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ABSTRACT 
 

ULTRASOUND-MICROBUBBLE COMBINED TREATMENT WITH VINCA ALKALOIDS 

IN PROSTATE CANCER CELLS 

 

Aren Gharabeiki 

Master of Science, Biomedical Physics 

Ryerson University, 2019 

 

Therapeutic efficacy of chemotherapy is highly dependent on the ability to deliver drug molecules 

across tissue and cellular barriers.  Ultrasound stimulated microbubbles (USMB) have been shown 

to enhance the delivery and cytotoxicity of various classes of chemotherapeutic agents.  Here, the 

application of USMB in combination with the chemotherapeutic class vinca alkaloids is 

investigated.  Specifically, vinorelbine tartrate (VRL) and vinblastine sulfate (VBL) of the vinca 

alkaloid class, which to the best of our knowledge have not been reported in combination with 

USMB, were used in this study. Cell viability analysis demonstrated that USMB does not enhance 

the cytotoxicity of either drug. VRL+USMB showed to have an additive response in cell death, 

whereas VBL+USMB resulted in an additive effect at a low peak negative pressure, and 

antagonistic at higher pressures. This work suggests that the mechanism of uptake is an important 

factor in determining the effectiveness of a chemotherapy drug with USMB treatment. 
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1. Introduction 

1.1 Rationale Behind This Research 
 

Anticancer agents have been shown to successfully kill cultured tumour cells, however in 

vivo, their efficacy is reduced due to the tumour microenvironments, and abnormal tumour 

vasculature which is usually associated with lower drug bioavailability (Qin, Wang, & Willmann, 

2016; Lozano et. al.. 2012). Ultrasound and microbubble exposure has been shown to enhance the 

accumulation of fluorescent molecules, gene products and chemotherapeutic drugs within cells 

(Newman & Bettinger, 2007; Shapiro et al., 2016). This phenomenon of transiently permeabilizing 

cells for enhanced uptake is broadly referred to as sonoporation and has been shown widely in 

vitro and in vivo, laying the groundwork for potential clinical applications due to its safe non-

invasive, non-ionizing and cost-effective translational capabilities (Qin, Wang, & Willmann, 

2016).  The focus of this study is to assess the capabilities of ultrasound and microbubble (USMB) 

therapy with a widely used chemotherapy class, vinca alkaloids. To the best of our knowledge, 

drugs of this class have never been used in USMB combined treatments.  Specifically, this work 

will aim to evaluate the potential in vitro therapeutic aspects of USMB in combination with two 

vinca alkaloid drugs, vinorelbine tartrate and vinblastine sulfate.  

 

1.2 Cancer Therapy 
 

In cancer model studies, effectiveness of in vivo treatments significantly decrease due to 

the barriers of drug delivery in tumour microenvironments (Lozano et. al., 2012). These solid 

tumours consist of rapidly reproducing tumour cells, its stroma and vasculature with characteristics 

that differ from that of normal tissue. Disorderly vessels can have chaotic spatial distribution and 
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microvessel length and diameter, causing them to be porous and leaky. This allows the diffusion 

of relatively larger particles up to a few hundred nanometers to pass through (Hobbs et. al., 1998). 

Because of the nature of cancerous structures, tumours often do not have the functional lymphatic 

drainage system that normal tissues do. The effect of high vascular permeability combined with 

the weak lymphatic drainage leads to an increase in interstitial fluid pressure (IFP), limiting the 

transport of particles in the interstitium (Boucher et. al., 1990).   Vessels can also be forced apart 

by tumour proliferation, leading to tumour cells being separated from blood vessels by distances 

over 100 micron (Minchinton and Tannock, 2006). Due to the combination of high IFP, 

transportation complications and increased vessel-to-cell distance, drug treatments can be severely 

handicapped and only a limited amount of therapeutic agents can potentially reach and enter 

tumour cells.  

 

1.3 Chemotherapeutic Agents 
 

The optimization of a chemotherapy treatment requires an understanding of the combined 

principles of tumour biology, cellular dynamics, pharmacology and drug resistance (Page & 

Takimoto, 1998). Chemotherapy agents are often categorized according to their chemical structure 

and function. Although there are over 100 different chemotherapy drugs, they can be classified 

into categories which include: alkylating agents, antimotabolites, antitumour antibiotics, plant 

alkaloids, topoisomerase inhibitors, and miscellaneous agents (Cancer Australia, “Antineoplastic 

Agents”, 2014). Vinca alkaloids fall in the plant alkaloids category are characterized by their 

ability to bind to the microtubule proteins of the cell, notably at the mitotic stage of the cell cycle.  
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1.3.1 Microtubule-Active Chemotherapy Drugs 
 

Microtubules are polymers found all throughout the cell and are key contributors to cell structure 

maintenance, protein trafficking, chromosomal segregation, and mitosis (Stanton, Gernert, Nettles, 

& Aneja, 2011). They are made up of two proteins known as α-tubulin and β-tubulin that form 

together into a dimer complex. These dimers form long polymers chains that assemble into hollow 

tubes roughly 25 nm in diameter (Gelfand & Bershadsky, 1991). They are responsible for the 

robust cellular cytoskeleton, however they are highly dynamic polymers and continuously 

alternate between periods of growth and shortening.  This dynamic reorganization allows for the 

formation of the bipolar mitotic apparatus commonly known as the mitotic spindle. The spindles 

function to separate the replicated chromosomes accurately into two daughter cells during mitosis. 

This key characteristic is highly favourable for anticancer agents that target microtubules due to 

the rapidly dividing nature of cancer cells (Jordan, Hadfield, Lawrence, & McGown, 1998; 

Giannakakou, Sackett, & Fojo, 2000). 

Current clinical treatment regimens include two main classes of microtubule-active 

compounds, the taxanes and the vinca alkaloids. They are commonly not used for the same cancer 

types, and can be conceptually thought of as microtubule stabilizers (taxanes) and destabilizers 

(vinca alkaloids) (Jordan, Hadfield, Lawrence, & McGown, 1998). The two classes also have 

slightly different binding sites on the β-tubulin dimer in microtubules (Rowinsky & Donehower, 

1991). Both drugs from the taxane class, docetaxel and paclitaxel, have been used in in vitro and 

in vivo studies with USMB treatment. In current literature, no vinca alkaloid class drug has been 

combined alongside USMB therapy. This study aims to investigate the potential of USMB in 

enhancing the therapeutic effect of vinca alkaloid drugs. 
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1.3.2 Vinca Alkaloids 
 

Vinca alkaloids are a naturally occurring and semi-synthetic class of chemotherapy drug 

isolated from the periwinkle plant Catharanthus roseus G. Don. that have been extremely 

important in cancer therapy for decades (Jordan et al., 1991; Sottomayor & Barcelo, 2006; Jordan 

& Wilson, 2004; Rowinsky, 2003). This class has been used to treat Hodgkin lymphoma, breast 

cancers, small lung cancer and prostate cancers among other cancers (Goodman et al., 2011; Abratt 

et al., 2004). These drugs are considered cell-cycle specific and operate mainly by targeting cells 

in the G2/M phase of the cell cycle (Jordan et al., 1991; Simoens et al, 2008). They can affect both 

malignant and non-malignant cells but cancerous cells are more vulnerable due to their rapidly 

dividing nature. Cells that are not in the mitotic phase can still be targeted since microtubules are 

involved in many non-mitotic functions (Rowinsky, 2003). Other biochemical processes that may 

or may not be related to cytotoxic vinca alkaloid effects include protein and nucleic acid inhibition, 

membrane lipid alteration, and elevated levels of cyclic adenosine monophosphate 

(cAMP)(Rowinsky, 2003).  

Originally, the two naturally occurring agents - vinblastine and vincristine - were isolated 

independently by two groups in the 1950’s (Noble, Beer, & Cutts, 1958; Johnson, Wright, 

Svoboda, & Vlantis, 1960). Since then, several semi-synthetic analogues have been developed, 

including vinorelbine, vindesine and vinflunine (Jordan & Wilson, 2004). Vinblastine, vincristine 

and vinorelbine are the three FDA approved chemotherapy agents currently used.  

Vinca alkaloids are antimitotic agents in that they primarily target and bind to the tubulin 

dimers in the microtubules of the cells (Jordan & Wilson, 2004). Microtubule binding of vinca 

alkaloids and other microtubule targeting agents is shown in Figure 1.1 Specifically, vinca 

alkaloids function by binding to the β-tubulin dimers to block the polymerization with α tubulin 
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into microtubules (Goodman et al., 2011). They can rapidly and reversibly bind to both soluble 

and microtubule-associated tubulin (Gascoigne & Taylor, 2009). It has been shown that two vinca 

alkaloid binding sites exist per mol of tubulin dimer and the binding to these sites with varying 

affinities based on whether the sites are situated along the microtubule ends or not (Downing, 

2000). Approximately 16-17 high-affinity binding sites per microtubule exist at the end of each 

microtubule (Dumontet, 2000). Since these dimers are necessary for the mitotic spindle formation, 

cell division can be arrested in metaphase and duplicated chromosomes are unable to align along 

the division plate, causing them to disperse throughout the cytoplasm of the cell (Goodman et al., 

2011). Overall, this mechanism is in contrast to the process observed for taxanes, which function 

by stabilizing the microtubules after polymer formation and prevent depolymerization (Jordan & 

Wilson, 2004). 

 

Figure 1-1(a) α- (red) and β- (blue) tubulin heterodimers and the structural makeup of microtubules. (b) Binding sites of vinca 
alkaloids and other microtubule targeting agents. Adapted from (Krause, 2019). 

The exact mechanisms that cause cell death are not yet entirely understood, however it is 

plausible that similar mechanisms for the taxane class are involved, namely the actions of the p-

53, bcl-2 and bcl-x genes and the corresponding gene products that trigger apoptosis when cell-

cycle and microtubule dynamic disruption occurs (Poruchynsky, Wang, Rudin, Blagosklonny, & 
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Fojo, 1998; Wang, Liu, Kreis, & Budman, 1999. Vinca alkaloids can have varying individual 

patterns of clinical effectiveness, but they share similar resistance pathways. Their efficacy can be 

hindered by the multidrug resistance caused by the mdr gene and its glycoprotein (Goodman et al., 

2011). 

Cellular uptake of vinca alkaloids was originally believed to be via energy and temperature 

dependent processes (Lengsfeld, Dietrich, & Schultze-Maurer, 1982). To the contrary however, 

updated findings suggest that temperature-independent nonsaturable processes similar to those of 

simple diffusion account for the majority of the drug transport (Rahmani et al., 1994).  

 

1.3.3 Chemotherapy Limitations 
 

In general the clinical cytotoxic effects of chemotherapeutic agents tend to be both 

concentration and time dependent and vinca alkaloids are not an exception to that (Levêque & 

Jehl, 1996). Because of this, vinca alkaloids can potentially benefit from a more effective delivery 

method that would both increase the bioavailability of the drug at the location of interest, as well 

as decrease the exposure of healthy tissue to unnecessary detriment. The addition of USMB 

treatment can potentially enhance the delivery – and thus cytotoxicity – of vinca alkaloids.  

1.4 Ultrasound Mediated Microbubble Therapy 

1.4.1 Therapeutic Ultrasound 
 

Ultrasound is currently used in both diagnostic and therapeutic applications (Mo et al., 

2012). Therapeutic applications include the use of high-intensity focused ultrasound (HIFU) for 

tissue thermal ablation (Dubinsky 2008, Ter Haar & Coussios, 2007), lithotripsy for the breakdown 

of kidney and gall stones (Sokolov, Bailey, & Crum, 2003), and phacoemulsification for cataract 

treatment (Liu et al., 2007; Zeng et al., 2008). Low intensity ultrasound can be used for bone and 
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tissue (Rubin, 2001) repair and for stimulating the reversible disruption of the blood-brain barrier 

(McDannold, Vykhodtseva, & Hynynen, 2008; Liu, Fan, Ting, & Yeh, 2014). Therapeutic 

ultrasound can also be used in targeted drug delivery, importantly for localized drug uptake for 

cancer therapy (Coussios & Roy, 2008; Hernot & Klibanov, 2008). The application for targeted 

enhanced drug delivery is the area of interest in this study.  

 

1.4.2 Microbubbles In an Ultrasound Field 
 

Microbubbles (MBs) are micron-sized gas-filled bubbles encapsulated by a surrounding 

shell and are currently clinically FDA and Health Canada approved for use as ultrasound contrast 

agents (UCAs) to improve ultrasound imaging contrast in the blood (De Jong, Bouakaz, & 

Frinking, 2002; Von Bibra et al., 1999). Generally, these MBs have a mean diameter of 1-5 µm 

and are filled by inert gasses such as perfluorocarbon, sulfur hexafluoride or perflutren (Ibsen, 

Schutt, & Esener, 2013). The surrounding shell consists of a layer such as lipid, polymer, albumin 

or protein. In this study the Definity® agent is used, which is comprised of a phospholipid shell 

and octofluoropropane (C3H8) inert gas. According to the manufacturer, 98% of Definity® MBs 

are smaller than 10 µm in size and comprise of a mean diameter of 1.1 - 3.3 µm (Definity, 2008). 

Microbubbles when present in the ultrasound field expand in the rarefactional phase of the 

wave and contract in the compressional phase due to compressibility of its gas-filled core. This 

alternating expanding and shrinking is a process known as cavitation (Lentacker, De Cock, 

Deckers, De Smedt, & Moonen, 2014). The variables that dictate these oscillations include bubble 

factors such as material makeup and size, and ultrasound parameters such as frequency and 

acoustic pressure for example.  
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Microbubble acoustic response is generally described in terms of non-inertial and inertial 

cavitation. At lower ultrasound pressures, MBs expand and contract in the non-inertial (stable) 

cavitation regime where they oscillate stably and typically remain intact throughout the exposure 

(Kang & Yeh, 2012). (Figure 1.2a). In the high pressure ultrasound field, the MBs can undergo 

more violent oscillations as the rarefactional phase of wave allow the bubble to expand to a much 

greater extent and collapse in the ensuing compressional phases (Figure 1.2b). MBs are 

characterized to be in the inertial cavitation regime at this time and generate shock waves in the 

nearby bubble vicinity (Newman & Bettinger, 2007). Both non-inertial and inertial oscillations 

can produce shear stresses on the cells in several ways, leading to physiological changes in barriers 

of blood vessels or on the surface of cell membranes, allowing for the uptake of foreign molecules 

(Zhao, Du, Lu, Jin, & Ge, 2013; ter Haar, 2007). 

 

Figure 1-2 Behaviour of MBs in the presence of (a) low ultrasound pressures (b) high ultrasound pressures. (Adapted from Mo, 
Coussios, Seymour, & Carlisle, 2012). 
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1.4.3 Integrated Cavitation Dose 
 

By passively listening to the scattered signals from oscillating MBs using passive 

cavitation detection (PCD), the MB activity can be analyzed. In this study, this analysis is done 

using integrated cavitation detection (ICD), where the time domain signals are converted to the 

frequency domain using a Fast Fourier Transform (FFT), and the areas of desired frequency 

bounds under the harmonics are summed to gain information about the type and magnitude of MB 

response. ICD allows the distinction of MB responses, particularly across the non-inertial and 

inertial threshold, where higher MB activity in the inertial regime results in higher harmonic 

response and in turn, higher ICD (King et al., 2010). By measuring this response, a comparison 

can be made to the bioeffects of treatment and act as both a level of analysis, as well as a quality 

control for future treatments. 

1.4.4 Non-inertial Cavitation Bioeffects 
 

Non-inertial bubble oscillations create flow around the MBs in a manner known as 

microstreaming (VanBavel, 2007). When this phenomenon occurs near cells, the shear stress can 

stimulate biological responses such as enhanced uptake (Wu & Nyborg, 2008; Wu, Ross, & Chiu, 

2002). Two mechanisms are believed to facilitate the intracellular uptake of foreign molecules at 

these lower ultrasound intensities, small pore formation (Van Wamel, Bouakaz, Versluis, & De 

Jong, 2004) and endocytosis (Meijering et al., 2009). Merijering et al. have demonstrated that pore 

formation has been the primary mechanism for smaller molecules (<155 kDa) (Meijering et al., 

2009; Zhou, Kumon, Cui, & Deng, 2009) whereas endocytosis is more prevalent for larger 

molecule uptake (>155 kDa). Single-cell experiments have generally shown that MBs must be in 

direct contact with the cell membrane for pore formation to take effect in the stable cavitation 
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regime (Van Wamel, Bouakaz, Versluis, & De Jong, 2004; van Wamel et al., 2006; Zhou, Yang, 

Cui, Ye, & Deng, 2012). Greater bubble-cell distances are likely to lead to lower mechanical 

contact between MBs and the cell membrane, and lessen the microstreaming effects to the cell. 

The size of the transient pores formed during non-inertial cavitation are on the scale of tens to 

roughly one hundred nanometers (Zhou, Kumon, Cui, & Deng, 2009).  

The resealing process plays an important role in molecular accumulation because it allows 

for a transient and reversible window for enhanced uptake. This can be beneficial since it prevents 

the newly-entered molecules from escaping the cells and minimizes extensive biological cell 

disruptions. Resealing has been reported to occur on the order of milliseconds to seconds after 

initial ultrasound sonication has begun (Deng, Sieling, Pan, & Cui, 2004; Zhou, Cui, & Deng, 

2008; Zhou, Kumon, Cui, & Deng, 2009). Essentially, this suggests that the pores will exist so 

long as the MBs are present in the environment. The fast cell membrane resealing is confirmed by 

the sharp decline of intracellular calcium levels (Juffermans, Dijkmans, Musters, Visser, & Kamp, 

2006; Juffermans, Kamp, Dijkmans, Visser, & Musters, 2008) and cell membrane potential 

returning to pre-exposure levels (Zhou, Shi, Cui, & Deng, 2008). 

 

1.4.5 Inertial Cavitation Bioeffects 
 

When exposed to higher US pressures, MBs can undergo much more violent oscillations 

and collapse during the low pressure phase of the wave due to the heightened inertia caused by an 

influx of fluid. This inertial cavitation can lead to shock waves and jet formations. When near a 

surface such as a cell membrane, the collapse of a bubble can be asymmetrical and cause a liquid 

jet to penetrate towards the direction of the surface. The shear force exerted onto the cell can 

perforate the membrane (Postema, Van Wamel, Lancée, & De Jong, 2004; Leighton, 2007), 
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allowing the uptake of both small and high molecular weight molecules. Pores on the membrane 

can be seen using scanning electron microscopy (SEM) and atomic force microscopy (AFM) 

imaging (Lentacker, De Cock, Deckers, De Smedt, & Moonen, 2014). Larger pores can be formed 

by increasing ultrasound parameters such as pressure, treatment time, or pulse repetition frequency 

(Qiu et al., 2010). 

 

1.5 Chemotherapy and USMB 
 

Chemotherapeutic agents general lack specificity in cancer therapy, allowing high levels 

of toxicity in normal tissue. Furthermore, factors such as high tumour IFP can prevent the uptake 

of these drugs into the tumour region (Nomikou & Mchale, 2010). Insonation of tumours with the 

presence of chemotherapeutic agents allow the potential for an enhancement of drug delivery while 

minimizing cytotoxic effects to normal tissues.  

MBs are currently clinically approved for use as imaging contrast agents, however 

combined treatments with USMB therapy are not. Most work in the field is done using in vitro and 

in vivo models, with some studies translated to preclinical stages. Different types of USMB and 

chemotherapy studies have included USMB and free drug, USMB with drug-loaded MBs, USMB 

and drug-loaded micelles, USMB with drug-loaded micelles attached to MBs, USMB with drug-

loaded magnetic particles attached to MBs (Wood & Sehgal, 2015). In an in vitro study for 

example, Escoffre et. al. (Escoffre, Piron, Novell, & Bouakaz, 2011) used doxorubicin, an 

antineoplastic drug, in combination with USMB therapy and demonstrated that cell death was best 

enhanced above 600 kPa. This was found to be in true in both human glioblastoma (U-87MG) and 

breast cancer (MDA-MB-231) cell lines. The highest cell death was shown to be in the inertial 

cavitation regime for both SonoVue bubbles as well as polymer shelled MBs. This is in agreement 
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with similar work that suggests higher ultrasound exposure conditions seem to result in a better 

treatment outcome (De Cock et al., 2015). In a separate study using the same drug, Hassan et al., 

showed – in a drug resistant human uterine carcinoma cells – that the order of insonation and 

doxorubicin resulted in a difference in sensitivity for the cells (Hassan et al., 2012). The authors 

demonstrated that either the cells could remain desensitized or become sensitized based on the 

treatment order. The antimitotic drug docetaxel has also been shown in an in vitro model in 

combination with USMB where the order of ultrasound treatment was applied both before and 

after drug exposure (Karshafian & Almasri, 2010). A synergistic effect in cell death was seen in 

the combined therapy for both types of treatments. Successful translations to in vivo models have 

also been demonstrated, and often exhibit reduction in tumour growth (Liao et al., 2012; Sorace, 

Warram, Umphrey, & Hoyt, 2012; Kotopoulis et al., 2014), as well as increased tumour drug 

accumulation (Cochran et al., 2011; Yan et al., 2013). Watanabe et al. for example, demonstrated 

in mice, a reduction in tumour size after a combined insonation treatment with cisplatin for both 

direct-to-tumour or intravenous injections of drug and MBs (Watanabe et al., 2008). Although not 

yet clinically feasible, this has allowed for the use of USMB as a combination treatment for drug 

delivery in preclinical human studies (Liu, Fan, Ting, & Yeh, 2014; Liu et al., 2010; Dimcevski et 

al., 2016). In a phase 1 study of patients with pancreatic ductal adenocarcinoma, it was 

demonstrated that the combination of the chemotherapeutic agent, gemcitabine, with USMB using 

a commercially available clinical transducer resulted in no additional toxicity and no increased 

frequency of side effects (Dimcevski et al., 2016). The treatment also extended the medial patient 

survival from 8.9 to 17.6 months. 
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1.6 Hypothesis 
 

The hypothesis in this thesis is that USMB in combination with vinca alkaloid agents will enhance 

the cytotoxic effects in PC3 cancer cells in vitro. 

This thesis objectives are to: 

1. Determine the combined effect of USMB treatment with vinca alkaloid agents on cell 

viability. 

2. Assess whether USMB induces a synergistic, additive or antagonistic effect when 

combined with vinca alkaloid drugs. 

3. Determine if the outcome of USMB and vinca alkaloid treatment is contingent on MB 

activity.  
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2. Materials and Methods 

2.1 Cell Culture 
 

PC3 prostate cancer cells (ATCC, MD, USA) were chosen for this study as a relevant 

model. The cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 media with 10% 

(v/v) Fetal Bovine Serum (FBS) and 1% (v/v) Penicillin-Streptomycin incubated at 37°C and 5% 

CO2. The cells were passaged at 80-90% confluence by way of 0.25% Trypsin-EDTA. For use in 

experiments, cells were trypsinized for 5 minutes after washing and centrifuged for 5 minutes at 

200 g. Excess trypsin was removed and cells were resuspended in fresh media.   

2.2 Dose Response 
 

A dose response analysis of the cells were performed for both VRL and VBL agents (Pfizer 

Canada, Kirkland, QC, CA). 1.5 • 106 cells in 1.0 mL suspension were treated with increasing 

concentrations of either drug. Following exposure, the cell samples were incubated in 6-well plates 

for 4 hours at 37°C and 5% CO2. Subsequently since some of the cells had adhered, the 1.0 mL of 

media were removed from the wells and stored in individual tubes, and the well-bottoms were 

trypsinized for 5 minutes (0.5 mL of 0.25% Trypsin-EDTA). 1 mL media was added to each well 

for trypsin neutralization, and this combined 1.5 mL mixture was added to the previous 1.0 mL 

media into the corresponding tubes. Samples were centrifuged at 300 g for 5 minutes, excess drug 

and media were removed, and pellets were resuspended with 1.5 mL fresh media. 0.2 mL of these 

samples were diluted in 0.8 mL of media, and subsequently 0.1 mL of these diluted samples (2 • 

105 cells) were plated in a 96-well plate in triplicates. After 48 hours, the XTT assay was performed 

for cell viability quantification. Doses of 100 µM VRL and 150 µM VBL were chosen for the 

USMB investigation aspect.   
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2.3 Cell Viability with XTT Assay 
 

In general, tetrazolium salts have been used as detection reagents as cell biological assays 

(Berridge, Herst & Tan, 2015). XTT, (2,3-Bis-(2-Methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanilide, disodium salt), is a second generation tetrazolium dye used for cell 

proliferation, cytotoxicity and apoptosis assays (Berridge, Herst & Tan, 2015; Scudiere et al., 

1988). It measures cell proliferation based on the metabolic activity of the cells and is often used 

in in vitro settings (Scudiere et al., 1988). XTT is a colourless compound that becomes bright 

orange when reduced via the breaking apart of positively-charged quaternary tetrazole rings 

(Berridge, Herst & Tan, 2015). This assay is compounded with the use of an intermediate electron 

acceptor, PMS (N-methyl dibenzopyrazine methyl sulfate), to greatly improve the XTT reduction 

into its formazan derivative. The particular XTT assay that was performed was the XTT Cell 

Proliferation Assay Kit (Cayman Chemical, Ann Arbor, MI, USA). The amount of product 

generated from this XTT reduction is directly proportional to the number of living cells in the 

sample (Biotum, 2017).  

Ten µL of 1:1 XTT and PMS solution were added to each 0.1 mL well and incubated for 

2 hours. Subsequently, the plate was shaken gently for 2 minutes to produce a homogeneous 

mixture and placed in a Spectramax® M5e Multi-Mode Microplate Reader (Molecular Devices, 

San Jose, CA, USA) to quantify the absorbance of the formazan at 450 nm.  

 

2.4 Microbubble Agent 
 

FDA and Health Canada approved Definity® (Lantheus Medical Imaging, Billerica, MA, USA) 

MBs were used for this study. These bubbles have a mean diameter of 1.1 - 3.3 µm and are 
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comprised of octofluoropropare (C3H8) gas encapsulated by a phospholipid shell. For bubble 

activation, a fresh vial was initially left at room temperature for approximately 30 minutes and 

activated using a Vial-Mix shaker (Lantheus Medical Imaging, Billerica, MA, USA) for 45 

seconds. The vial was then left to equilibrate overturned for 5 minutes at room temperature. An 18 

gauge needed was inserted to the end of the inverted vial to allow for venting while another 18 

gauge needle and syringe were used to extract 500 µL of MBs. 500 µL of sterile PBS were added 

to the MBs to achieve 1.0 mL of a 1:1 ratio of MBs:PBS. The syringe was mixed by hand before 

treatment and mixed slightly again between every sample to maintain homogeneity. 35 µL of the 

mixture was added to each sample, resulting in 1.7% v/v MBs to sample volume. Definity® MBs 

have an initial concentration of 1.2 • 1010 MBs/mL by manufacturer’s standards and for these 

samples, a bubble to cell ratio of 100 MBs/cell were used.  

 

2.5 Ultrasound Exposure 
 

The 1.0 mL samples were placed in a 0.9 cm diameter cylindrical closed system chamber 

with an acoustically transparent wall. This chamber was lowered into a deionized and degassed 

water tank which contained submerged transducers. The setup consisted of an L-shape 

arrangement with the transmitting and emitting transducers placed at each end as seen in Figure 

2.1. The sample chamber placed between the two, forming a 90° orientation. A 0.5 cm magnetic 

stirrer was placed in the chamber and mobilized during exposure for a homogenous mixture of 

cells, drug agents and MBs. The 4.2 cm diameter transmitting transducer used (IL0202HP, Valpey 

Fisher Inc., Hopkinton, MA) had a centre frequency 1.0 MHz with a focal length of 4.0 cm and a 

beamwidth of 2.0 mm. This emitting transducer produced the using a 100Msample/sec arbitrary 

waveform generator (Sony Tektronix AWG 5002C, Tektronix Japan, Ltd., Tokyo, Japan) which 
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was connected to an RF amplifier (Electronics & Innovation, Ltd., Rochester, U.S.A). The 2.5 cm 

diameter passive transducer (IL0208HP, Valpey Fisher Inc., Hopkinton, MA) had a centre 

frequency of 2.25 MHz with a focal length of 8.0 cm and a beamwidth of 2.0 mm. This receiving 

transducer was used to detect MB activity in the sample chamber during the ultrasound treatments 

using CompuScope MATLAB SDK (CompuScope MATLAB SDK, Lockport, IL, USA). 

Ultrasound exposure was initialized after the mixture was visually observed to be uniformly 

mixed. The chamber was placed at the focal length of the transmitting transducer and treated at 

47.5, 75 or 100 mV, resulting in a corresponding acoustic peak negative pressure of 370, 570 or 

770 kPa PNP at the centre of the treatment chamber. The samples were exposed to an 8 cycle 1 

MHz signal with a pulse duration period (PDP) of 8 µs and a pulse repetition period (PRP) of 2 

ms. The insonation time of each sample was 30 seconds. The samples were removed from the 

water tank after treatment and incubated in 6-well plates for 4 hours.  
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Figure 2-1 Schematic representation of treatment setup. Transmitting and passive at transducers perpendicular orientation, 
both facing treatment chamber. (Adapted from Shadab Momin, 2016) 
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2.6 Integrated Cavitation Dose (ICD) 
 

A receiving transducer was used in a Passive Cavitation Detection (PCD) system for 

monitoring the MB activity. Integrated Cavitation Dose (ICD) is used as a metric for quantifying 

MB activity irrespective of the specific US and MB parameters. During treatments, signals were 

acquired every 2 ms for an insonation time of 30 s (3 • 105 ms), resulting in 15 000 time domain 

measurements. A Fast Fourier Transform (FFT) was applied to each signal, yielding corresponding 

frequency domain signals. The areas under these FFT curves for the first, second, third and fourth 

harmonics were generated using a 500 kHz band centred at each harmonic. The ICD was 

represented as the summation of these four areas over the total 30 s insonation time (15 000 

spectra). A background signal in the absence of USMB was subtracted from each. A Power 

Spectral Density (PDS) spectrum was generated for each of these frequency spectra for further 

qualitative analysis.  

 

2.7 Data Analysis 
 

Two-way ANOVA analysis was used to determine the statistical significance between condit ions 

for viability analysis. Multiple comparison tests were conducted to determine P values between 

conditions, where P<0.05 was established as significant. R-squared values were calculated to 

assess correlations between MB activity in terms of ICD and viability. Three independent 

experiments were performed for each drug, with three trials per condition per experiment. 

Treatments were normalized to their respective untreated control condition on that experiment day 

and error bars represent the standard deviation of all trials. Synergism was determined using the 

Bliss criteria where the viability fraction of the combined treatment, Vc, of two independent 

treatments Va and Vb was considered additive if it Vc ≈ Va•Vb and synergistic if Vc < Va•Vb.  
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3. Results 
 

The results in this study show that the combined drug + USMB treatments resulted in a 

lower cell viability than USMB alone or drug alone.  However, the results indicate that USMB 

does not enhance the cytotoxic effects of vinorelbine tartrate (VRL) and vinblastine sulfate (VBL) 

in PC3 cancer cells; that is, no synergistic enhancement in cell death was observed with the 

combined treatment.  The results showed that the effect was additive for USMB+VRL treatments 

at all PNPs. In the USMB+VBL conditions, an additive effect was observed at 370 kPa PNP, and 

a potentially antagonistic effect at 570 and 770 kPa PNP.  Furthermore, a linear fit regression was 

performed to demonstrate that cell viability correlates linearly with ICD at 370 – 770 kPa.  

 

3.1 Chemotherapy Drug Dose-Response 
 

The dose response of PC3 cancer cells treated for 4 hours with each chemotherapy drug –VRL (50 

– 250 µM) and VBL (100 – 250 µM) – are shown in  Figure 3.1 and Figure 3.2, respectively, 

using the XTT assay.  Cell viability decreased with increasing drug concentration for both drugs, 

as expected.  Overall, a similar dose response curve was observed for both chemotherapy drugs. 

At lower drug concentrations (VRL: 0 – 70 µM and VBL: 0 – 125 µM), cell death increased 

approximately up to ~ 15%. The drop-off region followed, where viability decreased at a higher 

rate (VRL: 70 – 167 µM and VBL: 125 – 200 µM) from ~ 85% to below 15%. Finally, the plateau 

region occurred where viability again decreased at a lower rate, approaching 0% (VRL: >167 µM 

and VBL: 200 µM).  From the dose response curves, the ~IC2/3 (concentration at which ~2/3 of 

cells are viable) for VRL and VBL were identified to be 100 µM and 150 µM, respectively.  These 

concentrations were used in the USMB combined treatment conditions. The rationale for using 
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IC2/3 (~ 2/3 viable fraction) of the dose-response curve, the lower concentration of the drop-off 

region, is to allow drug delivery methods (such as USMB) to enhance cytotoxicity. 

 

Figure 3-1 Dose-response of PC3 cells treated with increasing concentration of vinorelbine tartrate (VRL). Dose-response range 
tested 50 – 250µM. Viability determined using XTT assay. Cells were incubated for 4 hours after exposure. Normalized with respect 
to untreated control n=9 independent samples. 

 

Figure 3-2 Dose-response of PC3 cells treated with increasing concentration of vinblastine sulfate (VBL). Dose-response ranged 
tested 100 – 250 µM. Viability determined using XTT assay. Cells were incubated for 4 hours after exposure. Normalized with 
respect to untreated control. n=9 independent samples. 
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3.2 Combined Treatment with Vinca Alkaloids and USMB 

3.2.1 VRL and USMB 
 

Viability of cells treated with VRL alone (100 µM), USMB alone and their combination of 

VRL+USMB are shown in Figure 3.3(a); the data are presented with respect to PNP (0, 370, 570 

and 770 kPa). Cell viability decreased significantly with VRL alone at 100 µM (71% ± 6%) 

compared to untreated control, which is comparable to cell viability in VRL dose response curve 

(66% ± 3%; Figure 3.1).  Overall, cell viability decreases with increasing PNP with and without 

VRL.  USMB alone significantly decreased cell viability at all PNPs compared to untreated control 

(P<0.0003).  In these USMB alone conditions, cell viability was significantly lower at 770 kPa 

PNP (62% ± 10%) compared to 370 kPa (89% ± 5%) and 570 kPa (84% ±3%) (P<0.0001).  No 

statistically significant difference was observed in cell viability at 370 kPa and 570 kPa PNP 

USMB alone conditions (P=0.6765).  In the combined VRL+USMB condition, USMB 

significantly decreased cell viability compared to VRL alone at 570 and 770 kPa PNP (P<0.0001).  

Furthermore, a significant difference in cell viability was observed when PNP increased from 570 

kPa to 770 kPa PNP in the combined VRL+USMB condition (P=0.0357).   

 Cell viability of the combined treatment of VRL+USMB is significantly lower compared 

to USMB alone at all PNPs (P<0.0003) (Figure 3.3a).  In addition, the effect of the combined 

treatment of VRL and USMB on cell viability is additive; Figure 3.3b shows the cell viability 

ratio of USMB alone and VRL+USMB normalized to their perspective 0 kPa PNP condition.  No 

statistically significant difference was observed in cell viability ratio at each PNP.   
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Figure 3-3 Cell viability of combination treatment of PC3 cells treated with USMB in the presence and absence of 100 µM 
vinorelbine tartrate (VRL). Cells were incubated for 4 hours after treatment. Viability determined using XTT assay. (a) All 
conditions normalized with respect to untreated control. (b) USMB conditions normalized with respect to untreated control, 
USMB – VRL conditions normalized with respect to VRL alone. USMB treatment exposure conditions: 1.0 MHz, PDP = 8 cycles, 
PRP = 2 ms, exposure time = 30 s, PNP = 370, 570, 770 kPa. n=9 independent samples. 
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3.2.2 VBL and USMB 
 

Figure 3.4(a) shows the viability of cells treated with VBL alone, USMB alone and the 

combination of VBL+USMB.  The data is presented with respect to PNP (0, 370, 570 and 770 

kPa). The overall trend shows a decrease in cell viability with increasing PNP with and without 

VBL.  USMB alone significantly decreases cell viability at all PNPs in comparison to untreated 

control.  A significant difference in cell viability was observed between all three PNP USMB 

conditions: At 370 kPa (91% ± 3%), 570 kPa (83% ± 5%) and 770 kPa PNP(66% ± 3%), where 

the largest decrease in cell death was observed between 570 and 770 kPa PNP (P<0.0001).  Cell 

viability decreased significantly with VBL alone at 150 µM (67% ± 1%) compared to untreated 

control, as expected (64 ±2.5%; Figure 3.2).  In the VBL+USMB treatment condition, a significant 

difference was observed between VBL alone (67% ± 1%) compared to VBL+USMB at 570 kPa 

(62% ± 2%) and VBL+USMB at 770 kPa PNP (49% ± 2%), corresponding to decrease of ~5% 

and ~18%, respectively.  Cell viability with VBL+USMB at 770 kPa PNP is significantly lower 

compared to VBL+USMB at 570kPa (P<0.0001). This is consistent with the decrease in cell 

viability using USMB alone which occurred at the same PNP interval.  

Figure 3.4a further shows that cell viability of the combined treatment of VBL+USMB is 

significantly lower in comparison to USMB alone at all PNPs (P<0.0001). Figure 3.4(b) shows 

the cell viability ratio of USMB alone and VBL+USMB normalized with their perspective 0 kPa 

PNP condition. No statistically significant different is observed between USMB alone and 

VBL+USMB at 370 kPa PNP, indicating an additive effect (P=0.5024). However, the cell viability 

ratio of VBL+USMB at the 570 and 770 kPa PNPs is significantly higher than USMB alone 

(P<0.0001), suggesting the presence of antagonistic effect with VBL. 
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Figure 3-4 Cell viability of combination USMB treatment of PC3 cells treated in the presence and absence of 150 µM vinblastine 
sulfate (VBL). Viability determined using XTT assay. (a) Conditions normalized with respect to untreated control. (b) USMB alone 
conditions normalized with respect to untreated control, VBL+USMB conditions normalized with respect to VBL alone. USMB 
treatment exposure conditions: Acoustic frequency = 1.0 MHz, PDP = 8 cycles, PRP = 2 ms, exposure time = 30 s, PNP = 370, 570, 
770 kPa. n=9 independent samples.  
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3.3 Vinca Alkaloids with USMB 
 

In both VRL+USMB and VBL+USMB treatments, viability was significantly lower at 570 

kPa and 770 kPa PNP in comparison to drug alone. This effect was additive in VRL+USMB 

conditions for all pressures, based on the Bliss criteria.  Whereas, for VBL+USMB treatments, an 

additive effect was observed at 370 kPa PNP, and an antagonistic effect was seen at 570 and 770 

kPa PNP. No synergistic effect on cell viability with combining USMB to vinca alkaloids class 

drugs was observed within the experimental conditions of this study.  

 The lowest cell viability of 47% ± 5% with VRL+USMB was achieved at the highest PNP 

of 770 kPa used in this study.  This is comparable to a cell viability with VRL alone at 130 µM. 

This indicates that USMB has increased the effective dose response of VRL by approximately 

30% (as interpolated using Figure 3.1). The lowest cell viability of 49% ± 2% with the 

VBL+USMB was achieved at 770 kPa PNP, corresponding to viability achieved with VBL alone 

at 160 µM using interpolation in Figure 3.2.  USMB enhanced the effective dose response of VBL 

by approximately 7%.  

3.4 MB Acoustic Response 
 

To determine the relationship of the MB acoustic response with the cellular viability, the 

acoustical signals from microbubbles were recorded using a Passive Cavitation Detection (PCD) 

system and quantified using Integrated Cavitation Dose (ICD).   Figure 3.5 shows the ICD with 

increasing PNP at 0, 370 kPa, 570 kPa and 770 kPa, and Figure 3.6 shows the Power Density 

Spectrum (PDS) generated from the frequency spectra of the emissions at 370 kPa (Figure 3.6 a), 

570 kPa (Figure 3.6 b) and 770 kPa (Figure 3.6 c) PNP.  As seen in Figure 3.5, an increase in 

ICD correlated positively with an increase in PNP. A larger increase in ICD  is observed from 570 



 

27 
 

– 770 kPa PNP in comparison to 370 kPa – 570 kPa, suggesting higher MB activity at the higher 

acoustic pressure. This increased value can be attributed to non-linear MB response or inertial 

cavitation behaviour. As shown in Figure 3.6, the amplitude measured, at the fundamental (1.0 

MHz), and notably the second (2.0 MHz), third (3.0 MHz) and to a lesser extent fourth (4.0 MHz) 

harmonic peaks increase with increasing PNP. This increase is attributed to the increased MB 

response, particularly the escalation of non-linear oscillations. The harmonic emissions in the 370 

and 570 kPa PNP spectra are seen to have relatively sharp peaks, whereas those in the 770 kPa 

spectrum can be observed to have a wider band at the second, third and fourth harmonics. These 

can be attributed to the broadband emissions, where increased MB oscillations generate higher 

response amplitude, leading to smaller gaps between the harmonics.  

 

Figure 3-5 ICD of MB acoustics as a function of increasing PNP. Acoustic frequency = 1.0 MHz, PDP = 8 cycles, PRP = 2 ms, 
exposure time = 30 s. n=9 independent samples. 
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Figure 3-6 Spectral energies generated by Definity® MBs at (a) 370 kPa PNP (b) 570 kPa PNP (c) 770 kPa PNP. 
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3.5 Cell Viability and MB Acoustic Response 
 

To determine the relationship between cell viability and MB activity, the ICD rather than 

PNP is used.  ICD is considered a more accurate representation of MB activity as it is based on its 

measured acoustic response. Figure 3.7 shows the cell viability of USMB with and without the 

vinca alkaloid drugs with respect to ICD; VRL and VBL in shown in Figure 3.7a and Figure 3.7b, 

respectively.  Cell viability decreases with ICD when treated with either USMB or drug + USMB. 

The trends suggest that a decrease in viability is proportional to an increase in ICD.   

To determine whether the relationship between cell viability and ICD is linear, a linear fit 

regression analysis is performed within the 370-770 kPa PNP treatment range.  Figure 3.8 shows 

the linear fit of cell viability and ICD for VRL (Figure 3.8a) and VBL (Figure 3.8b).  An R2 value 

of 0.9941 and 0.9842 is observed for USMB and VRL+USMB, and 0.9869 and 0.9769 is shown 

for USMB and VBL+USMB, respectively. Within the range of 370-770 kPa with USMB alone 

and with drug + USMB, the relationship is linear.   
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Figure 3-7 Cell viability with respect to ICD for (a) VRL (b) VBL. All values normalized to untreated control. Acoustic frequency = 1.0 
MHz, PDP = 8 cycles, PRP = 2 ms, exposure time = 30 s, PNP = 370, 570, 770 kPa. n=9 independent samples. 
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Figure 3-8 Cell viability with respect to ICD. Trendline shown for USMB alone and drug + USMB at 370 – 770 kPa PNP range for (a) 
VRL (b) VBL. Acoustic frequency = 1.0 MHz, PDP = 8 cycles, PRP = 2 ms, exposure time = 30 s, PNP = 370, 570, 770 kPa. n=9 
independent samples.  
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4. Discussion 
 

This study demonstrated that the cytotoxicity of vinca alkaloids chemotherapy drugs was 

not enhanced by USMB under the exposure conditions of this study; although the cell viability 

with the combined treatment was similar or lower compared to drug alone.  The combined 

treatment of USMB with vinorelbine tartrate (VRL) was additive, however, vinblastine sulfate 

(VLB) with USMB exhibited antagonistic effects specifically at higher pressures.  To correlate 

these findings to MB activity, a linear regression analysis showed a linear fit between ICD and cell 

viability ranging from 370 – 770 kPa PNP.  

The combination of neither VRL nor VBL with USMB were found to have an enhanced 

cytotoxic effect. In this study, enhanced cytotoxicity was described as the ability of an additional 

therapy, USMB, to synergistically decrease cell viability of a drug treatment below the level that 

each treatment would induce alone. This synergistic effect has been shown to be important in 

chemotherapy and USMB combined treatments as it affirms that the improvement allows the drug 

to overcome an otherwise difficult barrier to achieve cytotoxicity. USMB has been previously 

shown to both enhance the uptake and cytotoxic effects of chemotherapy drugs (Lentacker et al., 

2010; Escoffre, Piron, Novell, & Bouakaz, 2011; Deng et. al., 2014), For example Yang et al. 

demonstrated that doxorubicin in combination with USMB synergistically enhanced cell death and 

increased apoptotic and necrotic induction in K562 cells (Yang, Wang, Wang, Su, & Liu, 2014). 

Due to the fluorescent nature of doxorubicin, they were also able to show that USMB induced a 

3.9 fold intracellular increase of the drug in comparison to free drug alone. As mentioned, no vinca 

alkaloids have been tested in such combination treatments. Taxanes, a class of chemotherapy drugs 

that target the microtubules at a different binding site than vinca alkaloids (Weaver, 2014), have 

been used in USMB combination studies both in vitro and in vivo (Sorace, Warram, Umphrey, & 
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Hoyt, 2012; Goertz et al., 2012, Kang et al., 2010). An enhanced cytotoxic response is often 

reported in these studies where cell death and drug accumulations is synergistically increased. For 

example, Goertz et al. demonstrated that USMB treatment with docetaxel at 1 MHz frequency and 

1.65 MPa PNP induced an acute reduction in tumour perfusion and a synergistic enhancement in 

necrosis and apoptosis in a mouse model implanted with PC3 tumours (Goertz et al., 2012).  

The disparity of the outcomes observed in our vinca alkaloid combined treatments in 

comparison to the taxanes may be in part be associated with the mechanism of drug uptake.  In 

terms of uptake pathways, docetaxel and paclitaxel of the taxane class rely on the OATP1B3 

(SLCO1B3) and OAT2 transporters for cellular entry, respectively (Oshiro et al., 2010). These 

energy-dependent transporters are recognized as the class’s most efficient influx regulators. 

Conversely, vinca alkaloids do not require such pathways and instead enter the cells via passive 

diffusion. This means that cells may readily take up extracellular vinca alkaloids without the 

burden of an arduous entrance pathway. In fact, it has been shown in human promyelocytic 

leukemia HL-60/Cl cells that rates of vinca alkaloid uptake remained unaffected by the depletion 

of cellular adenosine triphosphate (ATP), further supporting that intracellular accumulation is not 

an energy-dependent process (Ferguson & Cass, 1985). This difference suggests that one of the 

reasons why taxanes may benefit synergistically from USMB treatments is the acquired ability to 

bypass limiting transporter-dependent uptake and passively enter the cell.  The pore formation (De 

Cock et al., 2015), enhanced endocytosis (Meijering et a., 2009) and fluid-phase uptake (Fekri, 

Delos Santos, Karshafian, & Antonescu, 2016) effects generated by USMB can potentially be 

advantageous for these taxanes by allowing direct intracellular access. Vinca alkaloids may not 

require this alternative path of entry as they do not share the same biophysical hurdle. It can be 

postulated that because of their passive nature, the addition of USMB does not increase 
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intracellular vinca alkaloid accumulation, and thus cytotoxic effects.  The study suggests that the 

mechanism of uptake appears to be an important factor in USMB potentiated chemotherapy. 

The effect of USMB on the cytotoxicity of the two vinca alkaloid drugs was different.  The 

VRL and USMB treatments had an additive effect on cell viability at all three PNPs. For VBL 

combined with USMB, the effect was found to be additive at 370 kPa PNP, and antagonistic at 

570 and 770 kPa PNP.  In a combined study of vinca alkaloid drugs and ionizing radiation, the 

radiosensitizaiton effects of the two vinca alkaloids, vinflunine and vinorelbine were not similar; 

vinflunine resulted in a more favourable outcome due to its toxicity profile (Simoens et al., 2008).  

This is in agreement with the variability in vinca alkaloid drugs with other treatments, such as 

USMB in this study.  Further studies with vinca alkaloids will give a better insight into the pattern 

of USMB response with this class.  

The combined treatment of USMB with either VRL or VBL showed a lower cell viability 

at 570 kPa and lower still at 770 kPa PNP, compared to drug alone. Since it was shown that USMB 

did not enhance the cytotoxicity of either drug, the additional cell death in drug + USMB 

treatments can be attributed to the USMB effects. This is in accordance with literature that 

demonstrates that at higher pressures, shock waves and fluid microjets can form in the environment 

of the MBs, and a high mechanical stress can be induced in nearby cells (Fan, Kumon, & Deng, 

2014). This damage has been shown to induce various kinds of cell wounding that can lead to 

necrosis (Schlicher, Hutcheson, Radhakrishna, Apkarian, & Prausnitz, 2010). Apoptotic pathways 

can be triggered as well, which can be attributed to free radical generation, reactive oxygen species 

and influx of Ca2+ (Honda, Kondo, Zhao, Lorento, & Kitigawa, 2004). Additionally, as seen mostly 

in the higher pressure settings, the mechanical stress can prompt the formation of cell membrane 
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pores which cannot reseal, leading to apoptotic pathways (Lentacker, De Cock, Deckers, De 

Smedt, & Moonen, 2014).  

In an attempt to correlate MB activity to cell viability, a linear regression was performed 

at the 370 – 770 kPa PNP range and demonstrated a linear fit correlating an increase in ICD to a 

decrease in viability for both VRL+USMB and VBL+USMB. These findings suggest that MB 

response in terms of ICD can serve as a direct indicator of cell viability at both non-inertial and 

inertial cavitation regions. These regions were confirmed by previous studies with the setup used 

in this experiment that showed a sharp increase in ICD at 640 kPa PNP onwards (Momin, 2016). 

This increase is attributed to a transition from MBs oscillating in the non-inertial to inertial 

cavitation regime. Furthermore, higher broadband emissions were observed at the higher PNP, 

which is in accordance with increased harmonic amplitudes in the inertial cavitation (King et al., 

2010). Experiments must be conducted at both lower and higher ICD regions to further verify the 

linearity of this relationship. 
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5. Conclusion 
 

In conclusion, this study showed that USMB does not enhance the cytotoxic effects of the 

vinca alkaloid agents such as vinorelbine tartrate (VRL) and vinblastine sulfate (VBL).  At all 

combined treatment conditions, cell viability was similar or lower than drug alone. VRL in 

combination with USMB showed an additive effect at all PNPs, whereas VBL with USMB 

treatment resulted in an additive effect at a low pressure, and antagonistic at higher PNPs. The 

correlation between increasing ICD and decreasing cell viability was found to be linear for both 

VRL and VBL treatments with USMB.  This work suggests that the mechanism of uptake of a 

drug is an important factor in USMB potentiated chemotherapy. 

 

6. Future Work 

6.1 HPLC VRL Accumulation Analysis 
 

The next goal of this study is to measure the intracellular drug content and determine the effects 

of USMB treatment on the accumulation of the chemotherapy agent. This was attempted with 

unsatisfactory results using a High Performance Liquid Chromatography (HPLC) method for 

VRL. HPLC is a type of column chromatography used to separate and identify chemical 

compounds within a sample (Sirard, 2012). After a chemical separation, a spectrophotometer is 

used to detect the light absorption of the compounds at desired wavelengths.  The method was 

constructed and altered from work by Debal et. al, for optimal VRL measurement (Debal, Morjani, 

Millot, & Angiboust, 1992).  

Cells were incubated with increasing concentration of VRL 1.5 • 106 cells in 1.0 mL 

suspension. The samples were then incubated for 4 hours, as were done for the viability samples. 
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Following the exposure, the cells were removed and centrifuged at 300 g for 10 minutes. The 

supernatant was removed and passed through a 0.22 µm PTFE filter to prevent precipitation in the 

HPLC system. These samples were then taken for HPLC analysis. The leftover pellet was 

resuspended in a 0.2 mL 10% SDS detergent for 30 minutes as intended for cell lysis. After cell 

degradation, this solution was then centrifuged at 3000 g for 10 minutes. The supernatant of these 

samples were then taken for HPLC analysis. 

The HPLC analysis was performed on an Agilent (Agilent Technologies, Santa Clara, CA, 

USA) 1200 series machine at the Ryerson University Analytical Centre (RUAC). An Agilent C-

18 Reversed-Phase HPLC column (250 mm x 4.6 mm, 5 um) at 25°C was used for detecting the 

chemotherapy drug samples. A flow rate of 2.0 mL•min-1 was used with an injection volume of 20 

µL. A combination of HPLC-grade methanol, acetonitrile and phosphate buffer was used for the 

mobile phase. A gradient elution profile method was set with varying ratios of the solvents, as seen 

in Table 4.1. The 50 mM Sodium Phosphate Dibasic Anhydrous (Na2HPO4) buffer was acidified 

to pH 4.0 using o-phosphoric acid (H3PO4).  

Table 4.1: Gradient elution profile for VRL detection  

Time (min) Mobile Phase (Solvents) 

Methanol (%) Acetonitrile (%) Phosphate Buffer  

(Na2HPO4) (%) 

0 – 5 25 35 40 

5 – 10 35 30 35 

10 – 15 30 35 35 

15 30 35 35 
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UV absorption of the VRL was used to create calibration curves where VRL was diluted 

in both 10% SDS and RPMI media (10% FBS, 1% P/S) to account for both cell pellet and 

supernatant drug accumulation. Absorption was detected at 215, 254 and 268 nm wavelengths and 

215 nm was was found to have the highest peak absorbance. An example of the VRL measurement 

in 10 % SDS is shown in Figure 4.1, where the drug is detected between 6-8 minutes as a measure 

of the intensity of absorbance in milli-Absorbance units (mAU). 

 

Figure 6-1 VRL spectrogram. Detected at 215 nm. Obtained using a gradient elution profile from HPLC measurement. Measured 
in milli-Absorbance units. 

Following absorption detection, the elution peaks were integrated for the area under the 

curve, which were directly proportional to the intracellular concentration (cell pellet) and 

extracellular environment concentration (supernatant). The calibration curve for VRL/10% SDS 

and VRL/RPMI media is show in Figure 6.2 and Figure 6.3, respectively. A 3.6 – 462 µM VRL 

concentration range is shown, translating to 0.004 – 0.498 mg/mL. 
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Figure 6-2 Calibration curve for increasing concentrations of VRL in 10% SDS. Detected at 215 nm from HPLC measurement. 
Measured in Peak Absorbance 

 

Figure 6-3 Calibration curve for increasing concentrations of VRL in RPMI media. Detected at 215 nm from HPLC measurement. 
Measured in Peak Absorbance. 
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Measurements were then taken to determine the supernatant and intracellular VRL 

concentration after a 4 hour incubation as seen in Figure 6.4. The data is shown in terms of the 

mass of VRL in the supernatant as well as the lysed pellet. The VRL mass of the supernatant 

increases with increasing exposed concentration as expected. The VRL mass of the pellet however 

does not increase with increasing exposed concentration. This could very well suggest that 

increasing the exposure concentration does not affect the intracellular concentration even though 

more cell death is occurring. However, because no intracellular change is seen at all, this cannot 

be claimed.  

 

 

Figure 6-4 Intracellular (pellet) and supernatant VRL mass as a function of increasing exposed VRL concentration. 

Finally, an experiment was done to test if USMB can affect the intracellular VRL 

concentration as shown in Figure 6.5. Cells were exposed to 100 µM VRL and treated at 770 kPa 

at the same exposure conditions as throughout this study. The samples were then incubated for 

varying lengths post-USMB treatment: 5 min, 30 min, 1 hr, 2 hr, 3 hr, and 4 hr. Similar to the 

outcome of data from Figure 4.4 above, no change was seen for the intracellular (pellet) mass for 
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both in the presence and absence of USMB. No difference was seen in the mass at increasing 

incubation time as well. As mentioned, it could very well be that this observed phenomenon is in 

fact the true result of the treatment, however since there is no basis to this claim, it cannot be 

confirmed.  

   

 

Figure 6-5 Intracellular and supernatant VRL mass of samples exposed to 100 µM VRL and 700 kPa PNP USMB as a function of 
increasing time where 1= 5 min, 2= 30 min, 3=1 hr, 4=2 hr, 5=3 hr, and 6=4 hr 

Although conclusive evidence was not able to be drawn from these results, a foundation of 

methodology is set for future work. For this reason, further investigation is needed into the 

feasibility of VRL measurement of intracellular concentration using the HPLC system. 
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