP) on the Zetasizer software must 

be set, to ensure correct parameters are used for sulphate beads sizing [for a full set of parameters 

used for sizing, please see Protocols section]. 

 

Figure 71 - Screenshots of the defined Standard Operating Procedures (SOP) for sizing on the Malvern 

Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK) [For a full list of defined parameters, 

please refer to Protocols section] 

3.2.5 - MB size distributions and number concentration determination using DLS 

MB size distributions and number concentration determination was carried out using Zetasizer 

Nano Z (Malvern Instruments Ltd., Worcestershire, UK). Samples of suitable concentrations 

(approximately 10
6
 MBs/ml) of each microbubble agent were inserted into 0.75 ml cuvettes 

(DTS1060 green disposable folded capillary cells, Malvern Instruments Ltd., Worcestershire, UK), 

carefully, to avoid the introduction of air bubbles into the cell. The cuvette was then loaded into the 

machine and measurements were run as controlled by the Zetasizer Software (Version 7.02, 

Malvern Instruments Ltd.). Measurements were repeated three times on three independent samples 

to ensure reproducibility of results. The cuvette was re-agitated between runs to ensure thorough 

mixing of MBs, avoiding particle aggregation at the top of the cell (due to MBs’ buoyant nature). 
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Prior to running a sample, the Standard Operating Procedure (SOP) on the Zetasizer software must 

be set, to ensure correct parameters are used when the software calculates MB sizes [for a full set of 

parameters used for sizing, please see Protocols section]. 

3.2.6 - MB size distributions and number concentration determination using OM 

[Protocol was based on study by (Sennoga et al., 2010)] 

Visualisation of MBs was carried out using bright-field microscopy (Olympus BX51 upright 

microscope [Melville NY, USA]) using a 40X magnification, infinity corrected microscope 

objective. 10 µl of each diluted MB sample was pipetted onto a Bright-Line
TM

 hemacytometer 

(Hausser Scientific, Horsham, PA, USA) and approximately 20 images (1360 by 1024 pixels) from 

each sample were captured digitally using the Olympus DP-70 digital microscope camera (Melville, 

NY, USA). The camera sensitivity and the exposure time was adjusted respectively (ISO1600 and 

1/900 exposure time). 

These images were uploaded onto MATLAB
TM

 as .tiff files and analysed using a dedicated 

software developed for MB counting (developed by Dr. Rob Eckersley), to determine the MB 

sample size distributions and number concentrations. 

Samples of different serial dilutions (1 in 10, 1 in 1 and 1 in 0 filtered saline solution) were prepared 

for each MB sample. Not all MB samples were made to the same dilutions. The dilution factor 

depended on how concentrated the neat MB sample was. For example, Definity
TM

 samples have to 

be diluted to 1 in 100 dilution due to its high neat concentration (confirmed optically). In addition, 

the software developed would not be able to determine sample concentrations accurately if the 

sample is too concentrated (the algorithm rejects aggregated bubbles and bubbles which are too 

small or too large). 

3.3 - Results and Discussion 

3.3.1 - Sizing of 0.5 µm and 5 µm monodisperse sulphate beads using DLS 

Figure 72 and 73 shows the size distribution of the monodisperse 0.5 µm and 5 µm sulphate beads 

obtained using Malvern Zetasizer Nano Z. It can be seen that the Zetasizer Nano was able to 

accurately determine the sizes of the beads. This was expected as these samples were monodisperse 

and therefore there were no issues with varying scattering signals. The samples also showed very 

little difference in distributions when displayed in terms of intensity, volume and number 

distributions. This was also expected as the sample is monodisperse.  
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Figure 72 - Size distribution graph of 0.5 µm sulphate beads in terms of (a) scattering intensity, (b) volume 

and (c) number obtained by Malvern Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). The 

different coloured line show multiple sample repeats (n = 3). Average particle diameter and standard 

deviation (SD) as reported by the software is 0.54 (± 0.14) µm. 
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Figure 73 - Size distribution graph of 5 µm sulphate beads in terms of (a) scattering intensity, (b) volume 

and (c) number obtained by Malvern Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). The 

different coloured line show multiple sample repeats (n = 3). Average particle diameter and standard 

deviation (SD) as reported by the software is 5.0 (± 0.6) µm. 
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3.3.2 - MB size distributions and number concentration determination using DLS 

An example of the report generated by the Malvern Zetasizer Nano Z (Malvern Instruments Ltd., 

Worcestershire, UK) DLS machine is shown on Figure 74. The highlighted area (blue box) shows 

two obtained peak values for SonoVue™ particles (0.44 µm and 4 µm) and an overall average value 

of 0.41 µm. However, it should be noted that, due to the polydisperse nature of our samples, the 

average value is meaningless and is not representative of the size distribution of the MB sample. 

Thus, it would be more meaningful to look at the size distribution graph (see Fig. 75).  

As previously mentioned, the Malvern Zetasizer Nano Z could display the size distribution in terms 

of number distribution, volume distribution and intensity distribution (see Fig. 70). Here, we 

showed the large variability in SonoVue™ size distributions depending on whether the data is 

displayed by number, volume and intensity (see. Fig. 75). Looking at the size distribution graphs, it 

is difficult to determine reliably what the MB sample size distribution is. Due to the highly 

polydisperse nature of our sample, this method is not suitable for MB sizing determination.  
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Figure 74 - An example of a sizing report generated by the Malvern Zetasizer Software (v 7.10) for a 

SonoVue™ sample prior to zetasizing experiments. The highlighted area in blue shows the obtained average 

sizes of SonoVue™ particles (0.44 µm and 4 µm), but notice the standard deviation (SD) value for the given 

readings. The relative standard deviation (RSD) is 77.9% for 0.44 µm particles and 27.8% for the 4 µm 

particles. DLS machines are not suitable for measuring the size distributions of a polydisperse sample.  
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Figure 75 - SonoVue™ (concentration made to ~10
6
 MBs/ml) size distributions as obtained by the Zetasizer 

Nano Z (Malvern Instruments Ltd., Worcestershire, UK) in terms of (a) scattering intensity, (b) volume and 

(c) number, before (red line) and after (green line) zetasizing. It was difficult to determine how the average 

value shown by the software was obtained solely by looking at the graphs. 
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For ease of looking at how zetasizing affects MB size distributions, we have shown our findings 

here in terms of intensity distributions, for SonoVue™, Definity™ and Optison™ (see Fig. 76). We 

did not have enough BR38 samples to carry out sizing for BR38. Looking at Fig. 76, we can see 

that the size distributions of all the MB samples were altered significantly after zetasizing. For 

example, in the case of SonoVue™, the initial graph (red line) showed two peaks and after 

zetasizing (green line), the number of peaks has increased to three, with more particles in the 

smaller numbers. This suggests that MB particles have reduced in size, indicative of particles 

breaking into smaller sizes. A similar trend is seen for the other phospholipid-based particle, 

Definity™. In case of Optison™, an opposite trend is observed, whereby, the MB particles suggest 

an increase in size after zetasizing. This may suggest an aggregation of the destroyed Optison™ 

MBs, forming larger particles. 

[For a full set of data for SonoVue™, Definity™ and Optison™ (all made to ~10
6
 MBs/ml 

concentration) sizing before and after 30 V zetasizing (in terms of intensity, volume and number 

distributions), please refer to supplemental data 9-17] 

Some preliminary studies of looking at MB size distributions before and after zetasizing was also 

carried out using the DLS, where the MB sample concentrations were not normalised and the 

voltage applied was higher (up to 150 V). For ease of comparison, only the pre and post zetasizing 

data of MBs of normalised concentrations (~10
6
 MBs/ml) with a set voltage is shown (see Fig. 76).  

[For a full set of data for varying concentrations of MB samples before and after 150 V zetasizing 

(only in terms of intensity), please refer to supplemental data 18-21]. 
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Figure 76 - Size distributions of MB samples based on scattering intensity obtained for (a) SonoVue™, (b) 

Definity™ and (c) Optison™ (all samples were made to a concentration of ~10
6
 MBs/ml) using the Zetasizer 

Nano Z (Malvern Instruments Ltd., Worcestershire, UK). The red line shows the size distribution before 

zetasizing and the green line shows the size distribution after zetasizing. In this case, zetasizing applied a 

voltage of 30 V. 
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3.3.3 - MB size distributions and number concentration determination using OM 

As previously mentioned, a vial of prepared MB sample may change its concentration over time 

depending on its lifetime, therefore MB sample vials were often tested to determine its 

concentration prior to their use, ensuring normalised concentrations. Please note that the full dataset 

of daily MB concentrations is not provided in this report. In this section, we only showed data from 

the OM determination of MB sizing and size distribution before and after zetasizing. 

(a) SonoVue™ (Neat) samples before (left) and after (right) zetasizing 

 

(b) Definity™ (1 in 10 dilution) samples before (left) and after (right) zetasizing 

 

(c) BR38 (neat) samples before (left) and after (right) zetasizing 
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(d) Optison™ (1 in 10 dilution) samples before (left) and after (right) zetasizing

 

Figure 77 - Representative images of MB samples taken before and after zetasizing experiment. Images 

taken by Olympus DP-70 Digital CCD Camera at 40X Magnification. Scale bar represents 0.3 mm. 

    Excluded Particles  

MB Agent 
Dilution 

factor 

Concentration 

(MBs per ml) 

MBs 

found 
Lower Upper 

TOTAL 

MBs 

SonoVue
TM

 Pre-ZP 1:0 2.46 X 10
8
 980 2944 0 3924 

SonoVue
TM

 Post-ZP 1:0 8.92 X 10
7
 855 2226 0 3081 

Definity
TM

 Pre-ZP 1:10 2.37 X 10
9
 4006 9655 0 13661 

Definity
TM

 Post-ZP 1:10 1.71 X 10
9
 3076 10175 0 13251 

BR38 Pre-ZP 1:0 1.55 X 10
8
 3445 8167 0 11612 

BR38 Pre-ZP 1:0 1.15 X 10
8
 2808 5852 0 8660 

Optison
TM

 Pre-ZP 1:10 7.38 X 10
9
 5236 12562 0 17798 

Optison
TM

 Post-ZP 1:10 7.71 X 10
6
 14 91 0 105 

Table 11 - MB concentrations determined using MATLAB™ bubble counting software (courtesy of Dr. Rob 

Eckersley) analysis of the accumulated OM images of MB samples. Particles excluded by the software also 

listed above. [For a full list of data, please refer to supplemental data 22] 

We have confirmed by OM that during the course of the zetasizing measurement, due to application 

of high voltage, MB sample concentration declines (see Fig. 77 and Table 11). This explains why 

the Malvern Zetasizer Nano could not reproduce zetasizing measurements, as MB sample 

concentration changes during the course of measurements. 

3.4 - Conclusion 

MB size distributions and concentrations could not be generated reliably using DLS. Therefore, we 

have chosen to use OM to determine MB size distributions and concentrations. 
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Chapter 4: Characterising Microbubble Surface Charge 

Overview 

MB shell surface charge can affect bulk MB-cell interaction, affecting their suitability for targeted 

applications. The most widely-used method for characterising particle surface charge is laser 

Doppler electrophoresis (LDE). However, the reliability of this method is compromised by MB 

buoyancy. 

In this chapter, MB surface charge was characterised using LDE (Zetasizer Nano Z, Malvern 

Instruments Ltd., UK). The surface charge values obtained using LDE were found to be 

unsatisfactory, as MB buoyancy was not accounted for. A new method based on micro-

electrophoresis was developed, which is relatively cheaper, and easily repeated using a 

commercially-available microchannel and bright-field optical microscopy.  

Through visual tracking of MB movement, MB velocity in an electric field was measured in order to 

obtain electrophoretic mobility and determine zeta potential of MB samples. Using this method, we 

found zeta potential values of SonoVue™, Definity™ and Optison™ to be -28.3mV, -4.2mV and -

9.5mV with relative standard deviations (RSD) of 5%, 48% and 8% respectively. This compares 

favourably to LDE, where zeta potential values of SonoVue™, Definity™ and Optison™ were 

found to be -8.7mV, +0.7mV and +15.8mV with RSDs of 330%, 29,000% and 130% respectively. In 

addition to determining MB zeta potentials with at least a 10-fold reduction in RSD, we were able 

to obtain MB size distribution and ensured MB integrity in the electric field, whilst using 15 times 

less sample volume when compared to LDE. 

4.1 - Introduction 

MB contrast agents have been shown to be a promising tool for drug delivery and therapeutic 

applications (Kang and Yeh, 2011; Villanueva, 2012). For lipid-based MB shells, changing the lipid 

type to be cationic, anionic or neutral can affect the bulk MB-cell interactions (Fisher et al., 2002). 

This in turn can have an overall effect on the MBs’ suitability as a therapeutic agent (Xie et al., 

2012) and provide another factor for improving targeted drug delivery. It is therefore important to 

be able to characterise the surface charge of the MB shell accurately. Current laser Doppler 

electrophoresis (LDE) methods for determining MB surface charge rely on measuring MB 

electrophoretic mobility in an electric field and calculating the zeta potential (Malvern Instruments 

Ltd., 2004). However, there are limitations to this method as it does not account for MB buoyancy. 
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4.1.1 - Theory 

MBs are typically reconstituted in saline solution (0.15 M NaCl). At the boundary between the 

aqueous solution and the phospholipid layer, an electrical double layer (EDL) forms, whereby the 

excess ions (Na
+
 and Cl

-
) from the surrounding solution are attracted to the charge on the surface 

(see Fig. 78).  It is, in general, not possible to determine the actual surface potential (ψ) as it is 

always shielded by the diffuse electric double-layer (Stern layer). Instead, the quantity typically 

measured is the zeta potential (𝜁), which is the potential at the plane where this layer of ions is able 

to slip past the bulk electrolyte. The distance from the zeta potential plane to the surface potential 

plane is called the reciprocal thickness or the Debye length, κ
-1

, and is determined using the 

following equation (Henry, 1931): 

𝜅−1 =  √
𝜀𝑟𝜀0𝑘𝑏𝑇

2𝑁𝑎𝑒2𝐼
  (10) 

where κ
-1

 is the reciprocal thickness, 𝜀𝑟 is the dielectric constant of the dispersion medium, 𝜀0 is the 

relative permittivity of free space, kb is the Boltzmann constant, T is the absolute temperature, Na is 

Avogadro’s constant, e is elementary charge and I is ionic strength of solution (in a 1:1 electrolyte 

such as sodium chloride, I is equal to the concentration). 
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Figure 78 - Schematics of the electrical double layer (EDL) formed when a negatively charged microbubble 

(MB) is in 0.15 M NaCl solution. [Diagram adapted from (Hunter, 2001)]  

One way to determine zeta potential of charged microparticles is by measuring the electrophoretic 

mobility of the particle in an electric field. At low Reynolds number, the particle velocity is 

proportional to the applied field (Hunter, 2001) and electrophoretic mobility, 𝑈𝑒, can be determined 

by measuring the particle velocity in the electric field using the following equation: 

𝑈𝑒 =
𝑣

𝐸
  (11) 

where 𝑣 is the measured velocity of the particle and 𝐸 is the electric field strength. The zeta 

potential can then be calculated using Smoluchowski’s mobility equation (Smoluchowski, 1903): 

𝑈𝑒 =
𝜀𝑟𝜀0𝜁

𝜂
  (12) 

where 𝜀𝑟 is the dielectric constant of the dispersion medium, 𝜀0 is the relative permittivity of the 

free space and 𝜂 is the dynamic viscosity of the dispersion medium. The electrophoretic mobility is 

independent of the particle radius. This equation is valid only in the limit of a thin double layer, 

𝜅𝑎 ≫ 1, where 𝜅 is the reciprocal thickness of the double layer and 𝑎 is the particle radius (Booth, 
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1948; Overbeek, 1950). For our MBs, using I = 0.15 mol/dm
3
 and T = 298 K, we have calculated 𝜅 

= 0.959 nm, therefore, for particles with sizes in the 2-3 µm, 𝜅𝑎 = 2086, thus making this equation 

suitable. 

4.1.2 - Methods of Particle Surface Charge Characterisation 

4.1.2.1 - Laser Doppler Electrophoresis (LDE) 

The current state-of-the-art method for determining particle surface charge uses laser Doppler 

electrophoresis (LDE). In this setup, a coherent laser source is split and the two beams are made to 

intersect in the zeta cell which contains the sample dispersion (see Fig. 79). The two intersecting 

beams form interference patterns through which the particles move. As the particles move through 

these interference patterns, they form fluctuations which can then be related to the speed of the 

particles. This method effectively measures the frequency of particles of a certain mobility, thereby 

giving a distribution of mobilities rather than a single average value. However, considering the 

orientation of the zeta cell, the obtained electrophoretic mobility of the charged particles would be 

affected by MB buoyancy (see Fig. 80). The electrophoretic mobility is determined by particle 

displacement in the vertical direction, which is also the direction for MB buoyancy.  

 

Figure 79 - Simplified schematics of laser Doppler electrophoresis (LDE) systems (e.g. Malvern Zetasizer 

instrument). [Diagram adapted from (Hunter, 2001)] 
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Figure 80 - (Top left) Front view of zeta cell; (Middle) 0.75 ml DTS1060 green disposable folded-capillary 

zeta cell; (Right) Malvern Zetasizer Nano Z (both from Malvern Instruments Ltd., Worcestershire, UK); 

(Bottom left) Path of incident beam makes interference patterns which can be correlated to particle mobility 

[Images reproduced with permission from (Malvern Instruments Ltd., 2004)] 

For typical colloidal particles, the density difference between the particles and the fluid is not 

sufficiently large that sedimentation or buoyancy affect the measurements. However, for gas MB, 

the density difference is approximately 1000 kg/m
3
 and the buoyancy force significantly affects the 

vertical translation of bubbles. Therefore, the speed of bubbles towards the electrode does not give 

the true electrophoretic mobility of the charged MB. 

4.1.2.2 - Micro-Electrophoresis 

This is a simpler approach for determining particle surface charge and is the basis of the more 

advanced LDE. In this method, particle movement under electric field is directly observed under 

bright-field microscopy (see Fig 81). Particle velocity is determined by measuring particle lateral 

displacement within a certain period of time. Using equations 10 and 11, the zeta potential of the 

charged microparticle can then be calculated. However, it is important to realise that the velocity 

profiles in such a capillary are affected by electro-osmotic flow generated by the charged capillary 

walls (see Fig. 82). This electro-osmotic flow causes a back flow, which causes the particles to 

move in the reverse direction. There will be a point in the cell where the osmotic flow will balance 

the forward flow and this is known as the stationary plane. It is therefore crucial to identify the 

position of these stationary planes in order to accurately determine the particle’s true electrophoretic 

mobility. 
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Figure 81 - Schematics of a micro-electrophoresis setup. Particle movement is directly observed under 

bright-field microscopy and particle zeta potential is determined by measuring particle velocity under 

electric field. 

 

Figure 82 - Flow velocity profile in an electrophoresis cell, viewed from the side. Electro-osmotic flow 

generated by the charged cell wall causes a back flow which affects particle velocity. Image adapted from 

(Hunter, 2001). 

In modern systems like the LDE, the electrode is far enough removed from the cell wall that 

electro-osmotic effects are minimised. Also, due to the movable mirrors, particle mobilities are 

determined at the middle of the cell, away from the cell walls. In micro-electrophoresis setups, the 

particle’s true electrophoretic mobility can be determined by focusing on the plane in the middle of 

cell, but often this is difficult to determine in a narrow channel.  Instead, electro-osmotic effects can 

be minimised by having a neutral capillary cell with uncharged walls, either by using a neutral 

material or coating. Another way is to ensure the electrode does not come into contact with the cell 

walls. 
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4.1.3 - Study Aims and Objectives 

In this part of the study, we aimed to characterise the surface charge of MB suspensions and link 

this to our MB-HUVECs findings to determine the role of MB surface charge. 

We want to quantify the surface charge between different MB suspensions using laser Doppler 

electrophoresis (LDE) as the actual values of MB surface charge for these contrast agents have 

never been reported. Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK) was used 

because this is the commonly used method for particle surface charge characterisation and is readily 

available for use. 

Our preliminary findings have shown that LDE may not be suitable for MB surface charge 

characterisation as it does not account for MB buoyancy. Therefore, we want to develop our own 

method of quantifying MB surface charge using micro-electrophoresis. 

4.2 - Experimental Methodology 

4.2.1 - Reagents and Materials 

The following clinically-approved contrast agents were used: Optison™ from GE Healthcare 

Medical Diagnostics Division (Princeton, NJ, USA), Definity™ from Lantheus Imaging 

(Massachusetts, USA) and SonoVue™ from Bracco Diagnostics Incorporated (Milan, Italy). An 

experimental microbubble agent, BR38 was also obtained from Bracco Diagnostics Incorporated 

(Milano, Italy). 

0.15 M sodium chloride solution was made from filtered water and sodium chloride salt obtained 

from Sigma Aldrich (United Kingdom).  Lipidure™-CM5206 was obtained from NOF America 

(New York, USA). 96% w/v ethanol was also obtained from Sigma Aldrich (United Kingdom). 0.5 

µm and 5 µm sulphate beads (normalised to ~10
6
 beads per ml) were obtained from Molecular 

Probes Inc. (Oregon, USA). 

ibdi™ µ-Slide I 0.2/0.4 Luer uncoated microchannel slides were obtained from Thistle Scientific 

(United Kingdom). 

Zeta potential transfer standard DTS1235 (used neat), 0.75 ml DTS1060 green and clear disposable 

folded capillary cell and Malvern Zetasizer Nano Z were all obtained from Malvern Instruments 

Ltd. (Worcestershire, United Kingdom). 
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4.2.2 - Preparation of MB suspensions 

All MB samples were prepared according to manufacturer’s instructions, then normalised to the 

needed concentration by reconstituting neat MB samples in saline (0.15 mol/dm
3 
sodium chloride 

solution). MB size distributions and concentrations were determined optically following protocols 

laid out by (Sennoga et al., 2012) (discussed in Chapter 3). Table 12 lists all of the MBs used, the 

gas core, shell compositions and reported charge (Miller and Nanda, 2004; Schneider et al., 2011).  
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Table 12 - MB contrast agents used and their gas cores, shell compositions (with charged groups 

highlighted) and reported effective charge of shells. *Gas cores and shell compositions obtained from 

manufacturers’ leaflets. †MB effective charge were reported by (Miller and Nanda, 2004), no experimental 

data provided. ‡BR38 information was reported by (Schneider et al., 2011). 
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4.2.3 - Zeta potential measurement using Laser Doppler Electrophoresis (LDE) 

Zeta potentials of MB dispersions, sulphate beads and zeta potential standard DTS1235 were 

determined by LDE, using a Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). 

Normalised (~10
6
 MBs/ml) concentrations of MB dispersions of each MB agent and sulphate beads 

were inserted into 0.75 ml cuvettes (disposable folded capillary cells, Malvern Instruments Ltd.), 

whilst avoiding the introduction of air bubbles into the zeta cell. The cuvette was then loaded into 

the machine and measurements were run as controlled by the Zetasizer Software (Version 7.10, 

Malvern Instruments Ltd.). Measurements were repeated three times on three independent samples 

to ensure reproducibility of results.  

For MB dispersions, the cuvette was re-agitated between repeat measurements to ensure thorough 

mixing of MBs, calibration time was set at 10 s and number of internal runs reduced to 3, in order to 

minimise particle aggregation due to MB buoyancy. The applied voltage was reduced to 30 V to 

ensure MB integrity in the electric field and to ensure results were comparable to micro-

electrophoresis experiments. 

[For full results of preliminary studies of MB zeta potential measurements using LDE (varying 

concentrations of MB samples and automatic voltage selection), please refer to supplemental data 

23-24] 

[For detailed SOP parameters set on Malvern Zetasizer Nano Z, please refer to protocols section]  

4.2.4 - Zeta potential measurement using micro-electrophoresis 

4.2.4.1 - Preparation of microchannel 

Ibidi™ µ-slide I (0.2) LUER uncoated microchannels (Thistle Scientific, UK) with 50 µl channel 

volumes were used. These channels consist of hydrophobic plastic and preliminary experiments 

with Optison™ show MB sticking to the channels due to the hydrophobic interaction between 

Optison™ protein shell component and the plastic channels. Therefore, microchannels were coated 

with Lipidure™-CM5206 (NOF America) in order to reduce electro-osmotic effects and prevent 

Optison™ sticking. The microchannels were flooded with a mixture of 0.5% w/v Lipidure™ 

dissolved in 96% w/v ethanol and left overnight to evaporate the ethanol. The channels were then 

flushed with distilled water then sodium chloride solution (0.15 M) before use. 
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Figure 83 - Chemical structure of Lipidure™-CM5206. The alkyl end sticks to the substrate surface, leaving 

the neutral lipid surface exposed, effectively making the substrate surface neutral [Image reproduced from 

NOF America website]. 

4.2.4.2 - Micro-electrophoresis set-up 

Approximately 50 μl of MB suspensions (normalised to approximately 10
6
 MBs/ml) were placed 

into the Lipidure™-CM5206 coated ibidi™ microchannel and an electric potential of 29.8 V was 

supplied across the channel via stainless steel electrodes. The set-up was then mounted onto an 

inverted, bright-field microscope with a motorised stage. MBs, due to their gas core, have a very 

different refractive index compared to the liquid surroundings, so they can easily be observed under 

normal light, without the need for fluorescence tagging. 

 

Figure 84 - Schematic representation of experimental set-up. MB dispersion (normalised to ~10
6
 MBs/ml) 

was flowed into an ibidi™ microchannel (channel dimensions: L = 5 cm, w = 0.5 cm, h = 200 µm, v = 50 μl) 

and a potential of 29.8 V was applied. MB movement was visualised using an inverted bright-field 

microscope. 

 

 

29.8V 
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4.2.4.3 - MB single particle tracking algorithm 

[This MATLAB particle tracking algorithm was developed by Mr. Chee Hau Leow. Full code script 

was reproduced in the MATLAB code section was provided, with permission.] 

An in-house MATLAB particle tracking software was developed and used to measure the average 

MB electrophoretic mobility over time. By setting threshold values, this particle tracking algorithm 

identifies MBs based on their roundness, sizes and displacements between frames. Therefore, only 

MBs of a certain size, roundness and velocity were tracked (see Fig. 85). The algorithm rejects 

bubbles which form aggregates, those that are stationary, not perfectly round and outside a certain 

size range (smaller than 1 µm and larger than 7 µm). From the measured MB velocity under electric 

field, the zeta potential could then be determined using equation 11. Optical tracking enables us to 

simultaneously determine the electrophoretic velocity and particle size for each MB detected by the 

algorithm. With this information we can experimentally test the relationship between 

electrophoretic velocity and particle size to confirm that no other forces affect MB motion. 

 

Figure 85 - Snapshots of SonoVue™ tracked using in-house MATLAB software (developed by Mr. Chee Hau 

Leow) at different time points (a) t = 0 s and (b) t = 10 s. Algorithm only tracks particles of certain 

diameters (reject particles smaller than 1 µm), roundness (reject MBs which formed aggregates) and 

velocity (reject stationary MBs) Scale bar shows 20 µm. 
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4.3 - Results and Discussion 

4.3.1 - Zeta potential measurements by LDE 

4.3.1.1 - Zeta potential standard DTS1235 and 0.5/5 µm sulphate beads 

Figure 86 shows the zeta potential distributions of the zeta potential standard DTS1235, 5 µm and 

0.5 µm sulphate beads. The zeta potential standard DTS1235 has a reported zeta potential of -42 

(±4.2) mV (Malvern Instruments Ltd., 2004) and the obtained average value and standard deviation 

as reported by the machine was -46.8 (± 15.7) mV. This obtained reading showed good agreement 

to the reported value. 

The obtained average value and standard deviation of the 5 µm and 0.5 µm sulphate beads were -

16.9 (± 25.3) mV and -32.2 (± 28.7) mV respectively. The obtained SD values correspond to RSD 

values of 150% and 89% respectively. These samples were monodispersed, therefore we would 

expect a lower RSD value. However, this could indicate the non-uniformity of charged ligands on 

the surface of the beads (i.e. the number of charged ligands may vary between the beads).  
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Figure 86 - Zeta potential distribution graphs of (a) zeta potential standard DTS1235, (b) 5 µm sulphate 

beads and (c) 0.5 µm sulphate beads obtained by Zetasizer Nano Z (Malvern Instruments Ltd. 

Worcestershire, UK). The different coloured lines showed different sample repeats (n = 3). 

 



Chapter 4: Characterising Microbubble Surface Charge 

Page 113 of 224 

 

4.3.1.2 - MB dispersions 

In sections 3.3.2 and 3.3.3, we have shown that MB concentrations of MB sample dispersions were 

found to have decreased after zetasizing measurements by LDE. This suggested that MBs were 

destroyed during the zetasizing. Further interrogation of the machine specification shows that, due 

to the low conductivity of MB particles, the zetasizer automatically increases the voltage applied 

during zetasizing and could reach up to 150V. In order to minimise MB destruction at such high 

voltages, we have set the voltage applied value to 30V. Zeta potential values reported here were at 

30V voltages. 

[For full results of preliminary studies of MB zeta potential measurements using LDE (varying 

concentrations of MB samples and automatic voltage selection), please refer to supplemental data 

23-24] 

Figure 87 shows the zeta potential distribution graphs of MB samples obtained using the Malvern 

Zetasizer Nano Z. The mean zeta potential values for SonoVue™, Definity™ and Optison™ were -

9mV, +0.69mV and +15.78mV respectively. (Miller and Nanda, 2004) reported the surface charges 

of SonoVue™, Definity™ and Optison™ to be negative. The results we obtained with LDE are not 

in agreement with this trend. We found a wide distribution of values in each sample (see Fig. 87). 

The relative standard deviations (RSD) for each MB sample ranged from 130% to 30,000% (see 

Table 13 for full values), indicating poor reproducibility of the results. In some cases, it is not even 

possible to determine whether the zeta potential is positive or negative. 

Note: The zeta potential distribution value of BR38 is not shown here because we did not have 

sufficient BR38 samples. 
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Figure 87 - Zeta potential distribution graphs obtained with laser Doppler electrophoresis (LDE) for (a) 

SonoVue™, (b) Definity™ and (c) Optison™ respectively. Different coloured lines show repeats (n=3). 
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For the range of zeta potential values found here (-10 mV to 20 mV), the electrophoretic mobilities 

are in the range of (-1 to 1.5 X 10
-8

 m
2
 V

-1
 s

-1
) which corresponding to electrophoretic velocities in 

the range of -3 µm/s to 5 µm/s. We now compare this range of velocities with the mean terminal 

velocity of buoyant bubbles to assess the magnitude of the effect on the LDE measurement. The 

mean terminal velocity of a buoyant, coated bubble in the range of 2-5 µm can be calculated by 

balancing the Stokes’ equation for the viscous drag force, 𝐹𝑑: 

𝐹𝑑 = −6𝜋𝑟𝑣𝑡𝜂  (13) 

with the buoyancy force, 𝐹𝑏: 

𝐹𝑏 =
4

3
𝜋𝑟3𝑔∆𝜌  (14) 

where 𝑟 is the particle radius (m), 𝑣𝑡 is the mean terminal velocity, 𝜂 is the dynamic viscosity of 

water, 𝑔 is the the acceleration due to gravity and ∆𝜌 is the difference in density between the two 

mediums (in this case, between water and air) (Clift et al., 1978). 

At steady state, 𝐹𝑏 +  𝐹𝑑 = 0 and therefore, we obtained the mean terminal velocity of a buoyant 

coated bubble of diameter 2-5 µm to be in the range of 2 µm/s to 14 µm/s, comparable to the 

electrophoretic velocity detected by the LDE, which is in the range of 0.01µm/s to 5µm/s. The 

effect of buoyancy is reflected in the results obtained, which show both positive and negative zeta 

potential values for each sample. The disposable zeta cell design and orientation causes the 

electrophoretic velocity to be affected by bubble buoyancy, as the electrophoretic velocity is 

measured in the same direction as bubble buoyancy. If the mean terminal velocity exceeds the 

electrophoretic velocity, which is the case for either the larger MBs in the sample, or for MBs with 

low zeta potential, the bubbles move upwards irrespective of the direction of the electric field and 

are detected as being attracted to the opposite electrode (see Fig. 88). 
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Figure 88 - Schematic representation showing forces acting on a buoyant, negatively charged MB in a 

disposable folded capillary cell (Malvern Instruments Ltd., Worcestershire, UK). Depending on the location 

of MB, its true electrophoretic mobility will be affected by buoyancy. Mean terminal velocities for 2-5µm MB 

is in between 2-14µm/s which is comparable to the measured electrophoretic velocities obtained by LDE. 

4.3.2 - Zeta potential measurements by micro-electrophoresis 

By tracking single MB movement under electric field, particle sizes and electrophoretic velocities 

were measured. The zeta potential of MB was determined using equations 10 and 11. As our MB 

samples were polydisperse, we have presented our micro-electrophoresis data in the form of 

distribution graphs for better representation of the variation in values (see Fig. 89). 



Chapter 4: Characterising Microbubble Surface Charge 

Page 117 of 224 

 

 

Figure 89 - Histograms showing size distributions (a, b, c), measured particle velocities (d, e, f), 

electrophoretic mobilities (g, h, i) and zeta potentials of SonoVue™, Definity™ and Optison™ (left to right) 

respectively. 
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Looking at Table 12, we expect SonoVue™ and Definity™ to be negatively charged, which we 

have found here. The magnitude of the surface charge of the MB depends on the amount of cationic 

lipid groups in the MB shell. The amount of charged DPPG available in SonoVue™ is not known 

as the exact formulations were not given by the manufacturers. We expect Definity™ to have a low 

negative zeta potential value, as the shell is made up of only a small amount of negatively charged 

lipid, DPPA (0.07 µmol) and MPEG5000-DPPE (0.05 µmol). The majority of the shell is made up 

of the neutral lipid, DPPC, 0.55 µmol (see Table 12). 

We hypothesised that Optison™ would be positively charged as human serum albumin is amino-

acid dominated and therefore positively charged (Fogh-Andersen et al., 1993). However, based on 

our preliminary findings using uncoated microchannels, we found Optison™ sticking to the 

hydrophobic microchannel, which suggested the microchannel being negatively charged. However, 

this interaction may not be an electrostatic interaction, but rather, due to hydrophobic-hydrophobic 

interactions with the microchannel walls. The main component of Optison™ consist of denatured 

human serum albumin which contains hydrophobic pockets. The hydrophobic part of the denatured 

human serum albumin is attracted to the hydrophobic walls of the uncoated microchannel to 

minimise contact with water, which is energetically unfavourable. All three MBs agree to the 

reported values by (Miller and Nanda, 2004), which showed all three MBs to be negatively charged, 

although, no experimental value was provided in that review. We have presented here a systematic 

study of MB surface charge. 

In order to confirm that no other forces act on the MBs in the micro-electrophoresis setup, we have 

plotted the zeta potential values as a function of MB diameter (see Fig. 90). We found no significant 

correlation between particle size and speed, confirming that in this configuration there are no other 

forces affecting the measurement. This observation is consistent with a study conducted by 

(Agnihotri et al., 2009) where values of electrophoretic mobilities of different-sized spherical gold 

particles were found to be dependent on electrolyte concentration and independent of sphere size. 
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Figure 90 - Graphs of zeta potentials versus particle diameter for (a) SonoVue™, (b) Definity™ and (c) 

Optison™. R
2
 values show limited correlation (R

2
=1 shows perfect correlation, and R

2
 = 0 indicates no 

correlation). 
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The biggest factor that could affect the measured particle velocity is electro-osmotic effects at the 

channel walls. We have minimised this effect by coating the microchannel walls to make them 

neutral. Another factor that could affect the measured particle velocity in the micro-electrophoresis 

setup is the contact interaction between the buoyant MB and the top surface of the microchannel 

(see Fig. 91). This contact may introduce a sliding or rolling friction force, which could affect our 

measured particle velocity. The results of Figure 90 confirm that, if contact forces are present, they 

don’t significantly affect the measurement of electrophoretic mobility. 

 

Figure 91 - Schematic representation of microchannel showing forces acting on a buoyant, negatively 

charged MB in an ibidi™ microchannel (side view). Electrophoretic mobility in the lateral direction is 

considered, minimising the effect of buoyancy. 

4.3.3 - LDE vs micro-electrophoresis 

When comparing our method to the widely-used LDE (see Table 13), we found that our method 

shows a lower relative standard deviation of values (at least a 10-fold improvement) and, because 

we are visualising MB movement under bright-field microscope, we can unambiguously determine 

whether MBs are positively or negatively charged. In addition, the volume required in order to carry 

out zetasizing through LDE is large (0.75 ml) when compared to our microchannel approach where 

the channel volume is only 50 µl. The volume required by our approach is one-fifteenth of the LDE 

approach. 
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Table 13 - Tabulated mean, standard deviation (±S.D.), relative standard deviation (RSD, %) and range 

(minimum to maximum) in values of MB diameters (µm), particle velocities (µm/s), electrophoretic 

mobilities (X10
-8

 m
2
 V

-1
 s

-1
) and zeta potentials (mV) for SonoVue™, Definity™ and Optison™ obtained by 

laser Doppler electrophoresis (LDE) using the Malvern Zetasizer Nano (Malvern Instruments, UK) and 

micro-electrophoresis. Zeta potential values obtained by micro-electrophoresis show at least a 10-fold 

reduction in RSD. 

4.4 - Conclusion  

We have used LDE to determine the surface charge of charged MBs and found zeta potential values 

of SonoVue™, Definity™ and Optison™ to be -8.7mV, +0.7mV and +15.8mV with relative 

standard deviations (RSD) of 330%, 29,000% and 130% respectively. We found the results through 

LDE to be unsatisfactory as MB electrophoretic mobility was compromised by MB buoyancy. 

Using micro-electrophoresis, we have demonstrated a relatively cheaper and easily repeatable way 

to determine MB surface charge. MB movement was directly observed under bright-field 

microscopy in real time. MB electrophoretic mobility was determined in the lateral direction, 

therefore excluding the effects of MB buoyancy on the translation velocity. Using this method, we 

found zeta potential values of SonoVue™, Definity™ and Optison™ to be -28.3mV, -4.2mV and -

9.5mV with relative standard deviations (RSD) of 5%, 48% and 8% respectively. 
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Chapter 5: The Role of Surface Charge on MB-HUVECs Interaction 

Overview 

In this chapter, we focus on the role of surface charge in MB-HUVECs interactions. Various studies 

have demonstrated the importance of the role of surface charge on cellular behaviour. HUVECs 

were inherently negatively charged. Here, we attempted the characterisation of HUVECs surface 

charge (both TNFα-activated and non-activated) using LDE and micro-electrophoresis. The 

correlation between MB surface charge and their MB-HUVECs interaction studies was found to be 

minimal as demonstrated by our findings. 

5.1 - Introduction 

The role of surface charge in nanoparticles and their cellular uptake has been extensively reviewed 

(Verma and Stellacci, 2010). In the case of MB surface charge and their cellular uptake, (Fisher et 

al., 2002) have found that negatively-charged MBs preferentially stick to the endothelium when 

compared to neutral MBs. By changing the coating on surfaces where HUVECs grow and 

observing better growth on positively-charged surfaces, (Zhu and Sun, 2004) have shown that 

HUVECs inherently have a negatively-charged surface. These studies demonstrated the importance 

of the role of surface charge on cellular behaviour.  

5.1.1 - Aims and Objectives 

In this part of this project, we want to determine the surface charge of HUVECs (TNFα-activated 

and non-activated) and correlate these findings with the MB sample dispersions surface charge 

findings. We want to determine the role of surface charge in the MB-HUVECs interaction findings. 

5.2 - Experimental Methodology 

5.2.1 - Materials and Reagents 

[For HUVECs (extraction, culture and preparation), please refer to sections 2.3.1.2 to 2.3.1.4] 

Unless otherwise stated, all reagents were obtained from Sigma Aldrich (UK).  

Ibdi™ µ-Slide I 0.2/0.4 Luer uncoated microchannel slides were obtained from Thistle Scientific 

(United Kingdom). 

0.75 ml DTS1060 green and clear disposable folded capillary cell and Malvern Zetasizer Nano Z 

were all obtained from Malvern Instruments Ltd. (Worcestershire, United Kingdom). 
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5.2.2 - Preparation of suspended HUVECs 

HUVECs (TNFα-activated and non-activated) grown on 35 mm petri dishes were detached by 

exposure to 1 ml TrypLE™ Express (trypsin-ethylenediaminetetraacetate [EDTA] with phenol red) 

for approximately 30 seconds to induce release of endothelial cells from petri dish surface. Prior to 

this, complete growth medium was removed and HUVECs washed with HBSS to avoid inhibition 

of trypsin-EDTA to growth medium. Using HBSS, the detached cells were then flushed into a 15 

ml centrifuge tube and centrifuged for removal of supernatant. Pelleted cells were then re-

suspended in complete growth medium. 

5.2.3 - HUVECs (TNFα-activated and non-activated) surface charge characterisation using LDE 

Zeta potentials of HUVECs (TNFα-activated and non-activated) suspensions were determined by 

LDE, using a Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). Suspended 

HUVECs (TNFα-activated and non-activated) samples were inserted into 0.75 ml cuvettes 

(disposable folded capillary cells, Malvern Instruments Ltd.), whilst avoiding the introduction of air 

bubbles into the zeta cell. The cuvette was then loaded into the machine and measurements were 

run as controlled by the Zetasizer Software (Version 7.10, Malvern Instruments Ltd.). With the 

exception of material and sample parameters changed, all other parameters on the SOP remained 

unchanged. This is to let the machine determine the conductivity of the sample and therefore apply 

the appropriate voltage across the sample. 

5.2.4 - HUVECs (TNFα-activated and non-activated) surface charge characterisation using micro-

electrophoresis 

Suspended HUVECs (TNFα-activated and non-activated) samples were introduced into the ibidi™ 

µ-slide I (0.4) LUER uncoated microchannels (Thistle Scientific, UK). An electric potential of 29.8 

V was supplied across the channel via stainless steel electrodes and HUVECs movement was 

visualised using an inverted, bright-field microscope. 

5.3 - Results and Discussion 

5.3.1 - HUVECs (TNFα-activated and non-activated) surface charge characterisation using LDE 

Due to the automated voltage selection and scanning method we have selected on the Malvern 

Zetasizer Nano Z, the results shown here (see Table 14) are the average values obtained for each 

HUVECs sample (the monomodal mode which was automatically chosen by the machine does not 

produce a distribution graph).  

 



Chapter 5: The Role of Surface Charge on MB-HUVECs Interaction 

Page 124 of 224 

 

HUVECs type Zeta Potential (mV) ±SD (mV)* RSD (%)* 

Non-activated -9.05 0.49 5.4 

TNFα-activated -8.14 1.17 14.4 

Table 14 - Zeta potential values of suspended HUVECs (TNFα-activated and non-activated) obtained using 

Malvern Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK). *SD and RSD values obtained 

were between the different internal runs within 1 sample (n = 1). 

Our previous findings questioned the reliability of using LDE to determine the surface charge of a 

polydisperse sample. As seen from Table 14, this averaged result may not be representative of the 

suspended HUVECs sample. In addition, the much larger HUVECs would have gravitational forces 

acting on them affecting their microelectrophoretic mobilities. Therefore, this method of surface 

charge characterisation for HUVECs was not pursued further. 

5.3.2 - HUVECs (TNFα-activated and non-activated) surface charge characterisation using micro-

electrophoresis 

Characterisation of HUVECs suspensions (TNFα-activated and non-activated) surface charge was 

attempted. However, this attempt failed as HUVECs were found to stick onto the uncoated channel 

surface. Due to time constraints, this experiment was not repeated with a coated channel. 

Characterising the surface charge of HUVECs (TNFα-activated and non-activated) has proved to be 

difficult. It should be realised that zeta potential is affected by the dielectric constant of the 

dispersion medium (see equation 11) and the dispersion media used in the suspension is a complete 

growth medium containing multiple components and the overall dielectric constant affects the 

overall zeta potential. 

5.3.3 - HUVECs (TNFα-activated and non-activated) surface charge in literature 

It is widely accepted that HUVECs surface charge is highly negative (Brody et al., 1984; Rounds 

and Vaccaro, 1987) and this was due to the presence of the glycosaminoglycan proteins (also 

known as the glycocalyx) (Kanwar et al., 1981; Wight et al., 1986). A key study by (Klein et al., 

1992) has shown that the inflammatory cytokine, TNFα causes the reduction of the glycocalyx and 

associated anionic sites.  

5.3.4 - Correlating MB surface charge and their interactions with TNFα-activated and non-

activated HUVECs  

For ease of comparison, we have put together our MB-HUVECs interaction data and MB surface 

charge data (obtained by micro-electrophoresis) in Fig. 92. 
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Figure 92 - The number of MBs seen adhering per mm
2
 of the interrogated area is presented here as a bar 

chart. The error bars represent the deviation between experimental runs (n = 6). The value given above each 

bar chart category is a ratio between the number of MBs seen for TNFα-activated HUVECs and the number 

of MBs seen for non-activated HUVECs. Below the bar chart is the zeta potential (ZP) values as reported by 

our micro-electrophoresis method (± SD) in millivolts. *BR38 ZP value was not determined experimentally 

and this value is as reported by (Schneider et al., 2011). 

As we can see from Fig. 92, SonoVue™ shows a 2-fold increase for TNFα-activated HUVECs 

when compared to the non-activated HUVECs. SonoVue™ was found to have a zeta potential value 

of -28.29 mV, making it negatively charged. We’ve previously mentioned that TNFα causes the 

reduction of anionic sites on the surface of endothelial cells (Klein et al., 1992). This strongly 

suggests an electrostatic component interaction between SonoVue™ and TNFα-activated HUVECs. 

When compared to the neutrally-charged lipid MBs, Definity™ and BR38, there is a lower increase 

in MB numbers for TNFα-activated HUVECs. This is expected as these MBs are largely neutral 

(considered neutral due to the low ZP value). 

When looking at Optison™ (which was found to be slightly negative), we can consider that surface 

charge may have played a role, although the greater increase (almost 3-fold compared to 

SonoVue™) in MB numbers suggests a more complement-mediated attachment (as suggested in 

Chapter 2). 
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5.4 - Conclusion 

Our findings suggest an electrostatic role in MB adhesion to TNFα-activated HUVECs for 

phospholipid-stabilised MBs as SonoVue™, with its negatively charged shell showed preferential 

binding for TNFα-activated HUVECs. However, for our albumin-stabilised MBs, surface charge 

may have contributed to their adhesion behaviour, but it is more likely that the nature of the shell 

surface contributes more to their interaction behaviour. In conclusion, while surface charge may 

play a role in MB adhesion, there may be other unknown factors which can contribute to MB-

cellular interaction.
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Chapter 6: Future Work – Suggestions and Possible Improvements 

Overview 

In this chapter, possible experimental improvements and future work suggestions are discussed. 

Some of these experimental suggestions were considered during the course of this PhD project. 

However, due to various factors such as time constraints, availability of equipment and complexity 

of experimental design, these were not carried out. 

6.1 - Introduction 

While every care has been taken during the experimental design of each study, there will still be 

various aspects that were not considered during this PhD course. Factors such as time constraints, 

availability of equipment and complexities associated with experimental design limited the ability 

to follow through with these suggestions. Below are some of the suggestions that can be proposed 

for future work and improvements. 

6.2 - Experimental Suggestions and Possible Improvements 

6.2.1 - MB-HUVECs interaction study 

6.2.1.1 - HUVECs growth under flow 

HUVECs grown in static conditions may not precisely replicate the conditions of the endothelial 

cells in vasculature, which are continually subjected to flow conditions (Butcher et al., 2004). It 

could be that a phantom consisting of HUVECs grown under flow would be more precisely 

representative. 

6.2.1.2 - Geometrically-relevant phantoms 

Our HUVECs were grown to a monolayer confluence for ease of bright-field microscopy 

visualisation. However, endothelial cells in the vasculature follow a different geometrical 

arrangement. More geometrically relevant phantoms may prove to be more representative of 

vascular events. 

6.2.1.3 - Flow conditions 

Our experiment introduces a single MB bolus, which was then flushed to remove non-adherent 

MBs. In a clinical setting, due to micro-circulatory kinetics of blood flow, the same bolus 

introduced via the vein may cross different areas of the circulation repeatedly. Therefore, a 

peristaltic pump system may mimic actual conditions more closely. 
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6.2.1.4 - Visualisation methods 

It would be useful to be able to visualise the interaction of MB and HUVECs in more detail, for 

example by using confocal microscopy to determine whether MBs were phagocytosed by HUVECs 

or simply attached to the endothelial surface. 

Another interesting experimental design is combining microscopy visualisation of MB interaction 

with HUVECs with US determination of MB presence (see Fig. 93). 

 

Figure 93 - Schematics of a combined MB-HUVECs visualisation method. HUVECs would need to be grown 

in a container which is optically transparent (so they can be visualised by bright-field microscopy) and 

ultrasonically transparent (so reverberations would not affect US signals for detecting MBs). 

This setup would provide invaluable information confirming the MB attachment to HUVECs, as 

well as its attachment signal. This study would be able to elucidate whether attached MBs were able 

to be detected by US. 

6.2.1.5 - Direct quantification methods of MB-HUVECs binding 

As previously mentioned, direct quantification methods which are able to quantify the differences in 

MB binding would be valuable and this was attempted by (Sboros et al., 2007). However, certain 

experimental considerations such as the complexity of this study, availability of AFM facility and 

the conditions subjected to HUVECs makes this approach unsuitable for our study. 

Another possible quantification method is using micro-pipetting methods. However, this would be 

subject to similar experimental difficulties as the AFM experiment. 
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6.2.2 - Surface Charge Characterisation 

6.2.2.1 - Micro-electrophoresis channel coating 

During the development of the micro-electrophoresis method, some MBs were observed to stick on 

the walls of the channel, even though precautions were carried out to ensure uniform coating. A 

method to determine the uniformity of coating would be valuable to ensure complete reduction of 

electro-osmotic effects during micro-electrophoresis studies. 

6.2.3 - MB shell homogeneity 

Another factor intrinsic of MB shell properties is the homogeneity of lipid blend distributions and 

its effects of MB-cellular contact force. However, this required extensive knowledge of MB 

formulations which was not available to us.
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Permission request letter: Malvern Instruments 

06 January 2015 

To whom it may concern, 

I am completing my PhD thesis at Imperial College London entitled ‘Microbubble Adhesion 
to Healthy and Diseased Vascular Cells – The Role of Surface Charge’. 

I seek your permission to reprint, the following images which I have found in the Zetasizer 
Nano User Manual (MAN0485 Issue 1.1 April 2013): 

 

Source: Chapter 11 – Size Theory (Pg. 11-5)   
 

 
 

Source: Chapter 13 – Zeta Potential Theory (Pg. 13-5)   
 

 

 
 

 

Source:  Chapter 13 – Zeta Potential Theory (Pg. 13-6)  
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And one image which is not in the manual, but is in the Zetasizer software: 
 

 

I would like to include the images in the printed examination copy of my thesis and also the 
electronic version which will be added to Spiral, Imperial's online repository 
http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons 
Attribution-NonCommercial-NoDerivs licence. 

If you are happy to grant me all the permissions requested, please return a signed copy of 
this letter. If you wish to grant only some of the permissions requested, please list these 
and then sign. 

Yours sincerely, 
 

 

Fairuzeta Ja’afar 

  

 

Permission granted for the use requested above: 

I confirm that I am the copyright holder of the extract above and hereby give permission to 
include it in the print and electronic version of your thesis. I understand that the electronic 
version of the thesis will be made available, via the internet, for non-commercial purposes 
under the terms of the user licence. 

[please edit the text above if you wish to grant more specific permission]  

Signed: 

Name: 

Organisation: 

Job title: 

 

  

http://spiral.imperial.ac.uk/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
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Permission request letter: NOF America 

07 January 2015 

Dear NOF America, 

I am completing my PhD thesis at Imperial College London entitled ‘Microbubble Adhesion 
to Healthy and Diseased Vascular Cells – The Role of Surface Charge’. 

I seek your permission to reprint, the following image which I found on your website: 

 
 

Source: http://www.nofamerica.com/store/index.php?dispatch=products.view&product_id=
411   
 

I would like to include the images in the printed examination copy of my thesis and also the 
electronic version which will be added to Spiral, Imperial's online repository 
http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons 
Attribution-NonCommercial-NoDerivs licence. 

If you are happy to grant me all the permissions requested, please return a signed copy of 
this letter. If you wish to grant only some of the permissions requested, please list these 
and then sign. 

Yours sincerely, 
 

 

Fairuzeta Ja’afar 

  

  

http://www.nofamerica.com/store/index.php?dispatch=products.view&product_id=411
http://www.nofamerica.com/store/index.php?dispatch=products.view&product_id=411
http://spiral.imperial.ac.uk/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
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Permission granted for the use requested above: 

I confirm that I am the copyright holder of the extract above and hereby give permission to 
include it in the print and electronic version of your thesis. I understand that the electronic 
version of the thesis will be made available, via the internet, for non-commercial purposes 
under the terms of the user licence. 

[please edit the text above if you wish to grant more specific permission]  

Signed: 

Name: 

Organisation: 

Job title: 
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REAGENTS PREPARATION PROTOCOL 

 

Note: Took Biology definition for w/v. Units g per 100ml solvent. E.g. 0.9% w/v = 0.9g/100ml = 

9mg/ml 

 

0.15M NaCl or 0.9% w/v Saline for dilution 

- Amount: 50ml 

- Dissolve 0.44g (2 s.f.) NaCl (Sigma Aldrich, UK) in 50ml filtered deionised water 

- Filter: 0.45μm Supor™ Membrane (Life Sciences) 

 

Lipidure™-CM5206 (NOF America Corporation, White Plains, NY, USA) 0.5% w/v coating 

- Amount: 10ml 

- Dissolve 0.05g Lipidure™-CM5206 in 98% absolute ethanol (VWR, UK) 

 

 

Sulfate beads (Molecular Probes, Inc., Eugene, OR, USA) 

 

~10
6
 particle/ml (1 in 10,000 dilution) 0.5μm sulphate beads (1.1X10

12
 particles per ml or 8% w/v) 

- Amount: 2ml 

- 0.2μL in 1999.8μL dispersant 

 

~10
6
 particle/ml (1 in 100 dilution) 5μm sulphate beads (5.2X10

8
 particles per ml or 4% w/v) 

- Amount: 2ml 

- 20μL in 1980μL dispersant 

 

 

Microbubbles for electrophoresis 

 

SonoVue™ (Bracco Imaging, Milan, Italy) 

~10
6
 MBs/ml (1 in 100 dilution), Neat 2-5X10

8
 MBs/ml (reported, confirmed optically) 

- Amount: 2ml 

- 20μL in 1980μL dispersant 

 

BR38 (Bracco Imaging, Milan, Italy) 

~10
6
 MBs/ml (1 in 100 dilution), Neat 2-5X10

8
 MBs/ml (reported, confirmed optically) 

- Amount: 2ml 

- 20μL in 1980μL dispersant 

 

Optison™ (GE Healthcare, UK) 

~10
6
 MBs/ml (1 in 100 dilution), Neat 5-8X10

8
 MBs/ml (reported, confirmed optically) 

- Amount: 2ml 

- 20μL in 1980μL dispersant 

 

Definity™/Luminity™ (Lantheus Imaging, Massachusetts, USA) 

~10
6
 MBs/ml (1 in 1000 dilution), Max 1.2X10

10
 MBs/ml (reported, confirmed optically) 

- Amount: 2ml 

- 2μL in 1998μL dispersant 

 

 

Note: A larger volume (at least 5 ml) is needed for experiments using the Malvern Zetasizer Nano 

Z, dilution factor still the same. 
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ZETASIZING AND PARTICLE SIZING PROTOCOL (LDE & DLS) 

 

Instrument: Malvern Zetasizer 

Software: Zetasizer Software v7.02 (on machine) Zetasizer Software v7.10 (on my computer) 

Cell:  

 

ZETA POTENTIAL 

 

Sample preparation 

- Flush sample into cell using 10ml syringe 

- Ensure there are no air bubbles 

- If there is, tap cell on surface 

- Stopper cell, making sure there are no air bubbles 

- Set SOP for zeta potential 

- Insert cell into machine, ensure gold electrodes are in contact with the metal brushes in the 

machine (may have to bend electrode on disposable zeta cell) 

- Set SOP (see below) 

- Save SOP (if unsaved) 

- Select SOP and run 

- If want to size before and after zetasizing, see sizing protocol. 

- Flush, cell with dispersant and refill for 2
nd

 sample (when doing 3 repeats of same sample). 

- Best not to re-use disposable zeta cell. 

 

Standard Operating Procedure (SOP) set-up 

- Measurement type: Zeta Potential 

- Instrument configuration: Narrow band filter fitted: No, High temperature capable: No (no 

change) 

- Sample name: (insert sample name) 

 

Sulfate beads OR Zeta Standard 

- Material: Polystyrene Latex, RI: 1.590, Absorption: 0.010  

 

Microbubbles 

- Material: Phospholipid, RI: 1.470, Absorption: 0.100 

 

Note: You can edit your results offline. Also, RI and Absorption values do not affect ZP value. 

 

0.15M NaCl 0.9% w/v saline for infusion 

- Dispersant: 0.15M NaCl, Temperature: 25°C, Viscosity: 0.9021cP, RI: 1.332, Dielectric constant: 

78.5 

 

Note: Setting up complex solvent preferable as machine adjusts viscosity, RI and dielectric constant 

values accordingly based on what you set your temperature to be. 

 

- General Options: F(ka) model: Smoluchowski, Value: 1.5, Sample viscosity options: Use 

dispersant viscosity as sample viscosity. 

 

- Temperature: Temperature: 25°C, Equilibration time: 5 sec 

 

Note: Don’t want a long equilibration time for microbubbles because bubbles float. 

 

- Cell: Disposable folded capillary cells, DTS1060/1061 
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- Measurement duration: Manual: 3 runs, Measurements: No. of measurements: 3, Delay between 

measurements (seconds): 0, Append measurement number to sample name 

 

- Instructions: (no change) 

 

- Advanced: Measurement settings: Automatic Attenuation Selection: Yes, Voltage: Automatic 

Voltage Selection: No, Voltage: 30V 

 

- Data Processing: Analysis model: General Purpose 

 

Note: Pick ‘General Purpose’ to obtain a distribution of values rather than a single value as our 

sample is polydisperse. 

 

- Reports: (no change) Note: Machine has no capability to alter this option. 

 

- Export: Export Results: Export template: Frequency distribution, Output filename and path: (insert 

destination), Append to output file. 

 

SIZING 

 

Note: May want to see how sample is affected before and after zetasizing. 

 

- After zetasizing, set workspace to size (using different measurement files) and set sizing SOP (see 

below) 

 

Standard Operating Procedure (SOP) set-up 

- Measurement type: Size 

- Instrument configuration: Narrow band filter fitted: No, High temperature capable: No (no 

change) 

- Sample name: (insert sample name) 

 

Sulfate beads OR Zeta Standard 

- Material: Polystyrene Latex, RI: 1.590, Absorption: 0.010  

 

Microbubbles 

- Material: Phospholipid, RI: 1.470, Absorption: 0.100 

0.15M NaCl 0.9% w/v saline for infusion 

- Dispersant: 0.15M NaCl, Temperature: 25°C, Viscosity: 0.9021cP, RI: 1.332, Dielectric constant: 

78.5 

  

- General Options: (no change) 

 

- Temperature: Temperature: 25°C, Equilibration time: 5 sec 

 

Note: Don’t want a long equilibration time for microbubbles because bubbles float. 

 

- Cell: Disposable folded capillary cells, DTS1060/1061 

 

- Measurement: Measurement angle: 173°, Measurement duration: Manual, 3 runs, Run duration: 

10 s, No. of measurements: 3, Append measurement number to sample name. 
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- Instructions: (no change) 

 

- Advanced: (no change) 

 

- Data processing: General purpose (normal resolution) 

 

- Reports: (no change) Note: Machine has no capability to alter this option. 

 

- Export: Export Results: Export template: Frequency distribution, Output filename and path: (insert 

destination), Append to output file. 
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MICRO-ELECTROPHORESIS PROTOCOL 

 

Ibidi™ microchannel Coating Protocol 

 

μ-slide I (0.2) LUER, hydrophobic, uncoated, sterile 

- Channel dimensions: H 200μm, W 0.5cm, L 5cm 

- Flood channel by means of 5/10ml syringes (fitted on both ends of channel) with mixture of 0.5% 

w/v Lipidure™-CM5206 in ethanol 

- Leave to dry at room temperature overnight (to evaporate ethanol) 

 

Supplying electric field to channel 

- By means of stainless steel electrodes, connect a 30V power supply. 

 

Bright-field microscopy 

- Microscope: Leica DM IRBE 

- Camera used: Lumenera Infinity 1 

- Program: Labview 2010 v10.0 (32-bit) 

- Magnification: 30X 

- Image size: 1280 by 1024 pixels 

- Frame rate: 20fps 

- Exposure time: 10ms 

 

Video Recording 

- Record video of microparticle movement 

 

Video Cropping 

- Software: Kate’s Video Toolkit 

- Crop videos in 10s intervals (of suitable portions – showing MB movement) to reduce the time 

MATLAB requires for analysis 

 

Determining Particle Speed Using MATLAB 

User defined region on code: 

- workingDir = (define folder where video is stored) 

- mv_name = (filename) 

- FOff = (number of frames you want to skip e.g. for videos with too high frame rate) 

- CircleThres = (The closer is the number to 1, the more perfect the circle is) 

- DiaThres = (The minimum threshold for particle size) 

- scale = (pixel resolution) 

See MATLAB code for more detailed explanation. 

 

Getting data 

Particle diameter and velocity extracted from MATLAB 
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MATLAB CODE FOR PARTICLE TRACKING 

 

[Developed by Mr. Chee Hau Leow] 
 

%Convert Video TO Image 
clear all; 
clc 

  
%Create a temporary working folder to store the image sequence. 

  
workingDir = 'E:\particle tracking'; 
% mkdir(workingDir); 
mv_name = 'SonoVue t=13s to t=30s avi.avi'; 
% mkdir(workingDir,mv_name); 

  
%Construct a VideoReader Object 
Video = VideoReader([workingDir mv_name]); 
imgTemp = read(Video); 
[row,col,~,frame]=size(imgTemp); 

  
%User Define Region 
FOff=10;  %OffsetFrame 
FR= Video.frameRate/FOff; 

  
frame=floor(frame/FOff); 
img_ori = uint8(zeros(row,col,frame)); 

  
%Threshold value to select bubble for analysis 
CircleThres = 0.94; 
DiaThres=2; 

  
scale=0.27; %Pixel Scale 

  
%PIV Validation_threshold 
globFilThres =1;   %Smaller the stringent. Threshold btw 1-3; 

  
%Convert RGB to Grayscale 
for i=1:frame 
    img_ori(:,:,i) = rgb2gray(imgTemp(:,:,:,1+FOff*(i-1))); 
end 

  
%Invert the brightness 
img = 255-img_ori; 

  
%Background image 
bg_mean=zeros(row,col,1); 
for i=1:frame 
bg_mean= (bg_mean.*(i-1) + double(img(:,:,i)))./i; 
end 

  
for i=1:frame 
img(:,:,i)= double(img(:,:,i))-bg_mean; 
end 

  
imgP=img; 

  
img=255-img; 
thresh=zeros(frame,1); 
img_BW=logical(zeros(row,col,frame)); 
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mBW=zeros(frame,1); 

  
%Threshold image 
for i=1:frame 
thresh(i)=graythresh(img(:,:,i)); 
img_BW(:,:,i) = im2bw(img(:,:,i),thresh(i)); 
img_BW(:,:,i)=~img_BW(:,:,i); 
img_BW(:,:,i)=imfill(img_BW(:,:,i),'holes'); 
mBW(i)=mean2(img_BW(:,:,i)); 
end 

  
% % remove all object containing fewer than n pixels 

 
for i=1:frame 
    

Stats(i).info=regionprops(img_BW(:,:,i),'centroid','EquivDiameter','Eccentricity

','Area','Perimeter'); 
end 

  
for i=1:frame 

     
    perimeter = [Stats(i).info.Perimeter].'; 
    area = [Stats(i).info.Area].'; 
    Dia=[Stats(i).info.EquivDiameter].'; 

     
    % compute the roundness metric 
    Roundness = 4*pi*area./perimeter.^2; 

     
    for j=1:size(Roundness,1); 
        Stats(i).info(j).Roundness=Roundness(j); 
    end 

     
    cc = bwconncomp(img_BW(:,:,i)); 
    % idx = find(diameter > lowD & diameter < upD & circle<0.8 ); 
    idx=find(Roundness>CircleThres & Dia> DiaThres); 
    img_BW2(:,:,i) = ismember(labelmatrix(cc), idx); 

     
    

Nstats(i).info=regionprops(img_BW2(:,:,i),'centroid','EquivDiameter','Area','Per

imeter'); 

     
    perimeter = [Nstats(i).info.Perimeter].'; 
    area = [Nstats(i).info.Area].'; 

     
    % compute the roundness metric 
    Roundness = 4*pi*area./perimeter.^2; 

     
    for j=1:size(Roundness,1); 
        Nstats(i).info(j).Roundness=Roundness(j); 
    end 

     

     

         
    centre=cat(1,Nstats(i).info.Centroid); 

     
    [B,L] = bwboundaries(img_BW2(:,:,i),'noholes'); 
    imshow(img_ori(:,:,i)); 
    hold on; 
    for k=1:length(B) 
        boundary =B{k}; 
        plot(boundary(:,2), boundary(:,1), 'r', 'LineWidth', 2); 
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    end 

     
    hold off; 
    pause(0.05); 
end 

  

  
%% 
% figure, 

 
imgPost=double(imgP); 

  
imgPost=imgPost./255; 
[VIm,HIm,~]= size(imgPost); 

  

  
for f=1:frame-1; 
     disp(['Frame: ',int2str(f)]); 
     a1 = imgPost(:,:,f); 
     b1 = imgPost(:,:,f+1); 

      
     nPoints=size(Nstats(f).info,1); 
     diameter=ceil(cat(1,Nstats(f).info.EquivDiameter)); 
     r=ceil(diameter/2); 
     centre=round(cat(1,Nstats(f).info.Centroid)); 

      
     tempReg=[]; 
     tempReg2=[]; 

      
     tempReg(:,1)=centre(:,1)-2*r(:); 
     tempReg(:,2)=centre(:,1)+2*r(:); 
     tempReg(:,3)=centre(:,2)-2*r(:); 
     tempReg(:,4)=centre(:,2)+2*r(:); 

      
     tempReg2(:,1)=centre(:,1)-4*r(:); 
     tempReg2(:,2)=centre(:,1)+4*r(:); 
     tempReg2(:,3)=centre(:,2)-4*r(:); 
     tempReg2(:,4)=centre(:,2)+4*r(:); 

      
     Err=find(tempReg(:,1)<1); 
     tempReg(Err,1)=1; 
     Err =find(tempReg(:,2)>HIm); 
     tempReg(Err,2)=HIm; 
     Err=find(tempReg(:,3)<1); 
     tempReg(Err,3)=1; 
     Err =find(tempReg(:,4)>VIm); 
     tempReg(Err,4)=VIm; 

      
     Err=find(tempReg2(:,1)<1); 
     tempReg2(Err,1)=1; 
     Err =find(tempReg2(:,2)>HIm); 
     tempReg2(Err,2)=HIm; 
     Err=find(tempReg2(:,3)<1); 
     tempReg2(Err,3)=1; 
     Err =find(tempReg2(:,4)>VIm); 
     tempReg2(Err,4)=VIm; 

      
     fftOffsetV=tempReg2(:,3)-tempReg(:,3); 
     fftOffsetH=tempReg2(:,1)-tempReg(:,1); 

      
     IntH1=tempReg(:,2)-tempReg(:,1)+1; 
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     IntV1=tempReg(:,4)-tempReg(:,3)+1; 

      
     IntH2=tempReg2(:,2)-tempReg2(:,1)+1; 
     IntV2=tempReg2(:,4)-tempReg2(:,3)+1; 

      

      
     count=0; 
     Res=zeros(nPoints,5); 
     for p=1:nPoints 
         count = count + 1; 
         %Interrogation window 
         a2 = zeros(IntV1(p),IntH1(p)); 
         b2 = zeros(IntV2(p),IntH2(p)); 
         a2= a1(tempReg(p,3):tempReg(p,4),tempReg(p,1):tempReg(p,2)); 
         b2= b1(tempReg2(p,3):tempReg2(p,4),tempReg2(p,1):tempReg2(p,2)); 

          
         NfftV=2*IntV2(p); 
         NfftH=2*IntH2(p); 

          
         c = xcorrFFT(a2,b2,NfftV,NfftH); 
%          mesh(c);title(num2str(p));pause; 
         [peak1(p),peak2(p),pixi, pixj,MMR,PPR(p)] = peakSearch(c); 
         if (peak1(p)<1 || PPR(p)<1.2) 
         Res(count,:) = [centre(p,1), centre(p,2), NaN, NaN, NaN]; 
            continue; 
         end 

          

          
         [peakY, peakX] = subpixelGauss(c,pixi,pixj); 
         iu = (peakX-IntH2(p)-1+fftOffsetH(p))*scale*FR; 
         iv = (peakY-IntV2(p)-1+fftOffsetV(p))*scale*FR; 
         magU=sqrt(iu^2+iv^2); 
         Res(count,:) = [centre(p,1), centre(p,2), iu, iv, magU]; 

          
     end 

      

 
     flag = zeros(size(Res,1),1); 

  
     u=[]; v=[]; 
     u = Res(:,3); 
     v = Res(:,4); 
     % 
     %Global filtering 
     flag(:,1)  = globalFilter(u,v,globFilThres); 
     out1 = find(flag(:,1) ==1); 

  
     u_out = zeros(size(Res,1),1); 
     v_out = zeros(size(Res,1),1); 
     % 
     u_out(out1) = u(out1); 
     v_out(out1) = v(out1); 

      

     
     Res(out1,3) = NaN; 
     Res(out1,4) = NaN; 
     Res(out1,5) = NaN; 

     
%      quiver(Res(:,1),Res(:,2),u(:),v(:),'g'); hold off; 
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     ResultPIV(f).ResPIV=Res; 
     ResultPIV(f).Stats= Nstats(f).info; 

     
end 

  
%% 
%Validation Test1 
for f=1:frame-1 
    Res=ResultPIV(f).ResPIV; 
    Stats1=ResultPIV(f).Stats; 
    a=find(Res(:,5)>25); 
    if(~isempty(a)) 
        imshow(img_ori(:,:,f)); 
        axis image; 
        hold on; 
        quiver(Res(a,1),Res(a,2),Res(a,3),Res(a,4),0.5,'r'); hold off; 
        title(['frame:' num2str(f)]); 
        pause; 
    end 
end 

  

  
%  %Access ResultPIV and Info 
figure 
for f=1:frame-1 
    Res=ResultPIV(f).ResPIV; 
    Stats1=ResultPIV(f).Stats; 
    imshow(img_ori(:,:,f)); 
    axis image; 
    hold on; 
    quiver(Res(:,1),Res(:,2),Res(:,3),Res(:,4),0.5); hold off; 
    pause(0.05); 
end 

  
 %Scatter Plot 
for f=1:frame-1 
Res=ResultPIV(f).ResPIV; 
Stats1=ResultPIV(f).Stats; 
Scat.MagU=Res(:,5); 
Scat.Dia=[Stats1.EquivDiameter].'; 
scatter(Scat.Dia,Scat.MagU); 
title('Bubble Velocity vs diameter over 1 frame'); 
xlabel('Diameter'); 
ylabel('Velocity'); 
pause(0.05); 
end 

  
ScatT=struct('Dia',0,'MagU',0); 
for f=1:frame-1 
Res=ResultPIV(f).ResPIV; 
Stats1=ResultPIV(f).Stats; 
ScatT.MagU=cat(1,ScatT.MagU,Res(:,5)); 
ScatT.Dia=cat(1,ScatT.Dia,[Stats1.EquivDiameter].'); 
end 
scatter(ScatT.Dia,ScatT.MagU); 
title('Total Bubble Velocity vs diameter'); 
xlabel('Diameter'); 
ylabel('Velocity'); 

  
%Mean and std of velocity plot over frame 
for f=1:frame-1 
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    Res=ResultPIV(f).ResPIV; 
    tempU=Res(:,5); 
    MagU=tempU(~isnan(tempU(:))); 
    MSTD(f).MeanU=mean(MagU); 
    MSTD(f).StdU=std(MagU); 
end 
px=[MSTD.MeanU].'; 
py=[MSTD.StdU].'; 
figure,errorbar(px,py); 
title('Mean Bubble Velocity and Stdv vs frame'); 
xlabel('Frame'); 
ylabel('Average Velocity'); 

  

  

  
%Mean and std of diameter plot over frame 
for f=1:frame-1 
    Stats1=ResultPIV(f).Stats; 
    tempDia=[Stats1.EquivDiameter].'; 
    MSTD(f).MeanD=mean(tempDia); 
    MSTD(f).StdD=std(tempDia); 
end 

  
px=[MSTD.MeanD].'; 
py=[MSTD.StdD].'; 
figure,errorbar(px,py); 
title('Mean Bubble Diameter and Stdv vs frame'); 
xlabel('Frame'); 
ylabel('Average Diameter'); 
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Supplemental Data 

MB-HUVECs interaction preliminary findings 

  SonoVue™ with activated and non-activated HUVECs (Runs 1 and 2) 

  Definity™ with activated and non-activated HUVECs (Runs 1 and 2) 

  BR38 with activated and non-activated HUVECs (Runs 1 and 2) 

  Optison™ with activated and non-activated HUVECs (Runs 1 and 2) 

 MB-HUVECs interaction findings 

SonoVue™ with activated and non-activated HUVECs (Runs 1-6) 

  Definity™ with activated and non-activated HUVECs (Runs 1-6) 

  BR38 with activated and non-activated HUVECs (Runs 1-6) 

  Optison™ with activated and non-activated HUVECs (Runs 1-6) 

 MB sizing using DLS 

  SonoVue™ pre/post zetasizing (Samples 1-3) 

  Definity™ pre/post zetasizing (Samples 1-3) 

  Optison™ pre/post zetasizing (Samples 1-3) 

  SonoVue™ pre and post zetasizing (Neat sample, 1:1 dilution and 1:10 dilution) 

Definity™ pre and post zetasizing (Neat sample, 1:1 dilution, 1:10 dilution and 

1:100 dilution) 

BR38 pre and post zetasizing (Neat sample, 1:1 dilution and 1:10 dilution) 

Optison™ pre and post zetasizing (1:10 dilution and 1:100 dilution) 

MB sizing using OM 

Full dataset of MB samples (of various dilution factors) size distributions and 

concentrations determined by OM before and after zetasizing 

 MB zetasizing using LDE 

Preliminary Zetasizing Data: Neat SonoVue™, Definity™, BR38 and Optison™ 

(Automatic voltage selection – voltage applied 50 V) 

Preliminary Zetasizing Data: SonoVue™, Definity™, BR38 and Optison™ (1 in 10 

dilution factor) (Automatic voltage selection – voltage applied 50 V) 
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Activated HUVECs Non-Activated HUVECs 

   
SonoVue™ Run 1 Run 2 Run 1 Run 2 

   
Image No. No. of MBs No. of MBs No. of MBs No. of MBs 

   
Inlet (1,1) 13 24 11 22 

   Inlet (1,2) 15 24 20 18 
   Inlet (1,3) 13 22 17 14 

   Inlet (1,4) 14 20 10 15 

   Inlet (1,5) 18 17 9 15 
   Inlet (2,1) 21 27 10 12 

   Inlet (2,2) 15 14 17 15 

   Inlet (2,3) 6 18 9 14 
   Inlet (2,4) 7 16 6 16 

   Inlet (2,5) 15 19 16 10 

   Inlet (3,1) 21 37 7 11 
   Inlet (3,2) 13 26 9 12 

   Inlet (3,3) 12 20 16 14 

   Inlet (3,4) 15 22 13 12 
   Inlet (3,5) 17 31 11 9 

   Inlet (4,1) 17 29 10 12 

   Inlet (4,2) 18 19 16 9 
   Inlet (4,3) 19 34 8 12 

   Inlet (4,4) 17 26 7 7 

   Inlet (4,5) 20 25 10 8 
   Inlet (5,1) 14 21   14 

   Inlet (5,2) 19 18   14 

   Inlet (5,3) 20 24   5 
   Inlet (5,4) 17 33   12 

   Inlet (5,5) 17 24   5 

   Outlet (1,1) 30 15 16 7 
   Outlet (1,2) 29 21 13 8 

   Outlet (1,3) 23 16 16 8 

   Outlet (1,4) 22 20 13 12 
   Outlet (1,5) 21 25 15 8 

   Outlet (2,1) 19 18 6 13 

   Outlet (2,2) 21 25 14 16 
   Outlet (2,3) 16 20 13 10 

   Outlet (2,4) 22 28 10 8 

   Outlet (2,5) 25 35 14 20 
   Outlet (3,1) 21 29 8 13 

   Outlet (3,2) 22 27 9 6 

   Outlet (3,3) 25 24 9 6 
   Outlet (3,4) 32 29 2 8 

   Outlet (3,5) 22 24 10 10 

   Outlet (4,1) 15 43 18 10 
   Outlet (4,2) 23 27 18 10 

   Outlet (4,3) 11 29 12 16 

   Outlet (4,4) 22 16 13 14 
   Outlet (4,5) 21 19 11 17 

   Outlet (5,1) 20 21 9 17 

   Outlet (5,2) 23 21 19 14 
   Outlet (5,3) 15 22 17 16 

   Outlet (5,4) 11 23 19 11 
   Outlet (5,5) 17 36 13 11 

   Total no. MBs per run 921 1203 549 596 
   

Mean between 2 runs 1062 572.5 

   SD between Run 1&2 199.4 33.2 

   RSD between Run 1&2 (%) 0.2 0.1 

   Mean no. of MBs per image 18.4 24.1 12.2 11.9 

   SD between images 5.2 6.2 4.1 3.9 

   RSD between images (%) 28.4 25.9 33.7 32.3 

   Inlet Total MBs per run 393 590 232 307 

   Mean between 2 runs 491.5 269.5 

   SD between Run 1&2 139.3 53.0 

   RSD between Run 1&2 (%) 28.3 19.7 

   Outlet Total MBs per run 528 613 317 289 

   Mean between 2 runs 570.5 303 

 

Overall (A/NA) p = 1.06E-24 

SD between Run 1&2 60.1 19.8 

 

Act (I/O) p = 0.013 

RSD between Run 1&2 (%) 10.5 6.5 

 

NA (I/O) p = 0.862 

Supplemental Data 1 - SonoVue™ interaction with activated and non-activated HUVECs (Run 1 and 2) 
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Activated HUVECs Non-Activated HUVECs 

   Definity™ Run 1 Run 2 Run 1 Run 2 

   Image No. No. of MBs No. of MBs No. of MBs No. of MBs 
   

Inlet (1,1) 9 13 14 6 

   Inlet (1,2) 11 12 13 6 
   Inlet (1,3) 10 12 22 8 

   Inlet (1,4) 11 8 20 6 

   Inlet (1,5) 12 10 14 6 
   Inlet (2,1) 15 19 15 8 

   Inlet (2,2) 12 12 11 7 

   Inlet (2,3) 15 17 11 6 
   Inlet (2,4) 13 16 13 7 

   Inlet (2,5) 17 14 15 7 

   Inlet (3,1) 15 11 13 11 
   Inlet (3,2) 11 10 14 6 

   Inlet (3,3) 14 11 16 9 

   Inlet (3,4) 23 13 12 8 
   Inlet (3,5) 13 10 11 8 

   Inlet (4,1) 13 19 15 16 

   Inlet (4,2) 15 10 14 7 
   Inlet (4,3) 13 12 12 9 

   Inlet (4,4) 17 12 14 13 

   Inlet (4,5) 13 9 16 9 
   Inlet (5,1) 13 10 12 12 

   Inlet (5,2) 15 16 11 8 

   Inlet (5,3) 22 13 13 12 
   Inlet (5,4) 12 8 11 12 

   Inlet (5,5) 13 10 5 18 

   Outlet (1,1) 18 11 11 16 
   Outlet (1,2) 12 15 10 8 

   Outlet (1,3) 12 10 4 16 

   Outlet (1,4) 15 11 9 12 
   Outlet (1,5) 13 10 10 8 

   Outlet (2,1) 12 13 10 8 

   Outlet (2,2) 15 13 9 12 
   Outlet (2,3) 13 12 4 10 

   Outlet (2,4) 10 16 11 10 

   Outlet (2,5) 16 23 8 9 
   Outlet (3,1) 18 12 9 4 

   Outlet (3,2) 16 11 8 7 

   Outlet (3,3) 16 13 9 9 
   Outlet (3,4) 16 14 6 6 

   Outlet (3,5) 8 14 12 9 

   Outlet (4,1) 11 13 9 11 
   Outlet (4,2) 13 14 9 8 

   Outlet (4,3) 16 16 11 11 

   Outlet (4,4) 15 17 11 8 
   Outlet (4,5) 13 14 7 9 

   Outlet (5,1) 18 17 8 12 

   Outlet (5,2) 20 16 4 9 
   Outlet (5,3) 18 15 8 16 

   Outlet (5,4) 16 20 10 7 
   Outlet (5,5) 13 17 6 10 

   Total no. MBs per run 710 664 550 470 
   

Mean between 2 runs 687 510 

   SD between Run 1&2 32.5 56.6 

   RSD between Run 1&2 (%) 0.0 0.1 

   Mean no. of MBs per image 14.2 13.3 11.0 9.4 

   SD between images 3.1 3.2 3.7 3.1 

   RSD between images (%) 21.5 24.2 33.8 33.2 

   Inlet Total MBs per run 347 307 337 225 

   Mean between 2 runs 327 281 

   SD between Run 1&2 28.3 79.2 

   RSD between Run 1&2 (%) 8.6 28.2 

   Outlet Total MBs per run 363 357 213 245 

   Mean between 2 runs 360 229 

 

Overall (A/NA) p = 2.08E-12 

SD between Run 1&2 4.2 22.6 

 

Act (I/O) p = 0.027 

RSD between Run 1&2 (%) 1.2 9.9 

 

NA (I/O) p = 0.005 

Supplemental Data 2 - Definity™ interaction with activated and non-activated HUVECs (Run 1 and 2) 
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Activated HUVECs Non-Activated HUVECs 

   BR38 Run 1 Run 2 Run 1 Run 2 

   Image No. No. of MBs No. of MBs No. of MBs No. of MBs 
   

Inlet (1,1) 9 14 7 14 

   Inlet (1,2) 8 10 12 8 
   Inlet (1,3) 11 6 10 6 

   Inlet (1,4) 8 4 9 4 

   Inlet (1,5) 9 6 4 4 
   Inlet (2,1) 11 8 4 7 

   Inlet (2,2) 7 8 4 10 

   Inlet (2,3) 7 7 3 9 
   Inlet (2,4) 5 5 8 8 

   Inlet (2,5) 9 9 15 8 

   Inlet (3,1) 5 15 7 13 
   Inlet (3,2) 11 5 9 5 

   Inlet (3,3) 4 6 8 5 

   Inlet (3,4) 4 9 10 10 
   Inlet (3,5) 12 10 6 7 

   Inlet (4,1) 14 6 7 10 

   Inlet (4,2) 14 4 11 6 
   Inlet (4,3) 10 7 4 4 

   Inlet (4,4) 10 15 10 10 

   Inlet (4,5) 12 8 10 5 
   Inlet (5,1) 9 7 8 3 

   Inlet (5,2) 11 10 4 8 

   Inlet (5,3) 11 8 2 6 
   Inlet (5,4) 12 10 5 4 

   Inlet (5,5) 15 13 5 14 

   Outlet (1,1) 12 10 5 9 
   Outlet (1,2) 13 9 6 8 

   Outlet (1,3) 14 5 7 5 

   Outlet (1,4) 11 10 7 13 
   Outlet (1,5) 15 6 11 9 

   Outlet (2,1) 17 7 7 7 

   Outlet (2,2) 18 11 6 8 
   Outlet (2,3) 19 9 5 3 

   Outlet (2,4) 21 7 9 7 

   Outlet (2,5) 16 9 4 5 
   Outlet (3,1) 18 15 6 10 

   Outlet (3,2) 10 10 3 3 

   Outlet (3,3) 18 11 5 8 
   Outlet (3,4) 16 16 4 5 

   Outlet (3,5) 18 11 3 3 

   Outlet (4,1) 15 11 3 6 
   Outlet (4,2) 12 13 4 4 

   Outlet (4,3) 11 19 2 10 

   Outlet (4,4) 11 17 6 4 
   Outlet (4,5) 10 13 5 7 

   Outlet (5,1) 13 9 5 3 

   Outlet (5,2) 11 17 5 5 
   Outlet (5,3) 13 10 7 7 

   Outlet (5,4) 15 13 7 6 
   Outlet (5,5) 14 14 8 8 

   Total no. MBs per run 599 492 322 351 
   

Mean between 2 runs 545.5 336.5 

   SD between Run 1&2 75.7 20.5 

   RSD between Run 1&2 (%) 0.1 0.1 

   Mean no. of MBs per image 12.0 9.8 6.4 7.0 

   SD between images 3.9 3.7 2.8 2.9 

   RSD between images (%) 32.8 37.1 43.3 41.3 

   Inlet Total MBs per run 238 210 182 188 

   Mean between 2 runs 224 185 

   SD between Run 1&2 19.8 4.2 

   RSD between Run 1&2 (%) 8.8 2.3 

   Outlet Total MBs per run 361 282 140 163 

   Mean between 2 runs 321.5 151.5 

 

Overall (A/NA) p = 3.76E-14 

SD between Run 1&2 55.9 16.3 

 

Act (I/O) p = 2.42E-07 

RSD between Run 1&2 (%) 17.4 10.7 

 

NA (I/O) p = 0.022 

Supplemental Data 3 - BR38 interaction with activated and non-activated HUVECs (Run 1 and 2) 
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Activated HUVECs Non-Activated HUVECs 

   Optison™ Run 1 Run 2 Run 1 Run 2 

   Image No. No. of MBs No. of MBs No. of MBs No. of MBs 

   Inlet (1,1) 7 7 11 3 

   Inlet (1,2) 7 9 9 8 
   Inlet (1,3) 7 9 7 8 

   Inlet (1,4) 10 7 7 10 

   Inlet (1,5) 9 9 8 11 
   Inlet (2,1) 9 8 4 5 

   Inlet (2,2) 11 9 6 12 

   Inlet (2,3) 9 10 9 5 
   Inlet (2,4) 6 5 5 8 

   Inlet (2,5) 8 9 6 8 

   Inlet (3,1) 10 12 4 6 
   Inlet (3,2) 10 10 5 7 

   Inlet (3,3) 12 10 5 3 

   Inlet (3,4) 6 11 7 4 
   Inlet (3,5) 11 12 8 5 

   Inlet (4,1) 6 7 8 5 

   Inlet (4,2) 5 7 7 4 
   Inlet (4,3) 6 7 10 5 

   Inlet (4,4) 7 10 12 8 

   Inlet (4,5) 8 10 7 4 
   Inlet (5,1) 12 13 7 10 

   Inlet (5,2) 9 10 8 10 

   Inlet (5,3) 5 12 7 11 
   Inlet (5,4) 9 13 8 7 

   Inlet (5,5) 7 9 8 3 

   Outlet (1,1) 10 12 8 10 
   Outlet (1,2) 10 8 8 10 

   Outlet (1,3) 5 9 7 7 

   Outlet (1,4) 8 11 10 10 
   Outlet (1,5) 6 11 9 11 

   Outlet (2,1) 7 6 5 8 

   Outlet (2,2) 8 11 11 7 
   Outlet (2,3) 5 5 6 7 

   Outlet (2,4) 3 15 10 5 

   Outlet (2,5) 7 15 4 3 
   Outlet (3,1) 4 10 7 7 

   Outlet (3,2) 5 9 9 6 

   Outlet (3,3) 11 12 4 6 
   Outlet (3,4) 13 11 5 6 

   Outlet (3,5) 10 9 8 4 

   Outlet (4,1) 9 10 8 5 
   Outlet (4,2) 12 11 7 4 

   Outlet (4,3) 9 9 5 10 

   Outlet (4,4) 10 8 6 6 
   Outlet (4,5) 13 10 9 7 

   Outlet (5,1) 13 12 6 11 

   Outlet (5,2) 10 7 7 10 
   Outlet (5,3) 10 12 8 3 

   Outlet (5,4) 13 11 3 6 
   Outlet (5,5) 12 8 7 7 

   Total no. MBs per run 429 487 360 346 

   Mean between 2 runs 458 353 

   SD between Run 1&2 41.0 9.9 

   RSD between Run 1&2 (%) 0.1 0.0 

   Mean no. of MBs per image 8.6 9.7 7.2 6.9 

   SD between images 2.6 2.2 2.0 2.6 

   RSD between images (%) 30.3 23.0 27.6 37.3 

   Inlet Total MBs per run 206 235 183 170 

   Mean between 2 runs 220.5 176.5 

   SD between Run 1&2 20.5 9.2 

   RSD between Run 1&2 (%) 9.3 5.2 

   Outlet Total MBs per run 223 252 177 176 

   Mean between 2 runs 237.5 176.5 

 

Overall (A/NA) p = 6.63E-08 

SD between Run 1&2 20.5 0.7 

 
Act (I/O) p = 0.180 

RSD between Run 1&2 (%) 8.6 0.4 

 
NA (I/O) p = 1.000 

Supplemental Data 4 - Optison™ interaction with activated and non-activated HUVECs (Run 1 and 2) 
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Activated HUVECs Non-Activated HUVECs 

SonoVue™ Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

Image No. 
No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

1 3 4 2 0 4 1 1 1 1 6 5 8 

2 5 7 0 1 6 3 3 1 3 4 8 2 

3 3 4 5 1 0 2 1 3 3 4 14 10 

4 3 1 3 1 3 1 1 6 5 4 6 4 

5 4 4 3 3 0 1 2 3 5 4 2 12 

6 5 0 3 1 1 1 0 3 4 4 2 2 

7 3 2 0 7 2 0 5 1 1 3 2 5 

8 0 0 4 0 0 1 3 0 0 3 4 3 

9 3 0 6 1 2 0 3 4 5 3 0 14 

10 0 5 1 7 3 0 7 0 3 3 0 1 

11 1 3 3 5 3 0 6 3 4 5 0 2 

12 4 0 0 5 2 2 4 1 3 5 7 8 

13 0 4 3 0 1 0 6 0 5 10 4 4 

14 0 0 4 3 2 0 7 1 7 0 0 3 

15 1 1 1 0 3 3 2 3 7 5 4 5 

16 2 4 0 0 2 3 6 0 3 4 3 2 

17 1 2 3 5 3 2 8 4 0 2 3 5 

18 6 4 0 0 3 1 6 4 7 5 2 6 

19 7 1 1 1 0 1 4 4 7 6 6 13 

20 1 1 1 0 3 5 3 3 1 5 7 7 

21 2 3 5 0 4 1 4 5 4 5 11 6 

22 1 4 3 0 8 1 1 4 3 5 5 3 

23 0 10 0 1 5 7 14 5 5 4 3 3 

24 1 7 7 0 0 5 7 3 4 15 2 8 

25 3 1 3 0 3 2 10 3 4 4 7 4 

26 2 3 2 1 5 3 8 5 7 2 5 8 

27 2 2 2 0 4 1 7 4 3 7 11 6 

28 2 0 3 1 1 2 4 3 2 4 0 4 

29 1 9 3 0 3 0 4 2 5 6 7 2 

30 5 7 4 3 4 0 1 2 2 7 5 9 

31 3 10 1 0 3 1 8 4 3 0 10 4 

32 4 3 2 2 2 0 1 3 6 7 4 4 

33 1 6 2 10 1 1 5 1 7 7 9 4 

34 3 5 7 0 1 0 1 5 5 4 2 2 

35 7 4 1 1 6 0 3 6 7 11 1 4 

TOTAL 89 121 88 60 93 51 156 100 141 173 161 187 

 
            

 
 

Mean between runs 84 
 

Mean between runs 153 

 
 

SD between runs 25 
 

SD between runs 30 

 
 

RSD between runs (%) 30 
 

RSD between runs (%) 20 

 
             

      
Student's t-test, p value 5.25E-14 

 

 

 

 

 

 

 

Supplemental Data 5 - SonoVue™ interaction with activated and non-activated HUVECs (Runs 1-6) 
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Activated HUVECs Non-Activated HUVECs 

Definity™ Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

Image No. 
No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

1 12 11 9 17 10 10 7 13 18 23 18 6 

2 16 11 6 8 16 14 9 19 12 15 9 5 

3 11 8 10 14 6 11 4 21 14 25 6 5 

4 7 3 1 15 15 10 8 19 14 41 6 2 

5 9 10 10 4 13 13 12 12 4 19 4 1 

6 7 6 12 10 4 27 6 23 24 9 8 4 

7 15 11 18 21 2 8 14 27 13 17 8 3 

8 15 12 7 14 16 9 6 19 11 16 13 4 

9 10 6 6 7 13 14 4 14 9 20 11 12 

10 2 4 12 15 5 17 2 16 19 18 6 10 

11 18 5 4 10 6 10 3 22 2 7 4 7 

12 10 8 8 10 3 13 2 19 12 10 7 8 

13 17 5 2 10 9 10 3 19 15 19 10 15 

14 2 3 9 12 5 15 2 9 9 16 25 3 

15 2 4 11 13 4 6 6 16 18 12 2 6 

16 3 4 8 8 4 17 5 22 9 8 10 2 

17 10 2 10 14 4 14 3 20 8 15 4 2 

18 4 2 5 20 11 21 6 11 5 21 9 3 

19 9 3 18 21 4 6 8 8 12 15 22 4 

20 8 7 14 6 5 14 4 26 17 6 4 8 

21 5 13 8 22 4 3 7 14 13 24 15 6 

22 4 9 6 7 6 12 15 27 7 29 8 3 

23 3 3 7 11 11 7 18 16 13 14 3 1 

24 5 3 8 20 11 17 7 19 5 10 13 3 

25 6 3 8 17 7 17 8 31 9 12 14 10 

26 5 3 9 10 27 16 7 16 9 7 11 4 

27 5 15 22 3 10 14 3 22 12 50 6 9 

28 7 6 9 19 7 10 3 20 7 9 3 11 

29 11 5 18 8 4 11 12 19 16 12 6 6 

30 2 3 15 14 10 9 7 19 12 11 7 6 

31 2 3 11 8 5 8 5 11 3 19 4 5 

32 6 6 6 19 6 3 2 15 12 18 10 8 

33 4 4 11 5 11 9 3 18 13 20 21 5 

34 4 2 7 11 6 16 3 13 10 24 3 4 

35 9 3 10 16 1 8 7 13 13 18 20 4 

TOTAL 265 206 335 439 281 419 221 628 399 609 330 195 

 
            

 
 

Mean between runs 324 
 

Mean between runs 397 

 
 

SD between runs 91 
 

SD between runs 187 

 
 

RSD between runs (%) 28 
 

RSD between runs (%) 47 

 
             

      
Student's t-test, p value 0.001 

 

 

 

 

 

 

 

 

Supplemental Data 6 - Definity™ interaction with activated and non-activated HUVECs (Runs 1-6) 
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Activated HUVECs Non-Activated HUVECs 

BR38 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

Image No. 
No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

1 12 3 4 3 3 6 1 13 5 2 13 10 

2 4 0 1 3 2 3 2 6 6 8 5 15 

3 7 0 1 1 2 5 3 0 1 5 3 3 

4 10 2 3 4 5 6 4 7 1 4 5 15 

5 7 1 0 2 3 8 5 4 1 7 8 15 

6 1 2 0 1 2 5 2 4 4 3 2 9 

7 3 0 3 4 3 3 2 3 5 3 15 6 

8 4 0 3 3 4 3 2 4 3 3 8 5 

9 2 0 1 1 1 9 1 3 0 5 5 4 

10 1 3 3 2 4 20 1 5 3 5 5 4 

11 0 0 1 3 4 6 1 3 3 4 10 6 

12 1 2 2 1 1 5 3 7 1 2 2 6 

13 2 1 4 3 3 5 4 4 3 1 1 3 

14 0 2 2 3 2 5 3 5 2 1 4 6 

15 1 3 2 3 6 6 3 4 1 0 6 7 

16 2 3 2 4 1 1 2 4 7 4 7 6 

17 0 0 5 0 3 3 0 5 3 1 6 11 

18 2 0 4 2 2 8 3 5 0 2 8 7 

19 4 3 4 3 2 5 2 6 0 6 5 6 

20 3 1 4 3 4 6 0 7 8 6 6 2 

21 1 10 6 3 7 0 4 4 4 4 8 2 

22 4 3 4 3 3 6 2 9 2 7 14 3 

23 0 5 2 2 2 6 0 4 15 4 9 5 

24 5 0 3 3 3 5 0 4 6 5 4 8 

25 6 0 3 1 4 3 5 2 5 6 4 7 

26 0 0 0 3 2 3 1 4 3 1 1 7 

27 5 1 1 4 2 6 2 9 10 1 9 1 

28 4 1 0 3 2 3 3 1 7 2 4 10 

29 0 5 9 2 3 1 4 3 4 4 6 9 

30 2 3 4 2 2 7 3 8 2 0 6 3 

31 4 0 2 1 3 5 4 9 4 2 5 5 

32 8 0 3 1 2 6 0 5 3 4 5 3 

33 2 0 3 0 1 6 3 4 1 5 5 0 

34 2 0 3 1 3 13 0 5 1 4 4 4 

35 7 2 2 3 3 4 1 2 3 2 2 2 

TOTAL 116 56 94 81 99 192 76 172 127 123 210 215 

 
            

 
 

Mean between runs 106 
 

Mean between runs 154 

 
 

SD between runs 47 
 

SD between runs 55 

 
 

RSD between runs (%) 44 
 

RSD between runs (%) 36 

 
             

      
Student's t-test, p value 1.96E-06 

 

 

 

 

 

 

 

Supplemental Data 7 - BR38 interaction with activated and non-activated HUVECs (Runs 1-6)
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Activated HUVECs Non-Activated HUVECs 

Optison™ Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

Image No. 
No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

No. of 

MBs 

1 12 3 4 3 3 6 1 13 5 2 13 10 

2 4 0 1 3 2 3 2 6 6 8 5 15 

3 7 0 1 1 2 5 3 0 1 5 3 3 

4 10 2 3 4 5 6 4 7 1 4 5 15 

5 7 1 0 2 3 8 5 4 1 7 8 15 

6 1 2 0 1 2 5 2 4 4 3 2 9 

7 3 0 3 4 3 3 2 3 5 3 15 6 

8 4 0 3 3 4 3 2 4 3 3 8 5 

9 2 0 1 1 1 9 1 3 0 5 5 4 

10 1 3 3 2 4 20 1 5 3 5 5 4 

11 0 0 1 3 4 6 1 3 3 4 10 6 

12 1 2 2 1 1 5 3 7 1 2 2 6 

13 2 1 4 3 3 5 4 4 3 1 1 3 

14 0 2 2 3 2 5 3 5 2 1 4 6 

15 1 3 2 3 6 6 3 4 1 0 6 7 

16 2 3 2 4 1 1 2 4 7 4 7 6 

17 0 0 5 0 3 3 0 5 3 1 6 11 

18 2 0 4 2 2 8 3 5 0 2 8 7 

19 4 3 4 3 2 5 2 6 0 6 5 6 

20 3 1 4 3 4 6 0 7 8 6 6 2 

21 1 10 6 3 7 0 4 4 4 4 8 2 

22 4 3 4 3 3 6 2 9 2 7 14 3 

23 0 5 2 2 2 6 0 4 15 4 9 5 

24 5 0 3 3 3 5 0 4 6 5 4 8 

25 6 0 3 1 4 3 5 2 5 6 4 7 

26 0 0 0 3 2 3 1 4 3 1 1 7 

27 5 1 1 4 2 6 2 9 10 1 9 1 

28 4 1 0 3 2 3 3 1 7 2 4 10 

29 0 5 9 2 3 1 4 3 4 4 6 9 

30 2 3 4 2 2 7 3 8 2 0 6 3 

31 4 0 2 1 3 5 4 9 4 2 5 5 

32 8 0 3 1 2 6 0 5 3 4 5 3 

33 2 0 3 0 1 6 3 4 1 5 5 0 

34 2 0 3 1 3 13 0 5 1 4 4 4 

35 7 2 2 3 3 4 1 2 3 2 2 2 

TOTAL 116 56 94 81 99 192 76 172 127 123 210 215 

 
            

 
 

Mean between runs 94 
 

Mean between runs 272 

 
 

SD between runs 51 
 

SD between runs 80 

 
 

RSD between runs (%) 55 
 

RSD between runs (%) 29 

 
             

      
Student's t-test, p value 1.08E-32 

 

 

 

 

 

 

 

Supplemental Data 8 - Optison™ interaction with activated and non-activated HUVECs (Runs 1-6) 

0

50

100

150

200

250

300

350

400

N
o

. 
o

f 
M

B
s 

a
d

h
er

in
g

 p
er

 m
m

2
 

Optison™ adhesion to HUVECs 

Non-Activated Activated 



Appendices 

Page 174 of 224 

 

 SonoVue™ pre and post zetasizing (Sample 1) 

 

 

 

Supplemental Data 9 - SonoVue™  (Sample 1) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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SonoVue™ pre and post zetasizing (Sample 2) 

 

 

 

Supplemental Data 10 - SonoVue™  (Sample 2) size distributions obtained by the Zetasizer Nano Z 

(Malvern Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and 

number (bottom) distributions before (red line) and after (green line) zetasizing. 



Appendices 

Page 176 of 224 

 

SonoVue™ pre and post zetasizing (Sample 3) 

 

 

 

Supplemental Data 11 - SonoVue™  (Sample 3) size distributions obtained by the Zetasizer Nano Z 

(Malvern Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and 

number (bottom) distributions before (red line) and after (green line) zetasizing. 
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Definity™ pre and post zetasizing (Sample 1) 

 

 

 

Supplemental Data 12 - Definity™  (Sample 1) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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Definity™ pre and post zetasizing (Sample 2) 

 

 

 

Supplemental Data 13 - Definity™  (Sample 2) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 



Appendices 

Page 179 of 224 

 

Definity™ pre and post zetasizing (Sample 3) 

 

 

 

Supplemental Data 14 - Definity™  (Sample 3) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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Optison™ pre and post zetasizing (Sample 1) 

 

 

 

Supplemental Data 15 - Optison™  (Sample 1) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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Optison™ pre and post zetasizing (Sample 2) 

 

 

 

Supplemental Data 16 - Optison™  (Sample 2) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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Optison™ pre and post zetasizing (Sample 3) 

 

 

 

Supplemental Data 17 - Optison™  (Sample 3) size distributions obtained by the Zetasizer Nano Z (Malvern 

Instruments Ltd., Worcestershire, UK) in terms of scattering intensity (top), volume (middle) and number 

(bottom) distributions before (red line) and after (green line) zetasizing. 
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SonoVue™ pre and post zetasizing (Neat sample, 1:1 dilution and 1:10 dilution) 

 

 

 

Supplemental Data 18 - SonoVue™  (Neat sample, 1:1 dilution and 1:10 dilution) size distributions (in 

terms of scattering intensity) obtained by the Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, 

UK) before (red line) and after (green line) zetasizing (at 150 V). 
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Definity™ pre and post zetasizing (Neat sample, 1:1 dilution, 1:10 dilution and 1:100 dilution) 
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Supplemental Data 19 - Definity™  (Neat sample, 1:1 dilution, 1:10 dilution and 1:100 dilution) size 

distributions (in terms of scattering intensity) obtained by the Zetasizer Nano Z (Malvern Instruments Ltd., 

Worcestershire, UK) before (red line) and after (green line) zetasizing (at 150 V). 
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BR38 pre and post zetasizing (Neat sample, 1:1 dilution and 1:10 dilution) 

 

 

 

Supplemental Data 20 - BR38  (Neat sample, 1:1 dilution and 1:10 dilution) size distributions (in terms of 

scattering intensity) obtained by the Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK) 

before (red line) and after (green line) zetasizing (at 150 V). 
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Optison™ pre and post zetasizing (1:10 dilution and 1:100 dilution) 

  

 

Supplemental Data 21 - Optison™  (1:10 dilution and 1:100 dilution) size distributions (in terms of 

scattering intensity) obtained by the Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire, UK) 

before (red line) and after (green line) zetasizing (at 150 V). 
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Diameters Gas 

 Agents and Conc  MBs Excluded   Mean  SD Range Mode Median Span Conc [fac] 

Dilution Factors (MBs/ml) Count Lower Upper TOTAL (µm) (µm) (µm) (µm) (µm) (µm)   (µl/mL)   

SonoVue
TM

 Pre-ZP Neat 2.46E+08 980 2944 0 3924 1.17 0.69 0.5 6.59 0.64 0.95 1.45 0.52 8.97 

SonoVue
TM

 Post-ZP Neat 8.92E+07 855 2226 0 3081 1.2 0.68 0.5 6.53 0.64 1.04 1.34 0.19 3.72 

SonoVue
TM

 Pre-ZP 1/1 7.81E+07 365 2065 0 2430 1.51 0.97 0.5 5.38 0.64 1.27 2.25 0.38 3.82 

SonoVue
TM

 Post-ZP 1/1 4.57E+07 363 531 0 894 1.42 0.85 0.5 5.27 0.96 1.25 1.68 0.18 2.25 

SonoVue
TM

 Pre-ZP 1/10 3.13E+08 438 488 0 926 1.43 0.84 0.5 5.43 0.64 1.28 2.03 1.16 2.32 

SonoVue
TM

 Post-ZP 1/10 2.35E+08 259 234 0 493 1.43 0.97 0.52 6.14 0.96 1.21 1.52 1.15 2.94 

  

             

  

Definity
TM

 Pre-ZP 1/1 5.63E+08 1448 17857 3 19308 1.01 0.89 0.5 9.7 0.64 0.77 0.91 2.27 6.94 

Definity
TM

 Post-ZP 1/1 1.34E+09 5236 12562 0 17798 0.91 0.49 0.5 7.67 0.64 0.75 0.79 1.27 4.58 

Definity
TM

 Pre-ZP 1/10 2.37E+09 4006 9655 0 13661 0.97 0.58 0.5 5.36 0.64 0.78 0.96 3.03 1.92 

Definity
TM

 Post-ZP 1/10 1.71E+09 3076 10175 0 13251 0.84 0.37 0.5 3.39 0.64 0.73 0.57 0.94 1.8 

Definity
TM

 Pre-ZP 1/100 3.87E+09 1058 3344 0 4402 0.78 0.29 0.5 2.58 0.64 0.71 0.36 1.48 1.42 

Definity
TM

 Post-ZP 1/100 8.05E+08 225 807 0 1032 0.88 0.33 0.5 2.15 0.64 0.76 0.64 0.43 1.27 

  

             

  

BR38 Pre-ZP Neat 1.55E+08 3445 8167 0 11612 0.88 0.33 0.5 2.64 0.64 0.8 0.67 0.08 1.61 

BR38 Post-ZP Neat 1.15E+08 2808 5852 0 8660 0.87 0.32 0.5 2.79 0.64 0.79 0.62 0.06 1.46 

BR38 Pre-ZP 1/1 6.38E+07 823 2318 0 3141 0.8 0.28 0.5 2.37 0.64 0.72 0.41 0.02 1.38 

BR38 Post-ZP 1/1 1.15E+08 1720 3706 0 5426 0.92 0.36 0.5 3.52 0.64 0.82 0.7 0.07 1.31 

BR38 Pre-ZP 1/10 1.64E+08 415 894 0 1309 0.85 0.33 0.5 2.55 0.64 0.76 0.61 0.08 1.28 

BR38 Post-ZP 1/10 2.15E+08 606 994 0 1600 1.17 0.73 0.5 4.67 0.64 0.92 1.49 0.48 1.27 

  

             

  

Optison
TM

 Neat 6.20E+08 8766 1587 0 10353 1.26 0.47 0.5 4.14 0.96 1.19 1.31 0.96 2.52 

Optison
TM

 Pre-ZP 1/10 7.38E+09 5236 12562 0 17798 0.91 0.49 0.5 7.67 0.64 0.75 0.79 7 4.58 

Optison
TM

 Post-ZP 1/10 7.71E+06 14 91 0 105 1.28 0.63 0.59 2.39 0.64 1.12 1.79 0.01 1.79 

Supplemental Data 22 - Full dataset of MB samples (of various dilution factors) size distributions and concentrations determined by OM before and after zetasizing. 
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Preliminary Zetasizing Data: Neat SonoVue™, Definity™, BR38 and Optison™ (Automatic voltage 

selection – voltage applied 50 V) 
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Supplemental Data 23 - Zeta potential distribution data for neat SonoVue™, Definity™, BR38 and 

Optison™. Different coloured lines show different sample repeats. 
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Preliminary Zetasizing Data: SonoVue™, Definity™, BR38 and Optison™ (1 in 10 dilution factor) 

(Automatic voltage selection – voltage applied 50 V) 
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Supplemental Data 24 - Zeta potential distribution data for 1:10 diluted SonoVue™, Definity™, BR38 and 

Optison™. Different coloured lines show different sample repeats. 


