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ABSTRACT 

Ultrasonic surgical devices working at kHz frequencies are used to cut hard and soft tissues. 

Such precision instruments facilitate access and visualisation during surgery and the 

ultrasound may also promote healing. The biological effects of ultrasound exposure have been 

reported in vitro and in vivo and represents a developing field of research. However, the 

effects of low frequency kHz ultrasound on cells remains under-researched. The aim of the 

present work was to study the effects of low frequency ultrasound on angiogenesis which is 

essential for initial wound healing and subsequently post-surgical healing.  

 

Human umbilical vein endothelial cells (HUVECs) were exposed to 45 kHz ultrasound for 

5 min using a DuoSon commercial device. The angiogenic response was analysed via F-actin 

staining, cell counting, a tube formation assay and qPCR techniques at multiple time points. 

The HUVEC cytoskeleton was observed to be largely unaffected after DuoSon exposure. 

Significant increases in viable cell number were measured 72 h after 25 mW/cm2 (27 %, 

p < 0.001) and 75 mW/cm2 (25 %, p < 0.001) exposure compared with untreated cells. This 

stimulatory effect was not observed in the tube formation ability of HUVECs, however a 

time-dependent effect was apparent. Ultrasound-treated HUVECs retained tube formation 

ability for longer during the in vitro assay compared with untreated cells when analysed 72 h 

after exposure. Exposure to 75 mW/cm2 also resulted in significantly reduced eNOS 

expression (p < 0.05) compared with untreated cells 6 h after exposure. The expression levels 

were comparable with untreated cells by 72 h. This indicated an early effect on gene 

expression that returned to control levels by 72 h in contrast to the viable cell numbers.  
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The DuoSon exposure system provided initial observations of a cellular response to 45 kHz 

ultrasound. However the exposure set up did not allow measurement of the ultrasound 

delivered to cell monolayers. Furthermore, the levels of ultrasound would be increased by 

reflections at multiple interface boundaries in the set up used. To overcome such difficulties, a 

standardised in vitro acoustic absorbing tank exposure system was designed. An acoustically 

transparent CLINIcell® cassette was placed in a degassed water-filled tank lined with 

ultrasound absorbing tiles. This demonstrated a reduction of ultrasound reflections within the 

acoustic field during pressure field scanning. The exposure system also allowed thermal 

control of the water. HUVECs exposed to 45 kHz appeared with non-uniform morphology in 

certain instances 72 h after exposure. Cell viability was unaffected, though no significantly 

damaging effect in viable cell number was observed as seen with the DuoSon analysis. 

Interestingly, qPCR revealed a significant downregulation (p < 0.05) in eNOS 72 h after 

exposure compared with downregulation observed 6 h after DuoSon delivery.  

 

In conclusion, this work demonstrated an effect of 45 kHz ultrasound on HUVEC behaviour. 

HUVEC viability was not significantly damaged, rather an increase in viable cell number was 

measured. An apparent ability to retain tube formation ability was also observed. Significant 

intracellular effects were observed, specifically a downregulation in eNOS expression. A 

visible effect of ultrasound was observed in some instances of altered cell shape which may 

provide reasoning for the cellular responses measured. The acoustic absorbing tank developed 

in this study provides researchers with a standardised exposure method for delivery of 

ultrasound in vitro. This will allow improved understanding of the biological effects of 

ultrasound which in turn will assist in the future development of ultrasonic surgical 

instruments and other medical devices.   
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1.1 General introduction 

Ultrasound refers to all sound that is above the human auditory range. The first published 

medical application was in diagnostic imaging in 1942 (Dussik, 1942). Since this pioneering 

development, the use of ultrasonic devices in different branches of medicine such as 

diagnostics, therapeutics and dentistry has become common practice. There has been a 

growing interest in the development of new ultrasonic surgical devices. Such devices have 

been available for clinical use since the 1970s (Vercellotti et al., 2001). However, the 

advancement of technology over recent years, such as that within the use of partial or fully 

automated robotics in surgical theatres (Ng & Tam, 2014), allows for further expansion 

within this field of medical ultrasound.  

 

One of the main advantages of using surgical ultrasonic devices is the combination of a 

precise, tissue-selective cutting tool that may potentially contribute to accelerated healing 

processes through the many biological influences ultrasound has been shown to possess. A 

biological process that is crucial to all healing activity is angiogenesis – the development of 

new blood vessels from existing vasculature (Folkman & Shing, 1992). Research into the 

effects of ultrasound on angiogenesis is not a novel field. There have been multiple in vivo 

and in vitro studies investigating the potential enhancing and inhibiting effects. However, the 

direct effect of ultrasound in the kilohertz (kHz) frequency range of ultrasonic surgical 

devices is underreported in literature, with only few studies reporting effects on endothelial 

morphology and increased release of coagulation factors after exposure to 23.5 kHz (Karsch 

et al., 2002) as well as increased production of nitric oxide (NO) a key regulator in 

angiogenesis following 27 kHz ultrasound exposure to endothelial cells (Altland et al., 2004).  
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1.2 Introduction to angiogenesis 

Vascular growth is one of the first events during embryonic development and organogenesis 

that eventually creates the largest network in the human body. The maintenance and 

remodelling of the vascular network is critical to sustaining life from embryo to adulthood. 

There are three main forms of vascular growth: vasculogenesis, angiogenesis and 

arteriogenesis. The primitive capillary plexus is formed via vasculogenesis involving 

differentiation of mesodermal cells to endothelial precursor cells (angioblasts) which further 

differentiate into blood islands and the subsequent de novo formation of a blood vessel 

network (Risau & Flame, 1995). Once the primary vascular network is established, continued 

growth of the vasculature occurs via the angiogenesis process (Risau, 1997). Arteriogenesis is 

a distinct form of vascular remodelling referring to the rapid expansion and remodelling of 

collateral arteries following an occlusion to a main artery to increase blood supply to the 

ischemic region (Buschmann & Schaper, 1999). 

 

As the main process of continued blood vessel growth, angiogenesis is vital during 

embryogenesis to ensure delivery of oxygen and nutrients to the maturing embryo, as well as 

during the female menstrual cycle (Gordon et al., 1995), wound healing (Folkman & Shing, 

1992) and bone repair (Carano & Filvaroff, 2003). Two types of angiogenesis have been 

described: sprouting and intussusceptive (non-sprouting) angiogenesis.  
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1.2.1 Sprouting angiogenesis 

Sprouting angiogenesis is characterised by the formation of branches/sprouts of endothelial 

cells from a single blood vessel, which migrate towards an angiogenic stimulus to form a new 

blood vessel (Fig 1.1). Various molecules can act as angiogenic stimuli such as cytokines, 

chemokines, growth factors including fibroblast growth factor (FGF) and the most-studied 

pro-angiogenic growth factor: vascular endothelial growth factor (VEGF) (Duran et al., 2017). 

These numerous molecules are secreted by parenchymal cells as a response to environmental 

factors such as inflammation (Granger & Senchenkova, 2010) and most commonly hypoxia 

(Krock et al., 2011). However, the release of VEGF and the subsequent signalling cascade is 

regarded as the main mediator of angiogenesis.  

 

 

Figure 1.1 Diagram of the sprouting angiogenesis process. 

Endothelial cells form a monolayer in the inner lining of a blood vessel wall, pericytes 

envelope the endothelial cell monolayer. The endothelial cells within the area of highest 

VEGF concentration activates to form a tip cell (shown in purple). The tip cell navigates 

towards the VEGF signal via numerous VEGF receptor-containing filopodia. Stalk cells 

proliferate behind extending the sprout. The tip cells of two opposing sprouts fuse to 

form a lumen which creates an interconnecting network of blood vessels. Image created 

in Biorender.com 
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The migration of a blood vessel to the angiogenic stimulus as a sprout, rather than as a sheet 

of endothelial cells, proves not all endothelial cells respond to an angiogenic stimulus 

(Karamysheva, 2008). Instead, one cell is selected to lead the sprout of endothelial cells 

towards the signal, this cell is known as the tip cell. Tip cells are characterised by numerous 

motile filopodia that sense and guide the sprout towards gradients of VEGF-A with little or no 

proliferation occurring, only migration (Carmeliet & Jain, 2011; Siemerink et al., 2013). The 

endothelial cells that follow the tip cell creating the sprout are known as stalk cells. Stalk 

cells, unlike tip cells, do proliferate elongating the sprout until opposing tip cells meet, to 

form and reestablish endothelial cell junctions which fuse to form a lumen (De Smet et al., 

2009). The selection of endothelial cells to either become tip cells or stalk cells is a dynamic 

process mediated by VEGF-A and Notch signalling pathways. Tip cell formation and 

sprouting are identified in areas with a high level of VEGF-A, a low gradient of VEGF-A 

results in reduced tip cell migration (Gerhardt et al., 2003). Interference of Notch signalling 

via pharmacological administration of known Notch pathway inhibitors or genetic alteration 

to Notch ligand delta-like ligand 4 (Dll4) has been demonstrated to increase the number of tip 

cells and sprouting activity (Hellström et al., 2007). Tip cells express increased levels of 

(Dll4) compared with stalk cells as a result of VEGF-VEGFR-Dll4-Notch-VEGFR negative 

feedback loop. VEGF-VEGFR2 binding leads to increased expression of Dll4 in tip cells, this 

in turn activates the Notch signalling pathway on adjacent cells reducing VEGFR2 expression, 

suppressing tip cell formation and migratory ability inducing stalk cell phenotype. Stalk cells 

in turn express another Notch ligand, Jagged 1, which suppresses Notch signalling in the 

adjacent tip cell increasing VEGFR2 expression and therefore the ability to bind to VEGF and 

continue the VEGF/Notch crosstalk (Blanco & Gerhardt, 2013).  
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As the sprout migrates towards the angiogenic stimuli, such as VEGF-A, led by the tip cell 

and elongated by proliferating stalk cells, a lumen develops within the stalk cell sprout. 

Though exact mechanisms are unknown, models have been suggested to explain lumen 

formation within stalk cells reviewed by Tung et al., (2012). Briefly, one such model proposes 

tubulogenesis to occur via intracellular vesicular fusion within stalk cells effectively 

“hollowing” the cell. The lumen is then opened on either end through vacuolar fusion with 

adjacent hollowed cells forming an intercellular lumen across multiple adjacent stalk cells 

(Davis & Camarillo, 1996; Kamei et al., 2006). Once tip cells from opposing sprouts fuse, a 

continuous lumen is formed. After blood flow is established through the newly formed lumen, 

VEGF-A signalling is decreased and the newly formed vessel matures into a stabilized 

capillary via pericyte recruitment and attachment (Adair & Montani, 2010). 

 

1.2.2 Intussusceptive (non-sprouting) angiogenesis 

Sprouting angiogenesis was originally believed to be the only form of angiogenesis, until an 

alternative  mechanism of angiogenesis was proposed in 1986 following examination of 

postnatal rat lung blood vessel structure using scanning electron microscopy (SEM) (Caduff 

et al., 1986). These SEM observations showed that during the capillary growth phase small 

holes, rather than sprouts, formed within the alveolar microvasculature resembling a “pillar” 

within the blood vessel lumen. This form of growth was subsequently termed intussusceptive 

(in-itself) or splitting angiogenesis, due to extension of the vessel wall into a lumen, 

effectively splitting a singular vessel into two (Fig 1.2). The formation of a pillar is the 

trademark characteristic of intussusceptive angiogenesis, differing from endothelial cell 

proliferation characteristic of sprouting angiogenesis. Intussusceptive angiogenesis leads to a 

faster growth of existing vasculature compared with sprouting angiogenesis as there is no 
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endothelial cell proliferation only endothelial cell protrusion and fusion (Ribatti & Djonov, 

2012). The molecular mechanisms of intussusceptive angiogenesis are not as clearly defined 

as the sprouting mechanism; yet it is known that four phases of pillar formation occur. Phase I 

involves the extension of opposite capillary walls into the lumen forming an inter-endothelial 

transluminal bridge. Phase II begins with the perforation of the endothelial bilayer to create an 

interstitial pillar core which is invaded by myofibroblasts and pericytes in phase III. Growth 

of the transcapillary pillar results in the splitting into two blood vessels in the final phase IV 

(Burri & Tarek, 1990; Kurz et al., 2003). 

 

 

Figure 1.2 Diagram of the intussusceptive angiogenesis process. 

During the ‘splitting’ process, the blood vessel wall of a single vessel extends into the 

lumen from opposing sides forming a transcapillary inter-endothelial bridge. The bridge 

connection is then perforated centrally to form a transcapillary pillar which grows 

following endothelial cell retraction and fibroblast and pericyte invasion. The pillar 

growth eventually splits the vessel into two separate vessels. Image created in 

Biorender.com 
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1.2.3 Intracellular regulators of angiogenesis 

Both sprouting and intussusceptive angiogenesis are dynamic processes involving numerous 

molecular signalling pathways that regulate many cellular mechanisms. Some of the main 

mediators of angiogenesis and associated roles are described below. 

 

1.2.3.1 Vascular endothelial growth factor (VEGF) 

There are several members of the VEGF family including VEGF-A, VEGF-B – D, and 

placental growth factor (PlGF) all present in the human genome. These secreted proteins are 

characterised by the presence of a cystine-knot three-dimensional structure important for cell-

cell signalling and receptor binding (Holmes & Zachary, 2005; Vitt et al., 2001). The most 

researched and described growth factor regarding angiogenesis is VEGF-A (Ferrara & Davis-

Smyth, 1997). The biological effects of VEGF-A and other members of the VEGF family 

occur via the binding to vascular endothelial growth factor receptors (VEGFRs) found on 

endothelial cell membranes as shown in Fig 1.3. Three receptors have been identified in 

mammalian genomes: VEGFR1, VEGFR2 and VEGFR3. These are tyrosine kinase receptors 

that are auto-phosphorylated upon ligand binding, activating downstream signalling cascades 

involved in multiple cellular processes (Patel et al., 2023). The binding of ligands to VEGFR3 

promotes lymphangiogenesis and the growth of vessels in the lymphatic system (Takahashi & 

Shibuya, 2005). The binding of VEGFR1 and VEGFR2 with the respective VEGF ligands 

(including the shared compatibility with VEGF-A) result in activation of pathways associated 

with vasculogenesis and angiogenesis. VEGFR1 has a tenfold higher affinity for VEGF-A 

(Shibuya & Claesson-Welsh, 2006) although the most direct angiogenic effect of VEGF-A is 

exhibited through interaction with VEGFR2. VEGF-A/VEGFR2 binding promotes endothelial 

cell proliferation through the extracellular signal-regulated kinase/mitogen-activated protein 
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kinase (ERK/MAPK) pathway (Ferrara, 2004), endothelial cell survival through the 

phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB)/AKT pathway (Ferrara, 2004; Koch 

et al., 2011) and endothelial cell migration through the p38 mitogen-activated protein kinase 

(p38-MAPK) pathway, (Cébe -Suarez et al., 2006). The activation of the PKB/AKT signalling 

pathway also leads to an increase in endothelial nitric oxide synthase (eNOS) production 

increasing vascular permeability, one of the earliest markers of angiogenesis (Bates & Harper, 

2002).  

 

Figure 1.3 Schematic outline of the angiogenic effect of VEGF ligands and the respective 

receptors. 

Three tyrosine kinase receptors VEGFR1, 2 and 3 bind to specific VEGF ligands. 

VEGFR2 shares ligand affinity with VEGFR3, however only processed VEGF-C and D 

(dashed arrow) can bind to VEGFR2. VEGF-A, the main mediator of angiogenesis, binds 

to both VEGFR1 and 2 with a higher affinity for VEGFR1 indicating antagonistic effects 

of VEGFR1. Although much weaker than VEGFR2 signalling, VEGF-A/R1 binding does 

promote vasculogenesis and angiogenesis. The most direct angiogenic effect is through 

VEGF-A/R2 binding. Activating downstream signalling pathways promoting endothelial 

cell proliferation, survival and migration.  
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1.2.3.2 Endothelial nitric oxide synthase (eNOS) 

eNOS is a constitutively expressed enzyme with key roles in the regulation of cellular 

function. As the name suggests, eNOS when activated, causes the production of nitric oxide 

(NO) through the conversion of L-arginine and oxygen to L-citrulline and NO (Tran et al., 

2022). NO is important in a variety of cellular physiological functions as a regulator of cell 

metabolism (Tenopoulou & Doulias, 2020), as a neurotransmitter (Bredt & Snyder, 1992) 

and, importantly for the present study, as a mediator for vascular homeostasis and 

angiogenesis (Ziche & Morbidelli, 2000). NO production induces angiogenesis via increased 

endothelial cell proliferation, migration (Lu et al., 2015) and survival (Dimmeler & Zeiher, 

1999). The expression of eNOS and subsequent production of NO is regulated by numerous 

transcription factors that bind to the eNOS promoter described in a review by Fleming and 

Busse (2003). Posttranscriptional regulation occurs through multiple RNA-protein 

interactions affecting eNOS mRNA stability before it is translated into the eNOS protein. 

Transforming growth factor-β1 (Saura et al., 2002) and hydrogen peroxide (Thomas et al., 

2002) increase eNOS expression, whereas tumour necrosis factor-α has an inhibitory effect on 

eNOS mRNA stability (Yoshizumi et al., 1993). Posttranscriptional regulation also occurs via 

the actin cytoskeleton described in 1.2.3.3. Phosphorylation of eNOS is the most studied 

posttranslational process regulating activity with eight phosphorylation sites identified. 

Another level of complexity to this regulation is associated with the phosphorylation site; 

some result in activation of eNOS whereas others result in inhibition of eNOS (Heiss & 

Dirsch, 2014). In summary, eNOS regulation is a complex process involving multiple factors 

that affect the production of NO and subsequent angiogenesis processes. 
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1.2.3.3 Actin cytoskeleton 

The cytoskeleton of a cell is essential in maintaining cellular shape, internal organisation and 

essential functions including cell division and motility. There are three main elements that 

make up the cytoskeleton: microfilaments (actin filaments), microtubules and intermediate 

filaments (Fletcher & Mullins, 2010). Actin, along with actin related proteins (ARPs) is one 

of the most abundant, highly conserved proteins in seemingly all eukaryotic cells (Goodson & 

Hawse, 2002; Pollard, 2016). Actin is present in cells as a monomer, G-actin, or as a filament, 

F-actin, the product of G-actin polymerisation. The monomeric G-actin forms a 

ribonucleoprotein with eNOS increasing eNOS activity and inducing eNOS phosphorylation 

and activation (Mi et al., 2011; Searles at al., 2004). The total amount of actin within a cell 

never changes, rather the ratio of monomer to polymer is continuously regulated through 

remodelling (Osborn et al., 2006). This remodelling of the actin cytoskeleton is crucial to the 

maintenance and growth in a variety of cell types such as plant cells (Wasteneys & Galway, 

2003), immune cells (Dupré & Prunier, 2023) and endothelial cells (Nair et al., 2022). It has 

been shown that blocking the formation and organisation of actin filaments causes defects in 

cell motility, migration and membrane protrusion – hallmarks of angiogenesis (Chau et al., 

2022; Laviña et al., 2018; Monkley et al., 2011). The elongation of endothelial cells, during 

sprouting angiogenesis is also driven by remodelling of F-actin filaments (Sauteur et al., 

2014).  

 

1.2.3.4 Platelet cell adhesion molecule (PECAM-1) 

The characteristics of angiogenesis are the formation of inter-endothelial cell junctions and 

the adhesive ability of endothelial cells. A cell adhesion molecule highly expressed at these 

junctions is platelet cell adhesion molecule (PECAM-1/CD31). PECAM-1 is a glycoprotein 
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also recognised as an endothelial cell marker due to its ubiquitous and abundant expression on 

endothelial cell membranes (Müller et al., 2002). Evidence for PECAM-1 involvement in 

angiogenesis was identified in an in vivo animal model where angiogenesis was inhibited after 

blocking PECAM-1 function using antiPECAM-1 antibodies (DeLisser et al., 1997; 

Matsumura et al., 1997; Zhou et al., 1999) and in vitro (Cao et al., 2002; Matsumura et al., 

1997). The presence and functionality of PECAM-1 is critical to endothelial cell adhesion and 

junction formation due to its homophilic binding properties (Lertkiatmongkol et al., 2016). As 

the most abundant component of endothelial cell junctions, the ability to form  

PECAM-1/PECAM-1 interactions strongly influence the endothelial junction integrity which 

is essential for the overall integrity of the vascular network (Privratsky et al., 2011).  

 

1.2.3.5 von Willebrand factor (VWF) 

Another endothelial cell marker that plays a role in angiogenesis is the glycoprotein von 

Willebrand factor (VWF) that is synthesised by endothelial cells and megakaryocytes 

(Mannucci, 1995). VWF is stored in Weibel-Palade bodies (WPBs) within endothelial cells, 

the formation of such bodies VWF also initiates (Sporn et al., 1986; Wagner et al., 1991). 

VWF has been shown to regulate angiogenesis in an inhibitory manner. In vitro 

experimentation showed knockdown of the VWF gene resulted in increased HUVEC 

angiogenic behaviour (Starke et al., 2011). In vivo experimentation showed increased vascular 

density in VWF deficient mice (Starke et al., 2011; Xu et al., 2017) and clinically dysfunction 

of VWF causes abnormalities in the vasculature of patients with von Willebrand disease - 

VWD (Sadler et al., 2006).  
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1.3 Angiogenic therapy 

1.3.1 Treatment approach for disease 

Defective vasculature can result in severe diseases as shown in cases of VWD due to the 

limited or absent delivery of oxygen and nutrients. Medical management of ischaemic tissue 

disease, via the use of clinically approved drugs such as statins, beta blockers and aspirin 

(Fraker et al., 2007), aims to alleviate symptoms of stable coronary artery disease (CAD). For 

patients with severe CAD the promotion of blood vessel growth through more invasive 

techniques increases blood flow and restores function to ischaemic tissue. The two accepted 

treatment approaches are coronary artery bypass grafting (CABG) introduced in 1968 

(Favaloro, 1998) and percutaneous coronary intervention (PCI) introduced in 1977 (Gruntzig, 

1978). CABG involves the use of harvested arteries or veins (grafts/conduits) to redirect 

blood flow bypassing blocked sections of the artery. PCI is less invasive requiring the 

placement of a stent to dilate narrowed or blocked areas of the coronary artery. Over the past 

20 years there has been an ongoing debate into the compared effectiveness of the two 

treatments described in various review articles (Habib et al., 2015; Lisko et al., 2019; 

Simoons & Windecker, 2010; Spadaccio & Benedetto, 2018). The consensus from trials 

studied is that CABG is the most optimal treatment for patients with more severe and 

multivessel coronary disease. However, there are patients remaining that do not qualify for 

surgical intervention. End-stage CAD patients and patients with compounding conditions 

pose a high surgical risk. A potential treatment option for such patients is therapeutic 

angiogenesis - the influence on the angiogenesis process and its many molecular regulators 

(Khan et al., 2002; Sellke et al., 1998). Proposed methods of inducing angiogenesis involve 

protein (growth factor), gene and cell delivery to the ischemic tissue region, as well as using 

small microparticles (exosomes) as a drug delivery system (Johnson et al., 2019).  
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It is not only an insufficient vascular system that can lead to diseases. Uncontrolled blood 

vessel growth, known as excessive angiogenesis, can also lead to the development of several 

conditions. Abnormal growth of blood vessels, development of disorganised and 

dysfunctional vessels and abnormal remodelling of blood vessels is found in a variety of 

diseases such as cancer (Carmeliet & Jain, 2000), arthritis (Walsh, 1999), and blindness 

(Sapieha et al., 2010). The treatment of such diseases via angiogenesis intervention is known 

as antiangiogenic therapy and is mostly associated with cancer treatment. The most common 

way of controlling angiogenesis is the delivery of process inhibitors. In cancer treatment anti-

angiogenic drugs are used to target specific pathways in the angiogenesis process – notably 

the VEGF/VEGFR2 signalling pathway as in the case of the drug Bevacizumab (Kazazi-

Hyseni et al., 2010). Bevacizumab was the first approved anti-angiogenic drug proven to slow 

down tumour growth rate and extend patient lives. There are now more than a dozen FDA-

approved angiogenesis inhibitors used for cancer treatment (Yoo & Kwon, 2013). However, 

there are issues with the use of antiangiogenic drugs in cancer treatment. Inhibitors do not 

target the cancerous cells directly; rather a means of preventing tumour growth therefore 

extending patient’s lifespan but not treating the tumours themselves (Mukherji, 2010). There 

is also a drawback with development of tumour resistance to inhibitor drugs (Shojaei, 2012). 

Nonetheless anti-angiogenic therapy is a promising field of research for cancer therapy and 

other diseases associated with uncontrolled angiogenesis.  

 

1.3.2 Angiogenesis and surgery 

The process of wound healing and tissue repair is an essential part of the surgical procedure. 

Disruption to the surgical wound healing process may happen through infection, delayed 

healing or hypergranulation. This is one of the largest causes of post-surgery morbidity in 
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Europe (Pearse et al., 2012). Wound management places a large burden on NHS finances; as 

reported in a 2017/2018 cohort study the annual NHS cost was measured at £8.3 billion, of 

which £5.6 billion was attributed to managing unhealed wounds (Guest et al., 2020). 

Specifically, the mean annual cost per patient with an unhealed surgical wound was £2024.49, 

compared with £884.11 to care for healed surgical wounds. The large disparity in cost 

attributed to healed versus unhealed surgical wounds highlights the importance correct wound 

healing has economically as well as morally for patients’ standard of living. These figures 

represent a 48 % increase in patient management cost compared to a 2012/2013 cohort study 

(Guest et al., 2017). Therefore, with the increase of population, the number of surgeries and 

the cost of supplies since 2017/2018, it can be hypothesised these numbers will continue to 

rise. The need for solutions and improvements to surgical wound healing should not be 

ignored.  

 

Angiogenesis plays a crucial role in wound healing – in fact 60 % of new granulation tissue 

consists of blood vessels (Pettet et al., 1996). A state of hypoxia at the wound site initiates the 

angiogenesis process (Section 1.2). Pro-angiogenic factors stored by platelets and 

inflammatory cells are released stimulating endothelial cell proliferation, migration and 

sprouting (Yoshida et al., 2003). The formation of new blood vessels allows delivery of 

oxygen and nutrients to the site of damage, removal of waste products and deposition of new 

connective tissue. Once oxygen delivery is restored, inflammation at the site is decreased and 

consequently a decline in proangiogenic factors is noted. Newly formed vessels are stabilised 

and ultimately angiogenesis is suppressed (Kumar et al., 2009).  
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The necessity for adequate blood supply in tissue repair can be seen in cases of bone fracture 

healing. Bone tissue has the capability to regenerate itself through the generation of new bone 

in a process termed osteogenesis (Ferguson et al., 1999). However fracture healing is not 

always successful with 10 % of fractures resulting in delayed healing or non-union of broken 

bones (Stegen et al., 2015). An inadequate vascular network is associated with improper 

fracture healing evidenced in several research studies analysing the association of 

angiogenesis with proper bone healing ability. Hausman et al., (2001), used in vivo 

administration of an angiogenesis inhibitor TNP-470 in rat models. There was an absence of 

bone healing capability with a significant decrease in bone strength and stiffness, traits that 

are consistent with clinical atrophic non-union cases. Similar failures of osteogenesis were 

found in other rat models following TNP-470 administration (Fang et al., 2005). Osteogenesis 

is dependent on the vascular network and followed by the correct regulation of the 

angiogenesis process.  

 

As these studies have demonstrated a dependency of correct wound and bone healing on 

angiogenesis, therapeutic angiogenesis may be implicated in the enhancement of wound 

healing and tissue repair post-surgery. Finding a non-invasive method to stimulate 

angiogenesis with the aim of accelerating the healing process, with minimum distress to the 

patient, has been of clinical interest for many years. The use of ultrasound is an approach that 

may be adopted to assist in the angiogenesis process. Such a method may be applied during 

the surgical procedure itself, rather than aftercare, in the use of ultrasonic surgical devices and 

the subsequent biological effects of ultrasound.  
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1.4 Introduction to ultrasound 

The human auditory range can detect sound waves with frequencies between 20 Hz and 

20 kilohertz (kHz) (Fig 1.4). Sound waves that have frequencies above this limit are classified 

as ultrasound waves whilst those with frequencies lower than this range are known as 

infrasound waves.  

 

Figure 1.4 Classification of sound wave frequencies. 

Sound waves above frequencies of 20 kHz are known as ultrasound waves. Sound below 

the acoustic lower frequency limit of 20 Hz is known as infrasound.  

 

 

1.4.1 A brief history of ultrasound 

The discovery of sound waves inaudible to the human ear is credited to Italian 

biologist, Lazzaro Spallanzani during studies of echolocation in bats in 1794. It was realised 

blinded bats could avoid obstacles just as well as unblinded bats, however if the bat’s ears 

were plugged with wax, there were consistent collisions with the obstacles, indicating sound 

was a more important sense than sight for navigation (Kaproth-Joslin et al., 2015). The next 

breakthrough in ultrasonics would arrive nearly a century later, in 1880, when the Curie 

brothers published the discovery of piezoelectricity. When pressure is applied to quartz 

crystals an electrical charge proportional to the force applied is produced. This discovery was 
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a fundamental step in the development of ultrasonic technology (Mould, 2007). A student of 

Pierre Curie, Paul Langevin, furthered this initial discovery in 1915 during his work with the 

French Navy where they were developing an underwater detection system to locate German 

U-boats using echolocation (Zimmerman, 2002). By 1917 Langevin had exploited the dual 

nature of piezoelectric quartz crystals as both a transmitter and receiver of sound waves and 

thus began the modern ultrasonics era. The device was made of thin quartz crystals held 

together by glue between two metal plates. Application of an alternating current resulted in 

the emission of high frequency megahertz (MHz) sound. When employed underwater this 

device could emit and detect the returning echo sound wave. This allowed navy intelligence to 

map and locate submarines which was crucial for underwater enemy detection during the First 

World War (Katzir, 2012). An attempt to develop an underwater detection system, more aptly 

known as collision avoidance system, was made by Canadian electrical engineer Reginald 

Fessenden after the catastrophic sinking of the Titanic in 1912. The device tested the ability of 

using a Morse code generator as an echo sounder to produce high frequency sound waves. 

The device was able to detect icebergs up to 2 miles away, however the use of continuous 

waves rather than intermittent pulses created interference which unfortunately limited the 

commercial application of this device (Zimmerman, 2002). Langevin, rather than Fessenden, 

is therefore credited with the invention of Sound Navigation and Ranging “SONAR”. While 

SONAR is still used in underwater imaging, mapping and communications, the principle of 

using sound waves to detect objects in a surrounding area has also been applied to the medical 

diagnostics field in ultrasonography.  
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1.4.2 The principle of sound  

Sound is a mechanical vibration that propagates as a wave through or along a medium (solid, 

liquid or gas). As the wave travels, the particles within the medium oscillate around the 

resting position. Particles are not permanently displaced during wave propagation; there is no 

mass movement but a transfer of energy via a sequence of compression where particles move 

closer together, and rarefaction where particles separate (O’Brien, 2007). These periods of 

compression and rarefaction can be represented as periodic oscillations of peaks and troughs 

over time (Fig 1.5). These peak and troughs of the waves correspond with the maximum 

displacement of particles from the resting positions which is termed amplitude. It is measured 

as the maximum pressure above or below the line of equilibrium (top of a peak or bottom of a 

trough) (Patey & Corcoran, 2021).  
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Figure 1.5 Diagram of longitudinal wave propagation. 

Longitudinal waves consist of particles oscillating back and forth parallel to the direction 

of the wave. This creates areas of compression where particles are closer together and 

rarefaction where particles are spaced further apart. The areas of compression and 

rarefaction correspond with peaks and troughs of amplitude (A) seen in the sound wave. 

Amplitude (A) is shown as the peak displacement from rest. Wavelength (λ) is the 

distance between one peak to the next adjacent peak or trough to the next trough. Low 

frequency sound waves have a longer wavelength compared with higher frequency sound 

waves. 

 

 

The distance of one complete oscillation or cycle – one peak to the next or trough to the next, 

is known as wavelength universally represented by λ. The time it takes for one cycle to 

complete is known as the wave period (T). Sound frequency (f) is defined as the number of 

oscillations per second measured in Hertz (Hz). The frequency of a sound wave is determined 

by the speed of the wave within a medium, known as the speed of propagation or velocity (v). 

When the velocity of a wave is constant, frequency is inversely proportional to wavelength; 



Introduction 

 

39 

 

the higher the frequency, the shorter the wavelength (Fig 1.5). The relationship between the 

properties of sound can be demonstrated by the following equations. 

 

Equation 1.1. The relationship between wave velocity (v), period (T) frequency (f) and 

wavelength (λ). 

 

𝑓 =  
1

𝑇
 

𝑇 =  
1

𝑓
 

𝑣 =  𝑓 𝜆 

𝑣 =  
𝜆

𝑇
 

 

1.4.2.1 Acoustic impedance and attenuation 

As a sound wave propagates through medium, it encounters resistance and opposition to the 

propagation by the medium which is known as acoustic impedance (Z). Specific acoustic 

impedance of a material is recognised as the product of the material density (p) and the speed 

of the sound wave passing through the medium (c) (Patey & Corcoran, 2021) (Equation 1.2).  

  

Equation 1.2 Definition of an acoustic material’s impedance value. 

 

Z = 𝑝 𝑐 

The loss of a wave’s energy and decrease of amplitude as it propagates through a medium is 

known as the attenuation of a wave. There are three main forms of wave attenuation: 

reflection, refraction and scattering (Fig 1.6).  
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Figure 1.6 Transmission of an acoustic wave through a medium interface. 

(A) An acoustic wave passes through a medium. As it encounters an interface between 

this medium and a different medium part of the wave will be reflected at the same angle 

as the incident wave (Ѳ1). Part of the wave will pass into the different medium at a 

different refracted angle (Ѳ2). (B) At an interface with an irregular surface or where the 

impedance value is smaller than the incident wave wavelength, the wave is reflected in 

many directions and is scattered.  

 

Reflection occurs when there is a change in acoustic impedance during wave propagation, for 

example at a boundary of two different mediums. The greater the difference in impedance 

values the more energy reflected at the boundary interface than transmitted through the 

medium. A phenomenon that can occur due to wave reflection is the creation of standing 

waves. Standing waves are created when an incident wave is reflected to the source at a 

boundary such that the reflected wave superimposes on the incident wave. The 

superimposition of waves creates areas of maximum displacement amplitude (antinodes) and 

areas of minimum displacement (nodes) (Snehota et al, 2020). Large acoustic impedance 

mismatches occur at the boundaries of air, water, and solids. In the human body the different 

densities of the tissue will lead to a range of acoustic impedance mismatches. The largest 

mismatch will occur between hard and soft tissues. Not all of the wave is reflected; the 
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remainder of the wave energy will pass across the boundary into the other medium at a 

refracted angle. If the acoustic wave meets a boundary with an irregular surface, the wave will 

be reflected in multiple directions, termed scattering. If the boundary or scattering object is 

significantly smaller than the wavelength of the acoustic wave (λ) the scattering effect is 

specifically termed Rayleigh scattering. For example, Rayleigh scattering occurs within the 

body when an ultrasound wave encounters red blood cells moving within blood vessels 

(Meola et al., 2021).  

 

1.5 Biological effects of ultrasound 

The use of ultrasonic surgical devices in a variety of clinical settings today is thanks to early 

experiments from the 1920s. Paul Langevin, the credited inventor of the hydrophone, was the 

first observer of detrimental effects on living tissue by an ultrasound beam. When high 

intensity ultrasound was applied within a small tank, fish within the beam of energy were 

killed immediately (Langevin, 1920). A later experiment also observed high intensity 

ultrasound killing small animals such as fish, frogs and rupture of protists Spirogyra and 

Paramecium (Wood & Loomis, 1927). The specific ultrasound conditions for both studies 

were unreported and the mechanisms behind such detrimental effects were unclear. 

Nevertheless, such effects have generated continued research interest since first being 

observed as researchers look to identify the mechanisms involved in the biological effects of 

ultrasound. The biological effects of ultrasound may be separated into two categories: thermal 

and non-thermal effects. 
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1.5.1 Thermal effects 

The amplitude of an ultrasound wave decreases during propagation through medium as the 

energy transferred within the wave is either absorbed or dispersed in a process termed 

attenuation. The most common form of attenuation in the human body is the absorption of 

wave energy and conversion to thermal energy increasing the temperature of the surrounding 

tissue (Patey & Corcoran, 2021). The amount of energy absorbed is directly related to the 

frequency and intensity of the wave. Higher frequencies and intensities of the ultrasound will 

lead to a larger thermal effect. The size of the area within an ultrasound beam will also alter 

the amount of heat absorbed as intensity is defined per unit area. A focused beam will result 

in greater thermal effect compared with an unfocused acoustic field (Quarato et al., 2023). 

The intensity of an ultrasound beam and thus the thermal effect is also influenced by the 

temporal aspect of the ultrasound delivery. Ultrasound can be delivered in a pulsed manner of 

intermittent short bursts with periodic on/off cycles, or in a continuous manner involving 

constant steady delivery of ultrasound energy with no on/off cycles. Pulsed wave emission 

results in temporal variations in intensity with peak intensity during the pulse “on” period and 

zero intensity during the “off” period between pulses. The temporal average intensity, 

measured over the complete pulse period, is therefore lower than the peak intensity. The 

temporal average intensity is the more relevant parameter to assess thermal effect of pulsed 

ultrasound as heating is cumulative and proportional to energy absorption over time. The 

lower the temporal average intensity, the longer the “off” periods of ultrasound resulting in a 

lower overall energy delivered and subsequently lower thermal effect. Contrastingly, during 

continuous wave emission, intensity is constant over time, resulting in a higher cumulative 

heating effect due to the absence of “cooling off” periods (Quarato et al., 2023).  
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The amount of heat energy absorption by a tissue is related to various properties of the tissue 

itself. Hence, each tissue has a different attenuation coefficient and this will lead to a range of 

thermal effects as ultrasonic energy passes through the tissues (Table 1.1). One such example 

of a property affecting the heat energy absorption is the amount of protein present; as the 

amount of protein increases, absorption of the wave energy increases (Stewart & Stratmeyer, 

1982). Protein makes up ~ 50% of bone therefore bone has a high attenuation coefficient 

compared with blood. However lung tissue contains a smaller protein content than bone yet 

has a higher attenuation coefficient. In the case of lung tissue, the high attenuation coefficient 

can be attributed to the internal lung structure of many branching bronchioles giving rise to 

several alveolar ducts, which in turn contain numerous gaseous alveolar sacs (Dunn & Fry, 

1961). The presence of these multiple air and tissue interfaces results in the reflection and 

scattering of the acoustic wave as it travels through the lung tissue leading to a high 

attenuation coefficient.  

 

Table 1.1 Attenuation coefficients of different tissues.  

Tissues within the human body demonstrate different attenuation coefficients due to their 

varying compositions. Table adapted from (Quarato et al., 2023; Shankar & Pagel, 2011). 

 

Tissue Attenuation Coefficient 

(Decibels/cm/MHz) 

Blood 0.15 

Skin 0.35 

Fat 0.63 

Soft Tissue 0.75 

Bone 15.00 

Lung 40.00 

 



Introduction 

 

44 

 

Heat transfer through living tissue depends on thermal conduction, perfusion (blood flow) and 

the metabolism of the tissue. These factors have been used to create a mathematical bioheat 

transfer model for heat propagation in living tissue (Pennes, 1998). The thermal effect of 

ultrasound on tissue can thus be determined and controlled by altering ultrasound exposure 

parameters. Therapeutic applications of ultrasound take advantage of such thermal effects to 

increase blood flow, increase the elasticity of collagenous structures leading to improvements 

of mobility, decreasing joint stiffness and reduction of pain (ter Haar, 1999). The increase of 

blood supply to the area results in better oxygen and nutrient supply improving angiogenic 

therapy approaches to treatment (Section 1.3). Enzymatic activity in cells, which is a 

temperature dependent process, will also be improved. The temperature coefficient rule for 

enzymes (Q10) states that enzymatic activity increases by a factor of 3 with each 10 °C 

increase in temperature (O’Brien, 2007). However, exposure to temperatures ≥ 45 °C will be 

detrimental and cause protein denaturation, disruption and ultimate cessation of enzymatic 

activity leading to cell death (Lepock, 2005). Exposure to temperatures below the critical limit 

of 45°C have been shown in vitro to have lethal effects if exposed for lengthy time periods. 

HeLa cells exposed to temperatures of 41 – 45 °C resulted in cell death exponentially 

proportional to the length of exposure time (Gerner et al., 1976) 

 

1.5.2 Non-thermal effects 

Thermal effects may be reduced where the ultrasound is emitted at low frequency, intensity 

and peak-negative acoustic pressure. Pulsed ultrasound rather than a continuous wave 

emission will also reduce any heating. As biological effects from the ultrasound are still 

observed this suggests that there may also be non-thermal effects occurring in the tissues 
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caused (Dyson, 1982). Non-thermal effects of ultrasound, also known as mechanical effects, 

include cavitation, acoustic streaming, and radiation forces. 

 

1.5.2.1 Cavitation 

As a sound wave propagates through a liquid it causes areas of high acoustic pressure 

(compression) and low acoustic pressure (rarefaction). Once the liquid cannot support the 

negative pressure a microscopic bubble is formed. The growth, expansion and rapid collapse 

of these bubbles is known as cavitation. The acoustic pressure of a sound wave can result in 

either non-inertial (stable) (Fig 1.7 A) or inertial (transient) (Fig 1.7 B) cavitation.  

 

 

Figure 1.7 Diagramatic depiction of the cavitation process. 

(A) At low to moderate peak-negative acoustic pressure microscopic gas bubbles oscillate 

slightly increasing and decreasing in size. This is known as stable or non-inertial 

cavitation. (B) When the peak-negative acoustic pressure exceeds that which the medium 

can withstand gas bubbles expand and collapse rapidly to a much smaller size. This 

implosion creates localised temperature and pressure hotspots and release of large 

amounts of mechanical energy. This is known as transient or inertial cavitation. 
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Inertial cavitation involves high acoustic pressure that exceeds a threshold based on specific 

sound field and bubble parameters (Leighton, 1998) resulting in expansion of gas bubbles to 

at least double the diameter after which implosion occurs (Wu & Nyborg, 2008). The 

implosion creates localised increases of temperature and pressure that can lead to the 

formation of free radicals known to be involved in various biochemical reactions (Suslick, 

1990). The large amount of energy released has also been exploited in surgical applications 

such as in lithotripsy treatment, where gallstones are broken down (Vakil & Everbach, 1993) 

and ultrasonic tooth cleaning in dentistry (Lea et al., 2005).  

 

During non-inertial cavitation, sustained oscillation of gas bubbles occurs around a resting 

equilibrium. The oscillations may be small and symmetrical under low amplitude ultrasound, 

or larger and asymmetric in exposure to high amplitude ultrasound (Karthikesh & Yang, 

2021). The sustained oscillations create a stream of fluid flow around the gas bubble size 

known as acoustic microstreaming which can create shear forces around the bubble. The 

forces associated with the acoustic microstreaming can lead to effects in the tissue and cells in 

the vicinity (Schafer & Cleary, 2023). Such cellular effects include alterations to cell 

permeability (Deng et al., 2012; Ward et al., 2000), cell proliferation (Liu et al., 2018; 

Mizrahi et al., 2007) and influence on gene expression regulation (Karthikesh & Yang, 2021). 

Non-inertial cavitation can also produce heat on the surface of the bubble but to a lesser 

extent than inertial cavitation (Karthikesh & Yang, 2021). All effects of stable cavitation are 

dependent on the bubble size.  

 

Cancer treatment research has explored the combination of the biological effects of ultrasound 

cavitation with chemical therapy in an area known as sonodynamic therapy (SDT). The 
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advancement on this area since its first recognition by Yumita et al in 1989 and has resulted in 

SDT becoming a promising treatment proposal for malignant tumours specifically brain 

tumours, with ongoing clinical trials for glioblastoma (ClinicalTrials.gov Identifier: 

NCT04845919; NCT05362409; NCT05370508; NCT06039709; Sanai et al., 2022) and 

diffuse intrinsic pontine glioma - DIPG (Kilburn et al., 2024). 

 

1.5.2.2 Acoustic Streaming 

Acoustic streaming is a phenomenon which occurs when a high-pressure acoustic wave 

propagates through a fluid medium and induces a nonlinear acoustic effect of fluid motion 

(Lighthill, 1978). This fluid motion of particles within an acoustic wave was first described by 

Lord Rayleigh in 1884 (Strutt, 1884) and is a phenomenon still utilised today in different 

fields such as in medical applications for tumour diagnostics (Nightingale et al., 1995), fluid 

mixing in engineering applications (Chen et al., 2022) and cleaning in ultrasonic (low 

frequency < 100 kHz) and megasonic (high frequency; ≥ 1000 kHz) scales (Boluriaan & 

Morris 2003). 

 

During stable/non-inertial cavitation, oscillating bubbles produce a small-scale streaming flow 

of fluid in the direction of sound propagation known as acoustic microstreaming as described 

previously. The effects of acoustic microstreaming are used in several medical applications 

including ultrasonic scaling instruments in dentistry (Khambay & Walmsley, 1999) and in 

sonothrombolysis for the treatment of stroke patients (Molina et al., 2006). Microstreaming 

creates shear stress on the membrane of surrounding cells altering membrane permeability 

(Williams, 1973) allowing the entry of macromolecules such as DNA and drug molecules 
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making this mechanism of ‘sonoporation’ a potential drug or gene-delivery therapy (Wu, 

2018). 

 

1.5.2.3 Acoustic radiation forces 

As a sound wave travels through a medium and encounters an object within the sound field 

absorption, scattering and reflection may occur. Energy and momentum are transferred from 

the propagating wave to the medium. The change in energy density and wave momentum 

generates an acoustic radiation force (Sarvazyan et al., 2010). Radiation forces may be either 

primary or secondary (Doinikov, 2003). Primary forces effect single particles causing 

movement within the field, where secondary forces result in particle-particle interactions such 

as attraction or repulsion. Acoustic radiation forces have been used for tissue elasticity 

imaging (Doherty et al., 2013), monitoring tissue lesions during ultrasonic therapy (Lizzi et 

al., 2003) and assisting drug and gene delivery systems (Dayton et al., 1999).  

Radiation pressure forces may also be responsible for some of the cellular effects of 

ultrasound such as sonophoresis in which the skin barrier is disrupted increasing permeability 

and subsequently enhancing the uptake of drugs through the skin (Polat et al., 2011). 

 

1.6 Medical applications of ultrasound 

The non-invasive nature of ultrasound is ideal for medical applications. Ultrasound is applied 

at different frequencies and intensities depending on the area of the body where it is to be 

used and the purpose of application. Frequencies between 3 and 5 MHz and at low intensity 

(1 to 50 mW/cm2) are used in diagnostic applications. Therapeutic ultrasound usually uses 

frequencies between 1 and 3 MHz at a range of intensities from 0.1 to 2 W/cm2 (Doan et al., 

1999). Ultrasound frequencies in the kHz range (20 to 60) at high intensities are used in 
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dentistry for the removal of soft and hard calcified deposits from teeth which is termed scaling 

(Walmsley, 1988). The discovery of ultrasound and venture into medical applications of 

ultrasound in the mid twentieth century has allowed vast expansion of ultrasonics in both 

diagnostic and therapeutic medicine (Fig 1.8). 

 

 

Figure 1.8 Timeline of the major discoveries in the history of ultrasound. 

The history of ultrasound began in the 18th century. Since then, multiple discoveries have 

contributed to the modern ultrasonics of today. From discoveries of piezoelectricity 

leading to the creation of transducers. These transducers started the modern ultrasonics 

era. Now ultrasonics is a common practice in medical science since the first ultrasonic 

imaging in the 1950s. 

 

 

1.6.1 Diagnostic ultrasound 

The first application of ultrasound in medical diagnostics was by neurologist Karl Dussik who 

measured the transmission of ultrasound waves through a patient’s partially submerged skull 

to identify intracranial tumours using the “through-transmission” technique (Dussik, 1942). 

Two transducers were placed either side of the skull and the changes in sound power passing 

between the transducers was recorded on heat-sensitive paper creating ‘ventriculograms’ or 

images of the brain’s ventricles. This represented the first attempt at in vivo scanning of a 

human organ. However, this method was found to have limitations as the ventriculograms 
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obtained contained artefacts generated by reflections and attenuation of the structure of the 

skull. This approach was replaced with the pulse-echo method. Research into the use of pulse-

echo ultrasonics in diagnostic medicine continued with American physician George D. 

Ludwig analysing the physical properties of various human tissue and ultimately the ability to 

locate gallstones and foreign bodies in various animal and human tissue (Ludwig, 1949). A 

few years later the detection and 2-D imaging of breast tumours was realised (Wild & Neal, 

1951) which led to the development of a handheld transducer that could detect colonic and 

ovarian abnormalities (Wild & Reid, 1954). Another breakthrough in ultrasonic medical 

imaging was the first sonograms of a foetus in the womb (Donald et al., 1958).  

 

Ultrasonic imaging is usually applied between frequencies of 2 to 15 MHz depending on the 

tissue being imaged and its depth within the human body. The penetration depth of ultrasound 

is related to attenuation (absorption) of transmitted energy into the surrounding tissues during 

wave propagation. High frequencies with shorter wavelengths are attenuated by tissue more 

readily than waves with low frequency and longer wavelengths (ter Haar, 1999). Higher 

frequencies allow for enhanced resolution of images due to a shorter wavelength providing 

the ability to distinguish between two points in close proximity to each other (Vernon & 

Lewin, 2018). Therefore higher frequencies are employed to image more superficial structures 

compared with deeper tissues where lower frequency ultrasound is used. 

 

1.6.2 Therapeutic ultrasound  

Ultrasonic therapy was already in clinical use in the 1950s whilst research into diagnostics 

was still in early development. Low intensity (1 MHz) unfocused beams of ultrasound were 

first used to treat tendonitis and bursitis by heating the affected tissue to increase blood flow 
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and alleviate symptoms (Lehmann, 1953). Since these first trials, therapeutic ultrasound has 

now become an accepted therapy for musculoskeletal conditions (Wong et al., 2007) such as 

plantar fasciitis (Heigh et al., 2019), lower back and neck pain (Saber & Saber, 2017) and 

osteoarthritis (Zeng et al., 2014; Zhang et al., 2016a). The effectiveness of ultrasound has also 

been explored in other conditions such as Ménière's disease (James et al., 1960), kidney 

stones (Chaussy et al., 1980), bone fractures (Heckman et al., 1994) and certain cancers 

(Tempany et al., 2011).  

 

Ultrasonic therapy can be used to treat a multitude of medical conditions depending on the 

parameters applied to the emission. Two forms of ultrasonic therapy with differing intensities 

are high-intensity focused ultrasound (HIFU) and low-intensity pulsed ultrasound (LIPUS). 

HIFU applies a high intensity ultrasound beam (5 W/cm2 to 10,000 W/cm2) to a focused area 

inducing critical thermal damage to the targeted tissue which results in coagulated necrosis 

and cell death. Such thermoablation devices have been used clinically since 1997 (Wu et al., 

2004) for treating several types of cancers (Shehata, 2012). Such high frequency ultrasound 

may also enhance targeted drug/gene delivery through microbubble disruption (Etame et al., 

2012). 

 

LIPUS is the pulsed emission of a low intensity ultrasound beam (< 3 W/cm2) more 

commonly associated with physical therapy such as soft tissue regeneration (Ikai et al., 2008) 

and fracture healing (Claes & Willie, 2007). LIPUS is an FDA approved method for treating 

recent fractures (Poolman et al., 2017) with devices commercially available to aid bone 

healing acceleration such as the Osteotron IV (ITO Ultrashort Wave Co. Ltd., Tokyo, Japan) 

and the Exogen (Bioventus LLC, Durham, N.C.). 
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1.6.2.1 Low frequency therapeutic ultrasound 

Low frequency kHz ultrasound is routinely used in dental care (Walmsley, 1988; 2015) and in 

surgical procedures involving tissue cutting and removal (Miller et al., 2012). Additionally 

low frequency ultrasound in the range of 40 – 50 kHz, has been used in therapeutic 

applications, termed longwave therapy. Several longwave medical devices are commercially 

available and used in physical therapy applications such as the Phys-Assist (Orthosonics Ltd, 

UK) and the DuoSon (SRA Developments, UK) 

 

The rationale behind the use of longwave therapy relates to the penetration depth in the 

human body. Attenuation is related to frequency; lower frequencies are less readily attenuated 

by tissues and therefore can achieve a greater penetration depth within the body. The ability to 

penetrate the body to a larger depth than achieved by traditional MHz devices, led to the 

development of a 45 kHz device originally for treatment of ankle sprains (Bradnock et al, 

1996). This was also shown to stimulate osteoblast collagen production in vitro (Reher et al., 

1999). The molecular mechanisms that related to the apparent enhancement in bone 

regeneration after longwave therapy identified an upregulation in early and late bone markers 

in osteoblast-like cells (Maddi et al., 2006). Man et al., (2012a) also found an increase in 

osteoblast proliferation and migration following 45 kHz exposure suggesting a potential 

therapeutic effect on the bone healing process. Longwave therapy has also been studied for its 

effects in dental repair processes. Stimulatory effects on the dentine-pulp complex have been 

proposed due to observations of enhanced proliferation (Ghorayeb et al., 2013), 

differentiation and mineralisation in dental pulp stem cells (Man et al., 2012b). 
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Angiogenesis is critical to both bone and dental repair; kHz ultrasound has demonstrated 

increased VEGF expression in osteoblasts and odontoblasts (Reher et al., 1999; Scheven et al, 

2009) and gene expression in odontoblast-like cells (Man et al., 2012b). Therefore it can be 

suggested a longwave effect on the angiogenesis process may be a contributing factor to 

ultrasound enhancement on bone and dental healing. Though this hypothesis seems an 

interesting research field, effects of kHz ultrasound on angiogenesis and the cells primarily 

involved, such as endothelial cells, is noticeably lacking in literature.  

 

1.6.3 Ultrasonic surgical devices 

The use of ultrasonic surgical devices began in dentistry in the 1950s with the development of 

an ultrasonic drills and most successfully descalers. The Dentsply-Cavitron combined the 

ultrasonic vibration of a descaler tool tip with flow of water to remove dental calculus 

(Balamuth, 1963). Balamuth’s vision of “additional applications of ultrasonics to dentistry in 

the future” has been upheld as various updated versions of the Cavitron system are still 

available and in practice today. The mechanics of this system was also successfully adapted 

into the field of ophthalmology with a vibrating ultrasound tip with irrigation flow used to 

perform cataract surgery (Fledelius, 1997). Surgical ultrasonics was then introduced into 

tissue surgeries in soft tissue removal in the 1970s and became commercially available for 

osteotomies in the 2000s (Vercellotti et al., 2001).  

 

A range of ultrasonic surgical devices are commercially available each with different designs, 

frequency capabilities and modes of action depending on the intended use. Typically, surgical 

devices range between 20 – 100 kHz (Lucas et al., 2009). Schafer & Cleary (2023) review a 

variety of ultrasonic surgical devices used in medical therapy and highlight the differences in 

mechanisms dependent on the device. Briefly, ultrasonic surgical tools are now available for 
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use in aspiration surgeries for rapid tissue removal utilised in neurosurgery and gynaecology, 

phacoemulsification in cataract surgeries and bone cutting surgeries.  

 

1.6.3.1 Advantages of ultrasonic surgery 

Ultrasonic surgical devices allow for more control and precision compared with manual tissue 

cutting devices. The improvements in precision, size of incisions needed and consequently 

reduction in surrounding soft tissue damage has been reported in literature since the 1970s 

and 1980s (Aro et al., 1980; Horton et al., 1981; Volkov & Shepeleva, 1974). The nature of 

precise cutting and the amount of unintended damage that will occur to the surrounding tissue 

can be determined by the tissue selectivity of ultrasonic devices. Ultrasonic device settings 

can be altered to target specific areas. For example, the Dentsply-Cavitron descaler working at 

a lower amplitude removed calculus without destroying tooth enamel. No cutting of the soft 

tissue occurred (Balamuth, 1963). Ultrasound working at kHz frequencies is useful in blood 

clot dissolving applications. Insertion of an oscillating ultrasound wire device disrupts clots 

but does not damage the surrounding vessel walls (Ariani et al., 1991). The tissue selective 

nature of ultrasonic devices has garnered support for use in maxillofacial, craniofacial and 

neurocranial procedures (Ramieri et al., 2015).  

 

A further benefit to the use of ultrasonic surgical devices is observed where ultrasonic cutting 

devices are used clinically to both cut and coagulate tissues simultaneously. The sealing of 

blood vessels during surgery can be controlled by altering the amplitude settings of the 

device. The sealing takes place via the heat produced by the vibrating tip, the pressure of 

clamping the vessels together and the time taken (Houser & Noschang, 2018; Lucas et al., 

2023). Although a recent comparative review of ultrasonic devices and traditional clamping 
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methods in hepatectomy surgeries revealed traditional methods resulted in shorter operating 

times, ultrasonic devices resulted in overall less complications including bile leakage and 

blood loss (Yu et al., 2024). Less effort is also needed from the operator using ultrasonic bone 

cutting devices as less force is needed to be applied to create a tissue incision resulting in 

lower operator fatigue during surgery. The reduction in force needed during device 

application will also lead to a reduction in the risk of unnecessary damage to the tissue being 

cut. 

 

1.6.3.2 Limitations to ultrasonic surgical devices 

Although the benefits of using ultrasonic surgical devices have been reported for some time, 

there are still limitations to its use. Occurrences of overheating of devices is one of the 

disadvantages that was identified by Aro and Horton in the 1980s. Since then, efforts have 

been made to reduce this risk by using piezoelectric transducers that do not need additional 

cooling systems (Lucas et al., 2023). Although the risk of the device overheating has been 

reduced, it can still occur. A trial comparing a Sonopet® ultrasonic knife with conventional 

powered devices in deep maxilla and mandible surgery (Kato et al., 2021) identified high 

temperatures at the tip of the device due to an insufficient internal cooling system. The nature 

of the maxilla and mandible osteotomy required partial removal of the cooling irrigation 

sheath to expose more of the Sonopet® blade. This meant that the injection of saline through 

the sheath to the blade tip was decreased and insufficient for cooling. Such observations 

highlight the importance of monitoring ultrasonic devices during surgical operations and 

altering operational protocols depending on the procedure being performed. There is also a 

risk of high temperature at the cutting site causing necrosis and thermal damage to the 

surrounding tissue. High temperatures are caused by friction of the ultrasonic blade and the 
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tissue, absorption of ultrasonic energy by the tissue and burning of any debris present at the 

incision area (Lucas et al., 2023).  

 

Though operational times can be reduced in certain procedures such as vessel sealing, it has 

been reported that in certain cases of bone cutting surgeries the cutting speed of the devices 

have been significantly lower (Kato et al., 2021; Khambay & Walmsley 2000; Spinelli et al., 

2014) or unaffected (Landes et al., 2008). However it was acknowledged by Kato et al (2021), 

that the significantly longer bone-cutting time using the Sonopet® device compared with 

powered devices (11 % longer) could be decreased once the surgeon has gained familiarity 

with using the device. Therefore in some instances it is not due to the effectiveness of the 

device, rather its operation. Other disadvantages relate to cost benefit considerations arising in 

particular from sterilisation of devices. The manufacturing and replacement of ultrasonic tips 

and sterilisation in pressurised autoclaves can damage the piezoelectric materials which may 

prove costly in the long term (Schafer & Cleary, 2023).  

 

1.6.3.3 Future of surgery enabled by ultrasonics 

A recent advancement in surgical procedures is the incorporation of robots in various surgical 

specialties such as head and neck surgery, gynaecology and general surgery. The use of a da 

Vinci Surgical System robot in in prostate surgery led to an increase in the popularity and use 

of robot-assisted surgery (Ng & Tam, 2014). As of 2020 more than 7 million surgeries had 

been performed using the da Vinci robot in various surgeries (D’Ettorre et al., 2021). The use 

of robotics allows for precise incisions with seven degrees of freedom and in small spaces. 

The da Vinci robot has also been successfully integrated with laparoscopic ultrasonic 
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surgeries aiding in soft tissue cutting and vessels sealing with ultrasonic shears (Schafer & 

Cleary, 2023).  

 

As technology has advanced, so has the ingenuity in ultrasonic surgical device design. Li et al 

(2021) identified the requirement for miniaturisation of ultrasonic devices to allow further 

integration with surgical robotic designs. Miniaturised surgical devices open more 

possibilities for minimally invasive surgeries, and the incorporation of these with robotics 

allowing controlled precise manoeuvring in hard-to-reach areas (Li et al., 2021). The use of 

3D printing materials to manufacture miniaturised transducers with complex geometry has 

also been investigated to enhance the development of miniaturised ultrasonic surgical devices 

(Cleary et al., 2021; Lu et al., 2023). 

 

1.7 Ultrasound effect on angiogenesis 

As the technology and design for ultrasonic surgical devices expands, understanding the 

biological effect these devices may exert during operation will assist in their clinical use. One 

such process that may be affected by ultrasonic devices is angiogenesis. Multiple in vivo and 

in vitro studies have been performed in this research field, however the studies described in 

the following sections emitted ultrasound in a variety of exposure configurations and at 

different acoustic parameters, the definitions of which are shown in Table 1.2.   
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Table 1.2 Definitions of acoustic parameters described in literature  

 

Acoustic Parameter Description Units 

Frequency Number of oscillations per second Hertz (Hz) 

Duration Total time that ultrasound is applied seconds (s) or min 

Cycle 

One complete repetition of the wave 

pattern: one maximum compression 

and maximum rarefaction 

Number of cycles (n) 

Pulse Frequency Number of pulses per second Hertz (Hz) 

Pulse Duration 
Time taken for a single pulse: “on” 

time for a pulse cycle 

microseconds (µs) or 

milliseconds (ms) 

Duty cycle 
Ratio of the “on” time versus the total 

pulse period 
% 

Intensity 
The amount of acoustic energy passing 

through a unit area per unit of time 
mW/cm² 

Spatial-peak temporal-

average intensity 

(ISPTA) 

The maximum intensity measured 

within the sound field averaged over 

time 

mW/cm² 

Peak Negative Acoustic 

Pressure 

Maximum negative (rarefactional) 

pressure measured in an acoustic wave 
megapascals (MPa) 

 

 

 

1.7.1 In vivo animal studies 

Studies investigating the effect of therapeutic ultrasound on angiogenesis have used animal 

models with ischaemic tissue conditions (Hanawa et al., 2014; Huang et al., 2014; Shindo et 

al., 2016). A summary of select in vivo studies is outlined in Table 1.3. 

 

One symptom of peripheral artery disease (PAD) is the lack of blood flow to the feet. Mice 

with hindlimb ischaemia have been used as an in vivo model to assess the use of ultrasound as 

a minimally invasive therapeutic approach for such PAD cases. Mice were treated with 
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continuous 1 MHz, 0.3 mW/cm2 ultrasound for 3, 6 or 9 min. After 14 days, a significant 

increase in wound healing and blood perfusion, detected by thermal imaging of the ischaemic 

area, was seen in mice treated for 9 min compared with the control. Western blot techniques 

also showed a significant increase in angiogenesis-protein levels after 9 min treatment (Huang 

et al., 2014).  

 

The therapeutic effect of LIPUS has also been investigated in porcine and mice models of 

myocardial ischaemia (Hanawa et al., 2014; Shindo et al., 2016). In both studies animals were 

treated with LIPUS for 20 min at 1.875 MHz using a diagnostic ProSound α10 device 

(HITACHI Aloka Medical, Ltd., Mitaka, Japan). Porcine models were treated with LIPUS 3 

times in one week. The treated pigs exhibited improved myocardial function after 4 weeks 

identified through echocardiography of the left ventricle identifying a significant increase in 

wall thickness compared with control groups. Increased capillary number and improved blood 

flow in ischaemic regions compared with non-ischaemic tissue after LIPUS therapy was also 

found 4 weeks post treatment (Hanawa et al., 2014). Similar positive results were seen in the 

mice models at different time points post treatment. Improved mortality was observed in 

LIPUS-treated mice in the 2 months study period following treatment. As well as ventricular 

remodelling in mice with myocardial infarction after 8 weeks. Earlier angiogenic responses 

were identified in the expression of angiogenic regulators (VEGF and eNOS). Upregulation of 

these genes was observed 6 days after treatment in the infarcted region (Shindo et al., 2016). 

However, in this set up mice were placed under an agar phantom gel mimicking the 

attenuation coefficient of living tissues. Therefore, it is unknown what ultrasound power 

levels the infarcted regions were experiencing, as the wave would be attenuated by the 

phantom agar but then additionally by the mice tissue itself. The pulse frequency and ISPTA 
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also differed from Hanawa’s 2014 study meaning the maximum amount of ultrasound energy 

applied to the mice was not comparable between the two studies, though there was still 

similar results in a proangiogenic response.  

 

Researchers in the same group also assessed LIPUS therapy in mice with pressure overloaded 

hearts with the same reported acoustic parameters as Shindo’s 2016 study allowing more 

reliable response comparisons. LIPUS-treated mice demonstrated increased capillary density 

in the overloaded left ventricle and activation of angiogenesis signalling pathways 8 weeks 

after ultrasound exposure (Ogata et al., 2017). This study provides more confidence in the 

proangiogenic response to LIPUS in addition to the Shindo study due to the similarities in 

ultrasound exposure reported.  

 

LIPUS has also been used to assess the effect of angiogenesis in wound healing (Fantinati et 

al., 2016). Diabetic Wistar rat models were subjected to third degree thermal injury and 

immediately treated with 3 MHz LIPUS pulsed at 100 kHz for 3 min on the injury site. In the 

early phase of wound healing (days 7 to 14), ultrasound was beneficial, significantly 

increasing levels of granulation tissue deposition and wound contraction, whilst decreasing 

levels of necrotic tissue. However it was acknowledged that the increase in angiogenesis and 

inflammation continued into the remodelling phase of wound healing (day 21) which can be 

detrimental to the healing process causing scar formation and contributes to the onset of 

chronic wounds. A review article by DiPietro in 2016 highlighted the importance of regulated 

angiogenesis in wound healing processes. Therefore the application of LIPUS may not be 

beneficial in the long-term healing of burn injuries in diabetic patients.   
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Table 1.3 Summary of findings from in vivo studies investigating the effect of ultrasound 

in ischaemic animal models.  

Literature on the effects of ultrasound to angiogenesis in vivo shows the many different 

ultrasound exposure settings between research groups. Statistically significant results are 

noted * (P<0.05), **(P<0.01), *** (P<0.001), NS (non-significant) 

 

Paper In Vivo Model Ultrasound Settings Results 

Hanawa et 

al., 2014 

Porcine with 

chronic 

myocardial 

ischaemia 

Frequency: 1.875 MHz 

Pulse Frequency: 7.1 kHz 

No. Cycles: 1, 16, 32, 48, 64 

Spatial-peak temporal-

average intensity (ISPTA): 

151∼193 mW/cm2 

Duration: 20 min 

↑ ventricle wall thickness * 

↑ capillary density * 

↑ blood flow * 

Huang et 

al., 2014 

Mice with 

hindlimb 

ischaemia 

Frequency: 1 MHz 

Intensity: 0.3 W/cm2 

Duration: 3, 6, 9 min 

 

Exposure time dependent 

response: 

9-min exposure: 

↑ capillary density ** 

↑ blood perfusion ** 

↑ angiogenic factor protein 

expression ** 

3 & 6 min exposure: NS 

Shindo et 

al., 2016 

Mice with 

myocardial 

infarction 

Frequency: 1.875 MHz 

Pulse Frequency: 4.9 kHz 

No. Cycles: 32 

Intensity: 0.25 W/cm2 

ISPTA: 117–174 mW/cm2 

Duration: 20 min 

↓ mortality * 

↑ expression of angiogenic 

growth factors * 

↑ capillary density * 

Ogata et 

al., 2017 

Mice with 

pressure 

overloaded 

heart 

Frequency: 1.875 MHz 

Pulse Frequency: 4.9 kHz, 

No. Cycles: 32 

Intensity: 0.25 W/cm2 

ISPTA: 117–162 mW/cm2 

Duration: 20 min 

 

↑ capillary density * 

↓ myocardial ischaemia * 

↑ expression of angiogenic 

growth factors * 

Activation of angiogenesis 

signalling pathways 

Fantinati et 

al., 2016 

Rat – diabetic 

with 3rd degree 

burns 

Frequency: 3 MHz 

Pulsed Frequency: 100 Hz 

Intensity: 0.5 W/cm2 

Duration: 3 min 

↑ angiogenesis * 

↑ wound contraction * 

↑ inflammation * 

↓ necrotic tissue * 
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The overall finding of these studies were similar although the acoustic parameters regarding 

ultrasound emission differed; therapeutic ultrasound and LIPUS exposure produced apparent 

stimulatory effects on angiogenesis and subsequent ischaemic tissue healing. LIPUS and MHz 

appears to be a promising therapeutic approach to cardiovascular diseases and wound healing 

via animal model studies. Nevertheless, LIPUS and MHz frequency ultrasound has been 

utilised in commercially available therapeutic devices, whereas the therapeutic effect of kHz 

ultrasound is still largely unknown in vivo. 

 

1.7.2 In vitro studies on therapeutic ultrasound and angiogenesis 

In vitro studies of angiogenesis utilise the culture and growth of endothelial cells, which is the 

primary cell type involved in the angiogenesis process. Several in vitro studies have measured 

the effect of therapeutic ultrasound on angiogenesis in different cell types and these are 

summarised in Table 1.4. A pro-angiogenic response to LIPUS was found in bovine aortic 

endothelial cells (BAECs) (Mizrahi et al., 2007). Cells were exposed to 1 MHz ultrasound 

pulsed at 40 kHz for either 15 min or 30 min exposure time and analysed for angiogenic 

responses. A significant increase in cell proliferation was found 12 hours after 15 min 

ultrasound exposure, however, data following the 30 min exposure were not published in this 

paper. In addition there was increased endothelial sprouting activity and migration 3 days 

after 15 min exposure. The cell sprouts started to decrease after this time which is indicative 

of the latter phase of the angiogenesis process with a decrease in angiogenic activity during 

vessel pruning where selected unnecessary vessels regress to refine the newly formed 

vasculature (DiPietro, 2016). However the data for the 30 min exposure effect on cell 

sprouting activity is not presented. In contrast to the increased cell proliferation and sprouting 

activity, a decrease in VEGFR2 protein expression was identified immediately after both 
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15 min and 30 min treatment which became a significant decrease 12 h after exposure; though 

this may not mean a disagreement in a pro-angiogenic response reported in this study. 

Various studies prior to Mizrahi et al., 2007 also identified conflicting levels of VEGFR2 

expression in response to angiogenic stimuli. VEGF stimulation in BAECs  resulted in an 

immediate downregulation of the VEGFR2 receptor (Duval et al., 2003), whilst another study 

found a 2 - fold increase of VEGFR2 expression following VEGF stimulation in BAECs 

(Herve et al., 2005) although the treatment times of these two studies varied. Duval et al., 

(2003) followed a protocol of 15, 30 and 60 min VEGF treatment, whereas Herve et al., 

(2005) stimulated BAECs with 72 h VEGF treatment. The confounding results highlight the 

complexity of receptor responses to angiogenic stimuli and the temporal changes in gene and 

protein expression during the angiogenesis process.  

 

An array of endothelial cells are available for in vitro use though the most commonly used are 

human umbilical vein endothelial cells HUVECs (Jaffe et al., 1973). Multiple in vitro studies 

investigating the effect of LIPUS on HUVECs have identified a pro-angiogenic response. 

Significant upregulation of VEGF mRNA expression has been identified 3 h after 20 min 

LIPUS exposure (Hanawa et al., 2014), whereas a later study within the same research group 

found a significant increase in VEGF expression at a later time point 6 h after treatment 

(Shindo et al., 2016). This further shows the dynamic expression of angiogenic molecular 

mediators following treatment in vitro. This also highlights the influence in vitro exposure 

methods have on cellular response. The upregulation of VEGF expression observed at 

different time points may be due to the experimental design differences between the studies as 

the LIPUS settings varied slightly between the groups, as well as the exposure methods. The 

method of exposure by Hanawa et al., 2014 is not described in the publication. Shindo et al, 
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2016 exposed cells to ultrasound using a tissue-mimicking phantom agar between the 

transducer and the cell layer. This difference may result in varied ultrasonic energy being 

transmitted to the cells as the wave attenuation will differ between the phantom agar medium 

and the coupling medium Hanawa et al., 2014 may have used. 

 

Another study (Huang et al., 2015) investigated the effect of 1 MHz, 0.3 W/cm2 continuous 

wave ultrasound on HUVEC tube formation, migration and gene expression. A time-

dependent response was also seen in this study. The longest exposure length of 9 min showed 

significant responses compared with insignificant effects after 3 and 6 min exposure. Tube 

formation by HUVECs was significantly increased 6 h after treatment as identified by 

MatrigelTM tube formation assay. This assay allows visualisation of ‘tube-like’ structures in 

the 3-D basement membrane MatrigelTM matrix representing capillary formation in vitro. Cell 

motility was also significantly increased, as well as eNOS protein expression which indicated 

an increased angiogenic response. The same group (Huang et al., 2017) also found an 

inhibiting effect of 9 min exposure on HUVEC apoptosis. A ‘rescuing’ of cells induced to 

undergo apoptosis was observed with a significant enhancement of cell viability and 

attenuation of apoptosis via the cell survival phosphoinositide-3-kinase-serine/threonine 

protein kinase (PI3K/AKT) pathway. These studies demonstrated the potential of 1 MHz 

continuous ultrasound as a therapeutic angiogenesis stimulator.  

 

However, Su et al (2019) also demonstrated the anti-angiogenic effect of LIPUS. HUVECs 

were exposed to 0.5 MHz ultrasound for 1 min at various settings ranging from 1000 – 4000 

cycles of 70 – 280 mW/cm2 intensity respectively. A dose-dependent response was seen in 

this case as the highest intensity significantly inhibited cell proliferation and migration 
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whereas lower intensities of 70 – 210 mW/cm2 did not have a significant effect compared 

with controls. LIPUS also inhibited tube formation in vitro however it is unclear what 

ultrasound settings were used in this assay. The main aim of that study was to understand how 

LIPUS may have anti-angiogenic effects. It was suggested that LIPUS induced cell death via 

the p38 MAPK stress signalling pathway to induce apoptosis. The effect was attributed to 

non-thermal mechanisms as the temperature in the cell culture dish did not rise above 35 °C. 

This is an important consideration that in vitro studies should measure temperature effect as 

well as cellular responses.  

 

Although in vitro studies are fundamental to the understanding of a range of research 

questions in cellular and molecular biology, there are drawbacks and challenges especially in 

these cases of ultrasound exposure. For example, consideration must be given to the fact that 

the exposure methods in this collection of studies varied which can have an impact on the 

amount of ultrasonic energy the cells experienced. The variety in the terminology used to 

describe acoustic outputs also leads to difficulties in making critical assessments of literature 

regarding ultrasound bioeffects. As shown in Table 1.2 there are many ways to describe 

acoustic parameters, each describing a different aspect of the ultrasound beam. It is largely 

accepted to report the power of an ultrasound beam as intensity (mW/cm2). However the 

power of ultrasound is more commonly associated with thermal bioeffects (Section 1.5.1); if 

mechanical bioeffects such as cavitation are considered then it is arguably more apt to 

describe ultrasound as peak-negative acoustic pressure values which is currently 

underreported in literature. Therefore standardised reporting of acoustic output could also be 

as important an advance in the research field of in vitro ultrasonics. Further challenges of in 

vitro exposure are described in the following section. 
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Table 1.4 Summary of findings from in vitro studies investigating the effect of ultrasound on angiogenesis. 

As evident from the different ultrasound settings in each study, there is no standardised ultrasound exposure system which makes 

comparisons between studies difficult. Statistically significant results are noted * (p < 0.05), **(p < 0.01), *** (p < 0.001), NS (non-

significant). 

 

Paper Cell Type Ultrasound Settings 
Experimental 

Configuration 
Main Results 

Mizrahi et al., 

2007 

Bovine Aortic 

Endothelial 

Cells (BAECs) 

Frequency: 1 MHz 

Intensity: 2.2 W/cm2 

Pulsed frequency: 40 Hz 

Pulsed duration: 5 ms 

Duration: 15, 30 min 

Transducer placed 22 cm 

below petri dish. 

Perspex tube connected 

the transducer and petri 

dish 

Caster oil as coupling 

medium 

 

↑ cell proliferation * 

↑ cell migration * 

↑ cell sprouting * 

↓ VEGFR2 expression 

VEGFR2 redistribution 

Hanawa et al., 

2014 
HUVECs 

Frequency: 1.875 MHz 

Pulse frequency: 7.1 kHz 

No. cycles: 1, 16, 32, 48, 64 

ISPTA: 151∼193mW/cm2 

Duration: 20 min 

Not described in 

literature 

↑ VEGF expression * 

Huang et al., 

2015 
HUVECs 

Frequency: 1 MHz 

Intensity: 0.3 W/cm2 

Duration: 3, 6, 9 min 

 

6 well and 96 well 

culture plates 

Transducer placed below 

with gel coupling pad. 

Exposure time dependent. 

9-min exposure: 

↑ angiogenic factor expression 

** 

↑ tube formation and length ** 

↑ cell migration and motility * 

3 & 6 min exposure: NS 
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Huang et al., 

2017 
HUVECs 

Frequency: 1 MHz 

Intensity: 0.3 W/cm2 

Duration: 9 min 

 

6 well and 96 well 

culture plates 

Transducer placed below 

with gel coupling pad. 

↑ cell viability to control * 

↑ cell viability to apoptosis-

induced cells ** 

↓ apoptosis ** 

Shindo et al., 

2016 
HUVECs 

Frequency: 1.875 MHz 

Pulse frequency: 4.9 kHz 

No. cycles: 32 

Intensity: 0.25 W/cm2 

ISPTA: 117–174 mW/cm2 

Duration: 20 min 

Transducer placed above 

an agar phantom 

surrounding cell culture. 

Cell culture dish placed 

in a Teflon plate 

↑ cell proliferation * 

↑ VEGF expression * 

Su et al., 2019 

HUVECs, 

HMECs 

(human 

microvascular 

endothelial 

cells)  

Frequency: 0.5 MHz 

Intensity: 210 mW/cm2 

No. cycles: 1000-4000 

Duration: 1 min 

Transducer beneath 6 cm 

culture dish with 

degassed water coupler 

↓ tube formation ** 

↓ cell viability *** 

↓ cell proliferation and 

migration (NS) 

↓ expression of apoptosis 

inhibitor ** 

↑ apoptosis rate and cell death 

*** 
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1.7.2.1 Challenges of in vitro ultrasound exposure 

Currently there is no singular, standardised method to analyse the in vitro cellular effect of 

ultrasound. Throughout literature, multiple experimental designs have been used in the 

investigation of ultrasonic effects in a variety of cell types.  

 

One configuration involves positioning an ultrasonic transducer underneath a culture vessel. 

Multi-well plates have been employed in this configuration in HUVEC ultrasonic studies as 

mentioned previously by Huang et al., (2015), but also in studies of mesenchymal stem cell 

(Gao et al., 2016), odontoblast-like cell (Patel et al., 2015) and neuronal cell studies (Al‐

Maswary et al., 2024). In the methodology of Huang et al., (2015) cells positioned in wells 

farthest away from the transducer were referred to as ‘control’ wells. However investigations 

by Gupta et al., (2022) and Patel et al., (2015) showed these wells also experience ultrasonic 

interference due to wave propagation through the plate. Patel et al., (2015) found an increase 

in odontoblast cell number in wells not directly exposed to ultrasound but positioned at a 

distant corner of a 6-well plate. Gupta et al., (2022) investigated wave propagation in multi-

well plates further and demonstrated the vibration of the entire 6-well plate during ultrasound 

exposure resulting in different wells experiencing different intensities and peak pressure 

amplitudes. Referring to ‘control’ wells that are present in a multi-well plate during 

ultrasound exposure cannot be considered as untreated controls and responses may not be 

indicative of truly untreated cells. 

 

The use of a singular polystyrene culture dish placed above a transducer has been used in 

HUVEC studies mentioned previously. Either placed directly above separated by only 

coupling gel as adopted by Huang et al., (2015; 2017) and Su et al., (2019) or at a further 
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distance as Mizrahi et al., (2007) employed. While the use of singular culture dishes 

circumvents unwanted wave propagation to adjacent cells, there still lies an issue of standing 

wave phenomenon. Standing waves were likely to occur between the transducer and coupling 

agent at the bottom of the culture dish and at the culture medium and air boundary as these 

different media present acoustic impedance mismatch boundaries (Secomski et al., 2017). In 

fact, Mizrahi et al measured higher than expected acoustic pressures within the petri dish and 

concluded these were due to significant standing waves and reflections from the dish walls as 

well as the air/water interface.  

 

Producing standing wave-free conditions is hard to achieve, if achievable at all. Though there 

are ways to reduce standing wave formation such as transmitting ultrasound waves from 

above and/or introducing an ultrasound absorbing material into the acoustic environment. 

Transmission from above a cell culture vessel (Fig 1.9 B) reduces standing wave formation in 

that it removes the artefact of unwanted wave propagation through the culture vessel material 

(Fig 1.9 A). However standing waves may still form from reflections within the culture vessel 

leading to higher-than-expected levels of ultrasound transmission (Gupta et al., 2022). 

Introduction of absorbing material into the experimental set-up is a possible way to reduce 

standing wave formation. The methodology implemented by Shindo et al., (2016) applied 

ultrasound above the cell culture dish passing through a tissue-mimicking agar phantom. The 

agar phantom had the same attenuation coefficient as tissue to more closely mimic in vivo 

conditions. Additionally, the culture dish was surrounded by an ultrasound absorbing Teflon 

plate to reduce the occurrence of standing waves. Silicone moulds have also been used to 

encase cell culture dishes during ultrasound exposure (Man et al., 2012a; Man et al., 2012b; 

Patel et al., 2015; Scheven et al., 2009). 
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Figure 1.9 Schematic diagrams of experimental methods used to expose cells to 

ultrasound in vitro. 

(A) One method used in literature involves emitting ultrasound from the bottom of a cell 

culture dish via a coupling gel. (B) Another method involves immersion of the transducer 

head into the cell culture dish. Ultrasound is emitted directly onto the cell culture from 

above. However standing waves are likely to form at boundaries between materials of 

different acoustic impedances as drawn by * on the diagram. Images created in 

BioRender.com. 

 

 

1.7.2.2 Alternative in vitro exposure method: acoustic absorbing tank 

One of the major drawbacks of in vitro ultrasound exposure is the uncertainty of the precise 

dose of ultrasound that the cells are experiencing. The cells should not receive unwanted 

interferences from reflections, standing waves or cavitation effects amongst other 

interferences. A configuration that aims to minimise this problem is the submergence of the 

entire ultrasonic exposure set up in degassed water (Fig 1.10 B). Positioning a transducer and 

cell culture vessel longitudinally underwater reduces the interference of the water/air 

boundary. Addition of an ultrasonic absorber to the configuration further reduces the 

influence of standing waves in the propagation path (Snehota et al., 2020). One challenge in 

this method is the selection of a culture vessel that maintains sterility underwater whilst 

facilitating cell attachment and growth. The CLINIcell® cassette (Mabio, France) is a device 
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that has been used in fully immersed ultrasonic studies in the characterisation of microbubbles 

(Nio et al., 2017; Shekhar et al., 2019). The CLINIcell® is a polycarbonate cassette with two 

50 µm thick, polycarbonate films in the centre (Fig 1.10 A). The films allow gaseous 

exchange thereby facilitating cell culture. The Luer lock system on either side of the cassette 

ensures sterile conditions during the culture period, as well as a watertight system during 

immersion within the tank. However, acoustic characterisation of the cassette is needed before 

deployment in the tank configuration. Such an arrangement does overcome many of the 

problems associated with unwanted ultrasonic interferences. However further work is required 

to assess the suitability of such an exposure system in identifying the biological effects of 

ultrasound. 

 

 

Figure 1.10 Illustrations of a CLINIcell® cassette and the deployment in an acoustic 

absorbing tank for ultrasound exposure. 

(A) The CLINIcell® cassette is a polycarbonate frame with 2 gas permeable polycarbonate 

films in the centre. Luer lock valves allow insertion of cell culture into the polycarbonate film 

area. (B) The cassette can be used as a cell culture vessel for underwater tank in vitro 

ultrasound exposure. Acoustic absorbers present in the configuration act to minimise 

reflections from the tank walls. Placing the transducer and cells longitudinal in the tank 

minimises the influence of the water/air boundary. 
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1.8 Research aims and objectives 

The overall aim of this study was to assess the effect of 45 kHz ultrasound on endothelial cell 

behaviour in vitro. This includes the effect on the ability to form new blood vessels i.e., 

angiogenesis. The hypothesis of the study is that low frequency ultrasound exhibits a pro-

angiogenic effect on endothelial cells, based on the findings of previous studies 

(Section 1.7.2). To test this hypothesis the following objectives will be set: 

 

Objective 1:  To investigate the effect of kHz ultrasound with multiple exposure conditions 

on HUVEC number, viability and morphology using a commercial therapeutic 

device. 

 

Objective 2:  To investigate the effect of kHz ultrasound generated by a commercial 

therapeutic device on the angiogenic responses of HUVECs using gene 

expression and tube formation analysis. 

 

Objective 3:  To develop an in vitro exposure system that allows acoustic field 

characterisation with the ability to distinguish between thermal and non-

thermal biological effects.  

 

Objective 4:  To assess the effect of kHz ultrasound on HUVEC behaviour in the 

characterised acoustic field.
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Chapter 2.  

 

MATERIALS AND METHODS 
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2.1 Human umbilical vein endothelial cell (HUVEC) culture  

Pooled donor HUVECs (500,000 cells/vial), accompanying endothelial growth medium 

(EGM) and supplement mix were purchased from PromoCell (Heidelberg, Germany). These 

cells were used to assess the effect of ultrasound on endothelial cell behaviour and the 

associated angiogenesis process. Upon arrival, the 1 ml cryovial of 500,000 cells were 

immediately transferred to -196 °C in liquid nitrogen (LN2) storage until further use. The 

addition of supplement mix and 1 % penicillin/streptomycin (P/S), Sigma-Aldrich, UK) 

produced complete endothelial growth media (cEGM) used for HUVEC culture. The final 

supplement concentration of cEGM is shown in Table 2.1.  

 

For use, HUVECs were removed from LN2 storage and thawed at 37 °C for 1 min. The cells 

were then seeded onto two 0.1 % gelatin-coated T25 flasks (Fisher, UK) containing 5 ml 

cEGM following the manufacturers recommendation of 10,000 cells/cm2 plating density. Cell 

cultures were maintained at 37 °C in a humidified atmosphere of 5 % CO2 using a HeraCell 

150i incubator (Thermo Scientific, UK). Culture medium was replenished every  

2-3 days until cells reached 70-80 % confluency determined visually using a Motic AE21 

brightfield microscope (China) and subsequently passaged at a 1:3 split ratio or used for 

experiments, or cryopreservation. Cells were cryopreserved in cryo-serum-free freezing 

medium (PromoCell, Germany) at a concentration of 1x106 cells/ml in 2 ml cryovials (Fisher, 

UK) and stored in LN2 from passage 2 for subsequent experiments. Cells were only used 

between passage 2 and 5 in all experiments. Cell stocks were routinely screened for 

mycoplasma contamination using the EZ-PCR detection kit (Sartorius, UK). This kit involved 

the nucleic acid testing (NAT) method which amplifies mycoplasma-specific DNA and allows 

detection within samples through agarose gel electrophoresis. 
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Table 2.1. cEGM composition. 

Final supplement volumes added to 500 ml endothelial growth medium.  

 

Foetal Calf Serum 10 ml  

Endothelial Cell Growth 

Supplement 

2 ml 

 

Epidermal Growth Factor 

(recombinant human) 

50 ng 

Basic Fibroblast Growth Factor 

(recombinant human) 

0.5 µg 

Heparin 45 mg 

Hydrocortisone 0.5 mg 

 

 

2.1.1 0.1 % gelatin coating 

All culture flasks, well plates and cassettes used in HUVEC culture work were coated with 

0.1 % (w/v) gelatin (Sigma-Aldrich, UK). 0.2 g of gelatin was added to 200 ml sterile 

phosphate buffered saline (PBS). The prepared mixture was autoclaved at 121 °C for 15 min 

and stored at 4-8 °C for a maximum of 2 months. 1 ml/10 cm2 of gelatin solution was used to 

coat culture flasks prior to cell seeding. The coated flasks and plates were placed in a 37°C 

incubator (HeraCell 150i incubator, Thermo Scientific, UK) for 20 min to allow gelatin 

adsorption after which any excess solution was removed by pipetting prior to cell addition.  

 

CLINIcell® cassettes were coated with 10 ml 0.1 % gelatin. The gelatin was added via 

syringe to the membrane chamber ensuring the entire membrane surface was coated and then 

placed in a 37°C incubator for 20 min for adsorption. Excess gelatin was removed via syringe 

prior to cell addition. 
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2.2 In vitro ultrasound configurations  

Two configurations of in vitro ultrasound exposure were used in this research project. One 

used a DuoSon therapeutic device; the other used a custom-designed transducer constructed 

by Dr Xuan Li in University of Glasgow. Ultrasound was emitted at 45 kHz in continuous 

wave mode in all exposure set-ups. 

 

2.2.1 DuoSon therapeutic device 

Ultrasound was applied at a continuous wave of 45 kHz using a commercial therapeutic 

DuoSon device (SRA Developments, Ashburton, UK). The DuoSon is a dual frequency 

ultrasound therapy unit that emits ultrasound at 1 MHz, 45 kHz or both simultaneously. There 

are 8 possible modes of delivery; in this project three low frequency modes were used (modes 

3, 4 & 6) which were designed and requested by Dr Ben Scheven, University of Birmingham 

School of Dentistry. The device had been calibrated and serviced using force balance reading 

testing on a number of occasions prior to this study by the supplier. The DuoSon device had 

also been calibrated previously by a fellow PhD student Jill Savva at University of Glasgow 

(Savva, PhD thesis, 2023) and characterised by a previous University of Birmingham 

researcher (Patel et al., 2015). Each mode emitted ultrasound at 45 kHz frequency in a 

continuous wave but with different acoustic power and intensity, as shown in Table 2.2. 
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Table 2.2 DuoSon low frequency 45 kHz modes. 

Three low frequency (LF) modes were used in this project. All modes were designed and 

calibrated by the supplier to emit a continuous wave at the stated intensity settings. 

 

Mode Total Acoustic Power 

(mW) 

LF Acoustic Intensity 

(mW/cm2) 

3 LF1 159  10  

4 LF2 406  25  

6 LF3 1217  75  

 

 

All experiments using the DuoSon transducer for ultrasound exposure were undertaken in a 

class II safety cabinet (ScanLaf Mars 1500, LaboGene, Denmark). A custom-designed clamp 

stand manufactured by research colleagues in the Science and Technologies Of Robotics in 

Medicine (STORM) lab at University of Leeds was used to immerse the DuoSon transducer 

head into a 35 mm culture dish at a fixed position and determined distance from the bottom of 

the culture dish (Fig 2.1 A). The stand comprised a stage (LJ750/M, Thorlabs) that aligned a 

35 mm culture dish with the transducer head position. This stage could be raised to a precise 

distance from the tip of the transducer head to the culture surface of the dish. In this study the 

distance between the transducer and surface of the culture dish was set at 5 mm (Fig 2.1 B). 

The stage was cleaned with 10 % chemgene detergent (Fisher, UK) and 70 % ethanol (Merck, 

UK) before placing in the class II safety cabinet. The DuoSon transducer was cleaned with 

10 % chemgene and 70% ethanol prior to placement in the class II cabinet. The DuoSon 

transducer face was also submerged into 70 % ethanol followed by warmed cEGM before any 

cell culture experiments and in between each culture dish treatment. 
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Figure 2.1 Diagrams of the experimental set up using a DuoSon transducer.  

(A) The custom-built clamp stand Leeds included an adjustable stage to position a 35 mm 

petri dish a set distance from the transducer face. (B) Schematic diagram of the in vitro 

set up. The transducer was positioned 5 mm away from the base of the cell culture dish 

and immersed in 5 ml warmed cEGM. Image created in BioRender.com. 

     

 

2.2.2 Acoustic absorbing tank  

A second exposure system was developed to minimise standing wave formation and to 

provide a more controlled exposure environment for the delivery of ultrasound. The exposure 

method consisted of a glass tank filled with deionised degassed water, lined with ultrasonic 

absorbing tiles (Apltile SF5048, Precision Acoustics, Dorchester, UK). A custom-made 

45 kHz transducer transmitted ultrasound to cells within a watertight polycarbonate 
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CLINIcell® cassette. A rig was constructed to hold the transducer and cassettes in a 

reproducible position 5 mm apart as in the DuoSon experimental method (Fig 2.2). The centre 

of the cassette was aligned to the centre of the transducer face using a laser spirit level (Laser 

Level Pro 4, Victorian Systems, UK). Once aligned the positioning was marked onto the 

aluminium poles to ensure repeated alignment in multiple experiments.  

 

 

Figure 2.2 Positioning of 45 kHz transducer and CLINIcell® cassette. 

(A) The centre of the transducer face was aligned with the centre of the cassette using a 

laser spirit level. (B) The transducer front face was positioned 5 mm from the cassette. 

(C) Once aligned the positions were marked for repeated experiments. (D) Final 

positioning of transducer and cassette for all cellular tank experiments. 
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2.2.2.1 Tank design 

A 60 cm x 30 cm x 30 cm (length x height x width) glass tank (Diversa, Poland) was lined 

with 50 mm thick low frequency absorbing polyurethane structured tiles (Apltile SF5048, 

Precision Acoustics, Dorchester, UK) as demonstrated in Fig 2.3 A. The tiles were cut to 

ensure all the tank glass was covered and there were no ‘acoustic’ gaps. The tank was filled 

with 22 L deionised degassed water. Deionised water was degassed by boiling for 1 h using a 

30 L urn (Igenix, UK), left on a rolling boil for 10 min and then sealed in airtight 5 L Duran 

bottles overnight. Once filled, the transducer and cassette could be submerged in the tank due 

to pre-determined markings on the aluminium rig as described previously (Section 2.2.2) 

(Fig 2.3 B).   
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Figure 2.3 Photographs of tank configuration. 

(A) All sides of the 60 cm x 30 cm x 30 tank were lined with acoustic absorbing tiles.  

(B) The 45 kHz transducer and CLINIcell® cassette were fully submerged in the tank, 

held at fixed positions during ultrasound exposure. 

 

 

2.2.2.2 CLINIcell® cassette 

CLINIcell® cassettes (Laboratoires MABIO International, Tourcoing Cedex, France) with a 

culture surface area of 25 cm2 were used for cell culture experiments in the tank exposure 

configuration. The cassettes consisted of two 50 µm thick polycarbonate films within a 

polycarbonate frame. HUVECs were added to the cassette using a 20 ml syringe (Fisher, UK) 
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via the inlet valve, seeded at the same density as DuoSon experiments (10,000 cells/cm2). The 

outlet valve was opened during any syringe application to allow gas to escape. This ensured 

no bubbles were visibly left in the culture after addition. Cassettes were placed in a 3D printed 

cassette holder (Fig 2.4) and aligned to positions marked on the aluminium tank rig. 

 

 

Figure 2.4 Photographs of a 3-D printed CLINIcell® cassette holder. 

(A) A fixture was 3-D printed to allow holding of a CLINIcell® cassette in a fixed 

position during ultrasound exposure in the tank. (B) Cassette is fixed in position within 

the holder. (C) Final positions are marked on the aluminium poles for repeated 

experiments. 
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2.2.2.3 45 kHz ultrasound transducer 

A 45 kHz transducer was designed and fabricated in collaboration with colleague Dr Xuan Li 

at the Department of Engineering, the University of Glasgow. A silicone mould was made by 

surrounding the rear of the transducer in 1:1 mixture of duplicating silicone (CentriTM Duplika 

12 A : CentriTM Duplika 12 B, WHW Plastics, England, UK) and left to set for 1 h. Once set, 

the mould surrounded the wires found at the rear of the transducer that connects to the 

PiexoDrive FLEX driver. The mould prevented any splitting and exposure of wires during 

immersion in the tank and during ultrasound treatment (Fig 2.5).  

 

 

Figure 2.5 Photographs of custom-designed 45 kHz transducer. 

(A) A silicone mould encased exposed wiring to the back of the transducer. (B) The 

45 kHz transducer face was designed with the same dimensions as the DuoSon transducer 

head, 25 mm x 25 mm. 

 

The transducer was driven by a PDUS210-FLEX ultrasonic driver (Piezodrive, New South 

Wales, Australia) using Piezodrive software (version 500014) to transmit an acoustic signal. 

An external 800 Ohm, 18.2 turn transformer (TX210-800) supplied an internal driving voltage 

to convert the acoustic signal from the transducer into acoustic energy. 
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Prior to any experiments an impedance sweep of the transducer was performed to check the 

driving frequency of the transducer was 45 kHz. The transducer was fully immersed in the 

tank. The centre of the transducer face was positioned 11 cm from the surface water and tiles 

lining the bottom of the tank. The impedance sweep settings are described in Table 2.3. 

 

Table 2.3 Impedance sweep settings. 

Settings applied to the Piezodrive software for a 45 kHz impedance sweep.  

 

Voltage (V peak – peak) 1 

Max Load Power (W) 210 

Start Frequency (Hz) 42000 

End Frequency (Hz) 48000 

Step (Hz) 100 

Min Delay (ms) 10 

 

 

2.3 Characterisation of ultrasound exposure systems 

2.3.1 DuoSon thermal measurements in 35 mm culture dish 

The temperature of culture medium (cEGM) within a 35 mm culture dish was recorded during 

30 min of ultrasound exposure. 5 ml cEGM was added to a 35 mm culture dish and placed in 

a 37 °C incubator for 24 h. The dish was then removed and vertically aligned with the 

transducer tip using the clamp configuration. The transducer was immersed in the cEGM 

5 mm from the surface of the culture dish. Ultrasound was applied at 45 kHz using the 3 low 

frequency modes of 10, 25 and 75 mW/cm2. The control consisted of immersing the 

transducer in the dish with the same configuration although the transducer was not activated. 

The temperature of the cEGM was measured using two K-type thermocouples connected to a 
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USB data logger (Pico Technology, UK) and recorded at 1-second intervals using PicoLog 

data logging software (Fig 2.6).  

 

 

Figure 2.6 Diagram of DuoSon thermal reading experimental setup. 

Two K-Type thermocouples were submerged in 5 ml cEGM in a 35 mm dish. The 

transducer was maintained 5 mm away from the dish surface in a clamp stand. PicoLog 

software was used to record the temperature every second for 30 min. Image created in 

BioRender.com. 

 

 

2.3.2 Acoustic absorbing tank temperature measurements 

Potential thermal effects of ultrasound exposure in the acoustic absorbing tank were 

investigated using the same temperature recording process as described for petri dish 

temperature monitoring. The tank water was heated to 37 °C using a water immersion heater. 

The heater was removed prior to any ultrasound emission to remove any interference in the 

ultrasonic field. Temperature was monitored during ultrasound exposure by submerging the 

thermocouples in the tank water, positioned near the transducer face. The temperature of 

culture medium within the CLINIcell® cassette was measured by placing a thermocouple 
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within the media inlet valve. A single temperature reading was taken immediately before and 

after 5 min ultrasound exposure driven using currents of 0.02, 0.04 and 0.06 A.  

 

2.3.3 Pressure field mapping of acoustic absorbing tank 

The acoustic field of the tank during 45 kHz continuous wave emission was measured using a 

low frequency scanning system at the University of Glasgow, designed for measuring 

frequencies of 500 kHz or less. The collaboration with University of Glasgow was arranged 

via the joint EPSRC ‘Surgery Enabled by Ultrasonics’ project. The aim of this study was to 

expose cells to ultrasound with minimal wave interference.  

 

The 60 cm x 30 cm x 30 cm tank, lined with acoustic absorbing tiles, was filled with degassed 

deionised water prior to scanning. The transducer was driven at 45 kHz, 0.04 A as described 

in section 2.2.2.3. Cells were not present during scanning measurements. LabVIEW-based 

control software, designed by University of Glasgow researchers for previous research, was 

linked to a motorised stage to control the position and movement of a mounted 4 mm needle 

hydrophone (Precision Acoustics, Dorchester, UK) in the X Y Z planes (Fig 2.7). The 4 mm 

needle hydrophone was calibrated at additional low frequencies from 20 – 45 kHz by 

Precision Acoustics (Appendix Table 7.1). The hydrophone was connected to a preamplifier 

which in turn was connected to a DC coupler. The hydrophone output was recorded by a 

Picoscope which was ‘triggered’ to take hydrophone measurements at certain time points by a 

DAC card amplifier. The DAC card amplified the trigger sent to the Picoscope ensuring the 

hydrophone measurements were saved in a MATLAB file format. These measurements were 

then imported to a MATLAB script written by Hilde Metzger (PhD student, University of 

Glasgow) to produce a 2D pressure map of the scanned field in MPa (Appendix 7.4.2).  
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Figure 2.7 Diagram of acoustic pressure mapping methodology. 

The acoustic field of 45 kHz transducer was measured using a 4 mm needle hydrophone. 

A scanning tank setup present at University of Glasgow was utilised to control the 

movement of the hydrophone to create pressure maps in transverse and longitudinal 

directions. Hydrophone output was recorded using PicoLog software and recorded as a 

MatLab file through a DAC card trigger to the Picoscope.  

 

 

The 4 mm diameter needle hydrophone was submerged in the centre of the tank, 11 cm from 

the water surface and 11 cm from the bottom tiles through ruler measurement. The 

hydrophone was positioned perpendicular to the centre of the transducer front face aligned 

manually and by adjusting the XY position using an alignment programme in LabVIEW. 
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Once centralised the hydrophone was moved in the Z plane to the desired starting position of 

5 mm or 25 mm from the transducer face through the alignment programme. Once aligned, 

the position was set to zero in the programme.  

 

A wetting time of at least 20 min followed, meaning the hydrophone was submerged in the 

water but not switched on, to ensure no air was trapped inside or on the surface of the 

hydrophone before scanning commenced and for the temperature of the hydrophone to 

equalise with the water (Robinson & Green, 1997). The movement of the hydrophone during 

ultrasound exposure was programmed using a scan submergent step programme in LabVIEW. 

The mapped areas of interest were transverse scans across the transducer face 5 mm and 

25 mm away and a longitudinal scan starting 5 mm away from the transducer face and 

moving in the Z plane to 25 mm distance. All scans had the XY dimensions of 105 mm x 

85 mm corresponding with the dimensions of the CLINIcell® cassette.  

 

The transverse scan 5 mm from the transducer front face, provided knowledge of the beam 

profile that would be interacting with the cells placed within the cassette during ultrasound 

exposure (Fig 2.8 A, transverse scan 1). The hydrophone was positioned 5 mm away, 

perpendicular to the centre of the transducer front face. Once in the correct starting position, 

coordinates of the scan were entered into the LabVIEW stepped scan programme (Table 2.4).  
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Table 2.4 Submergent scan settings for transverse scans. 

The settings inputted into the submergent scan programme controlled the robotic motor to 

move the hydrophone 2.5 mm at 2 mm/s over an area of 105 mm x 85 mm. The settings 

were the same for all transverse scans: 5 mm, 25 mm no cassette and 25 mm with 

cassette.  

 

 X plane Y plane  Z plane 

Dimension (mm) 105 85 0 

Step (mm) 2.5 2.5 0 

Speed (mm/s) 2 2 0 

 

 

After every movement of 2.5 mm the hydrophone stopped and was ‘triggered’ to take a 

measurement and save the Picoscope reading as a MATLAB file.  

 

Further scans were made 25 mm from the transducer front face, one without a CLINIcell® 

cassette present (Fig 2.8 A, transverse scan 2) and another with a cassette present (Fig 2.8 B, 

transverse scan 3). The CLINIcell® cassette was filled with deionised water and placed 5 mm 

away from the transducer in between the transducer and hydrophone. These scans were made 

to analyse any wave attenuation caused by the polycarbonate cassette. 
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Figure 2.8 Schematic representing transverse pressure field scans of acoustic field in 

absorbing tank. 

 (A) Transverse scan 1 represents a scan taken 5 mm away from the transducer face 

105 mm x 85 mm (X Y plane). Transverse scan 2 was taken 25 mm away from the 

transducer face with the same scan dimensions without a CLINIcell® cassette present. 

(B) A transverse scan with the same dimensions was conducted 25 mm away from the 

transducer face, with a CLINIcell® cassette present 5 mm away from the transducer face. 

Drawing not to scale. 
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A longitudinal scan in the YZ plane was conducted to analyse the acoustic field in relation to 

distance from the front face of the transducer (Fig 2.9). The hydrophone was positioned 5 mm 

away from the transducer front face following the alignment programme protocol described. 

The submergent step programme was used to move the transducer further away from the 

transducer in the YZ plane 85 mm x 25 mm using the settings in Table 2.5. 

 

 

Figure 2.9 Schematic representing a longitudinal pressure field scan of acoustic field in 

absorbing tank. 

A longitudinal scan was taken during 45 kHz exposure in an acoustic absorbing tank. A 

4 mm needle hydrophone took measurements in a scan field of 85 mm x 25 mm (Y Z 

plane). Drawing not to scale. 

 

 

Table 2.5 Submergent scan settings for the longitudinal scan. 

The settings inputted into the submergent scan programme controlled the robotic motor to 

move the hydrophone 2.5 mm at 2 mm/s over an area of 85 mm x 25 mm in YZ direction. 

 

 X plane Y plane Z plane 

Dimension (mm) 0 85 25 

Step (mm) 0 2.5 2.5 

Speed (mm/s) 0 2 2 
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Multiple point scan measurements were taken 5 mm, 25 mm and 25 mm with a CLINIcell® 

cassette present from the transducer face to assess the pressure output in relation to increasing 

current levels (A) applied to the transducer. The current settings used for measurements 

ranged from 0.001 A to 0.075 A. The data was saved as a MATLab file using the Picoscope 

trigger and converted to linear relationship graphs using a MatLab script written by University 

of Glasgow PhD student Jack Stevenson (Appendix 7.4.2).  

 

2.4 Exposure of ultrasound to HUVECs 

Two different methods of ultrasound exposure were utilised in this project. The DuoSon 

device was used in a class II safety cabinet and cells were exposed to the transducer separated 

by 5 mm in a 35 mm culture dish. A degassed water tank method was subsequently used in a 

characterised acoustic field with increased control over temperature and reducing reflection 

and standing wave formation due to the presence of acoustic absorbing tiles.  

 

2.4.1 Ultrasonic exposure in 35 mm culture dish 

Once HUVECs had grown to ~80 % confluency in a T75 flask, cEGM was removed and cells 

washed with 3 ml HEPES buffered saline solution (HEPES BSS, Promocell, Heidelberg, 

Germany). To detach the cells, 2.5 ml 0.04 %/0.03 % trypsin/EDTA solution (Promocell, 

Heidelberg, Germany) was added. Once cells were observed as detached using brightfield 

microscopy visualisation (Motic AE21, China), the reaction was stopped through the addition 

of 2.5 ml trypsin neutralising solution (TNS; 0.05 % Trypsin Inhibitor/0.1 % Bovine Serum 

Albumin; Promocell, Heidelberg, Germany). The dissociated cell suspension was collected 

into a Falcon tube (Appleton Woods, UK) and centrifuged at 220 x g for 3 min (5804R, 
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Eppendorf, UK). The supernatant was discarded and the pellet resuspended in 2 ml cEGM to 

determine cell number using an improved Neubauer haemocytometer (Hawksley, UK).  

 

HUVECs were seeded into 0.1 % gelatin-coated 35 mm culture dishes (CytoOne®, StarLab, 

UK) at a density of 9.6 x104 cells/well in 2 ml cEGM. The culture dishes were then incubated 

at 37 °C overnight prior to ultrasonic treatment. Before ultrasonic treatment 3 ml cEGM was 

added to ensure the DuoSon transducer face was immersed. The transducer face was cleaned 

with 70 % ethanol and washed in 37 °C warmed sterile cEGM prior to each cell treatment.  

Cells were treated with 45 kHz ultrasound for 5 min at either 10, 25 or 75 mW/cm2 (Section 

2.2.1) and compared with an untreated control where the transducer face was submerged, but 

no ultrasound applied.  

 

2.4.2 Ultrasonic exposure in CLINIcell® cassette 

HUVECs were seeded in a CLINIcell® cassette at the same seeding density of 

10,000 cells/cm2 as in the DuoSon experiments. Cells were suspended in 10 ml warmed 

sterile cEGM and added through the inlet valve of the cassette using a 20 ml Luer Lock 

syringe (Fisherbrand, Fisher, UK). The valve on the opposite side of the cassette was also 

opened during cell addition to facilitate the escape of bubbles and reduce the pressure applied 

to the cassette membrane. Once added, the valves were closed, tightened and the cassettes 

were kept at 37 °C, 5 % CO2 overnight to allow cell attachment to the polycarbonate 

membrane.  

 

Following overnight culture, the tank was filled with 22 L of degassed water, previously 

described (Section 2.2.2.1), by careful pouring of 5 L Duran bottles to minimise the 
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possibility of regassing. The water was heated to 37 °C using an immersion heater (Schimer, 

UK) prior to cassette addition. Before cassettes were placed in the tank an impedance sweep 

was carried out for the 45 kHz transducer (Section 2.2.2.3). The CLINIcell® cassette was 

placed in the 3D printed cassette holder and mounted to the marked positions in the rig for 

full immersion 5 mm from the transducer face.  

 

Once transducer and cassette were positioned and water was at 37 °C, the immersion heater 

was removed from the tank before ultrasound exposure. Continuous wave ultrasound 

exposure was initiated at 45 kHz, 0.04 A as programmed with the PiezoDrive software 

(version 500014). After 5 min exposure the cassette was removed from the tank and placed in 

the 37 °C incubator until further analysis.  

 

2.5 Viable cell number analysis 

HUVEC number and viability were analysed following exposure to ultrasound as 

proliferation is one of the key indicators of angiogenic potential. The two methods employed 

in this study were manual cell counting and a cell counting kit 8 (CCK-8) assay.  

 

2.5.1 Trypan blue exclusion assay 

Viable cell number was quantified using a trypan blue viability assay protocol following 

ultrasound exposure. Trypan blue is a dye that penetrates damaged cell membranes. Viable 

cells with an intact cell membrane appear clear and unstained using light microscopy (Strober, 

2001). Nonviable cells have a permeable cell membrane allowing trypan blue to pass into the 

cell cytoplasm and appear blue-stained using light microscopy. 
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For DuoSon experiments, cEGM was removed and cells were washed with 1 ml PBS to 

remove any remaining cell debris. Cells were then trypsinised with 1 ml 0.04 % / 0.03 % 

Tryspin/EDTA solution until all cells were detached as observed using brightfield microscope 

visualisation (Motic AE21, China). Once detached, 1 ml TNS was added to the cells, 

transferred to a Falcon tube and centrifuged at 220 x g for 3 min to obtain a cell pellet.  

 

For CLINIcell® cassette experiments, cEGM was removed via syringe and cells washed with 

5 ml PBS and manual inversion of the cassette to ensure all the membrane surface was 

covered. PBS was removed and 5 ml trypsin/EDTA added. Cassettes were placed on an 

orbital mixer (DLAB, GeneBio Systems, Canada) for 5 min. Once cells were observed as 

detached using brightfield microscope visualisation, 5 ml TNS was added to the cassette and 

thoroughly mixed. The 10 ml mixture was then added to a Falcon tube and centrifuged at 

220 x g for 3 min. 

 

The following methods were used for both DuoSon and CLINIcell® cassette trypan blue 

analysis. 

 

The cell pellet was resuspended in warmed cEGM. 20 µL of the cell suspension was added to 

an equal volume of 0.4 % trypan blue solution (Sigma-Aldrich, UK). 10 µL of this suspension 

was added to the chambers of an Improved Neubauer haemocytometer (Hawksley, UK). A 

Motic AE21 light microscope was used to count live (unstained) and dead (stained) cells 

within the 4 outer corner grids of each chamber. Cell number was calculated by multiplying 

the average number of cells by 104, the dilution factor (2) and the volume of suspension. Cell 

viability was calculated using the following equation: 
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Equation 2.1. Cell viability equation after trypan blue exclusion assay. 

 

% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠
 × 100 

 

2.5.2 Cell counting kit 8 (CCK-8) proliferation assay 

The CCK-8 cell counting kit involves the reduction of water-soluble tetrazolium salt 8 (WST-

8) to formazan by cellular dehydrogenases. Formazan is soluble in cell culture medium 

producing an orange-coloured dye which can be measured using absorbance microplate 

readers at 450 nm. The amount of formazan produced in the culture medium is proportional to 

the dehydrogenase activity and subsequently the number of viable cells. Optical density (O.D) 

readings obtained can then be used to calculate the number of viable cells using calibration 

curve data. Calibration curves were prepared following two-fold serial dilutions of a known 

starting cell concentration to plot known cell numbers against O.D absorbance readings. 

Negative control wells were also present in all experiments containing cEGM and 10 % CCK-

8 reagent. 

 

CCK-8 readings were taken 24 h and 72 h after ultrasound exposure. cEGM was removed 

from the cell culture dish and cells were washed twice with 37 °C warmed PBS. Fresh 37 °C 

cEGM was added to the cell culture dishes along with 200 µL CCK-8 reagent and mixed by 

pipetting. The dishes were then placed in the 37 °C incubator for 180 min. After the 

incubation period, 100 µL was removed from each well and added to a 96 well microplate 

(Fisher, UK). The plate was then placed in a microplate reader (ELX800, Biotek, USA) and 

O.D readings were obtained at 450 nm using the Gen5 software (Agilent Biotek, USA). 

Standard curve readings were also taken after 180 min incubation.  
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2.6 Gene expression analysis 

2.6.1 Isolation of RNA 

Total RNA was isolated from untreated and treated cells 6 h, 24 h and 72 h after ultrasound 

treatment using a RNeasy plus mini kit (QIAGEN, UK) following the manufacturer’s 

protocols. Cells were removed from the culture dish and cassette following the trypsinisation 

protocols (Section 2.5). Once a cell pellet was obtained, the pellet was then suspended in 

200 µL PBS and centrifuged at 220 x g for 3 min to wash the cells. The PBS wash was 

repeated a second time. PBS was removed and 350 µL RLT buffer (QIAGEN, UK) was 

added to the cell pellet. The pellet was resuspended in the RLT buffer with repeated pipetting 

and vortexing (Vortex-Genie 2, Scientific Industries, USA) for 30 seconds and then 

transferred to a 2 ml cryovial (Scientific Laboratory Supplies, UK). The cryovial was stored at 

-80 °C if RNA extraction was not undertaken immediately.  

 

The following steps were performed according to the RNeasy® Plus Mini kit handbook 

(QIAGEN, UK). 

 

Collected cells in RLT buffer were vortexed for 30 s to disrupt the lysate. The homogenised 

lysate was added to a genomic DNA (gDNA) eliminator spin column as a purification step. 

The gDNA column was placed in a 2 ml collection tube and centrifuged for 30 secs at 

8000 x g (10,000 rpm). The gDNA column was discarded and 1 volume (350 µL) of 70 % 

molecular grade ethanol (96 – 100 %) (Fisher, UK) added to the flow through and mixed by 

pipetting. The total mixture (700 µL) was added to a RNeasy spin column placed in a 2 ml 

collection tube and centrifuged for 15 s at 8000 x g (10,000 rpm). The flow-through was 
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discarded. 700 µL RW1 buffer was added to the RNeasy Mini spin column and centrifuged 

for 15 s at 8000 x g (10,000 rpm) and the flow-through discarded.  

 

A working solution of RPE buffer was made by adding 4 volumes of molecular grade ethanol 

(Fisher, UK). 500 µL of RPE solution was used to wash the column of any residual ethanol by 

centrifugation at 8000 x g for 15 s then a further 2 min after discarding the flow through. The 

column was then spun at 13, 200 rpm for 1 min to further dry the column membrane to ensure 

no residual ethanol remained which could interfere with the elution of RNA. The RNeasy spin 

column was placed in a new 1.5 ml collection tube. 30 µL of RNase-free water was added 

directly to the membrane and centrifuged for 1 min at 8000 x g (10,000 rpm) to elute the 

bound RNA.  

 

2.6.2 RNA quantification 

The quantity and quality of eluted RNA was measured by a micro volume NanoDrop 

spectrophotometer (Jenway 6300, Genova Nano, UK). The reader was cleaned with 70 % 

ethanol prior to use. The reader was first ‘blanked’ using 1 µL RNase-free water (QIAGEN, 

UK) allowing a background absorbance value to be determined and minimising interference 

with sample readings. 1 µL of eluted sample RNA was then added to the middle of the reader 

for measurement. The concentration (µg/ml) and purity (260/280) readings were taken for 

every RNA sample. Samples with purities within the acceptable range of 1.9 – 2.1 were then 

used for the following complementary DNA (cDNA) synthesis. 
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2.6.3 Reverse transcription for cDNA synthesis 

Single stranded cDNA was synthesised from eluted RNA following Tetro cDNA Synthesis 

Kit protocol (Meridian Biosciences, Bioline, UK). A ‘master mix’ was made by the addition 

of supplied reagents (quantities added per sample): 1 µL primer oligo II, 1 µL 10 mM dNTP, 

4 µL 5X RT buffer, 1 µL, RNase inhibitor, 1 µL reverse transcriptase. After mixing by 

pipetting, 8 µL of the master mix was aliquoted to each PCR reaction tube (4titude, Fisher 

Scientific, UK) for each sample. 0.5 - 1 µg of RNA was then added to the PCR tubes. After 

RNA addition DPEC-treated water (Meridian Biosciences, UK) was added, if necessary, to 

reach a final reaction volume of 20 µL. All tubes were briefly centrifuged to ensure all 

mixture was collected to the bottom of the tube. The PCR tubes were then placed in a 

Biometra TAdvanced thermocycler (Analytik Jena, Germany) where samples were incubated 

at 45 °C for 60 min to generate complementary DNA (cDNA). The reaction was then 

terminated at 85 °C for 5 min. All cDNA samples were stored at -20 °C for future work. 

 

2.6.4 Semi quantitative reverse transcriptase polymerase chain reaction (sqRT-PCR) 

The primer sequences used for the following polymerase chain reaction analyses are 

described in Table 2.6. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 

the housekeeping gene in all sqRT-PCR experiments to act as a normalisation reference for 

the expression of the genes of interest. A ‘mastermix’ was made for each primer pair 

containing 10 µL forward primer, 10 µL reverse primer and 60 µL RNase-free water. A mix 

of 12.5 µL REDTaq® ReadyMix™ PCR reaction mix, 2 µL of primer ‘mastermix’ and 

9.5 µL RNase-free water was made for each cDNA sample. 24 µL of this mixture was 

aliquoted to each reaction tube with 1 µL cDNA. The reaction mix was then placed in a 

Biometra TAdvanced thermocycler (Analytik Jena, Germany) to follow a process of initial 
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denaturation and polymerase activation at 94 °C for 5 min followed by annealing of primers 

and extension of the DNA at 63 °C. The reaction was then terminated at 72 °C for 10 min and 

cooled to 4 °C.  

 

2.6.4.1 Gel electrophoresis and visualisation 

sq-RT PCR product sizes were validated via gel electrophoresis technique and preliminary 

expression level changes were assessed. Briefly, a gel consisting of 1.5 % agarose 

(EuroGentec, Belgium) dissolved in tris-acetate-EDTA buffer (TAE, Thermofisher, UK) was 

made. 6 µL of SYBR® safe DNA gel stain (Invitrogen, Thermofisher Scientific, UK) was 

added to allow visualisation of DNA. 3 µL of a reference GeneRuler 1 kb DNA Ladder 

(ThermoFisher Scientific, UK) was added to each gel, followed by 3 µL of reaction samples. 

A current of 100 V was applied to the gel for 40 min to induce separation of the genes and the 

reference gene ladder. After electrophoresis, gene expression was visualised as bands 

following exposure to ultraviolet light using a SynGene G:BOX gel visualisation system 

(SynGene, UK). Expression levels were quantified by normalising target gene band intensity 

to the housekeeping reference gene GAPDH. 
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Table 2.6 Description of the primers used for sqRT-PCR and qPCR analysis. 

 

Gene Name Gene 
Accession number 

/ Source 
Primer sequence 5′ - 3′ 

Product 

(bp) 

No. cycles 

(sqRT 

PCR) 

Efficiency 

value 

(qPCR) 

Beta-2-

microtubulin 
B2M NM_004048 

F-5’-ACC CCC ACT GAA AAA GAT GA-3’ 

R-5’-ATC TTC AAA CCT CCA TGA TG-3’ 
114 N/A 2.05 

Glyceraldehyde-

3- phosphate 

dehydrogenase 

GAPDH 

(sqRT PCR) 

In house primer 

School of Dentistry 

F-5’-TCT AGA CGG CAG GTC AGG TCC-3’ 

R-5’-CCA CCC ATG GCA AAT TCC ATG-3’ 
598 20 N/A 

Glyceraldehyde-

3- phosphate 

dehydrogenase 

GAPDH 

(qPCR) 
NM_002046 

F-5’-CTC CTG TTC GAC AGT CAG-3’ 

R-5’-GCC CAA TAC GAC CAA ATC-3’ 
111 N/A 2.07 

Tyrosine 3-

monooxygenase 
YWHAZ NM_003406 

F-5’-ACT TTT GGT ACA TTG TGG CTT CAA-3’ 

R-5’-CCG CCA GGA CAA ACC AGT AT-3’ 
94 N/A 2.09 

Ribosomal 

protein L27 
RPL27 NM_001349921  

F-5’-ATG GGC AAG AAG AAG ATC GC-3’ 

R-5’-AGA CAT CCT TAT TGA CGA CAG TT-3’ 
133 N/A 1.913 

Endothelial nitric 

oxide synthase 

eNOS 

 

NM_000603 

 

F-5’- CTC CAG CCC CGG TAC TAC TC -3’  

R-5’- TTA GCC ACG TGG AGC AGA CT -3’ 
139 

 

N/A 

 

1.979 

Platelet 

endothelial cell 

adhesion 

molecule 1 

PECAM-1 
NM_000442 

 

F-5′-TCA AAT GAT CCT GCG GTA TTC-3′ 

R-5′-CCA CCA CCT TAC TTG ACA GGA-3′ 
169 32 1.92 
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Vascular 

endothelial 

growth factor A 

VEGF-A 
NM_001033756 

 

F-5′-CCC ACT GAG GAG TCC AAC AT-3′ 

R-5′-AAA TGC TTT CTC CGC TCT GA-3′ 
173 32 1.89 

Vascular 

endothelial 

growth factor 

receptor 2 

VEGF-R2 
NM_002253 

 

F-5′-GCA ATC CCT GTG GAT CTG AA-3′ 

R-5′-ACT CCA TGC CCT TAG CCA CT-3′ 
193 30 2.00 

Von Willebrand 

factor 
VWF 

NM_000552 

 

F-5′-GAC CTT GCT GAA GAG TCA TCG-3′ 

R-5′-GCC AGT CAG CTT GAA ATT CTG-3′ 
184 26 1.87 
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2.6.5 Real time quantitative polymerase chain reaction (qPCR) 

qPCR has become the gold standard of gene expression analysis as it allows “real time” 

quantification of products throughout the duration of the PCR reaction. The following method 

uses a sensitive fluorescent DNA stain (SYBR Green I) which has a high affinity for double 

stranded DNA (dsDNA). Once bound to the minor groove of dsDNA the fluorescence 

increases up to 1000-fold. The fluorescence signal can consequently be used to quantify the 

amount of dsDNA present as the fluorescence is proportional to the amount of dsDNA PCR 

product (Wittwer et al., 1997).  

 

2.6.5.1 Primer efficiency  

The efficiency of primers used in qPCR was established via calibration curves of serially 

diluted cDNA concentrations prior to running gene of interest samples. A primer ‘master mix’ 

was made for each gene of interest and housekeeper gene using the following components of 

the LightCycler® 480 SYBR Green I Master (Roche, UK): 100 µL Green I Master, 78 µL 

H2O and 1 µL of the specific forward primer and 1 µL of the specific reverse primer. The 

tubes were vortexed for 5 seconds to ensure efficient mixing. 9 µL of the primer mixture was 

added to the wells of a Light Cycler 96 well plate (Roche, UK).  

 

A pool of all cDNA samples was made. This 100 % cDNA mixture was diluted with 

molecular grade RNase-free water to create concentrations of 50 %, 10 %, 1 %, 0.1 % and a 

control 0 % cDNA with only molecular grade H2O (Corning, USA). 1 µL of diluted cDNA 

was added in duplicate wells of the 96 well plate on ice (Fig 2.10).  
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Figure 2.10 Plate layout for primer efficiency PCR run. 

Serial dilutions of 100% pooled sample cDNA were added to a 96 well PCR microplate in 

duplicate wells. Each row corresponds to a different primer. 

 

 

After sample addition, the plate was sealed with plate sealing film (Roche, UK) and 

centrifuged at 3220 rpm for 3 min (Universal 320 R, Hettich, Germany) to ensure all mixture 

was collected to the bottom of the wells. The plate was then transferred to a LightCycler® 

480 Instrument II (Roche Diagnostics, Switzerland) for real-time qPCR analysis. The cycle 

settings for the primer efficiency and all subsequent runs are detailed in Table 2.7. The system 

software LightCycler® 480 software version 1.5 (Roche, UK) was used to calculate primer 

efficiency. Primers were deemed ‘efficient’ if the amplification efficiency value was 2 ± 0.2 

as stated in MIQE guidelines (Bustin et al., 2009). This indicated that the amount of PCR 

product doubles with each cycle. 
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Table 2.7 qPCR programme settings for primer efficiency PCR reaction plate. 

The following settings were input into the LightCycler® 480 Instrument II for primer 

efficiency PCR cycle runs. 

 

Stage 
Temperature 

(°C) 
Time (min : sec) No. cycles 

Pre-incubation 95 5:00 1 

Amplification 

Denaturation 95 0:20 

60 Annealing 60 0:20 

Extension 72 0:30 

Melting Curve 97 Continuous 1 

Cooling 40 0:30 1 

 

 

2.6.5.2 LightCycler® 480 application 

Primer master mix for housekeeper and target genes of interest were added to the wells of a 

Light Cycler 96 well plate. 1 µL of diluted cDNA was added in triplicate wells to each primer 

mastermix on ice (Fig 2.11) to create a final volume of 10 µL.  

 

Following the MIQE guidelines (Bustin et al., 2009) multiple controls were added to each 

plate. Inter-plate controls contained the primer mastermix for each gene present on the plate 

with 100 % pooled cDNA to ensure reliability in the comparison of results between plates. 

Negative control wells contained only primer mastermix to detect any non-specific 

amplification (e.g. primer dimers) and any sample contamination. Positive control wells 

contained GAPDH primer mastermix and 100 % pooled cDNA this was present to identify 

any errors or variation in the qPCR runs as a signal should always be detected in these wells.  
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Figure 2.11 Light Cycler 96 well plate layout for RT qPCR analysis.  

(A) Plate layout for DuoSon cDNA samples. (B) Plate layout for cassette cDNA samples. 

Samples were added in triplicate wells with three biological replicates (N1, N2, N3). 

Inter-plate controls were added to allow reliable analysis between plates. Negative 

controls contained the primer mastermix only and a GAPDH positive control with pooled 

cDNA was present.  
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The plates were centrifuged at 3220 rpm for 3 min, placed in the Lightcyler® 480 machine 

and run at the settings described in Table 2.8. Crossing point (Cp) values were calculated in 

the Lightcycler® 480 software via the second derivative maximum method. These values are 

defined as the cycle number where the fluorescence detected from the samples exceeds the 

background threshold indicating presence of the target sequence. 

 

Table 2.8 qPCR programme settings for target gene PCR reaction plate. 

The following settings were input into the LightCycler® 480 Instrument II for target gene 

PCR cycle runs. 

 

Stage 
Temperature 

(°C) 
Time (min : sec) No. cycles 

Pre-incubation 95 5:00 1 

Amplification 

Denaturation 95 0:20 

45 Annealing 60 0:20 

Extension 72 0:30 

Melting Curve 97 Continuous 1 

Cooling 40 0:30 1 

 

 

2.6.5.3 Relative quantification in qBasePLUS  

The quantification cycle values (Cq) of each plate were imported into the qBasePLUS software 

(Biogazelle, Belgium) for analysis. The calibrated normalised relative quantity (CNRQ) 

method (Hellemans et al., 2007) was used to convert the Cq values into normalised relative 

quantities (NRQs) against multiple reference (housekeeper) genes. The housekeeper genes 

used were GAPDH, B2M, YWHAZ and RPL27. The stability of these housekeepers was first 

analysed using a geNorm algorithm. The housekeeper genes with lowest variability were then 
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used as reference genes for target sample normalisation. Quality control was also used for 

sample technical replicates by setting a replicate variability threshold of 1 cycle. This meant 

the difference between the highest Cq value and lowest Cq value must not be more than 

1 cycle. Any replicates outside of this range were excluded from the calculations. 

 

2.7 Tube formation assay 

Tube formation assay was performed to investigate the effect of 45 kHz ultrasound on the 

angiogenic behaviour of HUVECs at different times post ultrasound exposure: immediately, 

24 h and 72 h after ultrasound exposure. MatrigelTM-Matrix (Corning, NY, USA) was thawed 

overnight on ice at 4 °C prior to use. All pipette tips, well plates and culture dishes used in 

tube formation experiments were chilled overnight at 4 °C.  

 

2.7.1 Tube formation in 48 well plate 

Once thawed, 50 µL of 10 mg/ml MatrigelTM was pipetted onto chilled 48 well plates (Fisher 

Scientific, UK) using cooled pipette tips. The plates were then incubated at 37 °C for 1 h to 

allow polymerisation of the basement membrane matrix. During polymerisation ultrasonically 

treated HUVECs were detached from culture dishes using Trypsin/EDTA solution and 

counted using a haemocytometer (Section 2.5.1). 5 x 104 cells were seeded in cEGM onto the 

MatrigelTM coated wells with 3 technical replicates per condition. 

 

The wells were visualised using a Nikon Eclipse TE300 phase contrast inverted microscope 

(Nikon, Japan) 4 h, 6 h and 24 h after seeding using a at 4 x objective (Plan Fluor 4x/0.13 PhL 

DL, Nikon, Japan). 4 – 5 images per well were captured using a Nikon D5100 camera (Nikon, 

Japan). Image analysis was performed using the JavaScript plugin ‘Angiogenesis Analyzer’ 
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(Carpentier, 2012) in Fiji (Schindelin et al., 2012). Images were converted from the RAW 

.NEF file using NX studio software (Nikon studio) to a 16-bit TIFF file. Images were then 

stacked to an RGB image and rescaled to 25 % the original image in Fiji. This increased the 

pixel size to ensure the Angiogenesis Analyser plug-in analysed and plotted a correct ‘map’ 

onto the images, known as an angiogenesis tree. The data from the Angiogenesis Analyser 

were exported to Microsoft Excel (Microsoft 365, version 2412, USA). The measurements for 

total tube length and the number of branches were statistically analysed in GraphPad Prism 

(GraphPad Software, USA). Comparisons between multiple time points were performed by 

setting the untreated 4 h average measurement as 100 % and all other data was set as a % 

increase/decrease to this control value.  

 

2.7.2 Tube formation in 35 mm culture dish 

Tube formation ability was assessed immediately after ultrasound treatment of HUVECs in a 

35 mm culture dish (CytoOne®, StarLab, UK). After overnight thawing, 750 µL of 10 mg/ml 

MatrigelTM was pipetted into chilled 35 mm culture dishes. After 1 h of polymerisation in a 

37 °C incubator 9.6 x 104 cells were seeded in 2 ml cEGM onto the MatrigelTM-coated dishes. 

Cells were left for 1 h to settle and attach to the matrix. After 1 h, an additional 2 ml cEGM 

was added to the culture to allow immersion of the DuoSon transducer in the 35 mm dish. The 

clamp stand was adjusted to move the stage a further 0.5 mm away from the transducer face 

to account for the 0.5 mm thick layer of MatrigelTM. This ensured a consistent distance of 

5 mm between the transducer face and the cell layer. Cells were then treated with 45 kHz 

continuous wave ultrasound (Section 2.4.1). Cells were treated for 1, 3 and 5 min with an 

untreated control group, where the DuoSon transducer was immersed but not turned on, as a 

control. 
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Images were captured in 5 regions of the well: top left, top right, bottom right, bottom left and 

centre of the well. Images were captured 4 h, 6 h and 24 h after ultrasonic treatment at 4x 

objective (Plan Fluor 4x/0.13 PhL DL, Nikon, Japan) using a Nikon D5100 camera (Nikon, 

Japan) attached to a Nikon Eclipse TE300 microscope (Nikon, Japan). The images were 

analysed using Angiogenesis Analyser JavaScript plugin in Fiji using the same analysis 

process as imaging in 48 well plates. The data was then analysed using a principal component 

analysis (PCA) in R (v 4.3.0, RStudio Team, 2020) to visualise effects of intensity, exposure 

length and time point on total tube length and number of branches measured. The parameters 

of exposure length and intensity were combined to calculate the supplied dose of ultrasound 

in Joules (J) using the calibrated total acoustic power measurements (Table 2.2) and the 

following Equation 2.2. The energy and corresponding DuoSon treatment conditions are 

described in Appendix Table 7.5. 

 

Equation 2.2. Calculation of enery supplied (J) during DuoSon exposure in 35 mm 

culture dishes. 

 

𝐸𝑛𝑒𝑟𝑔𝑦 (𝐽) = 𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 (𝑊) x 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑠) 

 

2.8 Immunocytochemistry 

Cell morphology and internal organisation was examined after ultrasound exposure using 

phalloidin staining, as the organisation of actin can be an indicator of the angiogenic 

behaviour of an endothelial cell. 

 

2.8.1 F-actin cytoskeleton staining 

ActinGreenTM 488 ReadyProbes (Thermofisher, UK) were used as a room temperature (RT) 

stable solution to Alexa Fluor 488 Phalloidin. Phalloidin is a bi-cyclic peptide with high 
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affinity and selectivity to F-actin. ActinGreenTM 488 conjugates the F-actin probe to a 

photostable green-fluorescent Alexa Fluor 488 dye providing visualisation of green-

fluorescent stained cells. ActinGreenTM 488 was used to assess any morphological changes 

post 45 kHz exposure. 

 

2.8.1.1 Cell morphology post DuoSon exposure  

Cell morphology, specifically F-actin organisation, was visualised 24 h, 48 h and 72 h after 

exposure to DuoSon 45 kHz ultrasound (Section 2.4.1). Cell culture media was removed from 

the culture dishes and cells washed twice with Dulbecco’s phosphate buffered saline (DPBS). 

Cells were then fixed with 1 ml 3.7 % paraformaldehyde (PFA, Thermo Scientific, UK) for 

10 min at RT. After fixation cells were washed twice with DPBS and permeabilized using 

0.5 % TritonTM X-100 (Sigma, UK) for 1 h at RT. Any remaining detergent was removed by 

washing with DPBS. Cells were then stained with 2 drops of ActinGreenTM 488 ReadyProbe 

(Thermofisher, UK) ensuring the entire monolayer was stained and the wells covered in 

aluminium foil for 45 min at RT. Prior to visualisation, the stain was removed, cells washed 

with DPBS and 2 drops of fluoroshield mounting medium with DAPI (Abcam, UK) were 

added to the wells. A Nikon Eclipse TE300 fluorescent microscope (Nikon, Japan) attached to 

a CoolLED pE2 excitation system (CoolLED, UK) was used for cell visualisation. The 

ActinGreenTM 488 dye was visualised at 490 nm and DAPI visualised at 400 nm wavelength. 

Images were captured using a Nikon D5100 camera (Nikon, Japan). 

 

2.8.1.2 Cell morphology post acoustic absorbing tank exposure  

Following exposure to ultrasound using the acoustic absorbing tank method (Section 2.4.2), 

HUVECs were stained for F-actin at 24 h and 72 h timepoints. At each time point cEGM was 



Materials and Methods 

112 

 

removed from the cassettes via the inlet/outlet valve using a 20 ml syringe. Cells were washed 

twice with 5 ml DPBS prior to fixation. 10 ml PFA was added to the cassette to fill the culture 

chamber in the cassette and left at RT for 10 min. After 10 min PFA was removed and cells 

were washed twice with DPBS. A sterile scalpel (Swann-Morton™, Fisher, UK) was used to 

cut the polycarbonate film from the cassette, and tweezers (Fisher, UK) used to place the 

films facing cell-side upwards into 90 mm petri dishes (Fisher, UK). 0.5 % TritonTM X-100 

was added to the films covering the film surface for 1 h at RT. The films were washed with 

DPBS and then stained with ActinGreenTM 488 ReadyProbe ensuring the stain was added to 

the entire surface of the film. After 30 min covered in foil at RT the stain was removed, 

washed with DPBS and fluoroshield mounting medium with DAPI added to the film. Cells 

were visualised following the same procedure as analysis of actin following DuoSon 

exposure. 

 

2.9 Statistical analysis 

All experiments contained 3 technical replicates n = 3 and at least 3 biological replicates 

N ≥ 3 to allow for statistical analysis. Biological replicates were defined as separate cell 

cultures from different HUVEC passages (passage 2 – 5 only) used in experimentation on 

different days.  

 

2.9.1 GraphPad Prism 

Statistical analysis was carried out in GraphPad Prism, versions 9.3.1 to 10.4.1 (GraphPad 

Software, San Diego, California, US) unless otherwise stated. Temperature measurements 

during DuoSon exposure were analysed via one-phase decay non-linear regression analysis to 

quantify the rate of temperature change during DuoSon exposure. The tests implemented for 
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comparisons of 3 or more data sets were one-way analysis of variance (ANOVA) with 

Tukey’s post-hoc HSD (honestly significant difference) calculator or two-way ANOVA with 

Tukey’s post hoc test. Comparisons between the means of 2 groups were made using unpaired 

t-test analysis. The tests used for each analysis are defined in the corresponding results 

section. 

 

2.9.2 Principal component analysis (PCA) 

PCA is a technique used to identify significant differences within large data sets. PCA was 

used to analyse data obtained from ‘Angiogenesis Analyser’ results from the tube formation 

assay in 35 mm culture dishes. Large data sets were obtained from the ‘Angiogenesis 

Analyser’ as multiple ultrasound conditions were investigated: intensity, lengths of exposure 

and times after exposure. Rather than choose what variables to analyse, PCA analysis was 

performed on the whole dataset and visualized in R (v 4.3.0, RStudio Team, 2020, Boston, 

MA, USA) using the packages FactoMineR (Lê et al., 2008), factoextra (Kassambara & 

Mundt, 2017), ggplot2 (Wickham, 2016), devtools (Wickham et al., 2022), ggfortify (Tang et 

al., 2016) and dplyr (Wickham et al., 2023). Ellipses produced on the graphs indicated a 

confidence of 95%. The script written and run in R can be found in Appendix 7.4.1. 

 

2.10 Illustration design 

Illustrations within this thesis were created in Biorender.com. 
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3.1 HUVEC exposure to 45 kHz using DuoSon transducer  

3.1.1 Introduction 

The following section describes experimentation undertaken to identify an effect on HUVEC 

behaviour following exposure to 5 min 45 kHz continuous wave ultrasound via the DuoSon 

device. As HUVECs would be exposed to the surrounding atmosphere during DuoSon 

transducer submergence, the work was carried out in a sterile class II hood. To maintain 

sterility, class II hoods are supplied with a constant flow of recirculating filtered air. For this 

reasoning, the effect of working in a class II hood on the temperature of cell culture medium 

(cEGM) was assessed via K-type thermocouple readings. Following this, HUVEC response to 

45 kHz DuoSon ultrasound was analysed outlined in Fig 3.1. HUVEC morphology was 

observed via F-actin staining, as the main component of a cell cytoskeleton which is crucial to 

numerous cell activities such as cell-cell connections, motility and shape. After visualisation, 

quantitative analysis on HUVEC response to ultrasound was investigated. HUVEC viability 

and number was analysed via trypan blue staining and CCK-8 assay to identify any 

stimulating or damaging effect caused by low frequency ultrasound exposure. 

 

 

Figure 3.1 Representatice timeline of HUVEC response analysis to DuoSon exposure. 

Following DuoSon exposure for 5 min at 3 different intensities, HUVEC response was 

analysed at multiple timepoints. qPCR was used to study gene expression response, cell 

number and viability was assessed via trypan blue and CCK-8 assay and HUVEC 

cytoskeleton organisation was observed via F-actin staining and microscopy techniques. 
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3.1.2 Temperature of culture medium during ultrasound exposure 

Temperature recordings taken immediately after the culture dish was removed from a 37 °C 

incubator and placed in the clamp configuration showed the medium always cooled at the first 

sample recording (0 s). With the class II cabinet air flow turned on (Fig 3.2 A) and off 

(Fig 3.2 B) the temperature of the medium decreased during the 30 min ultrasound exposure 

for all intensities (0, 10, 25 & 75 mW/cm2). The temperature began to plateau after 

approximately 10 min of exposure with air flow, earlier than without air flow where the media 

continued to cool. However, one-phase decay analysis showed the rate of temperature 

decrease was significantly different between all conditions tested with or without air flow, as 

all curves were significantly different to each other (p < 0.0001). Therefore the rate of 

medium cooling was dependent on the air flow supply to the class II cabinet, as well as the 

intensity of ultrasound applied. The higher the intensity of ultrasound the slower the rate of 

medium cooling.  
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Figure 3.2 Culture medium temperature with 45 kHz ultrasound treatment for 30 min 

following removal of culture dish from 37 °C incubator. 

One-phase decay analysis was performed on temperature readings over 30 min ultrasound 

exposure. With air flow (A) and without air flow (B) the higher the intensity of 

ultrasound, the slower the rate of medium cooling. (N = 3, mean value with line of best fit 

determined with nonlinear regression analysis). 

 

 

 

The final temperature reading taken after 30 min ultrasound of untreated cEGM decreased to 

17.3 °C with air flow in the class II cabinet (Fig 3.3 A). This was significantly lower than 

occurred with exposure to ultrasound intensities of 25 mW/cm2 (19.6 °C, p < 0.05) and 

75 mW/cm2 (20.9 °C, p < 0.0001). The final temperature of cEGM exposed to 75 mW/cm2 
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was also significantly higher than when exposed to the lowest ultrasound intensity of 

10 mW/cm2 (p < 0.05). There was no significant difference in the final temperature of cEGM 

when exposed to 10 mW/cm2 and 25 mW/cm2 (p = 0.1381) ultrasound intensities. Similarly, 

without air flow the final temperature of untreated cEGM (18.2 °C) was significantly lower 

than ultrasound treated cEGM (Fig 3.3 B). 10 mW/cm2 (19.9 °C; p < 0.05), 25 mW/cm2 

(20.6 °C; p < 0.01) and 75 mW/cm2 (23.1 °C p < 0.0001). The final temperature of cEGM 

exposed to the highest intensity 75 mW/cm2 was significantly higher than other conditions 

(p < 0.0001). A significant difference was observed between the final temperature readings of 

25 mW/cm2 and 10 mW/cm2 (p < 0.05).  

 

 

Figure 3.3 Final temperature recording after 30 min ultrasound with and without air 

flow. 

Temperature recordings taken of cEGM after 30 min of ultrasound exposure at 10, 25 and 

75 mW/cm2 and in untreated cEGM. Recordings taken with (A) and (B) without air flow. 

Significant differences were identified through one-way ANOVA with Tukey’s multiple 

comparisons post-hoc test. (N = 3, mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). 
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Due to the significant decrease in temperature seen over 30 min exposure, subsequent cell 

culture experiments were conducted during a 5 min exposure period. The temperature 

recordings after 5 min showed mostly insignificant differences in medium temperature 

between untreated and ultrasound treated cEGM with air flow (Fig 3.4). The only significant 

difference (p < 0.05) was recorded between untreated cEGM (20.6 °C) and cEGM exposed to 

25 mW/cm2 (23.1 °C). Therefore, it could be argued that any subsequent differences in 

cellular response following 5 min ultrasound exposure would likely not be a result of 

temperature difference between untreated and treated cells but of the non-thermal effects of 

ultrasound excitation. 

 

 

Figure 3.4 Temperature readings taken after 5 min ultrasound exposure with air flow. 

Temperature recordings taken of cEGM after 5 min of ultrasound exposure at 10, 25 and 

75 mW/cm2 and in untreated cEGM with air flow supply. Significant differences were 

identified through one-way ANOVA with Tukey’s multiple comparisons post-hoc test.  

(N = 3, mean ± SD; * p < 0.05). 
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3.1.3 Influence of 45 kHz DuoSon exposure on HUVEC cytoskeleton  

Following temperature measurements, HUVECs were exposed in vitro to 5 min 45 kHz 

DuoSon US. An effect on the HUVEC cytoskeleton was subsequently investigated. HUVECs 

were visualised 24 h and 72 h after DuoSon ultrasound exposure via F-actin and nuclear 

(DAPI) staining. The fluorescent images were overlaid allowing visualisation of the HUVEC 

monolayer and more specifically cytoskeleton organisation.  

 

Over the imaging period from 24 h to 72 h cell density appeared to increase in untreated and 

treated cells with apparent increased visualisation of cell-cell contact points, represented in 

Fig 3.5 B, D, F & H. However, areas of more closely aggregated cells were seen in cells 

exposed to ultrasound at intensities of 25 and 75 mW/cm2 after 72 h (Fig 3.5 F & H) 

compared with untreated cells (Fig 3.5 B). Localised actin staining could be observed in some 

instances at these cell-cell contact points (white arrows in Fig 3.5 B, D, F, G, H), which 

correlates to actin’s function in in endothelial cell-cell contact (Schnittler et al., 2014). So-

called actin localisation could also be seen in cells that were not within contact of another cell 

in all conditions, most predominantly 24 h after exposure (orange arrows in Fig 3.5 A, C, E, 

G). These areas of localised actin may indicate the location of the leading edge of a migrating 

cell as actin is implicated in cellular motility (Lamalice et al., 2007). As all cells, ultrasound 

exposed and unexposed, displayed localised staining this may suggest cell motility was not 

inhibited by ultrasound exposure. Though this effect cannot be determined quantitatively 

through these stained images.  

 

Not only were localised points of actin observed, but actin staining spanning the HUVEC 

membrane was also seen in some instances (yellow arrows in Fig 3.5 E, F & G). This staining 



Results 

121 

 

corresponds to actin filaments present in the cell membrane cytoskeleton. As this staining was 

observed in untreated cells and those exposed to ultrasound it can be suggested that the cell 

membrane integrity was not damaged due to ultrasound exposure. HUVECs also exhibited 

similar morphology when exposed and unexposed to DuoSon ultrasound suggesting no 

noticeable effect on the cellular structure. 
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Figure 3.5 Fluorescent micrographs of F-actin stained HUVECs 24 h, 48 h and 72 h post 

ultrasound exposure. 

Localised areas of F-actin can be seen on the edge of HUVECs with (white arrows) and 

without (orange arrows) cell-cell contact. Elongated staining could also be seen at the 

edge of some HUVEC bodies (yellow arrows). (N = 3, scale bars represent 100 µm). 
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3.1.4 Viable cell number analysis 

Cells counted 24 h after ultrasound exposure at 10 mW/cm2 showed a 10 % increase in viable 

cell number compared with untreated cells. Exposure to intensities of 25 mW/cm2 and 

75 mW/cm2 showed greater increase in cell number by 19 % and 15 % compared with 

untreated cells (Fig 3.6 A). However, these increased numbers respectively counted were not 

significantly higher than the untreated cells numbers counted (p = 0.5989 and p = 0.8681, 

respectively). Analysis of HUVEC numbers 48 h after ultrasound treatment showed a similar 

trend to that observed at 24 h (Fig 3.6 B). Increased viable cell numbers were counted after 

exposure to intensities of 25 and 75 mW/cm2. Similarly to numbers counted after 24 h, 

25 mW/cm2 delivery resulted in the highest increase in viable cell number of 12 % compared 

with untreated cells. A slight decrease in viable cell number was seen in cells exposed to 

10 mW/cm2, 10 % lower than untreated cells. Although all differences were not statistically 

significant after one-way ANOVA analysis. Nonetheless, these observations indicate no 

significantly detrimental effects to cell viability. On the contrary, a positive effect can be 

suggested due to the increase of viable cell number, though not statistically significant, most 

likely due to the short time after treatment.  

 

Viable HUVEC number was also evaluated 72 h after ultrasound treatment. A significant 

increase in viable cell number compared with controls was seen in all ultrasound treated 

groups (Fig 3.6 C). Cells exposed to 10 mW/cm2 intensity ultrasound showed a 14 % 

(p < 0.05) increase in cell number compared with cells unexposed to ultrasound. 45 kHz 

continuous ultrasound at the highest intensity of 75 mW/cm2 resulted in a significant 25 % 

increase in cell number (p < 0.001). As with viable cell number analysis 24 h and 48 h after 

ultrasound exposure, the greatest increase in viable cell number was seen after delivery of 
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25 mW/cm2 intensity. Viable cell number was significantly greater than untreated cells by 

27 % (p < 0.001) and also significantly greater than cells exposed to 10 mW/cm2 (14 % 

increase, p < 0.05). 

 

 

Figure 3.6 Viable HUVEC number 24 h, 48 h and 72 h after ultrasound exposure. 

Viable cell numbers were counted 24 h (A), 48 h (B) and 72 h (C) after ultrasound 

exposure using trypan blue exclusion assay. Results are expressed as a percentage of the 

untreated control (N = 4, mean ± SD). 

 

 

Viable cell number was also determined via the cell counting (CCK-8) assay. A standard 

curve for the experiments was created to assess the assay validity and subsequently quantify 

the number of cells after ultrasound exposure (Fig 3.7). The graph showed a linear correlation 

(R2 = 0.9902) between cell number and absorbance readings. 
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Figure 3.7 Representative calibration curve of CCK-8 for HUVECs. 

A line of best fit was generated for O. D readings against known viable cell numbers. The 

linear regression equation and R2 coefficient produced are plotted on the graph, showing 

linear correlation between O.D. readings and cell number (R2 > 0.9). 

 

 

O.D readings taken 24 h and 72 h after ultrasound exposure were converted to actual cell 

number using the calibration curve obtained. Fig 3.8 A showed there was no significant effect 

on viable cell numbers after 24 h using this assay. After 72 h (Fig 3.8 B) there was a 

moderate, albeit non-significant increase in cell number in HUVECs exposed to 25 mW/cm2 

compared with untreated cells (p = 0.9037) and cells exposed to 10 mW/cm2 (p = 0.9083). 

However, as with results obtained via trypan blue assay, there was no detrimental effect on 

HUVEC viability caused by 45 kHz ultrasound exposure. 
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Figure 3.8 CCK-8 analysis 24 h and 72 h post ultrasound exposure. 

O.D. readings from CCK-8 analysis were converted to viable cell numbers using 

calibration curves generated. No statistically significant difference in viable cell number 

seen between untreated cells and cells exposed to ultrasound at either time point.  

(N = 3, mean ± SD). 

 

 

The work described in this section identified an initial effect on HUVEC behaviour regarding 

a non-significant change to cell viability and an increase in viable cell number was observed. 

The next objective was to assess if any ultrasound effects could be seen in more specific 

angiogenesis-related behaviour.  
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3.2 Angiogenic behaviour of HUVECs post 45 kHz ultrasound exposure  

3.2.1 Introduction 

The following experiments aimed to identify an effect on angiogenic behaviour in response to 

45 kHz ultrasound. As ultrasound exposure appeared to have a stimulatory effect on HUVEC 

cell number, it was hypothesised a stimulatory effect would also be seen in the angiogenic 

response of HUVECs. An in vitro tube formation assay assessed this hypothesis by 

visualising and quantifying the ability of HUVECs to form tube-like structures mimicking 

sprout formation in vitro. HUVECs were exposed to ultrasound before seeding onto 

MatrigelTM-coated 48 well plates immediately after exposure, 24 h after exposure and 72 h 

after exposure. This methodology was then developed further to expose HUVECs to 

ultrasound and assess the tube formation effect without a reseeding step. As such, HUVECs 

seeded on MatrigelTM-coated 35 mm dishes were exposed to 45 kHz DuoSon US. Additional 

ultrasound settings of varying lengths of exposure (1, 3 and 5 min) were analysed within this 

experiment. As a large data set of multiple conditions would be generated, it was decided 

PCA would be best suited to identify any significant effect on tube formation ability relating 

to the intensity applied, length of ultrasound exposure and imaging time point (4, 6 and 24 h). 

The experimental design of both tube formation assay methods used in this study is shown in 

Fig 3.9. 

 

Identifying the genetic changes that may occur in HUVECs after ultrasound exposure is a 

crucial step to gaining insight into the overall molecular mechanisms involved in the HUVEC 

response. Therefore, qPCR analysis was undertaken on selected molecular mediators of 

angiogenesis to understand the response observed in the preceding in vitro assays. 
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Figure 3.9 Experimental design of in vitro tube formation assays used in this study. 

HUVECs were seeded in 48 well plates at 3 different timepoints following DuoSon 

exposure. The cells were then imaged at 3 timepoints following seeding and tube 

formation characteristics analysed using ANOVA statistical tests. HUVECs were also 

exposed to ultrasound directly on Matrigel-coated 35 mm dishes and imaged at 3 different 

timepoints. These imaging results were analysed using PCA techniques. 

 

 

3.2.2 Tube formation analysis after reseeding in a 48-well plate 

Images were taken 4 h, 6 h and 24 h after seeding as shown representatively in Fig 3.10. 

Although no differential observations could be seen between untreated and ultrasound 

exposed cells in any of the time points assessed, by 24 h tube formation was visibly decreased 

with the detachment of cells observed (Fig 3.10 C). The images were then analysed using 

‘Angiogenesis Analyser’ in Fiji, to discern any statistical tube formation effect. Imaging in 

48-well plates at 4 x objective resulted in a shadowing effect in the centre of the well, as seen 

in Fig 3.10, though this did not create any issues in the Fiji image analysis. All statistical two-

way ANOVA comparisons for the following data can be found in Appendix 7.3.1 
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Figure 3.10 Representative photomicrographs of HUVECs seeded onto MatrigelTM-

coated well plates after ultrasound exposure. 

HUVECs were imaged (A) 4 h, (B) 6 h, and (C) 24 h after seeding. Images were then 

quantified in Fiji using ‘Angiogenesis Analyser’ Javascript plugin. UN = untreated, 

10 = 10 mW/cm2, 25 = 25 mW/cm2, 75 = 75 mW/cm2. 

(N = 3, 5 images taken per well, scale bars represent 200 µm)  

 

 

3.2.2.1 Tube formation assay immediately after ultrasound exposure 

After 45 kHz exposure, HUVECs were immediately reseeded into MatrigelTM-coated well 

plates and tube formation behaviour was assessed for untreated and treated cells. The total 

tube length in µm was compared between imaging time points of 4 h, 6 h and 24 h with 4 h 

untreated cells set as 100 % control.  
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No significant differences were found between the tube length measured in treated and 

untreated cells at 4 h and 6 h (Fig 3.11 A). However, as shown in Fig 3.11 A, total tube length 

measured 24 h after seeding was lower than those measured at 4 h and 6 h after seeding. For 

all conditions, unexposed and exposed to ultrasound, the total tube length measured at 24 h 

was significantly lower than those measured 4 h after seeding (Appendix ANOVA Table 7.2 

A). Comparisons by one-way ANOVA analysis were also made between untreated and 

ultrasound treated cells at the same time point (Fig 3.11 B – D). These analyses revealed 

exposure of cells to 75 mW/cm2 resulted in slightly decreased total length of tubes formed. 

However this was not significantly lower between conditions following one way ANOVA 

with Tukey post-hoc test analysis.
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Figure 3.11 Total tube 

length measured of 

HUVECs seeded 

immediately after 

ultrasound. 

(A) Two-way ANOVA 

comparisons showed 

significant decrease in 

tube length after 24 h 

compared with almost all 

cells at 4 h and 6 h. 

p-values shown in 

Appendix Table 7.2 A. 

(B – D) showed no 

significant effect of 

ultrasound on tube length  

(N = 3, mean ± SD). 
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The number of branches counted by ‘Angiogenesis Analyser’ was also compared between 

imaging time points after seeding of 4, 6 and 24 h (Fig 3.12 A). No significant difference was 

identified between the number of branches counted at 4 h and 6 h for all ultrasound-exposed 

and unexposed cell comparisons. However, as with tube length analysis presented previously, 

the number of branches counted 24 h after seeding was significantly lower than the number 

counted after 4 h at all ultrasonic conditions measured (Appendix ANOVA Table 7.2 B). 

Comparison of the number of branches at the same time point using one-way ANOVA 

showed no significant differences according to the exposure intensity (Fig 3.12 B – D).  

 

Analysis of tube formation in cells seeded immediately after ultrasound showed a significant 

decrease in tube formation behaviour when measured at the 24 h time point of the assay, 

compared with 4 h. However no significant difference in tube formation behaviour was 

identified when comparing untreated cells and cells exposed to ultrasound within time points. 

This suggests there was no significant effect of ultrasound on tube formation, rather the 

timeframe of the tube formation assay affected tube formation ability of HUVECs.



Results 

133 

 

 

Figure 3.12 Number 

of branches in 

HUVECs seeded 

immediately after 

ultrasound exposure. 

(A) Two-way 

ANOVA comparisons 

showed significant 

decrease in branch 

number after 24 h 

compared with all 

conditions at 4 h.  

(B – D) Comparisons 

within the same time 

points showed similar 

number of branches 

for all ultrasonic 

conditions.  

(N = 3, mean ± SD).
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3.2.2.2 Tube formation assay 24 h after ultrasound exposure 

To assess whether there was a time-dependent effect on HUVECs, as observed in viable cell 

number analysis, tube formation assays were undertaken 24 h after ultrasound exposure. 24 h 

after 45 kHz exposure, HUVECs were reseeded into MatrigelTM-coated well plates and tube 

formation ability was assessed. Micrographs were captured 4 h, 6 h and 24 h after seeding, 

however the 4 h time point only contained 2 biological repeats so was subsequently excluded 

from statistical analysis.  

 

The total tube length in µm was statistically compared between imaging time points of 6 h 

and 24 h due to a lack of biological repeat data at 4 h (Fig 3.13 A). The tube length quantified 

at all conditions after 24 h was significantly lower than tube length quantified in all conditions 

after 6 h (Appendix ANOVA Table 7.3 A). Total tube length 6 h after seeding was similar in 

treated cells compared with the untreated control (Fig 3.13 B). After 24 h the tube length was 

moderately increased in cells exposed to 25 mW/cm2 (9 %) and 75 mW/cm2 (10 %) compared 

with untreated cells (Fig 3.13 C). However one-way ANOVA comparisons showed no 

significant differences (p = 0.674 and p = 0.6432, respectively). 
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Figure 3.13 Total tube length measured in HUVECs seeded onto MatrigelTM 24 h after 

ultrasound exposure. 

(A) Two-way ANOVA comparisons showed a significant decrease in tube length after 

24 h compared with all ultrasound conditions at 6 h. (B - C) Comparisons of tube length 

of HUVECs within 6 h and 24 h time points showed no significant effect of ultrasound. 

(N = 3, mean ± SD). 
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Reduced numbers of branches were measured in all cells, unexposed and exposed to 

ultrasound, at the 24 h time point compared with 6 h after reseeding following ‘Angiogenesis 

Analyser’ measurements (Fig 3.14 A). However no significant difference was detected by 

two-way ANOVA comparisons (Appendix ANOVA Table 7.3 B). Analysis 6 h after seeding 

on MatrigelTM revealed moderate differences in branch number between ultrasound-exposed 

and unexposed cells (Fig 3.14 B). The number of branches compared with untreated cells was 

8 % lower in cells exposed to 10 mW/cm2 and 5 % lower in cells exposed to 75 mW/cm2. 

Though both trends were statistically not significantly different following one-way ANOVA 

with Tukey HSD analysis (p = 0.4804 and p = 0.7645, respectively). Within the 24 h time 

point no difference in branch number was identified (Fig 3.14 C).  

 

Similar results were obtained in tube formation assays performed 24 h after ultrasound 

exposure, as those performed immediately after ultrasound exposure (Section 3.2.2.1). 

Ultrasound did not appear to have a significant effect on the tube formation behaviour of 

HUVECs after 24 h. 
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Figure 3.14 Number of branches measured in HUVECs seeded onto MatrigelTM 24 h 

after ultrasound exposure. 

(A) Two-way ANOVA comparisons showed no significant difference in branch number 

between 24 h and 6 h after seeding. (B) Although a lower number of branches was seen 

6 h after seeding in cells treated with 10 and 75 mW/cm2, the decrease was not 

significantly different. (C) No significant effect was seen in branch number after 24 h.  

(N = 3, mean ± SD). 
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3.2.2.3 Tube formation assay 72 h after ultrasound exposure. 

Tube formation ability was further assessed 72 h after 45 kHz ultrasound exposure to explore 

the time-dependent response to ultrasound seen in viable cell number analysis. Micrographs 

were captured 4 h, 6 h and 24 h after seeding on MatrigelTM-coated well plates to assess tube 

formation behaviour. 

 

Whereas significant decrease in total tube length was measured 24 h after seeding compared 

with 4 h after seeding in cells analysed immediately after ultrasound exposure (Section 

3.2.2.1), no significant decrease in tube length was observed between 4 h and 24 h imaging 

timepoints in cells analysed 72 h after ultrasound exposure (Appendix ANOVA Table 7.4 A; 

Fig 3.15 A). The only significant difference measured was between cells exposed to 

25 mW/cm2 imaged at 24 h compared with cells treated with 10 mW/cm2 at 4 h (Fig 3.15 A; 

p < 0.05). Comparisons at the same time points using one-way ANOVA showed no 

significant differences in tube length between cells exposed to ultrasound and untreated 

(Fig 3.15 B - D). These analyses within the same time point were concurrent with cells 

assayed immediately after ultrasound exposure and 24 h after ultrasound exposure, further 

suggesting ultrasound exposure had no significant direct impact on HUVEC tube formation 

ability.
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Figure 3.15 Total tube 

length measured in 

HUVECs seeded onto 

MatrigelTM 72 h after 

ultrasound exposure. 

(A) Two-way ANOVA 

comparisons showed a 

significant decrease in tube 

length in cells exposed to 

25 mW/cm2 after 24 h 

compared with 10 mW/cm2 

at 6 h (B - D) One-way 

ANOVA comparisons of 

tube length within time-

points of 4 h, 6 h and 24 h 

showed no significant 

differences compared with 

the untreated control.  

(N = 3, mean ± SD; 

* p < 0.05 
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Comparisons between the number of branches counted between ultrasound conditions 4 h, 6 h 

and 24 h after seeding showed a reduced number counted 24 h after seeding compared with 

the earlier time points (Fig 3.16 A), concurrent with cells analysed immediately and 24 h after 

ultrasound exposure. However, significant differences were only identified between untreated 

cells at the 24 h time point and other untreated cells 6 h after seeding and all cells 4 h after 

seeding (Appendix ANOVA Table 7.4 B). Cells exposed to ultrasound were not significantly 

different in branch number compared with 4 h, unlike the significant comparisons seen 

between these time points in cells immediately and 24 h after ultrasound exposure. This may 

suggest a delayed effect of ultrasound on tube formation behaviour in the ability of branch 

formation.  

 

No significant effect on branch number was observed following one-way ANOVA 

comparisons within time points (Fig 3.16 B – D). Although a slightly lower branch number 

was seen in cells exposed to 10 mW/cm2, 4 h after seeding (7 %, p = 0.6849) and in cells 

exposed to 75 mW/cm2 after 6 h (10 %, p = 0.7413) compared with untreated cells. After 24 h 

a slightly higher number of branches was seen in all treated cells, though this increase was not 

significant (10 mW/cm2 p = 0.6461; 25 mW/cm2 p = 0.2989; 75 mW/cm2 p = 0.4435).  

 

In summary the measurements of tube formation ability in HUVECs 72 h after ultrasound 

exposure showed a possible temporal response to ultrasound, notable in the ability to form 

branches. There was no significant decrease in branch formation in cells exposed to 

ultrasound at 24 h imaging compared with 4 h imaging. Additionally, slightly higher branch 

number was seen 24 h after seeding compared with untreated cells, which is a trend not seen 

at any other tube formation analysis timepoint after ultrasound exposure.
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Figure 3.16 Branch 

number of branches 

in HUVECs seeded 

72 h after ultrasound 

exposure 
(A) Two-way ANOVA 

comparisons showed 

significantly lower 

branch number in 

untreated cells after 24 h 

compared with all 

ultrasound intensities 4 h 

after seeding. (B - D) 

Branch number was not 

significantly different 

between untreated and 

ultrasound exposed cells 

when compared at each 

time point.  

(N = 3, mean ± SD; 

* p < 0.05, ** p < 0.01).
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Tube formation analysis showed no significant effect on tube formation ability independent 

on the ultrasound intensity delivered to HUVECs. However this methodology may not have 

been identifying the direct effect of ultrasound on tube formation ability. After ultrasound 

exposure, cells were trypsinised, counted and ultimately reseeded which could have 

introduced multiple factors that may be masking or interfering with the HUVEC response to 

ultrasound. Subsequently, a new approach was designed to deliver ultrasound to cells directly 

on MatrigelTM coated wells.  

 

3.2.3 Tube formation in 35 mm culture dishes 

HUVECs analysed 4 h after ultrasound exposure showed no significant difference in tube 

formation ability compared with untreated controls as determined by PCA. Significant 

differences between data analysed by PCA could be visualised by separation in ellipses that 

group results from the same data set. In Fig 3.17 A, analysis of ultrasound exposure length 

effect is displayed; 1 min (red), 3 min (green) and 5 min (blue) ellipses overlap with one 

another. The ellipses for 3 min and 1 min showed near complete overlapping of one another 

indicating very minimal difference in effect, compared with the overlapping of 1 min and 

5 min. These results showed there was more of a difference in the tube formation ability in 

HUVECs when comparing between 1 min and 5 min, though still not a significant effect 

(p = 0.57).  

 

Similarly, when assessing the effect of ultrasound intensity applied, Fig 3.17 B showed 

overlapping ellipses of untreated (red), 10 mW/cm2 (green), 25 mW/cm2 (blue) and 

75 mW/cm2 (purple). This demonstrated a non-significant effect on tube formation ability 

regardless of the intensity applied (p = 0.49). However, the data obtained from exposure to 



Results 

143 

 

25 mW/cm2 showed the least area of overlapping ellipses with other datasets suggesting this 

intensity results in an effect on tube formation ability compared with other intensities and the 

untreated control.  

 

Analysis combining all data obtained from different intensity and exposure length of 

ultrasound also showed a statistically non-significant effect 4 h after ultrasound (p = 0.65, 

Fig 3.17 C). Overlapping of ellipses could be seen, showing no distinct difference in tube 

formation ability of HUVECs regardless of the ultrasound conditions assessed. The amount of 

energy supplied to the cells in Joules per second during DuoSon exposure was calculated 

following Equation 2.2 (Section 2.7.2). The amount of energy supplied ranged from 0 J in 

untreated cells to the highest amount of 365.1 J. However there was no significant effect in 

tube formation response regardless of the energy supplied to the cells (p = 0.73), as evidenced 

by overlapping ellipses depicted in Fig 3.17 D. 
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Figure 3.17 Principal component analysis 4 h after 45 kHz DuoSon exposure. 

Data were grouped according to (A) exposure length, (B) intensity (C) a combination of 

ultrasound exposure length and intensity and (D) depicting the energy supplied to cells 

during each DuoSon exposure setting. Overlapping ellipses in all datasets indicated no 

statistical difference in tube formation between untreated cells and cells exposed to 

ultrasound at all intensities. Analysis and graph visualisation performed in R Studio, 

N = 4.  
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PCA was performed on data obtained after Fiji ‘Angiogenesis Analyser’ 6 h after ultrasound 

exposure. Similar trends were observed as with analysis 4 h after ultrasound exposure; partial 

overlapping of ellipses was seen in comparisons between the exposure length of ultrasound 

displayed in Fig 3.18 A. This demonstrated a non-significant difference in tube formation 

ability at the different exposure lengths tested (1, 3 and 5 min; p = 0.48) 

 

The intensity of ultrasound applied to HUVECs also did not have a significant effect on tube 

formation ability when comparing data from untreated cells and cells exposed to 10, 25 and 

75 mW/cm2 (p = 0.62, Fig 3.18 B). Total overlapping of ellipses could be seen in Fig 3.18 C 

depicting PCA of both intensity and exposure length comparisons. This demonstrated 6 h 

after ultrasound exposure there was no significant difference in the tube length ability of 

HUVECs regardless of the intensity applied or if ultrasound was applied for 1, 3 or 5 min 

(p = 0.7). The energy supplied to the cells can be seen in Fig 3.18 D, with non-significant 

effect on tube formation behaviour between all doses of ultrasound (p = 0.73).  
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Figure 3.18 Principal component analysis 6 h after 45 kHz DuoSon exposure. 

Overlapping ellipses in all PCA graphs show (A) exposure length, (B) Ultrasound 

intensity and (C) both factors combined do not significantly affect the tube formation 

ability of HUVECs. (D) exposure length and intensity settings were converted to show 

the energy supplied in Joules to the cells during DuoSon exposure. Analysis and graph 

visualisation performed in R Studio, N = 4.  
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HUVECs were analysed 24 h after ultrasound exposure by ‘Angiogenesis Analyser’ script in 

Fiji. Similarly with results obtained 4 h and 6 h after ultrasound, no significant difference in 

tube formation behaviour, regardless of the exposure time length (p = 0.36, Fig 3.19 A), 

intensity (p = 0.54, Fig 3.19 B), a combination of intensity and exposure length of ultrasound 

(p = 0.66, Fig 3.19 C) or amount of energy supplied (p = 0.7, Fig 3.19 D) was observed. The 

exposure length of 1 min showed partial overlapping of ellipses compared with 3 min and 

5 min indicating the shorter time of exposure slightly differed in tube formation response. 

However the data obtained from different exposure length were not statistically different 

(p = 0.36) suggesting exposure length of 1 min, 3 min or 5 min did not affect the tube 

formation response of HUVECs. 
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Figure 3.19 Principal component analysis 24 h after 45 kHz DuoSon exposure. 

PCA of tube formation 24 h after ultrasound exposure also showed no significant effect 

on tube formation ability independent of (A) ultrasound exposure length, (B) intensity (C) 

combination of ultrasound exposure length and intensity and (D) calculated dosage of 

ultrasound energy supplied. The overlapping of ellipses showed data from all groups was 

not significantly different from each other. Analysis and graph visualisation performed in 

R Studio, N = 4.  
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All imaging time points of 4, 6 and 24 h after ultrasound exposure were combined and 

analysed by PCA to assess any temporal effect on HUVEC tube formation behaviour. When 

comparing the response to different exposure lengths within all the imaging time points, a 

total overlap of 95 % confidence ellipses was observed concluding the length of exposure had 

no significant effect on HUVEC tube formation at all imaging time points (p = 0.86, 

Fig 3.20 A). Analysis of an effect caused by ultrasound intensity also showed no significant 

difference in tube formation ability at all imaging time points (p = 0.59, Fig 3.20 B). Data 

from both ultrasound intensity and exposure length was then combined and analysed, 

however this analysis further indicated the ultrasound settings delivered did not significantly 

affect HUVEC tube formation behaviour (p = 0.77, Fig 3.20 C). The amount of energy 

delivered to the cells was calculated in Joules per second following the same calculations as 

for 4 h and 6 h data. The results showed no significant difference in tube formation response 

regardless of the energy supplied to the cells (p = 0.69, Appendix Fig 7.2).  

 

Separation of confidence ellipses was observed when the effect of imaging time point was 

analysed (Fig 3.20 D, E & F). When comparing tube formation ability dependent on time 

point after ultrasound exposure (Fig 3.20 D), there was an overlap of data obtained from 4 h 

(green) and 6 h (blue). However, data obtained after 24 h showed only a partial overlap of 

data points with no overlapping of ellipses. Though the difference seen was statistically not 

significant (p = 0.2), this result suggests the time after ultrasound exposure and the imaging 

time point within the tube formation assay, influenced the tube formation ability of HUVECs. 

Separation or partial overlapping of ellipses depending on exposure length combined with 

timepoint (Fig 3.20 E) and intensity combined with time point (Fig 3.20 F) further highlight 

the effect the imaging time point had on the results obtained from the tube formation assay. 
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Figure 3.20 Principal component analysis of all imaging time points, exposure length 

and intensity of 45 kHz DuoSon exposure. 

PCA demonstrated no significant effect of exposure length (A), intensity (B) or a 

combination of both variables on tube formation. There was an effect depending on the 

imaging time point demonstrated by partial separation in ellipses of 24 h and the ellipses 

of 4 and 6 h after ultrasound. (N = 4).  
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Overall PCA analysis indicated there was no significant effect on HUVEC tube formation 

response to ultrasound regardless of the intensity applied nor the length of exposure. The 

condition that appeared to have an impact on tube formation results was the time after 

ultrasound exposure. When analysed after 24 h there was a difference in results obtained 

compared with 4 h and 6 h after exposure, whereas no difference was seen in HUVEC 

response between 4 h and 6 h. This was concurrent to results and micrographs taken using the 

48 well plate methodology (Section 3.2.2) where tube formation declined at the 24 h time 

point. Though no stimulatory effect was observed in this set of data, there was also no sign of 

an inhibitory effect of ultrasound on HUVEC tube formation ability.  

 

3.2.4 Gene expression changes due to ultrasound exposure 

Primers used in qPCR were first tested and validated via sqRT-PCR. All primers tested 

produced expected sizes of PCR products after gel visualisation indicating the suitability for 

further quantitative PCR analysis. Preliminary sqRT-PCR analysis was also undertaken to 

identify any effect of angiogenesis-related gene expression 72 h after 5 min DuoSon delivery 

which could then be explored further using qPCR techniques (Fig 3.21). PECAM-1 

expression was reduced in all treated cells compared with untreated cells, with the greatest 

reduction following 10 mW/cm2 exposure (29 %). In contrast, VEGF-A, VEGF-R2, and VWF 

expression was increased following ultrasound exposure. The greatest increases were seen in 

VEGF-R2 expression following 25 mW/cm2 and 75 mW/cm2 exposure resulting in 18 % and 

27 % increased expression respectively. Although no statistical analysis could be performed 

on this preliminary data to lack of biological replicates, these results indicated there was an 

effect on angiogenic gene expression. Further qPCR analysis was performed to try to gain 

insight into the molecular effect 45 kHz ultrasound was enacting in HUVECs. 



Results 

152 

 

 

Figure 3.21 sq-RT PCR analysis of angiogenesis-related genes 72 h after ultrasound 

exposure. 

Gene expression levels of PECAM-1, VEGF-A, VEGF-R2 and VWF were normalised to 

GAPDH shown as 100% dotted line on the graph. PECAM-1 showed decreased 

expression following ultrasound exposure at all intensities. VEGF-A, VEGF-R2 and VWF 

showed increased expression following ultrasound exposure. (No statistical analysis was 

performed on these preliminary results, N = 1). 

 

 

3.2.4.1 Angiogenesis-related gene expression analysis using qPCR 

Following preliminary sqRT-PCR analysis, the expression of angiogenesis-related genes was 

measured 6 h (Fig 3.22), 24 h (Fig 3.23) and 72 h (Fig 3.24) after 5 min 45 kHz DuoSon 

exposure.  

 

Analysis 6 h post ultrasound exposure (Fig 3.22) revealed the expression of HUVEC marker 

PECAM-1 was at a comparable level in all cells whether exposed to ultrasound or not. 

Expression levels of VEGF-A and the corresponding receptor VEGF-R2 exhibited similar 

expression patterns. A slight decrease in expression level of both genes was seen in all 

ultrasound-exposed cells compared with untreated cells. As ultrasound intensity increased, as 

did the level of expression reduction. The greatest decrease in expression level in VEGF-A 
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and VEGFR2 was seen in cells exposed to 75 mW/cm2 compared with untreated cells. VEGF-

A expression decreased to CNRQ 0.68 ± 0.24 (p = 0.3799) after 75 mW/cm2 exposure and 

VEGFR2 showed a CNRQ value of 0.74 ± 0.16 (p = 0.5551). This response of reduced 

expression with exposure to increased ultrasound intensity was also seen in VWF. VWF 

expression decreased in all ultrasound exposed cells compared with the control after 6 h. 

Expression levels in cells exposed to 75 mW/cm2 intensity were approximately half the level 

seen in untreated cells; a CNRQ of 0.55 ± 0.19 compared with untreated cells with a CNRQ 

of 1.01 ± 0.19 (p = 0.1195). eNOS expression also decreased 6 h after ultrasound exposure 

compared with untreated cells, especially at the highest intensity exposure 75 mW/cm2. eNOS 

expression in cells exposed to 75 mW/cm2 showed a CNRQ of 0.58 ± 0.04, significantly 

lower than untreated cell eNOS CNRQ of 1.00 ± 0.04 (p = 0.0162).  

 

Overall, gene expression appeared to decrease 6 h after ultrasound exposure across the 

majority of genes tested. The reduction of gene expression was related to the intensity of 

ultrasound delivered, the higher the intensity, the greater the level of gene expression 

reduction.  
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Figure 3.22 qPCR analysis of angiogenesis-related genes 6 h after ultrasound exposure. 

Calibrated normalised relative quantity (CNRQ) values plotted as normalised expression 

to 4 housekeeper gene expression levels. Exposure to 75 mW/cm2 generated a significant 

reduction in eNOS expression compared with untreated cells. All other changes in gene 

expression were not statistically significant.  

(N = 3, mean ± SD, * p < 0.05) 
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Similarities in the expression levels of the angiogenesis-related genes remained between those 

measured at 6 h and 24 h after ultrasound exposure (Fig 3.23). For example, PECAM-1 

expression remained at similar levels for all cells analysed, which was observed after 6 h. 

Additionally, moderately decreased expression in eNOS, VEGF-A, VEGF-R2 and VWF was 

again observed in cells exposed to 75 mW/cm2. eNOS expression was reduced to half the 

level of expression observed in untreated cells; CNRQ 1.12 ± 0.7 compared with untreated 

expression levels of CNRQ 1.95 ± 0.62. VWF expression was seen at a lower CNRQ of 

3.33 ± 2.69, compared with an expression level of 5.91 ± 4.02 in untreated cells. VEGF-A 

expression was also reduced (1.18 ± 0.18) compared with untreated cells (1.82 ± 0.43), as 

well as 10 mW/cm2 exposure (1.95 ± 0.71) and 25 mW/cm2 (2.05 ± 0.66). Overall, gene 

expression was reduced compared with untreated cells in all genes except PECAM-1 when 

exposed to 75 mW/cm2. This trend of reduced expression was similar to the expression 

patterns seen after 6 h exposure. However, in contrast to 6 h expression measurements, 

analysis after 24 h showed no significant differences in eNOS gene expression between 

exposed and unexposed cells.   

 

There was also a greater amount of variability within the cells analysed as evident by the 

standard deviation bars, particularly in PECAM-1 and VWF expression. This large spread of 

data may be masking significant expression changes, though trends of reduced expression 

after 75 mW/cm2 could still be identified.  
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Figure 3.23 qPCR analysis on angiogenesis-related gene expression 24 h post ultrasound 

exposure. 

qPCR analysis of HUVECs exposed to 45 kHz ultrasound and intensities of 10, 25 and 

75 mW/cm2 and an untreated control was performed 24 h after exposure. CNRQ values 

are plotted as normalised expression to 4 stable expression housekeeper genes. (N = 3, 

mean ± SD). 
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Conversely, gene expression analysis 72 h after ultrasound exposure showed a different 

expression response to those seen after 6 h and 24 h. Whereas after 6 h and 24 h reduced 

levels of gene expression was observed after exposure to 75 mW/cm2, significantly in eNOS, 

rather comparable expression levels were seen across all genes at this intensity compared with 

untreated cells (Fig 3.24). This suggests the effect of higher intensity exposure causing a 

reduction of gene expression appeared to have recovered after 72 h. Alternatively, moderately 

reduced expression was observed after exposure to the lower intensity of 10 mW/cm2 in all 

genes assessed compared with untreated cells. eNOS expression was measured with a CNRQ 

of 0.6 ± 0.8 after 10 mW/cm2 exposure compared with CNRQ of 0.91 ± 0.7 in untreated cells.  

Similar to measurements 6 h and 24 h after ultrasound, VWF expression demonstrated 

comparable expression patterns to eNOS; VWF was also reduced after 10 mW/cm2 (CNRQ 

0.75 ± 0.7) compared with untreated cells (CNRQ 1.21 ± 0.73). 

 

However large deviation of expression was observed indicating a variability within the 

replicates particularly in the expression of VWF. This large spread of data may be masking 

true effects of ultrasound resulting in statistically insignificant results after one-way ANOVA 

comparison.  
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Figure 3.24 qPCR analysis of angiogenesis-related gene expression 72 h post ultrasound 

exposure. 

CNRQ values are plotted as normalised expression to 4 stable expression housekeeper 

genes. No significant effect on gene expression was measured 72 h after DuoSon 

exposure. (N = 4, mean ± SD, data points that did not pass qBasePLUS replicate quality 

were omitted from the analysis). 

  



Results 

159 

 

Initial experiments using the DuoSon device indicated an influence in HUVEC behaviour 

when exposed to low frequency ultrasound. This was seen in the form of increased viable cell 

number as a delayed response to ultrasound, 72 h after exposure. Though a direct effect on 

tube formation was not measured during in vitro tube formation assay, the significant 

reduction in branch number at the latest time point of the assay was not present in HUVECs 

seeded 72 h after exposure; a suggestion of a time-dependent response. Conversely significant 

effects were seen in gene expression at the earliest time point of 6 h post ultrasound exposure.  

 

The next objective was to develop an ultrasound exposure method that could be characterised 

and standardised for future investigations. 
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3.3 Characterisation of acoustic absorbing tank  

3.3.1 Introduction 

After observing ultrasound influence on HUVEC behaviour using the DuoSon, the next 

purpose of this study was to develop a standardised approach of ultrasound exposure to more 

clearly understand the bioeffects of specific levels of ultrasonic energy. An exposure method 

of a degassed water tank was implemented in the following in vitro experiments. 

Characterisation was undertaken to investigate the suitability of this method to deliver a 

controlled environment for in vitro ultrasonic treatment of cells. Temperatures were recorded 

both within the tank and the medium in a CLINIcell® cassette during ultrasound exposure. 

Controlling the temperature of the water surrounding the submerged cassette was a main goal 

in the improvement upon the DuoSon design and would identify mechanical effects of 

ultrasound if thermal effects were kept to a minimum. The acoustic field was characterised 

using a 4 mm needle hydrophone to measure pressure values during 45 kHz ultrasound 

exposure. It was hypothesised a degassed water tank would provide an environment with 

minimised reflection interference on the incident wave due to complete lining with acoustic 

absorbing tiles designed for low frequency ultrasound.  

 

3.3.2 Temperature recording during ultrasound exposure 

3.3.2.1 Tank water temperature during ultrasound exposure 

The temperature of the water was heated to 37 °C and then measured every second for 

10 min. After the removal of the water heater for ultrasound delivery, the water temperature 

decreased during the 10 min measurements for all conditions. The decrease in temperature 

was related to the driving current setting; the lower the driving current, the greater the 

decrease in temperature (Fig 3.25). Without ultrasound, the temperature during 10 min 
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decreased significantly by 0.8 °C to 36.2 °C (p < 0.0001). The decrease in tank water 

temperature was at a slower rate during ultrasound delivery as indicated by the final 

temperature values. At 0.02 A, 0.04 A and 0.06 A the temperature decreased by 0.5 °C to 

36.5 °C after 10 min. 

 

 
Figure 3.25 Continuous temperature measurements of the tank water for 10 min. 

The water temperature decreased in all conditions dependent on the driving current. 

Linear regression analysis showed that the differences between all graph gradients were 

significantly different (p < 0.0001). 

 

 

Temperatures were also compared between driving current using two-way ANOVA analysis 

with results outlined in Table 3.1 and graphically described in Fig 3.26. There was no 

significant difference in temperature between the driving current conditions measured within 

the same time point. The temperature decreased significantly in all conditions after 10 min, 

most significantly when no ultrasound was applied (p < 0.001) as shown in Fig 3.26. After 

5 min the water temperature in the absence of ultrasound application decreased significantly 

(p < 0.01) by 0.4 °C. Although the water temperature decreased after 5 min of ultrasound 

application, this was not significantly different for any of the current settings. At 0.02 A and 
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0.04 A the temperature decreased by 0.3 °C to 36.7 °C. At the highest current setting the 

decrease in temperature was the lowest by 0.2 °C to 36.8 °C.  

 

Table 3.1 Temperature of tank water at 5 min intervals. 

A table for tank water temperature readings at 5 min and 10 min of ultrasound exposure. 

Comparisons were made between all conditions using two-way ANOVA with Tukey’s 

multiple comparisons post-hoc test (N = 3, mean values recorded; * p < 0.05, ** p < 0.01,  

*** p < 0.001, **** p < 0.0001) 

 

Current (A) Starting Temp (°C) 
Temp after 5 min 

(°C) 

Temp after 10 min 

(°C) 

0 37.0 36.6 ** 36.2 **** 

0.02 37.0 36.7  36.5 *** 

0.04 37.0 36.7 36.5 ** 

0.06 37.0 36.8 36.5 *** 
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Figure 3.26 Tank water temperatures following ultrasound exposure at 5 min intervals. 

Temperatures of tank water plotted at 5 min intervals over 10 min ultrasound delivery. 

Comparisons were made between all conditions using two – way ANOVA with Tukey’s 

post-hoc multiple comparisons test (n = 6; mean ±SD; ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). 

 

 

Although significantly lower temperatures were measured after 10 min, after 5 min the 

temperature was not as significantly reduced. Only without ultrasound was there a significant 

decrease in temperature after 5 min and the temperature recorded was only 0.1 – 0.2 °C lower 

than with ultrasound delivery. Consequently, it was investigated whether 5 min ultrasound 

delivery would have an effect on the temperature of cEGM within the CLINIcell® cassette.  
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3.3.2.2 Media temperature after ultrasound exposure 

After 5 min of ultrasound, the temperature of cEGM within a CLINIcell® cassette rose at all 

driving current settings. At 0.02 A the temperature of cEGM within a CLINIcell® cassette 

rose by 0.7 °C from 35.8 °C to 36.5 °C (Fig 3.27 A). After 5 min at 0.04 A the temperature of 

cEGM within a CLINIcell® cassette rose by 0.6 °C from 35.9 °C to 36.5 °C (Fig 3.27 B). At 

0.06 A the media temperature rose by 0.7 °C from 35.8 °C to 36.5 °C (Fig 3.27 C). However, 

the temperature increase seen in all conditions was not statistically significant after unpaired t-

test analysis. The final temperatures of all conditions were also not significantly different to 

each other after one-way ANOVA analysis (Fig 3.27 D). There was only 0.03 °C difference 

between the lowest current setting of 0.02 A (36.52 °C) and the highest of 0.06 A (36.55 °C). 

These results confirmed that ultrasound delivery in the tank configuration did not have a 

significant effect on cEGM temperature within the CLINIcell® cassette.  
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Figure 3.27 Thermal measurements of cEGM within a CLINIcell® cassette. 

Non-significant increase in cEGM temperature was measured after 5 min at all current 

settings tested; (A) 0.02 A, (B) 0.04 A and (C) 0.06 A following unpaired t-test analysis. 

The final cEGM temperature was not statistically significantly different between the 

current gains tested (D) after one-way ANOVA with Tukey’s post-hoc comparisons.  

(N = 3, mean ± SD).  

 

 

3.3.3 Scanning of the acoustic field 

Following assessment of thermal control in the tank configuration, characterisation of the 

acoustic field was undertaken. A longitudinal scan starting 5 mm from the transducer face and 

moving 25 mm in the Z plane away from the transducer face showed a decrease in peak 

negative pressure with increasing distance (Fig 3.28 A). The highest peak negative pressure 

value was identified at the start point (5 mm away from the transducer) at 0.19 MPa. This 
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decreased to 0.05 MPa with a separation of 25 mm from the transducer, a 74 % decrease in 

peak negative pressure for 20 mm movement. This scan indicated the pressure within the 

acoustic field decreased with distance from the transducer with no other areas of high pressure 

within the field.  

 

The transverse scan 5 mm (Fig 3.28 B) from the centre of the transducer showed a pattern 

consistent with the transducer face dimensions. The area encompassing the colour plot from 

colours green to green in the X and Y axes had dimensions of 10 pixels x 10 pixels. This 

equated to 25 mm calculated by multiplying the number of pixels by the step per scan 

(2.5 mm). The dimensions of the transducer face were also 25 mm x 25 mm. The highest peak 

negative pressure area was not seen at [0, 0] coordinates but was from 0 to 7.5 mm in the -X 

direction. The highest peak negative pressure scanned at these coordinates was 0.215 MPa. 

The lowest pressure scanned within the transducer face dimensions was 0.15 MPa, 30 % 

lower than the highest pressure scanned within the transducer face. These results showed 

differences of pressure emitted from different regions of the transducer face.  

 

The transverse scan of 10.5 cm x 8.5 cm, taken 25 mm away from the transducer face 

(Fig 3.28 C) showed a decrease in peak negative pressure at the centre of the scanned area 

compared with scans 5 mm away. The highest peak negative pressure with 25 mm separation 

was 0.075 MPa, compared with 0.215 MPa at 5 mm, which represented a decrease of 65 %. 

Similarly with scans at 5 mm, the peak negative pressure decreased in all directions from the 

centre of the transducer. Within the 25 mm x 25 mm area of the transducer face there was a 

20 % decrease in peak negative pressure from 0.075 MPa at [0, -7.5] coordinates to 0.06 MPa 

at the edge of the transducer face. Therefore, the difference in pressure values across the 
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transducer face seen at 5 mm separation were also seen at 25 mm separation. Although there 

was a 65 % decrease in the highest peak negative pressure value compared with 5 mm 

distance, the pressure values obtained in the scanned area surrounding the transducer face 

dimensions were similar to those obtained at 5 mm separation.  

 

A CLINIcell® cassette filled with degassed deionised water was then positioned 5 mm away 

from the transducer with the 4 mm needle hydrophone placed 25 mm away to see any 

attenuation caused by the cassette. A similar pressure map was obtained (Fig 3.28 D) to that 

obtained without a cassette present. The highest peak negative pressure was 0.077 MPa, 

almost equal to the highest pressure seen without a cassette (0.075 MPa). Again, this highest 

peak of negative pressure value was identified 7.5 mm in the -X direction from the centre of 

the transducer as with the scans at 5 mm and 25 mm. A decrease in peak negative pressure 

values were again seen across the transducer face dimensions (25 mm x 25 mm). There was a 

22 % difference in pressure values measured at the peak pressure point [0, -7.5] compared 

with 0.06 MPa at the edge of the transducer face. Interestingly, the pressure map showed an 

increase in pressure values (0.02 MPa) measured around the edges of the scanned area 

compared with the scan without a cassette present (0.01 MPa).  
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Figure 3.28 Acoustic pressure field scans using 4 mm needle hydrophone. 

(A) Longitudinal scan starting 5 mm away from the transducer face, scanning 8.5 cm x 

2.5 cm in the YZ plane. (B) Transverse scan of 10.5 cm x 8.5 cm dimension 5 mm from 

the transducer face shows higher pressure in the centre of the plot. (C) Transverse scan of 

10.5 cm x 8.5 cm, 25 mm from the transducer face shows pressure values three times less 

than at 5 mm. (D) Transverse scan of 10.5 cm x 8.5 cm 25 mm from the transducer face 

with a CLINIcell® cassette between the hydrophone and transducer showed similar plot 

and pressure values as in (C).  
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Scans were made at a single point from the transducer face at 5 mm, 25 mm and 25 mm with 

a CLINIcell® cassette present at 8 different current settings (0.001 to 0.075 A). The scans at 

5 mm showed a somewhat linear increase in peak negative pressure (MPa) after regression 

analysis which correlated with the increased current (A) (R2 = 0.9739; Fig 3.29 A). Scans 

25 mm from the transducer also showed a linear relationship between peak negative pressure 

and current applied (R2 = 0.9712; Fig 3.29 B). The presence of a CLINIcell® cassette did not 

disrupt the linear increase (R2 = 0.9814; Fig 3.29 C). The peak negative pressure was lower at 

all current settings when measured 25 mm from the transducer compared with 5 mm 

separation which concurred with the acoustic field scan data showing a reduction in pressure 

values with separation. At the driving current of 0.04 A there was a 66 % decrease from 

0.175 MPa to 0.06 MPa. This decrease with distance is concurrent with the decreasing peak 

negative pressure measured with increased separation from the transducer in transverse and 

longitudinal scans. The comparable values and linear increase at 25 mm with and without a 

CLINIcell® cassette further indicated minimal wave attenuation and interference caused by 

the presence of a CLINIcell® cassette. However the graphs depicted in Fig 3.29 also highlight 

an observation that when zero current is applied, the pressure is not zero as would be 

expected. Rather a low pressure between 0.02 and 0.06 MPa was measured in all scans. 

 

Nonetheless, these results demonstrated the tank exposure method provided an acoustic field 

with minimal wave interference and improved control over temperature in the tank and 

CLINIcell® cassette during ultrasound exposure. Additionally, the exact ultrasonic energy 

delivered to the cells could be measured which was absent in the DuoSon exposure method. 

The next stage of this work was to introduce HUVECs to the CLINIcell® system to assess 

any changes in behaviour.  
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Figure 3.29 Single point pressure 

scans at varying distance, with and 

without a cassette.  

Linear regression analysis performed on 

hydrophone pressure readings from 

increasing driving current (mA). R2 

coefficient value is plotted on the graph. 

Scans were performed (A) 5 mm from 

the transducer face, (B) 25 mm from the 

transducer without a CLINIcell® 

cassette present and (C) 25 mm from the 

transducer with a CLINIcell® cassette 

between transducer and hydrophone.  
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3.4 Effect of 45 kHz ultrasound on HUVECs via acoustic absorbing tank 

exposure 

3.4.1 Introduction  

Following characterisation of the tank, analysis was performed to understand HUVEC 

response to ultrasound in the tank configuration. HUVECs were exposed to 45 kHz 

continuous ultrasound for 5 min at the same power used in characterisation scans: 0.04 A, 

(175 kPa, extrapolated from Fig 3.29A). The assays employed were F-actin immunostaining, 

viable cell number analysis, and qPCR analysis of angiogenesis-related genes. 

 

3.4.2 Influence of 45 kHz exposure in the tank on HUVEC cytoskeleton  

In accordance with DuoSon experimentation, effects on HUVEC cytoskeleton were 

investigated following ultrasound exposure in the tank configuration. As shown in 

representative photomicrographs in Fig 3.30 A, untreated cells exhibited a more polygonal 

shape. Cells that were exposed to ultrasound, in contrast, were observed with instances of 

non-uniform morphology. After 24 h, HUVECs were observed in some areas of aggregations 

rather than a uniform monolayer following ultrasound exposure (circled in Fig 3.30 B). These 

cluster formations resulted in some indistinguishable cell body shapes, with the appearance of 

“overlapping” cell bodies suggesting an effect on the attachment of HUVECs to the 

membrane following ultrasound exposure. Similar to staining after DuoSon exposure, 

localised actin staining could be seen in these areas of cell aggregation with increased cell-cell 

contact (orange arrows in Fig 3.30 B & C). Elongated cell body shape could also be seen in 

some cells after ultrasound exposure as highlighted 72 h after ultrasound (white arrows in 

Fig 3.30 C). These observations suggest an effect on cell shape and attachment as a result of 

ultrasound exposure leading to non-uniform morphology and increased cell clustering.   
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Figure 3.30 Fluorescent micrographs 

of F-actin stained HUVECs 24 h and 

72 h post ultrasound exposure in an 

acoustic absorbing tank. 

(A) Untreated HUVECs and cells 

exposed to ultrasound were visualised  

(B)24 h and (C) 72 h after ultrasound. 

Exposed cells were seen forming 

aggregates with overlapping cell bodies 

(circled in B) and non-uniform 

elongated cell shapes (white arrows in 

C) compared with untreated cells. 

Areas of localised actin staining at cell 

– cell contact point with examples 

highlighted with orange arrows. 

Untreated cells exhibited more uniform 

monolayer with polygonal shaped cell 

bodies. (N = 1).  

Scale bars represent 100 µm. 
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3.4.3 Viable cell number analysis 

Viable cell numbers were counted 24 h and 72 h post ultrasound and analysed using unpaired 

t-test comparisons as depicted in Fig 3.31. A moderate increase in viable cell number was 

seen in ultrasound treated groups 24 h after exposure with 10.14 x104 ± 0.67 cells counted 

compared with 8.02 x104 ±1.36 in untreated conditions (Fig 3.31 A). However, this increase 

was not significantly different, p = 0.0794 after unpaired t-test analysis. There was also no 

significant difference in viable cell number 72 h after ultrasound exposure between treated 

and untreated cells (p = 0.2903) shown in Fig 3.31 B. However, slightly higher cell numbers 

were observed in treated groups, 14.22 x 104 ± 1.61, compared with 10.71 x 104 ± 4.73 in cells 

unexposed to US.  

 

No significant effect in viable cell number was seen after ultrasound delivery in the tank 

configuration, although slightly elevated numbers of viable cells were seen at each time point. 

There was also no significantly damaging effect to cell viability seen after ultrasound 

exposure. These results are somewhat concurrent with the cell viability results seen in the 

DuoSon configuration.  
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Figure 3.31 Viable HUVEC cell numbers 24 h and 72 h post ultrasound exposure in the 

acoustic absorbing tank. 

Cells were counted 24 h and 72 h after ultrasound exposure. (A) 24 h after ultrasound 

showed a moderate increase in cell number after ultrasound compared with untreated 

cells, however this was not found to be significantly different. (B) Similar cell numbers 

were identified within untreated and treated cultures 72 h after exposure.  

(N = 3, mean ± SD) 

 

 

3.4.4 Expression of angiogenesis-related genes 

Gene expression analysis after ultrasound exposure in the acoustic absorbing tank was 

performed 6 h, 24 h and 72 h after exposure (Fig 3.32). The genes analysed were the same as 

those analysed in the DuoSon exposure configuration relative to the expression of stable 

housekeeper genes - B2M, GAPDH, RPL27 and YWHAZ. There was no significant change in 

expression levels in any genes analysed after 6 h. Although a slight decrease was seen in 

eNOS expression in treated cells with a CNRQ of 0.79 ± 0.21, whereas expression in 

untreated cells showed a CNRQ of 1.03 ± 0.3 (p = 0.3193). After 24 h similar gene expression 
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levels were seen between untreated and treated cells; only moderate increase in gene 

expression in the treated cells, although statistically there was no effect.  

 

Conversely, 72 h after ultrasound exposure there was a decrease in all gene expression. 

Reduced VWF expression levels were seen in treated cells (0.82 ± 0.21) in comparison with 

untreated cells levels of 1.01 ± 0.14 although not significantly different (p = 0.2771). A 

similar trend was also seen in VEGFR2 expression. Moderate, though insignificantly 

(p = 0.2296) reduced expression was seen in cells exposed to 175 kPa ultrasound 

(0.74 ± 0.21) than untreated cells (1.03 ± 0.28). A statistically significant effect on eNOS 

expression was seen in cells 72 h after US. eNOS expression was observed at CNRQ of 

1.00 ± 0.06 in untreated cells, whereas cells exposed to 175 kPa showed a significantly 

reduced CNRQ of 0.8 ± 0.04 (p = 0.0064). Expression analysis of the selected angiogenesis-

related genes indicated a reduction in expression levels at the latest time point of 72 h post 

exposure across all genes. The most significantly affected gene in response to ultrasound was 

eNOS as with observations after DuoSon ultrasound delivery. 
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Figure 3.32 qPCR 

analysis of 

angiogenesis-related 

genes 6 h, 24 h and 

72 h after ultrasound 

exposure. 

Calibrated normalised 

relative quantity 

(CNRQ) values were 

normalised expression 

to 4 housekeeper genes. 

Unpaired t-test 

compared differences in 

expression levels 

between ultrasound-

exposed and untreated 

cells. A significant 

reduction in eNOS 

expression was 

measured 72 h after 

ultrasound exposure 

(N = 3, mean ± SD; 

** p < 0.01) 
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Chapter 4.  

 

DISCUSSION 
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4.1 Development of in vitro configurations for ultrasound exposure to cells 

One of the main challenges of exposing cells to ultrasound in vitro is understanding precisely 

how much energy is being emitted from a transducer to a cell monolayer and ultimately 

experienced by the cells. This challenge was highlighted in Mizrahi’s 2007 in vitro study 

where a culture dish of medium was exposed to an acoustic beam of known intensity and 

pressure and generated higher-than-expected acoustic pressures within the culture dish 

(Mizrahi et al., 2007). Mizrahi et al.(2007) suggested this discrepancy in pressure values was 

due to significant reflection and standing wave formation within the dish and at the 

medium/air boundary. The conclusion from this study was that calculating how much energy 

was present and predicting what amount the cells are receiving was not possible to control.  

 

The conventional method for measuring ultrasound energy uses hydrophones which are 

sensitive devices and exposure to high acoustic pressure could damage the hydrophone, which 

was a challenge within the DuoSon configuration (Section 2.2.1). Ultrasound emitted at a 

frequency of 45 kHz ultrasound with a wave velocity in culture medium of the petri dish 

taken as approximately 1,480 m/s has a calculated wavelength of 3.3 cm (Equation 1.1). This 

wavelength is similar to the size of the petri dishes used for DuoSon exposure (35 mm 

diameter). Therefore the sound energy will be emitted around the 5 ml culture medium in the 

petri dish and due to impedance mismatches between the medium and air, the energy will be 

reflected within the dish producing a range of standing waves and possibility for cavitation to 

occur. There is a possibility this sound energy trapped within the culture dish could damage 

the hydrophone. More challenging is the positioning of a hydrophone into the DuoSon 

configuration. The immersion of the transducer face into the culture dish does not allow any 

additional space for a hydrophone, therefore the exact ultrasound energy during a cell culture 
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experiment would not be possible. Therefore although the tank configuration results are 

displayed in response to peak negative acoustic pressure, such in situ acoustic readings were 

not possible for the DuoSon configuration and are arguably of limited use due to the expected 

reverberant environment within the culture dish. As such HUVEC response to DuoSon 

exposure is displayed in response to calibrated intensity measurements. However, the DuoSon 

configuration (Section 2.2.1) ensured precise and reproducible positioning of the transducer 

perpendicular and 5 mm above the cell with control over the immersion in culture dishes 

ensuring minimal disturbance to the cell monolayer.  

 

The exposure arrangement of cells evolved during the project and a second in vitro 

configuration was implemented. The aim of the tank exposure apparatus in the present study 

was to reduce any standing waves and cavitation effects to allow accurate measurement of the 

ultrasound energy experienced by cells as discussed in the review of in vitro ultrasonic 

exposure methods by Snehota et al., (2020). To assist in this, deionised water was degassed 

via boiling (Liu et al., 2014) a commonly used technique in acoustic field tank experiments to 

reduce the activity of any gas bubbles in the water and subsequent mechanical cavitation 

effects on cells. However, the pouring of degassed water into the tank may reintroduce air 

bubbles into the system on the internal walls of the tank or in the water itself. No bubbles 

were visible to the naked eye in the tank system before or during ultrasound exposure, 

however it remains a possibility there may still have been micron sized bubbles which were 

difficult to detect. The exposure system required a large volume of water to be used so that 

any reflections arising between water/air boundaries were lost over the propagation distance 

of the ultrasonic waves. The size of the tank (60 cm x 30 cm x 30 cm) used in this research 

project is smaller in comparison with available low frequency ultrasound scanning tanks. For 



Discussion 

180 

 

example, low frequency scanning tanks designed for 50 kHz and above manufactured by 

Precision Acoustics have been designed as 3 m x 1.5 m x 1.5 m, 5 times larger than the tank 

used in this study. However the workspace necessitated a tank in close proximity to a cell 

incubator and microbiological safety cabinet for cell culturing in controlled lab conditions. 

Therefore the sized tank used in this study was of the most feasible practical size. Efforts were 

made to minimise the effect of standing waves and cavitation where possible. The transducer 

and cell cassette were aligned longitudinal to the tank to reduce the risk of the ultrasound 

wave meeting the water/air interface and subsequently reduce the risk of reflection at this 

interface. Low frequency ultrasound exposure produces an ultrasound beam with a greater 

beam spread, increasing the possibility of encountering all tank wall boundaries. Therefore all 

sides of the tank were lined with ultrasonic energy absorbing tiles, designed for low frequency 

20 – 200 kHz ultrasound, which was a modification from only one side of the tank as with the 

previous design (Savva et al., 2019).  

 

Acoustic field mapping demonstrated the anechoic nature of the tank. The acoustic output of 

the transducer was measured in peak-negative acoustic pressure values (MPa) as it is during 

rarefactional periods of an acoustic wave cycle that gas bubbles are most likely to form and 

lead to potential cavitation effects. An absence of multiple pressure hotspots strongly 

indicated an absence of reflections at the water/air boundary or water/absorber boundaries 

interfering with the scanned acoustic field. This was an important finding to visualise the 

acoustic environment during ultrasound exposure which is not always present in the literature. 

CLINIcell® cassettes showed minimal ultrasound energy attenuation using comparisons of 

pressure values and visualisation of scans with (Fig 3.28 D) and without (Fig 3.28 C) a 

cassette in the acoustic field. This provided further confidence that the pressure values 
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mapped to the scanned area was consistent with the ultrasound energy the cells would 

experience during in vitro exposure. A lack of attenuation also reduced the possibility of 

thermal effects on the cells cultured in the cassettes as absorbed ultrasound waves can lead to 

localised temperature rises as described in section 1.5.1. Slight differences in pressure values 

were observed at the edges of the transverse scan dimensions which may have been caused by 

a scattering effect of the ultrasound wave between the polycarbonate case and the 

polycarbonate film layer. Scattering of an ultrasonic wave can be caused by an irregular 

surface (DeSanto, 2002), which could have occurred at the joining of the polycarbonate film 

and the polycarbonate plastic casing. Nonetheless, the slight differences in pressure values 

were determined to not significantly interfere with the wave propagation or cell exposure. 

Although there was a potential for the introduction of unwanted bubbles to the acoustic field 

within the CLINIcell® cassette. Cell culture medium used in cassette cell culture was not 

degassed, however the deionised water used to fill the CLINIcell® cassette during acoustic 

characterisation was also not degassed. As there was an absence of subharmonics in the 

hydrophone measurements during the tank characterisation, this suggested a lack or a very 

low level of cavitation occurred during ultrasound exposure.  

 

Single-point pressure scans analysing the effect of increased current applied to the pressure 

measured within the tank surprisingly showed that when zero current was applied, the 

pressure measured did not correspond at zero as expected (Fig 3.29). This observation could 

be explained by the presence of background noise detected by the hydrophone. As seen in 

Fig 2.7, acoustic mapping of the tank involved multiple electrical equipment working 

simultaneously. A motorised X Y Z stage was used to continuously reposition the hydrophone 

during the scan process, laptops were used to trigger a Picoscope to save hydrophone readings 
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and to drive the transducer via a PiezoDrive driver and a separate computer was also used to 

control the motorised stage through LABVIEW software. All of this machinery and electrical 

equipment could create background noise which could subsequently be detected by the 4 mm 

hydrophone. This provides an explanation to the appearance of low levels of pressure being 

measured (0.02 – 0.06 MPa) even when there was no current applied to the transducer within 

the tank. Nonetheless, when current was applied the pressure measured also increased in a 

somewhat linear fashion. Therefore the further development of the tank exposure 

configuration demonstrated in the present study was a significant addition to the research of in 

vitro exposure of cells to ultrasound.  

 

The tank exposure method also provided an improved means of controlling temperature 

compared with the DuoSon configuration. Removal of the water heater once the temperature 

had reached 37 °C eliminated the presence of artefacts within the acoustic field. Exposure 

lengths of 5 min did not cause a significant decrease in tank temperature. Although a 

significant decrease was observed without ultrasound delivery over 5 min, the actual 

temperature recorded was only 0.3 °C lower than that recorded after ultrasound delivery. This 

difference in temperature would not be sufficient to attribute to any difference in cellular 

response during 5 min in vitro experiments. The decrease in water tank temperature also did 

not impact on the temperature of cEGM within the cassette during a 5 min exposure. The final 

temperature measured was 36.5 °C which was unlikely to produce any significant biological 

effect as most mammalian cell lines are cultured between 36 – 37 °C (Segeritz & Vallier, 

2017). Therefore, the tank configuration was shown to have suitable thermal control during 

ultrasound delivery. 
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Although the acoustic absorbing tank achieved one of the project’s objectives which was to 

develop a standardised ultrasonic exposure system, there are still improvements that can be 

made in future studies. During cell culture experiments the transducer and cassette were 

aligned manually using a laser spirit level within the aluminium pole rig. Such manual 

adjustments may have introduced a potential for non-reproducible positioning during each 

cassette loading. An improved positioning apparatus, such as a motorised XYZ 3-axis stage, 

could optimise the alignment procedure in accuracy and time to ensure the reliability of 

ultrasound exposure is upheld.  

 

Two methods have been identified to minimise any cavitation effects. First, the cEGM used 

for cell culture when seeding HUVECs into the CLINIcell® cassettes should be degassed 

prior to addition. There was an outlet valve opened to facilitate gas removal during culture 

media addition. However, degassing by proven methods such as vacuum filtration is a more 

measured way to reduce the presence of bubbles and subsequently cavitation in the system. 

Secondly, using a mechanical pump at a low speed to fill the tank would allow more 

controlled introduction of the degassed solution. Although pressure field mapping during 

characterisation of the acoustic field did not identify any presence of cavitation, there is still 

uncertainty if cavitation was present during cellular experiments. As each biological 

experiment involves introduction of new degassed water, cell cultures and CLINIcell® 

cassettes, the acoustic field may alter and the introduction of gas bubbles may occur. Placing a 

hydrophone behind the CLINIcell® cassette would provide confirmation of the presence of 

cavitation during each cell culture ultrasound experiment. Once again, the introduction of a 

hydrophone introduces another layer of complexity to the system.   
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4.2 Comparison of HUVEC response within exposure configurations 

This work investigated the effect on cell viability and cell numbers following ultrasound 

exposure using both DuoSon and tank configurations. Measurements via CCK-8 assay 

following DuoSon exposure and trypan blue assay, following DuoSon and tank exposure, 

showed that there was no significantly damaging effect to cell viability. This finding supports 

literature investigating the effect of therapeutic ultrasound on angiogenesis where no cell 

death has been recorded. For example Huang et al., (2017) observed a significant reduction in 

apoptosis and significant enhancement in cell viability after therapeutic ultrasound treatment 

using 1 MHz, 0.3 W/cm2 for 9 min. Though the frequencies differ between Huang’s research 

and the presented work, this study provided new findings into the effect of kHz ultrasound on 

cellular viability. 

 

Viable cell number analysis showed comparable numbers counted in the tank exposure 

system compared with untreated cells 72 h after ultrasound exposure, with moderately 

increased numbers 24 h after ultrasound. It is possible that increasing the statistical power of 

the analysis with an increase in the number of biological replicates, may lead to a more 

significant effect, as comparisons at 24 h were only marginally statistically insignificantly 

different (p = 0.0794). Similarly, DuoSon exposure resulted in moderately increased viable 

cell number compared with untreated cells 24 h after ultrasound exposure. This may have 

been due to the time taken for HUVECs to divide and proliferate in response to ultrasound 

resulting in the effect becoming visible after 24 h. In contrast to tank exposure, there was a 

significant increase in the number of viable cells 72 h after DuoSon exposure. A similar 

response was previously reported after endothelial cell exposure to ultrasound though the 

frequency applied was higher at 510 kHz (Schuster et al., 2013). Schuster’s research also 
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observed a significant increase in cell numbers 72 h after ultrasound exposure rather than 24 h 

and 48 h. In contrast, a more recent study observed a proliferative effect on endothelial cells 

24 h after LIPUS treatment (Li et al., 2022). Li also delivered ultrasound to cells seeded in 

96 well plates and 24 well plates. However work by the Birmingham team has shown that this 

experimental system is flawed as the well plates are adjacent to each other and therefore 

ultrasonic energy can be transferred throughout the plate (Gupta et al., 2022; Patel et al., 

2015). Previous researchers have not provided information regarding measuring the amount 

of ultrasonic energy in the well plates such as the work reported by Li et al. 2022. Without 

hydrophone measurements, it is impossible to understand the exact amount of ultrasonic 

energy transferred to the cells. As stated earlier in Section 4.1, such measurements were not 

possible in the DuoSon research in this study.  

 

The differences in viable cell numbers measured in the present study may have been due to 

the different dose of ultrasound applied in each system. Cells respond to ultrasound in a dose-

dependent manner; increased cell number has been shown to occur with increasing energy 

applied (Schuster et al., 2013). The amount of ultrasound experienced by HUVECs in the 

DuoSon system is unknown. There may be variations in energy caused by reflections within 

the culture dish walls and between the medium/air boundaries which were not as prominent in 

the tank system as demonstrated in Section 3.3.3. Reflections within a culture dish have been 

shown to result in higher-than-expected acoustic pressure levels within the dish (Mizrahi et 

al., 2007). Therefore the energy intensity applied to cells within the DuoSon may be higher 

than those in the tank system resulting in a difference in cell proliferation response.   
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Cytoskeletal actin staining employed in the present study may provide visual indication of the 

presence of increased HUVEC growth. Non-confluent, proliferating endothelial cells have a 

specific F-actin distribution which was first reported two decades ago by Searles et al., 

(2004). Searles’ research demonstrated F-actin localisation towards the cell periphery in 

proliferating cells which was similar to the observations made in the present study where 

HUVECs exhibited localised actin staining to the cell outer margin in both ultrasound 

exposure configurations (Fig 3.5 and Fig 3.30). This peripheral staining can be seen more 

abundantly in HUVECs 72 h after 25 mW/cm2 DuoSon ultrasound, potentially correlating 

with the significant increase in viable cell number. Areas of localised actin staining at the cell 

periphery may also indicate the location of the leading edge of a cell, suggesting the cell 

motility of HUVECs was unaffected (Lamalice et al., 2007). However, further quantitative 

analysis would have to be undertaken to support such possibilities.  

 

HUVEC morphology was not noticeably altered when imaging took place following DuoSon 

exposure. Endothelial cell morphological changes can be reversible, as identified by Altland 

et al., (2004) when observed changes in endothelial cell shape after ultrasound exposure were 

not visible after further 24 h culture. So, it may be possible that cell morphological changes 

after DuoSon treatment occurred at an earlier time point than 24 h. However the observation 

of cell morphology changes 72 h after ultrasound exposure in the tank system indicated 

prolonged morphological changes may also occur after ultrasound exposure. F-actin staining 

revealed instances of cell clustering 24 h and 72 h after ultrasound exposure in the tank 

system resulting in non-uniformity in cell shape. Occurrences of elongation in cell bodies and 

contrasting smaller, clumped indistinct cell bodies were observed in ultrasound exposed cells 

(Fig 3.30). A combination of finite element modelling (FEM) and F-actin 



Discussion 

187 

 

immunocytochemistry techniques have demonstrated ultrasound exposure causes increasing 

amount of strain within the cell, particularly in the cell cytoplasm and actin cytoskeleton 

causing changes in cell shape (Samandari et al., 2017). This may account for the changes in 

shape observed in the present study following 45 kHz exposure. 

 

Though these initial findings indicated a pro-angiogenic response to 45 kHz ultrasound in 

HUVECs (increased cell number, morphological alteration, lack of cell death) tube formation 

analysis did not show any significant direct effect of US. Initial analyses involved exposure of 

HUVECs to DuoSon ultrasound followed by tube formation assay in 48 well plates. Temporal 

responses were examined to identify whether there was a correlation between cell number and 

tube formation ability. Therefore, cells were seeded onto the MatrigelTM-coated assay plates 

immediately, 24 h and 72 h post exposure. At all time points after exposure, there was no 

significant difference in total tube length or number of branches formed between cells 

exposed to ultrasound and those unexposed. This suggests that 45 kHz ultrasound did not 

have a significant effect on the sprouting ability of HUVECs after 5 min treatment regardless 

of when analysed which differs from previously reported results in the field. Huang et al., 

(2015) reported significantly increased tube formation in cells treated with 9 min 1 MHz 

ultrasound at a 6 h timepoint compared with untreated HUVECs. Though it is unclear what 

characteristics were measured and analysis used by Huang to determine tube formation. The 

magnification used to image cells by Huang also differed from the protocol used in the 

presented work. Huang’s research imaged cells at 100x magnification which does not capture 

the view of an entire well unlike 4x magnification employed in the presented work allows. 

Only a partial view of the well can be captured which may not fully represent the total tube 

formation response. Contrasting results have been reported by another research group. Su et 
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al., (2019) measured significantly decreased number of branches 8 h after 1 min LIPUS 

treatment (0.5 MHz, 210 mW/cm2). The difference in reported responses highlights the 

sensitivity of cells to different frequencies and emissions of ultrasound. The results presented 

in the present study align more closely with Huang’s research findings as no significant 

negative effect on the tube formation behaviour of HUVECs was observed with continuous 

wave emission.  

 

However, an indication of a time-dependent response to ultrasound, similar to the response in 

HUVEC cell number, was observed. In cells seeded immediately and 24 h after ultrasound 

exposure, the number of branches was significantly lower at 24 h in all exposed and 

unexposed cells compared with the earliest time point analysed. Cells that were seeded 72 h 

after ultrasound exposure showed a different response. Only in untreated cells was a 

significantly lower number of branches counted at 24 h compared with 4 h. Cells that were 

exposed to ultrasound at all 3 intensities (10, 25 and 75 mW/cm2) did not result in 

significantly decreased number of branches. This suggested ultrasound exposure allowed 

HUVECs to retain an ability to form branches for a longer time than untreated cells. Cells 

within the in vitro tube formation assay began to undergo apoptosis and subsequently tubes 

began to deteriorate at 24 h (DeCicco-Skinner et al., 2014; Ranta et al., 1998). Therefore the 

loss of significantly reduced branches counted in cells exposed to ultrasound at the 24 h time 

point may have indicated delayed tube deterioration and an increase in the tube integrity of 

HUVECs seeded 72 h after ultrasound exposure, This further implied a delayed response to 

ultrasound in HUVECs.  
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Tube formation assays are well-established methods of assessing angiogenic behaviour of 

endothelial cells since the protocol’s first description by Kubota et al., in 1988. The protocol 

involves seeding endothelial cells onto a substrate that contains basement membrane proteins 

such as laminins, collagen IV, various growth factors and cytokines that mimic in vivo tissue 

extracellular matrix. Tube formation has been assessed following ultrasound exposure 

previously by seeding onto MatrigelTM-coated wells after ultrasound exposure (Huang et al., 

2015; Su et al., 2019). This protocol involved detaching cells from adherent cultures using 

trypsinisation and centrifugation, followed by cell counting and reseeding. In total, the 

reseeding step of the protocol lasted over 30 min in the present study following DuoSon 

exposure due to the number of technical replicates and conditions within each experiment. 

Not only was there a doubt over whether the direct effect of ultrasound was being measured 

due to the time taken, the process of detachment could also have had a masking role on the 

effect of ultrasound. Detachment of cells using the protease trypsin involves cleavage of 

peptide bonds in cell adhesion proteins; the addition of EDTA accelerates this process. Due to 

the nature of this process side effects on cell cytoplasm content (Lordon et al., 2024), 

cytoskeleton and actin filaments (Nehls et al., 2019; Raizada et al., 1981) have been 

published. As described previously, the function and reorganisation of actin is a key factor in 

the angiogenic ability of HUVECs. Any alteration in the actin cytoskeleton could influence 

the tube formation ability of HUVECs which may interfere with the response to the initial 

ultrasound delivery. Due to this, a second approach was utilised. HUVECs were seeded onto 

MatrigelTM-coated culture dishes prior to ultrasound exposure. Although this method has been 

followed previously (Huang at al., 2015) HUVECs were seeded onto multiwell plates prior to 

ultrasound exposure, rather than singular culture dishes used in the present study. No 

significant difference in tube formation ability was observed in HUVECs exposed to 
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ultrasound compared with untreated cells regardless of exposure length or intensity of 

ultrasound in this method. PCA showed the only difference seen in tube formation ability was 

due to the time point of the assay which was also seen in tube formation results in 48 well 

plates – 24 h results in a reduction in tube formation characteristics measured. However, 

HUVECs were only assessed immediately after ultrasound exposure as cells begin to undergo 

apoptosis 24 – 48 h in MatrigelTM culture (Ranta et al., 1998). As a result of this, HUVECs 

could not be visualised 72 h after ultrasound exposure as in the 48 well plate and viable cell 

number analysis. 

Even though no significant direct effect on tube formation ability was observed, the 

observations of this study are important for understanding potential cellular effects of 

miniaturised surgical devices. Exposure of HUVECs to low frequency ultrasound did not 

significantly inhibit tube formation at any intensity applied. Therefore 45 kHz applied at these 

intensities will not cause inhibition of angiogenesis which, if it did occur, would be 

detrimental to the desired post-ultrasonic surgery healing process. Although a significant 

increase in tube formation ability may be a desirable outcome for stimulating therapeutic 

angiogenesis, this study showed an increase in the ability to retain tube formation ability for a 

longer time. This was found in cells seeded 72 h after ultrasound, compared with cells not 

exposed to ultrasound which was further indication of a delayed response similar to viable 

cell number results.     

 

The present study examined gene expression using qPCR to identify any responses to the 

ultrasound exposure at the intracellular level. A notable observation within both DuoSon and 

tank exposure configurations was the similarity in expression response between eNOS and 

VWF. A link between eNOS and VWF has been reported in literature associating a decrease in 
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eNOS expression with an increased secretion of VWF in renal injury mice models (Nakayama 

et al., 2010). This association was previously described to occur via the downstream 

production of NO inhibiting the release of VWF from WPBs as demonstrated in human aortic 

endothelial cells (HAECs) in vitro and in eNOS-deficient mice in vivo by Matsushita et al., 

(2003). Therefore, it could be expected reduced eNOS expression measured in the presented 

study would coincide with reduced NO synthesis and subsequent increased VWF expression 

and secretion. However gene expression analysis indicated low frequency ultrasound 

influenced eNOS and VWF mRNA expression independently of this pathway as both genes 

exhibited similar expression levels.  

 

A decrease in angiogenesis-related gene expression was measured following ultrasound 

exposure in both DuoSon and tank configurations. Such effects on expression levels appeared 

to be a time-dependent response. The decrease in gene expression following DuoSon 

exposure was also dependent on the intensity delivered. Lower intensities (10 mW/cm2) 

appeared to have a delayed effect in reducing gene expression with moderate decreases seen 

after 72 h. Whereas the highest intensity (75 mW/cm2) resulted in reduced gene expression at 

earlier time points 6 h and 24 h after ultrasound exposure and by 72 h gene expression levels 

were comparable with untreated cells. Overall following DuoSon exposure, a downregulation 

of genes, notably eNOS and VWF, occurred 6 h and 24 h after ultrasound exposure with eNOS 

expression significantly decreased 6 h after 75 mW/cm2 exposure compared with untreated 

cells. Gene expression levels measured 72 h after ultrasound exposure were comparable with 

untreated cells. Interestingly, gene expression was downregulated at the later time point 72 h 

after ultrasound exposure in the tank system with comparable expression levels with untreated 

cells measured at 6 h and 24 h. This difference in response could be seen most clearly in the 
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expression levels of eNOS. In both exposure systems, eNOS was significantly downregulated 

in ultrasound exposed cells. However, following 75 mW/cm2 DuoSon exposure, significant 

downregulation was measured 6 h after ultrasound whereas significant downregulation was 

measured 72 h after ultrasound exposure in the tank system.  

 

The difference in time of response poses an interesting question on the intracellular responses 

to mechanical stimuli such as ultrasound. A possible reason for this contrast in response time 

maybe, as mentioned before, due to the difference in ultrasonic energy delivered to the cells. 

Subsequently, the mechanical effects on the HUVEC monolayer may differ causing varying 

intracellular responses. 

 

Such mechanical effects can alter cell morphology as discussed. Therefore the F-actin 

observations in this present study may provide further insight to the difference in eNOS 

expression responses. F-actin staining was not undertaken 6 h after DuoSon to observe 

morphological effects in HUVECs. However no significant morphological changes were 

observed 24 h or 72 h after DuoSon US, neither were any significant gene expression changes 

measured at these time points. Conversely, 72 h after ultrasound exposure in the tank system, 

some HUVECs were observed with irregular cell morphology. The “cobblestone” polygonal 

cell shape was not as apparent. The cell aggregations were undefined and on occasion 

elongated cell bodies were observed. At this time point, there was a significant decrease in 

eNOS activity measured. Changes in cell shape result in changes to intracellular responses via 

mechanotransduction (Haftbaradaran Esfahani & Knöll, 2020), which may be one of the 

factors affecting eNOS expression. Mechanotransduction is the process by which mechanical 

stimuli are sensed by cells and converted into intracellular biochemical responses by various 
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force-sensitive cell surface molecules (Dahl et al., 2008). For example, endothelial cells are 

subject to shear stress due to blood flow causing changes in the cell morphology and 

membrane resulting in intracellular responses (Li et al., 2005). Such changes in morphology 

caused by low intensity ultrasound have been implicated in the remodelling of chromatin in 

fibroblasts and chondrocytes (Noriega et al., 2012). Changes in chromatin organisation can 

influence gene expression by altering the accessibility of transcription factors and RNA 

polymerase to the target DNA sequence (Phillips, 2008). Shear stress can also be produced in 

vitro by exposure of endothelial cells to ultrasound (vanBavel, 2007). Whilst some studies 

have shown shear stress causes upregulation eNOS expression (Malek et al., 1999; Moore et 

al., 2010; Weber et al., 2005), oscillatory shear stress has resulted in a decrease in eNOS 

mRNA expression in HUVECs (Ziegler et al., 1998). Such oscillatory shear stress can be 

caused by microstreaming effects of ultrasound. Low shear stress levels have also resulted in 

decreased eNOS expression compared with exposure to high shear stress levels (Zhang et al., 

2016b) which may be concurrent with the low frequency and intensity ultrasound deployed in 

the present study.  

 

A change to the cytoskeleton of an endothelial cell specifically has been reported to attenuate 

eNOS activity (Govers & Rabelink, 2001). This may be due to the direct interaction between 

the actin components and eNOS mRNA (Searles et al., 2004). Therefore there is a suggestion 

that mechanical forces on the HUVEC membrane due to ultrasound exposure resulted in the 

significant reduction in eNOS expression in the present study. However, eNOS regulation is a 

complex process dependent on mRNA expression, mRNA stability and post transcriptional 

processes as described in Section 1.2.3.2. Though it is acknowledged that the influence on the 

endothelial cell membrane may impact multiple eNOS activation pathways via numerous 
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mechanoreceptors present in the endothelial cell membrane (Chatterjee & Fisher, 2014). 

Further experimentation is needed to test the hypothesis of alterations to endothelial cell 

membrane and actin organisation caused by mechanical forces exerted on the cell monolayer 

caused downregulation in eNOS expression.  

 

The reduced expression of eNOS observed in the present study may also explain the effect 

seen in HUVEC tube formation ability after ultrasound exposure. When measured 

immediately and 24 h after ultrasound, the tube length of HUVECs was slightly decreased 

compared with untreated cells and the ability to sustain tube formation after 24 h in 

MatrigelTM was significantly decreased. This may correspond with the reduced levels of eNOS 

expression at these earlier time points. Conversely, 72 h after ultrasound, HUVECs were able 

to retain tube formation ability at the 24 h imaging time point compared with untreated cells. 

There was also a moderately greater number of branches measured at this later timepoint in all 

treated cells compared with untreated cells. These observations may be a result of the 

recovered levels of eNOS expression 72 h after ultrasound. These results suggest the 

observations of tube formation behaviour are related to the intracellular activity, specifically 

the eNOS pathway of HUVECs. This suggestion is supported in literature reporting a 

reduction in the tube formation ability of eNOS deficient endothelial cells in vitro (Bu et al., 

2022a; Zhao et al., 2002). These observations could be explained by the role of eNOS in tip 

cell selection and migration (Priya et al., 2015). Therefore, the downregulation of eNOS seen 

in the presented study and previously reported research may be due to an inhibition on tip cell 

selection and subsequent sprouting ability. 
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The reduction in eNOS gene expression observed in the present study was surprising as it 

differs from other literature reporting an increase in angiogenesis-related gene expression 

following low intensity ultrasound exposure (Altland et al., 2004; Huang et al., 2015; Sahni et 

al., 2024). However, there are other reports observing an inhibition in eNOS expression in 

HUVEC cell line EA-hy-926 following exposure to low shear stress and oscillatory shear 

stress (Ziegler et al., 1998). Differences in endothelial cell responses to ultrasound reported 

once again highlight the complexity of intracellular response to varying mechanical stimuli. 

This area merits further research, especially in understanding biological effects of ultrasonic 

surgical devices on the surrounding hard and soft tissues. Interestingly, a recent study (Bu et 

al., 2022b) demonstrated a loss of eNOS was not only associated with a reduction in tube 

formation ability, as mentioned, but a significant increase in cell proliferation. The authors of 

this study found this observation surprising due to the disagreement with previously reported 

observations associating an activation of eNOS to increased endothelial cell proliferation and 

migration via the PI3K-Akt pathway and release of NO (Chen et al., 2008; Namkoong et al., 

2005). Observations in the present study appear to align with Bu et al,. (2022b) findings of 

decreased eNOS expression associated with no inhibitory effect on HUVEC survival and 

apparent increase in proliferation. Therefore, a down regulation of eNOS does not 

unequivocally indicate an inhibition of angiogenesis as a loss of eNOS function can induce 

endothelial cell proliferation and migration - hallmarks of angiogenesis. Such conflicting 

reports in the literature highlights the need for more understanding in the downstream effects 

of eNOS and complex molecular processes involved in endothelial cell behaviour and 

angiogenesis.  
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4.3 Clinical importance of the presented findings 

The findings of this study may be translated to the clinical situation. When using the 45 kHz 

ultrasonic DuoSon there was no significantly detrimental effect on HUVEC viability or tube 

formation ability. Therefore there is unlikely to be such a detrimental effect of the ultrasound 

from a 45 kHz surgical instrument on the wound healing process. Maintaining endothelial cell 

viability, in addition to significant increased cell number as seen in DuoSon experimentation 

or moderate increases seen in the tank configuration, indicates a supportive and proangiogenic 

effect. Endothelial cells are crucial is all phases of wound healing: inflammation, proliferation 

and remodelling (Cañedo-Dorantes & Cañedo-Ayala, 2019). Therefore demonstrating cell 

viability is maintained for at least 72 h in this study, with moderate to significant increase in 

cell number, strongly suggests sustained support and potential enhancement of the healing 

process after the initial use of 45 kHz surgical devices.  

 

Although a significant proangiogenic response was not seen in this study with regards to tube 

formation, increased tube integrity was seen 72 h after ultrasonic treatment. This may suggest 

45 kHz may lead to more stable and mature vessels in vivo. A decrease in mature, stable 

vessels results in less efficient or lack of nutrient and oxygen delivery, ultimately delaying the 

repair process (Johnson & Wilgus, 2014). Delays to surgical wound healing places heavy 

financial burden on the NHS and on the patient’s quality of life (Section 1.3.2). Therefore, 

demonstrating an increase in tube integrity that could support correct wound healing without 

significant interference in the overall process is an important and interesting finding. 

Although further work is needed to investigate the hypothesis of increased tube integrity 

following 45 kHz ultrasound exposure, for example in the standardised tank system 
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developed in this study, these results are a promising step into discovering the effect 

ultrasonic devices have on post-surgical wound healing. 

 

Although there was no direct stimulation of tube formation within the set of experiments 

presented, this lack of stimulatory effect may be desirable for specific 45 kHz ultrasonic 

devices. For example, the aim of tumour resection surgery is the safe removal of all or part of 

the cancerous tissue, however there is always a risk of residual cancer cells remaining after 

resection. The finding that 45 kHz does not stimulate tube formation in vitro may suggest safe 

deployment of ultrasonic devices driven at this frequency in tumour resection procedures. 

This is due to the potentially reduced risk of residual tumour cell stimulation to an angiogenic 

state which, if occurs, could lead to tumour regrowth, vascularisation and metastasis (Atkin & 

Chopada, 2006).  

 

The decreased risk of unregulated angiogenesis whilst maintaining tube integrity is important 

in other clinical settings such as ophthalmic surgery. Ocular angiogenesis can lead to the 

production of dysfunctional, immature, leaky vessels that can lead to a number of eye 

disorders such as age-related macular degeneration (AMD) and diabetic retinopathy and can 

ultimately cause complete sight loss (Sapieha et al., 2010). The present study suggests 45 kHz 

does not significantly stimulate the formation of “capillary-like” tubes in vitro but also leads 

to increased tube integrity; hallmarks of supporting stable wound healing processes essential 

for post-ophthalmic surgical healing. Phacoemulsification is a technique used in cataract 

surgery that uses ultrasound energy to emulsify and aspirate the cataractous lens allowing 

replacement with an artificial intraocular lens (Linebarger et al., 1999). Phacoemulsification 

devices are driven between 35 and 45 kHz, efficient frequencies for nuclear emulsification 
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(Packer et al., 2005). Therefore, the presented findings of no significant stimulation of tube 

formation in vitro add further support to the use of devices at the highest range of 45 kHz 

regarding the biological safety of such surgeries.  

 

Overall the work presented in this study is important for understanding and following 

important for safety guidelines in ultrasonic device design and subsequent use in a range of 

surgical procedures. 

 

4.4 Further work  

Further specific studies into the angiogenic response of HUVECs after ultrasound exposure in 

the tank configuration would include the following: 

• Investigate the tube formation ability following ultrasound delivery in the acoustic 

absorbing tank. Optimisation steps would have to be undertaken to develop a protocol 

of exposing HUVECs onto MatrigelTM-coated CLINIcell® cassettes. The method of 

introducing media into the CLINIcell® cassette may pose a problem for the viscous, 

temperature-sensitive MatrigelTM solution. MatrigelTM must be kept cool during the 

coating stage as it begins to solidify and adhere to any surface when at room 

temperature. It may be difficult to keep the MatrigelTM at such a temperature whilst 

adding to a syringe and injecting via the Luer lock valves system. There may be 

warming to room temperature of some areas within the cassette that could hinder the 

even distribution of MatrigelTM.  

• Investigate the angiogenic response further using migration and wound healing assays. 

A scratch wound assay can be used following ultrasound exposure in the tank system 

by seeding exposed cells and creating a scratch, or by using ultrasound-conditioned 
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media to culture cells and assess wound closure compared with unconditioned media. 

However the issue remains to develop a method to perform this assay directly after 

tank exposure which will have to be optimised.   

 

The regulation of eNOS mRNA expression is highly complex involving transcriptional, 

posttranscriptional and posttranslational protein interactions. Therefore, further investigation 

into other factors influenced by eNOS activity is necessary to gain more understanding of the 

molecular pathways involved in eNOS regulation, downstream effects and ultimately the 

response to 45 kHz ultrasound: 

• eNOS protein activity can be affected by post-translational modifications not only 

effects on mRNA expression. Activation of eNOS is related to its phosphorylation 

which can be measured using western blot techniques. However phosphorylation does 

not strictly result in activation, it is dependent on the specific site of phosphorylation 

that can cause activation or inhibition. As a result, eNOS activity cannot be solely 

determined by phosphorylation measurements but it is a necessary analysis to increase 

understanding. 

• Further investigation into effects on eNOS activity can be assessed through the 

enzyme’s production of NO. NO levels are directly proportional to eNOS activity as 

the enzyme catalyses the oxidation of L-arginine to L-citrulline and NO (Förstermann 

& Münzel, 2006). Levels of NO produced in the cEGM after ultrasound exposure can 

be measured in using a nitric oxide colorimetric assay.  

• An interesting post-transcriptional interaction to research is the association of eNOS 

with the actin cytoskeleton. As ultrasound applies mechanical forces on cell 

membranes, there is a suggestion that this will affect the actin cytoskeleton, which 
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ultimately can affect eNOS expression and activity. Measuring the ratio of the 

monomer G-actin to its polymer F-actin would identify an effect of remodelling 

caused by ultrasound treatment. This could impact eNOS activity as association with 

G-actin has been shown to cause a greater increase in eNOS activity than association 

with F-actin (Su et al., 2003). Immunocytochemistry of eNOS and both G-actin and F-

actin will provide a visualisation to the protein-protein interaction and any possible 

effects ultrasound exposure may exert on eNOS localisation in HUVECs. 

 

The exposure systems in this study may not directly mimic in vivo responses due to the 

presence of varying wave attenuation coefficients in the human body. However, the initial in 

vitro results described provide new findings in the HUVEC response to low frequency 

ultrasound. Further work is necessary to determine if such low frequency ultrasound produces 

a cellular response in an environment more indicative of in vivo conditions: 

• HUVECs can be cocultured with a variety of cell types to investigate how ultrasound 

effects cell-cell interactions and processes. Coculturing with fibroblasts can be used to 

study vascularisation (Costa-Almeida et al., 2014; Sukmana & Vermette, 2010) and 

tissue regeneration (Fujita et al., 2023; Nakatsu et al., 2003). Investigations into 

osteogenesis and angiogenesis crosstalk following ultrasound exposure to analyse 

tissue healing can also be studied through osteoblast (Jabbarzadeh et al., 2008; Ma et 

al., 2011) and mesenchymal stem cell coculture (Chen et al., 2018; Kang et al., 2013). 

• 3-D culture techniques also provide a culture environment more mimicking of in vivo 

conditions. 3-D scaffold/matrix-based techniques use biomaterials such as collagen 

(type I), gelatin methacrylate (GelMA) and MatrigelTM among others, to provide 

structural support for HUVEC growth and vascular growth. Optimisation experiments 
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would be needed to investigate the plausibility of coating CLINIcell® cassettes with 

such material and exposing to ultrasound in the tank configuration. 

• A form of hydrogel that has been used to mimic tissue for in vitro ultrasound studies is 

agar-based gel phantoms. Agar phantoms can be modified to mimic specific tissue 

properties such as stiffness and attenuation coefficient by altering the concentration of 

agar and additional additives (Drakos et al., 2021). Such methods can be integrated 

into the acoustic absorbing tank system by positioning the agar between the transducer 

and CLINIcell® cassette. 
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Chapter 5.  

 

CONCLUSIONS  



Conclusions 

203 

 

The work presented in this thesis investigated the response of endothelial cells to low 

frequency kHz ultrasound and any subsequent effect on angiogenesis. For this purpose, a 

newly developed in vitro setup was established and characterised for such in vitro cell culture 

ultrasonic experimentations and compared with a previously in-house developed in vitro set-

up using the DuoSon device. The findings of this research highlighted the potential of kHz 

ultrasound to directly impact on human endothelial cells and angiogenesis as summarised 

below: 

• The study demonstrated a direct and visible effect of ultrasound on HUVEC 

morphology via F-actin staining. Elongation and cell clustering was observed in some 

instances following ultrasound exposure, most prominently following exposure in the 

tank configuration rather than the DuoSon configuration. 

• The presented work also showed 45 kHz ultrasound was not damaging to HUVEC 

viability, rather, the ultrasound exposure resulted in an increase in viable cell number. 

This increase was measured as significant following DuoSon exposure and appeared 

to be a time-dependent response, resulting in significant effect 72 h after ultrasound 

exposure. 

• Tube formation analysis revealed no direct significant effect on tube length or number 

of branches measured following ultrasound exposure. However, a potential ability of 

HUVECs to retain tube formation behaviour for longer periods after 45 kHz ultrasonic 

exposure was observed. 

• The cellular responses observed may be a result of the effect seen in HUVEC gene 

expression. In both exposure systems utilised in this study, the expression of eNOS, a 

key regulator of cellular function and sprouting angiogenesis, was significantly 
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downregulated. This strongly indicates an effect on the eNOS pathway following 

45 kHz ultrasonic exposure.  

• This work emphasised the influence experimental configurations have on cellular 

responses. Slight differences were found in endothelial cell morphology, cell number 

and gene expression measurements when comparing cellular response following 

DuoSon and acoustic absorbing tank ultrasound configurations. 

 

In conclusion, the present study adds to the literature on biological effects of ultrasound and 

describes a standardised ultrasonic exposure system for cells. The work presented in the study 

has demonstrated a time and dose-dependent endothelial cell response to low frequency 

continuous wave ultrasound. Though the hypothesis of a pro-angiogenic response was not 

observed in all experiments undertaken, as a decrease in eNOS and no significant increase in 

tube formation in vitro were measured, exposure at multiple intensities of 45 kHz ultrasound 

did not significantly inhibit the angiogenic ability of endothelial cells. Therefore these results 

suggest 45 kHz does not significantly inhibit the wound healing process of HUVECs in vitro. 

This is of potential clinical importance as it suggests ultrasonic surgical devices resonating at 

45 kHz will not significantly impair the post-surgical wound healing process.   

 

Finally, this study has also provided a robust, standardised in vitro ultrasound exposure 

system with minimal interference from configuration limitations such as thermal instability or 

reflection interference. The acoustic absorbing tank system may be used for a range of cell 

types and ultrasound parameters allowing researchers to understand the many complex 

biological effects of low frequency ultrasound. This research will aid the development and 

ultimately the application of therapeutic or surgical ultrasonic clinical devices. 
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7.1 Hydrophone kHz calibration  

A 4 mm needle hydrophone (Precision Acoustics, Dorchester, UK) was used to measure peak 

pressure values in the acoustic field of the absorbing tank. The hydrophone was calibrated by 

the supplier following standard substitution calibration technique. Corresponding uncertainty 

values for each frequency are shown in dB and as percentages shown in Table 7.1.  

 

Table 7.1 Calibration data for 4 mm needle hydrophone in kHz range. 

    

Frequency 

(kHz) 

Sensitivity  

(dB) 

Sensitivity 

(mV/MPa) 

Uncertainty 

(db) 

Uncertainty 

(%) 

20 -228.466377 3772.950833 ± 0.7  8 

21 -228.11403 3929.148889 ± 0.7  8 

22 -228.618029 3707.648296 ± 0.7  8 

23 -228.921258 3580.445794 ± 0.7  8 

24 -229.787506 3240.594743 ± 0.7  8 

25 -230.611922 2947.161135 ± 0.7  8 

26 -230.090999 3129.320438 ± 0.7  8 

27 -231.046499 2803.335421 ± 0.7  8 

28 -231.862381 2552.00167 ± 0.7 8 

29 -231.454017 2674.848114 ± 0.7  8 

30 -230.943845 2836.662942 ± 0.7  8 

31 -229.545291 3332.233684 ± 0.7  8 

32 -228.53416 3743.621964 ± 0.7  8 

33 -227.439764 4246.311011 ± 0.7  8 

34 -226.931518 4502.193022 ± 0.7  8 

35 -225.73485 5167.226487 ± 0.7 8 

36 -225.021239 5609.679447 ± 0.7 8 
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37 -224.962865 5647.506379 ± 0.7 8 

38 -224.700501 5820.696281 ± 0.7 8 

39 -224.618351 5876.009207 ± 0.7 8 

40 -224.718291 5808.786854 ± 0.7 8 

41 -224.772011 5772.972312 ± 0.7 8 

42 -225.043923 5595.048375 ± 0.7 8 

43 -224.90683 5684.058149 ± 0.7 8 

44 -225.386161 5378.881446 ± 0.7 8 

45 -225.737563 5165.613071 ± 0.7 8 

 

 

7.2 qPCR primer specificity  

Melt curve analysis was performed to assess the specificity of the qPCR reaction for each 

primer used. Melt curve analysis at the end of the amplification PCR run, involved the 

measurement of fluorescence during incremental increase of sample temperature. The SYBR 

green dye used in the qPCR reaction only fluoresced when bound to double-stranded DNA 

(ds DNA). As the temperature increased, the dsDNA denatured to single stranded (ssDNA) 

and the dye dissociated from the DNA therefore reducing the levels of fluorescence detected. 

The temperature at which 50 % of the dsDNA was dissociated into ssDNA is known as the 

melting temperature (Tm) which is identified with a singular peak at the Tm position when 

plotted on a melt curve of a single amplicon. Multiple peaks on the curve suggested the 

presence of multiple PCR products which could be caused by non-specific priming or primer 

dimer formations.  
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Figure 7.1 Melt curve analysis for primer specificity assessment. 

Melt curve analysis was undertaken for primers (A) B2M , (B) eNOS, (C) GAPDH, (D) 

PECAM-1, (E) RPL27, (F) VEGF-A, (G) VEGF-R2, (H) VWF, (I) YWHAZ. Single peaks 

at each primer Tm indicated target-specific primer binding. 

 

 

 

7.3 Tube formation assay 

7.3.1 Two-way ANOVA analysis for tube formation assay 

The following tables show results from two-way ANOVA analysis with Tukey’s post-hoc 

multiple comparisons test. These analyses were performed on ‘Angiogenesis Analyser’ data 

after tube formation assays in 48-well plates. Multiple comparisons were made between 4 h, 

6 h and 24 h timepoints on untreated and ultrasound exposed cells. ANOVA comparisons 

showed significantly reduced tube length (Table 7.2 A), and number of branches measured 

(Table 7.2 B) after 24 h compared with 4 h and 6 h time points in HUVECs seeded 

immediately after ultrasound exposure. 
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HUVECs seeded 24 h after ultrasound exposure were also analysed using two-way ANOVA 

with Tukey post-hoc comparisons. However comparisons were only made between 24 h and 

6 h time points due to a loss of 4 h biological replicate data. Comparisons showed 

significantly lower tube length at 24 h compared with 6 h (Table 7.3 A), No significant 

difference was measured in number of branches measured both between timepoints and 

within time points (Table 7.3 B). 

 

Two-way ANOVA comparison 72 h post ultrasound exposure demonstrated no significant 

difference in tube length measured in treated and untreated cells between any time point, 

except significantly lower length in 25mW/cm2 exposed cells imaged 24 h after seeding than 

10 mW/cm2 exposed cells 4 h after seeding (Table 7.4 A). Interestingly, the number of 

branches measured 24 h after seeding were significantly lower only in unexposed cells, 

compared with cells analysed 4 h after seeding as shown in Table 7.4 B.   
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Table 7.2 Two-way ANOVA with Tukey post-hoc comparisons test for tube formation 

immediatley after ultrasound exposure. 
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Table 7.3 Two-way ANOVA with Tukey post-hoc comparisons test for tube formation 

24 h after ultrasound exposure. 
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Table 7.4. Two-way ANOVA with Tukey post-hoc comparisons test for tube formation 

72 h after ultrasound exposure. 
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7.3.2 Energy supplied to HUVECs in 35 mm culture dishes 

The energy supplied to the cells was calculated following Equation 2.2 (Section 2.7.2) and is 

described in Table 7.5. Each DuoSon exposure setting was converted to the amount of energy 

supplied in Joules by using the total acoustic power of each intensity setting multiplied by the 

exposure length (in seconds).  

Table 7.5 Calculated energy supplied to cells in 35 mm culture dish and the 

corresponding exposure setting. 

 

DuoSon Exposure Setting 

(intensity_exposure length) 

Supplied Energy  

(Joules) 

untreated_1 min 0 

untreated_3 min 0 

untreated_5 min 0 

10 mW_1 min 9.54 

10 mW_3 min 28.62 

10 mW_5 min 47.7 

25 mW_1 min 24.36 

25 mW_3 min 73.08 

25 mW_5 min 121.8 

75 mW_1 min 73.02 

75 mW_3 min 219.06 

75 mW_5 min 365.1 

 

The energy supplied to the HUVECs in 35 mm dishes did not significantly affect the tube 

formation behaviour when analysing data at all imaging timepoints (p = 0.36, Fig 7.2). This 

can be visualised by the overlapping of 95 % confidence ellipses of all energy values supplied 

to the cells during the in vitro experiment.  
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Figure 7.2 Principal component analysis of the energy supplied to HUVECs during 

45 kHz DuoSon exposure at all imaging time points. 

Data were grouped according to the energy supplied in Joules (J). Overlapping ellipses in 

all energy settings indicated no statistical difference in tube formation between untreated 

cells and cells exposed to ultrasound at all intensities. Analysis and graph visualisation 

performed in R Studio (N = 4; p  = 0.69).  

 

 

7.4 Scripts  

7.4.1 RStudio script for PCA 

A script was written in RStudio in collaboration with Dr Dario Leonardo Balacco to perform 

PCA on the tube formation dataset obtained from ‘Angiogenesis Analyser’ in HUVECs 

(Fig 7.3). PCA was performed following tube formation assay in 35 mm dishes as multiple 

variables were measured: intensity, exposure length, imaging time point and assessing 

numerous tube formation characteristics in ‘Angiogenesis Analyser’.  
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Figure 7.3. R 

script written to 

perform and 

visualise results of 

PCA. 

A script of 

commands written 

in R to perform 

PCA on the tube 

formation in 35 mm 

dataset and to 

visualise the data as 

ellipses indicative 

of significance and 

95 % confidence. 
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7.4.2 MATLAB Scripts for acoustic field characterisation 

A MATLAB script was written by colleagues Hilde Metzger and Dr Alexandru Moldovan at 

University of Glasgow to plot hydrophone readings obtained from tank pressure field 

scanning in Glasgow laboratories described in section 3.3.2. The script allowed for sorting of 

MATLAB data files saved from Picoscope pressure readings, and plotting of these values as a 

pressure field image: 

 

sizex =_;  % Span in x-direction [mm] 

sizey =;_   % Span in y-direction [mm]  

sizez = _;   % Span in z-direction [mm] 

stepx = 2.5;  % step size in x-direction [mm] 

stepy = 2.5;  % Step size in y-direction[mm] 

stepz = 2.5;  % Step size in z-direction[mm] 

zoffset = 5;  % Distance the hydrophone was from the 

transducer front face [mm] 

 

%initialises arrays used 

 position=[]; 

 first=[]; 

 second=[]; 

 xyz=[]; 

 ampl=[]; 

 pnp_vect=[]; 

 ppp_vect=[]; 
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directory = uigetdir(); 

 files=dir(horzcat(directory,'\*.mat')); 

 files={files.name}; 

 

% sort_nat sorts the filenames into the natural order so that 

they are processed in the correct order 

[files, S] = sort_nat(files); 

 

%extracts the files one by one and converts Voltage signal 

into Pressure Signal 

for i=1:length(files) 

 current=files{i};     

 cf=horzcat(directory,'\',current); 

 load(cf) 

 ampl=A; 

  

 %Sampling frequency of scanning tank setup (kHz) 

 FS=1/(Tinterval*1e3); 

 %define the lowpass Butterworth cutoff frequency (KHz) 

 LowPass_freqency=200; 

  freq=[20, 21, 22, 23, 24,25, 26, 27, 28, 29, 30, 31, 32, 33, 

34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45];  

 NH_sensitivity_magnitude=[3772.950833, 3929.148889, 

3707.648296, 3580.445794, 

3240.594743,2947.161135,3129.320438,2803.335421,2552.00167,267
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4.848114,2836.662942,3332.233684,3743.621964,4246.311011,4502.

193022,5167.226487,5609.679447,5647.506379,5820.696281,5876.00

9207,5808.786854,5772.972312,5595.048375,5684.058149,5378.8814

46,5165.613071,];  

 

 measured_amplitude=ampl; 

 % The interpolated NH calibration data must have as many 

points as the measured voltage trace (the amplitude waveform) 

 N=size(measured_amplitude,1); 

% Get the frequency step size. 

 delta_fs=FS/N;  

 

% The frequency vector of the deconvolution matrix must stop 

at the sampling frequency of the amplitude waveform in order 

for the deconvolution by multiplication to exist!!!!! 

 freq_stop_value=FS/2; 

 

% Create the low and high frequency vectors: the low frequency 

NH sensitivity vector (i.e. at frequencies < minimum 

calibration frequency down till zero) has sensitivity 

magnitudes equal to the first entry in the calibration data; 

the high frequency sensitivity calibration data (i.e. for 

frequencies > highest frequency in the calibration data) has 

values equal to theentry with highest calibration frequency in 

the calibration data. Reference: [HURRELL AND RAJAGOPAL: 
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PRACTICALITIES OF OBTAINING AND USING HYDROPHONE CALIBRATION 

DATA] 

 

 freq_low=0:delta_fs:freq(1); 

 

mag_sensitivity_low=ones(1,length(freq_low)).*NH_sensitivity_m

agnitude(1); 

 freq_high=freq(end):delta_fs:freq_stop_value; 

 mag_sensitivity_high = 

ones(1,length(freq_high)).*NH_sensitivity_magnitude(end); 

 freq_end=min([freq_stop_value freq(end)]); 

 

%Do an interpolation of the NH calibration data to shift its 

points on the frequency points of the amplitude waveform. 

 freq_interp=(freq_low(end)+delta_fs):delta_fs:freq_end; 

 

mag_sensitivity_interp=interp1(freq,NH_sensitivity_magnitude,f

req_interp); 

 

 %build the full sized interpolated vectors (with artificial 

ends included) 

 frequency_spectrum = horzcat(freq_low,freq_interp,freq_high); 

 full_mag_sensitivity = [mag_sensitivity_low 

mag_sensitivity_interp mag_sensitivity_high]; 
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 % Infer the Phase data from Magnitude using inverse Hilbert 

transform for minimum phase systems. Also nothe that 

Inv(H(omega))=-H(omega) Reference: Wear et al.: time-delay 

spectrometry 

 phase_processed=imag(-

hilbert(log(abs(NH_sensitivity_magnitude)))); 

 phase_interp=interp1(freq,phase_processed,freq_interp); 

  

 % in the same way as for the magnitude vector, create the 

phase vector 

 phase_low=zeros(1,length(freq_low)); 

 phase_high=zeros(1,length(freq_high));  

 full_phase= horzcat(phase_low, phase_interp,phase_high);  

 

% Create the complex NH transfer function 

  [x,y] = pol2cart(full_phase,full_mag_sensitivity); 

  NH_complex_transf_func=x+1i*y; 

  NH_complex_transf_func=NH_complex_transf_func'; 

  

%% FFT part - transpose the data so that we have the time data 

in different columns  

 ampl_transpose=measured_amplitude;  

 clear measured_amplitude 

 

  full_frequency_signal=(fft(ampl_transpose,N)); 
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frequency_signal=full_frequency_signal(1:size(NH_complex_trans

f_func,1), :); %make the signal single sideband 

 deconvolved_signal=frequency_signal./NH_complex_transf_func; 

 

  High_pass_low=ones(size(deconvolved_signal)); 

 High_pass_low(1,:)=0; 

 deconvolved_signal=deconvolved_signal.*High_pass_low; 

 

 %Only after the deconvolution can we filter our signal   

[b,a] = butter(7,LowPass_freqency/(FS/2)); filtered_signal = 

filter(b,a,deconvolved_signal); 

 

  filtered_signal =deconvolved_signal; 

 time_signal = 

ifft(filtered_signal,size(ampl_transpose,1),'symmetric'); 

%transform back to time traces, bearing in mind that we have a 

single sideband in fft domain  

 pnp_vect = vertcat(pnp_vect,min(time_signal)*1e3);  % convert 

the pnp vector to MPa; 

end 

 

pnp_vect = pnp_vect*(-1); 

if sizez == 0 

 numRows = sizey/stepy+1; 

 numColumns = sizex/stepx+1; 



Appendices 

252 

 

 x =-1*sizex/2:stepx:sizex/2+1; 

 y =-1*sizey/2:stepy:sizey/2+1; 

 xlbl = 'X (mm)'; 

 ylbl = 'Y (mm)'; 

elseif sizex == 0 

 numRows = sizey/stepy+1; 

 numColumns = sizez/stepz+1; 

 y =-1*sizey/2:stepy:sizey/2+1; 

 x = zoffset:stepz:sizez; 

 xlbl = 'Z (mm)'; 

 ylbl = 'Y (mm)'; 

elseif sizey == 0  

 numRows = sizex/stepx+1; 

 numColumns = sizez/stepz+1; 

 y =-1*sizex/2:stepx:sizex/2+1; 

 x = zoffset:stepz:sizez; 

 xlbl = 'Z (mm)'; 

 ylbl = 'X (mm)'; 

PNP = reshape(pnp_vect, [numColumns numRows]); 

PNP(:,2:2:end) = flipud(PNP(:,2:2:end)); 

 

figure(); 

imagesc(x, y, PNP) 

 clb=colorbar; 

  clb_title=get(clb,'title'); 
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 clb_pos(:,2)=610; 

 clb_title.Position=clb_pos; 

 title('2D Peak Negative Pressure (MPa)'); 

  colormap(); 

 set(get(clb,'title'),'string','Pressure Magnitude 

(MPa)','FontSize',16);  

 xlabel(xlbl,'FontSize',16); 

 ylabel(ylbl,'FontSize',16); 

 set(gca,'fontsize',18); 

 plotname = 'MPa'; 

  

 FigureName=['2D_Color_Plot_tank',plotname,'2.fig']; 

 save_figure_path=[directory,'\',FigureName];  

 saveas(gcf,save_figure_path); 

 FigureName=['2D_Color_Plot_tank',plotname,'2.png']; 

 save_figure_path=[directory,'\',FigureName];  

 saveas(gcf,save_figure_path); 

 

Another MATLAB script was written by Dr Jack Stevenson. This script allowed reading and 

plotting of single point scans measured with increasing ultrasound current described in section 

3.3.2: 

 

%% constants c = 1480; 

selpath = uigetdir(); % give this the folder location that 

contains the other current folders 
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foldersNames = dir(selpath); 

foldersNames = foldersNames(3:length(foldersNames));  

for i = 1:length(foldersNames)  

 currentSettings(i) = str2double(foldersNames(i).name(1:end-

1)); 

 currentSettingsStr{i} = foldersNames(i).name; 

end 

%% get files from each subfolder 

for ii = 1:length(foldersNames) 

 subfolder = fullfile(selpath, currentSettingsStr(ii)); 

 directory = dir(subfolder{1}); 

 subDirNames = {directory.name}; 

 [s, idx] = sort_nat(subDirNames); 

 s = s(3:end); %get rid of . and .. so idx will be 2 off.... 

 

for j = 1:length(s) 

  data(ii,j) = load(fullfile(directory(1).folder, s{j})); % 

this is all the data 

  freq = fft(data(ii,j).A); 

  tidyFreq = abs(freq); 

  tidyFreq = tidyFreq(1:length(tidyFreq)/2); % do an fft and 

tidy  

  sampleRate = 1/data(ii,j).Tinterval; % need the sample rate  

 

if mod(sampleRate, 2) == 0 % make sure its even (for fft freq) 
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   maxFFTfreq = sampleRate/2; 

else 

   maxFFTfreq = (sampleRate/2) + 1; 

  end 

  fftFreqVect = linspace(1,maxFFTfreq, length(tidyFreq)); % 

stretching correct freq over spectrum 

    [~, idx] = max(tidyFreq); % find location of peak 

    %% plot freq content for every signal 

  if j == 1 

  figure;  

  plot(fftFreqVect, tidyFreq) 

%   title(['Resonant Frequency in signal is ', 

num2str(round(averageResonance*1e-3)), ' kHz']) 

%   xlim([0 1e6]); 

  xlim([0 4e5]); 

%   ylim([0 4e5]); 

  end 

 

  TxResonance(ii,j) = fftFreqVect(idx); % finally get 

resonance 

  lambda = c/TxResonance(ii,j); % wavelength 

  timeBetweenPeaks = 1/TxResonance(ii,j); 

    x = (1:length(data(ii,j).A))*data(ii,j).Tinterval; 
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  [data_max, locs] = findpeaks(data(ii,j).A, x, 

'MinPeakDistance', timeBetweenPeaks*(2/3)); % find max on each 

dataset 

%   figure 

%   findpeaks(data(ii,j).A, x, 'MinPeakDistance', 

timeBetweenPeaks*(2/3)) % uncomment this to see graph of find 

peaks 

  sortDataMax = sort(data_max, 'descend'); 

  data_max = sortDataMax(2:end-1); 

  meanPeaks(ii,j) = mean(data_max); % this is all the max 

values from each test (over 10 averages in columns) 

 

%   figure 

%   plot(data(ii,j).A) 

% pause(0.5) 

 End 

 

%% average the max - this is in Volts 

averagedData = mean(meanPeaks, 2); % average the data left to 

right (all columns) 

averageResonance = mean(mean(TxResonance(:,1:10),2)); % 

average drive freq 

 

%% find conversion to MPa from calibration 

cal(:,1) = (20:45)*1e3; % in Hz 
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cal(:,2) = [3772.950833, 3929.148889, 3707.648296, 

3580.445794, 3240.594743, 2947.161135, 3129.320438, 

2803.335421, 2552.00167, 2674.848114, 2836.662942, 

3332.266984, ... 

 3743.621964, 4246.311011, 4502.193022, 5167.226487, 

5609.679447, 5647.506379, 5820.696281, 5876.009207, 

5808.786854, 5772.972312, 5595.048375, 5684.058149, 

5378.881446, 5165.613071]; % sensitivity of NH in mV/MPa 

 

[p, s] = polyfit(cal(:,1), cal(:,2), 8); % fit the data to 

interpolate 

 

[y, delta] = polyval(p, cal(:,1), s); % get the needed value 

figure; plot(cal(:,1), y); hold on; plot(cal(:,1), cal(:,2)); 

% how does the fit look? 

title('calibration data') 

legend('raw cal file', 'fit for interpolation', 'Location', 

'southeast') 

 

%% results - conversion from mV to MPa 

averagedData = averagedData*1e3; % convert to mV 

% mV * MPa/mV = MPa 

calAtSignalFreq = polyval(p, averageResonance); % getting cal 

data at the needed point (at frequency we are driving Tx at) 
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pres = (1/calAtSignalFreq) .* averagedData; % this gives out 

pressure values now 

 

% data = open(filename); 

% plot(data.A) 

% figure 

% plot(data.B) 

figure; plot(fftFreqVect, tidyFreq) 

title(['Resonant Frequency in signal is ', 

num2str(round(averageResonance*1e-3)), ' kHz']) 

xlim([0 1e6]); 

figure 

findpeaks(data(ii,j).A, x, 'MinPeakDistance', 

timeBetweenPeaks*(2/3)) % uncomment this to see graph of find 

peaks 

title('general signal with find peaks') 

figure 

plot(currentSettings*1e3, pres, 'LineWidth',2) 

grid on 

set(gca, 'FontSize', 12) 

title('Pressure (MPa) vs Current (mA)'); 

xlabel('Driving Current (mA)') 

ylabel('Pressure in Water (MPa)') 
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7.5 Conference submissions 

Thermal effect of ultrasound on culture medium 

Lisa Shriane, Farah Raja, Ben Scheven, Richard Shelton and A. Damien Walmsley 

British Society for Oral and Dental Research, Annual Scientific Meeting, 2021, Birmingham, 

UK 

 

Endothelial cell response to low frequency ultrasound 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

Ultrasonic Industry Association, Annual Symposium 2022, Warwick, UK 

 

45 kHz ultrasound influences endothelial cell growth and gene expression 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

International Association for Dental Research, Oral Health Research Congress 2022, 

Marseille, France 

 

Time-dependent angiogenic response to 45khz ultrasound 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

British Society for Oral and Dental Research, Annual Scientific Meeting 2023, London, UK 

 

Endothelial cell response to low frequency ultrasound treatment 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

Ultrasonic Industry Association, Annual Symposium 2023, Utrecht, Netherlands 
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In vitro ultrasound treatment of endothelial cells 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

Ultrasonic Industry Association, Annual Symposium 2024, Dublin, Ireland 

 

Endothelial cell response to 45 kHz ultrasound 

Lisa Shriane, Ben Scheven, Richard Shelton and A. Damien Walmsley 

Ultrasonic Industry Association, Annual Symposium 2025, Halifax, Canada 

 

7.6 Declaration of COVID-19 impact on research 

Due to the restrictions in place during the COVID-19 pandemic, disruptions put upon the 

work planned for this study. Our School of Dentistry research laboratories were closed from 

March 2020 to August 2020. As a full-time member of technical staff upon reopening, the 

technical team had to work shift patterns including some days of extended hours from 8 – 6. 

Meaning my PhD research was unable to be completed in these shifts whilst the strict 

restrictions were in place until the start of 2021. There were also lab supply shortages and 

travel restrictions in place which delayed necessary collaborations with the Glasgow team for 

developing the tank configuration and further characterisations steps. Due to this, focus began 

on DuoSon device research. Once the tank had been characterised and established in 

Birmingham, work was then limited with time restraints of the PhD. The work that would 

have been carried out such as tube formation assay and other angiogenic assays has therefore 

been detailed in the future work section. 

 


