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Effects of plasma membrane cholesterol content on ultrasound and microbubble mediated 

sonoporation 

 

Master of Science 2012 

Tetyana Yatsenko 

Biomedical Physics 

Ryerson University 

Ultrasonically-stimulated microbubbles can increase cell membrane permeability 

and allow otherwise impermeable molecules to enter the intracellular space of cells; a 

phenomenon known as sonoporation.  In this thesis, the effect of plasma membrane 

cholesterol content on modulating ultrasound-microbubble induced cell permeabilization 

and viability was investigated in an in vitro cell suspension model.  Breast cancer cells 

(MDA-MB-231) with modified cholesterol content were exposed to ultrasound and 

microbubbles at varying acoustic pressures.  The effect on cells was assessed through 

uptake of FITC-dextran (70kDa) and cell viability (propidium iodide marker) using flow 

cytometry.  Ultrasound and microbubble induced permeabilization of cells depended on 

cholesterol content of the plasma membrane. The highest permeability of ~30% was 

achieved in unmodified cells compared to ~15% for cholesterol depleted cells at 1.5 MPa 

peak negative pressure.  This study indicated that both addition and removal of 

cholesterol from cell plasma membrane results in decrease of ultrasound and microbubble 

induced permeabilization.  
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Chapter 1 

Introduction 

 The efficiency of drug-based therapies, whose aim is to exhibit therapeutical 

effect on target cells, is limited by the inability of many pharmaceuticals to cross the 

plasma membrane (Larkin et al. 2008). Various biophysical and biochemical methods 

have been employed to overcome the plasma membrane barrier to deliver 

pharmaceuticals intracellularly (Gao X et al. 2007, Kim et al. 2008, Liu et al. 2003, 

Madeira et al. 2011).  The focus of this thesis is on the intracellular delivery modality 

known as sonoporation, which employs ultrasound with microbubbles to create transient 

pores on the surface of the plasma membrane. This allows pharmacologically active, non-

permeable molecules to cross the cell membrane.  Sonoporation applications have been 

tested for thrombolysis (Meunier et al. 2007), cancer treatment (Nomikou and McHale, 

2010), cardiovascular treatment (Miller et al. 2002), and treatments involving passage of 

pharmaceuticals across the blood-brain barrier (Meairs and Alonso 2007, Mayer et al. 

2008).  However, the consistent and controllable delivery of pharmaceuticals remains a 

challenge due in part to the lack of knowledge about the mechanisms of sonoporation. 

 
 
1.1 Problems with anticancer therapeutic agents 

 Cancer is the second major cause of death in the USA after cardiovascular 

diseases (Globcan 2008, IARC 2010). All affected cells should be killed to treat cancer 

successfully. Radiation combined with chemotherapy is a common approach to cancer 
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treatment. Furthermore, in certain cases solid tumors can also be removed surgically. 

Effectiveness of radiation therapy and chemotherapy is limited due to a lack of 

specificity, heterogeneous distribution of pharmaceutical within a tumor, and abnormal 

tumor vasculature (Rapoport et al. 2009, Wang Binghe et al. 2005, Ward et al. 1991). 

 Chemotherapy is a molecular-based therapy aimed at delivering pharmaceuticals 

at a precise site of action at a desired concentration (Wang et al. 2005). The site of action 

for the majority of existing drugs is inside the cell (Frenkel 2008). Therefore, efficiency 

of molecular-based therapies and chemotherapy in particular, depends on the ability to 

deliver therapeutic agents intracellularly.  

 For any method of administration, pharmaceutical encounter barriers on their way 

to the target. For example, high interstitial pressure and the presence of fibrillar collagen 

in the extracellular matrix of solid tumors are barriers that decrease drug delivery 

efficiency in vivo (Frenkel 2008). In addition, molecular based therapies are limited by 

the toxic side effects on healthy tissues. Furthermore, the cell’s plasma membrane creates 

a physiological barrier, which prohibits complex pharmaceuticals, such as proteins, 

silencing RNAs, DNA, enzymes, and other therapeutic compounds, to enter inside the 

cell (Schlicher et al. 2006, Torchilin 2006). Therefore, various strategies are being 

investigated with the aim to increase the efficiency of intracellular delivery of 

therapeutically active molecules.  

 

1.2 Intracellular delivery strategies for therapeutic agents 
 
 Intracellular delivery methods can be subdivided into viral and non-viral methods. 

Viral methods (Warrington Jr. and Herzog 2006) use vectors that are highly efficient. 

However, the low loading capacity of recombinant viruses and safety concerns with 
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potential to cause immunogenic and cytotoxic reactions limit their applications. Non-viral 

delivery methods employ various chemical and physical approaches to deliver 

pharmaceuticals into the cell. Chemical methods are based on cellular uptake of carriers 

via endocytosis, such as micelles, liposomes, and polymers, loaded with pharmaceuticals. 

Those methods aim to reduce undesired interactions of pharmaceuticals with normal 

tissues. Additionally, conjugation of targeting ligands on the surface of carriers improves 

delivery precision. The drawback of chemical methods is a lack of stability of loaded 

carriers (Liu et al. 2003) and toxicity (Gao X et al. 2007).  The delivery precision can be 

significantly improved if chemical carriers can be activated precisely at the target. This 

can be achieved by the external application of ultrasound to the target area (Karshafian et 

al. 2009). 

 Physical approaches make use of mechanical devices, electrical and ultrasonic 

energy. Such methods use physical force to create transient defects on the cell plasma 

membrane, so that pharmaceuticals can enter the cell. One such example is the gene gun, 

a mechanical device that accelerates gold particles loaded with pharmaceuticals by 

pressurized gas (Yang et al. 1990). It efficiently delivers pharmaceuticals intracellularly 

within a confined area, but has a low penetration depth of only a few millimeters, limited 

loading capacity of gold particles, and difficulties with in vivo applications. 

 An electric field of short duration and high voltage facilitates the formation of 

reversible pores on the plasma membrane, a process called electroporation (Gehl 2003). 

The novel method of electroporation (Kim et al. 2008), which utilizes capillary and wire 

type electrodes, can create transient pores in up to 80% of the cells exposed to the electric 

field with cell viability up to 70-80%. On the other hand, in vivo applications of 
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electroporation are limited by restricted effective range (~ 1 cm) between the electrodes 

(Madeira et al. 2011). Those electrodes should be positioned deep inside the internal 

organs in order to treat those organs, which require surgery. In addition thermal heating 

can cause irreversible tissue damage (Gehl 2003). 

 The focus of this thesis is on intracellular delivery of impermeable molecules 

facilitated by ultrasound. The formation of reversible pores on the surface of the plasma 

membrane of target cells, induced by ultrasound exposure, is called sonoporation (Deng 

et al. 2004). Those transient pores on the surface of the plasma membrane, known as 

membrane permeabilization, allows pharmaceuticals, otherwise impermeable, to get 

inside the cell. 

 There are numerous advantages in using ultrasound for intracellular drug delivery. 

Firstly, it is non-invasive, and in in vivo applications ultrasound can be sharply focused 

deep within the body with millimeter precision to produce a localized effect (Chapelon et 

al. 2000). Secondly, it can be applied externally, endoscopically, or intravascularly. 

Finally, ultrasound, as an imaging modality, can be used to guide and monitor therapeutic 

applications in real time in vivo 

 

1.3 Ultrasound and microbubbles in imaging and therapy 
 
Ultrasound and microbubbles have been utilized for diagnostic and therapeutic 

applications in medicine and biology. Diagnostically, when microbubbles are used as an 

ultrasound contrast agents they enhance the detection of small vessels in both normal and 

malignant tissues and subsequently improve detection and assess treatment response 
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(Lindner 2004). In addition, application of ultrasound and microbubbles is being 

investigated for sonoporation (Karshafian et al. 2009). 

 
1.3.1 Physics of ultrasound 

 
 Ultrasound is a mechanical pressure wave with frequencies above 20 kHz. Waves 

are defined as transverse or longitudinal based on the direction of particle displacement, 

with respect to the direction of propagation. In transverse waves, which are typical for 

solid materials, the oscillations of the particles are perpendicular to the direction of 

propagation. In longitudinal waves, which are typical for fluids and tissues, oscillation of 

the particles is parallel to the direction of propagation (Cobbold 2007).  

 The speed of ultrasound propagation is affected by mass, spacing, and attracting 

forces between the particles. The speed of ultrasound propagation depends on 

temperature, ultrasound frequency, tissue anisotropy and composition (Duck 1990). 

When ultrasound propagates through the tissue it loses energy through attenuation, 

resulting in the absorption and scattering of the wave. Ultrasound can penetrate deep 

inside the body (except lung and bone). This ultrasound property results in its use in a 

variety of fields, in medical imaging in particular, where the reflected ultrasound signal 

provides information about the tissue’s structure (Kirk Shung 2006). 

 

1.3.2 Diagnostic and therapeutic applications of ultrasound 
 

 Ultrasound imaging is non-invasive, safe, and a well-established technique, which 

allows for the determination of acoustic properties of soft tissue and blood flow in large 

vessels. Soft tissue acoustic properties, such as density and compressibility can be 
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obtained from A-mode, B-mode, M-mode, 3D, and 4D imaging (Szabo 2004). Doppler 

imaging has been used to determine movement of blood and to visualize it. In addition, 

therapeutic applications make use of low-intensity ultrasound for drug delivery 

(sonophoresis, sonoporation), sonothrombolysis, and gene therapy while high-intensity 

ultrasound is used for physiotherapy, lithotripsy, and histotripsy (Yu et al. 2004). 

  The extent of ultrasound induced bio-effects, either thermal or non-thermal, 

depends on ultrasound exposure parameters. Thermal bio-effects are attributed to the 

heating capacity of the ultrasound beam, which attenuates during propagation in tissue 

(Cobbold 2007). Part of ultrasound energy is absorbed by tissue, resulting in an increase 

of tissue temperature. Non-thermal effects include radiation pressure and acoustic 

cavitation and are not associated with heating. Radiation pressure is defined as a 

unidirectional force created in the direction of ultrasound propagation. Acoustic 

cavitation is the interaction of an acoustic wave with a gas filled microbubble (Brujan 

2004). Microbubbles can be naturally present in the body in relatively large liquid 

compartments, such as the urinary and cardiovascular systems, or they can be created 

during ultrasound exposure, or introduced into the body artificially as contrast agents 

(Kimmel 2006).  

 
1.3.3 Ultrasound microbubble contrast agents 
 
Microbubble composition 
 

Ultrasound contrast agents, or microbubbles, are gas-encapsulated bodies 

composed of a shell and a gas filled core with a diameter of 1-5μm (Qin et al. 2009).  The 

shell of microbubbles are comprised of a thin 10-200 nm layer that acts as a barrier 

between the aqueous and gas phases, reducing surface tension and preventing gas 
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diffusion from the core. The shell can be composed of lipids, proteins or polymers. In a 

lipid shell the structure of the carbon side chain covalently attached to hydrophilic head 

group determine surface viscosity, gas permeation resistance, and buckling stability (Kim 

et al. 2008).  The lipid shell structure is not uniform (Borden et al. 2005). The 

microbubble shell contains microdomains separated by defects or grain boundaries, 

which affects its mechanical properties and acoustic response. Protein-shell microbubbles 

were designed to carry targeting ligands and/or a genetic payload (Lindner 2004). The 

microbubbles core is composed of gases of higher molecular weight (denser) compared to 

air, such as octafluoropropane, perfluorocarbon or sulphur hexafluoride (Bull 2007).  

 

Microbubbles in ultrasound fields 
 

 When microbubbles are placed in an ultrasound field with a pressure above a 

particular amplitude threshold, the microbubbles will either oscillate or be disrupted 

(Mayer et al. 2008).  Microbubble behavior in ultrasound field depends on ultrasound 

exposure parameters (such as peak negative acoustic pressure, pulse centre frequency, 

pulse duration, pulse repetition frequency, and insonation time), physical properties of 

microbubbles, such as size and composition, and surrounding environment (Krasovitski 

and Kimmel 2007). When acoustic pressure is low, microbubbles experience stable 

cavitation and oscillate in a linear mode. Microbubbles emit an acoustic pressure wave, 

which characteristics depend on microbubble properties and ultrasound exposure 

parameters. Microbubbles undergo maximum oscillation at their resonance frequency, 

which depends on microbubble size and shell properties (Ferrara et al. 2007).  

 A microbubble in a fluid exposed to ultrasound can create two types of fluid flow: 

streaming and microstreaming (VanBavel 2007).  Streaming is facilitated by radiation 
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force, which may cause microbubble translocation in various directions including away 

from ultrasound source (primary radiation force), toward each other (secondary radiation 

force or Bjerknes force), and toward the nodes and antinodes in a standing wave (Kimmel 

2006). Microstreaming is the form of streaming that occurs around a microbubble with 

velocities and shear rates proportional to the amplitude of microbubble, oscillation. 

Microbubbles can be disturbed by ultrasound through outward diffusion of the gas 

during the compression phase, diffusion of the gas through shell defects, or through an 

inertial cavitation mechanism (Ferrara et al. 2007). At higher pressures microbubbles that 

undergo expansion become unstable and collapse during the application of negative 

pressure phase (Figure 1.1). The collapsing microbubbles fragment into smaller bubbles. 

Smaller bubbles serve as cavitation nuclei, which also increase in size and eventually 

collapse again. Microbubbles in incompressible fluids collapse symmetrically. The 

pattern of microbubble collapse changes if it is placed in the vicinity of a rigid boundary. 

Based on numerical simulation (Brujan 2004), where it is assumed the liquid around the 

microbubble is inviscid, incompressible and irrotational, the position of the microbubble 

and the dynamic behavior of the jet around the bubble was found to be dependent on the 

distance between microbubble and the boundary as well as the amplitude of the pressure 

wave. 
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Figure 1.1: Stable (a) and transient (inertial) (b) cavitation of microbubbles in ultrasound field as a function 

of time. 
  

Inertial cavitation mechanisms cause bubbles to disrupt after significant radial 

expansion. The process of microbubble collapse is accompanied by significant increase in 

local pressure (up to hundreds MPa) and temperature (up to thousands of Kelvin) (Liang 

et al. 2011). Collapsing microbubbles generates spherical shockwaves around themselves. 

The location of microbubble collapse in biological tissues has significant impact in terms 

of generated bio-effects. Microbubble cavitation in a semi-infinite space (like bladder and 

heart ventricles) has been studied extensively. For example, Krasovitski and Kimmel 

(2001) numerically modeled microbubbles in a thin semi-infinite liquid film between 

boundaries, such as cavities of the peritoneum. The most complicated case is when 

microbubbles are located near cells that are 2-3 times greater than microbubble diameter. 

In this case, collapse is asymmetrical and can result in the formation of liquid microjets  

(Sheguang Zhang et al. 1993).  
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Microbubbles as pharmaceutical carriers 
 

Loading microbubbles with pharmaceutical agents results in enhanced delivery of 

those pharmaceuticals (Frenkel et al. 2002). Pharmaceuticals can be loaded either onto 

the microbubble shell surface, or into subsurface inner layer, or into the interior of 

microbubble (Mukherjee et al. 2000, Linder 2004). In addition to increased delivery 

efficiency, microbubble loading opens the opportunity to deliver nucleic acids and 

proteins, that otherwise will be destroyed in the blood stream.  

 

Targeting of microbubbles 
 

Microbubbles can be targeted to specific cells to improve the therapeutic effect of 

pharmaceuticals by ensuring high concentrations of the pharmaceutical at the target while 

reducing the pharmaceutical’s toxicity to healthy tissues (Liang et al. 2010). The 

challenges associated with targeting include, but are not limited to the atypical 

vasculature of tumor. However, in vitro targeting was accomplished using the 

electrostatic interaction between a hepatocarcinoma-specific monoclonal antibody and 

liposome-based microbubbles (Bian et al. 2004). Finally, microbubbles, capable of 

targeting cancer cells in circulation were developed (Simberg and Mattrey 2009). The 

adhesion between target cells and the immune-microbubbles in un-fractionated whole 

blood was highly specific, which makes this method very promising for control of 

metastasis or treating certain conditions such as leukemia.  

The combined application of ultrasound and microbubbles has a potential to 

facilitate intracellular delivery of pharmaceuticals by increasing the permeability of cell 

plasma membranes (Karshafian et al. 2009). This process is called sonoporation. 
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1.4 Sonoporation 

 Sonoporation is a phenomenon that describes the application of ultrasound with 

microbubbles to create transient pores on the surface of the plasma membrane. This 

allows pharmacologically active, non-permeable molecules to cross the cell membrane. 

The advantage of sonoporation aided drug delivery is that drugs can be released locally 

with a high level of precision. It is non-invasive, portable, and a relatively cheap 

technique that can be applied externally to the treated area (Szabo 2004). Sonoporation 

induced drug and gene therapy has been tested for cancer (Nomikou and McHale 2010), 

cardiovascular treatment (Miller et al. 2002), and treatments involving delivery of 

pharmaceuticals across the blood-brain barrier (Meairs and Alonso 2007, Mayer et al. 

2008). The outcome of sonoporation is usually described in terms of cell permeability 

(percentage of permeabilized cells that remain viable), cell viability, and therapeutic ratio 

(ratio of permeabilized to non-viable cells) (Karshafian et al. 2009). Currently 

sonoporation-mediated treatments are limited by low cell permeability. Ultimately the 

goal of sonoporation is to maximize percentage of permeabilized and viable cells while 

minimizing percentage of dead cells.  

 

1.4.1 Mechanism of sonoporation 

 It is believed that the main biological mechanism underpinning sonoporation is 

formation of the transient pores on the surface of the plasma membrane. The sizes of the 

pores have been shown to vary from 2 nm up to hundreds of nanometers (Taniyama et al. 

2002). Experimentally, it was found that the pore size distribution is likely to be 

heterogeneous with small pores more abundant than large ones (Mehier-Humbert et al. 
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2005). Pores remain open for a very short period of time, and particles, whose sizes are 

below the pore size, can enter the cell. The cell’s plasma membrane reseals itself in a 

period ranging from tenths of seconds (Taniyama et al. 2002) to a few seconds (Zhao et 

al. 2008) following ultrasound exposure. The process of resealing requires Ca2+ to enter 

the cell through ultrasound-induced pores (Deng et al. 2004).  

Acoustical mechanisms responsible for sonoporation are related to the effects 

associated with stable and transient (inertial) microbubble oscillations. Stable oscillations 

cause formation of microstreams and shock waves (Lentacker et al. 2009). Microstreams 

and shock waves induce strain on nearby cell membranes (Marmottant and Hilgenfeldt 

2003). Microstreams and shock waves may also rupture pharmaceutical-loaded carriers, 

resulting in local release of pharmaceuticals. Transient microbubble oscillations is 

followed by violent collapse and accompanied by formation of microjets and shock 

waves. The latter may transiently permeabilize cell plasma membrane by piercing it (Ohl 

et al. 2006) and/or inflicting large mechanical stress on the cell. Transient 

permeabilization may result in the intracellular delivery of pharmaceutical.  

Microbubbles loaded with pharmaceuticals have a potential to enhance 

intracellular delivery even more. When ultrasound is applied microbubbles fragment and 

its contents, drugs or/and genes are released locally. This prevents the spread of 

pharmaceutical from treated area, which is important when cytotoxicity of normal cells 

must be considered. Consequently, the concentration of released pharmaceutical is also 

higher next to permeabilized cells, which ensure that the maximum amount of 

pharmaceutical molecules pass through pores into the cells (Frenkel 2008).  
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The local delivery of pharmaceutical drug molecules using ultrasound and 

microbubbles can be achieved through different approaches. In the first approach 

therapeutic agents, loaded on microbubbles or co-administered with microbubbles, are 

injected into blood stream. The application of ultrasound can cause not only the 

permeabilization of endothelial cells, but also a release of the enclosed therapeutic agents 

in microvasculature, which lead to a local increase in pharmaceutical concentration and 

increased extravasation of pharmaceutical (Qin et al. 2009). Cells in the extravascular 

space can be targeted with ultrasound and microbubbles by locally injecting the 

pharmaceutical agent, as was demonstrated through intramuscular injection (Li et al. 

2003). In a more novel approach, perfluorocarbon nanodroplets were administered 

intravenously and due to their small size of less than 500 nm they leaked passively out of 

the tumor vasculature into the extravascular space (Fan et al. 2006). In another study 

(Rapoport et al. 2009), nanodroplets were injected directly into the tumor. Nanodroplets 

in ultrasound field can be converted into microbubbles that subsequently facilitate tumor 

cell permemeabilization and intracellular delivery of pharmaceutical drug molecules. 

 

1.4.2 Parameters affecting cell permeability and cell viability 
  

Sonoporation studies have been conducted under varying ultrasound delivery 

methods, conditions, and cell types (Deng et al. 2004, Karshafian et al. 2009, Mehier-

Humbert et al. 2005, Pan et al. 2005). There has been a large variation in cell 

permeability between studies, which makes it difficult to compare results. However, the 

factors that affect cell permeability can be grouped into ultrasound exposure parameters, 
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microbubble properties, type of pharmaceutical to be introduced inside the cell, and most 

probably, cell plasma membrane mechanical properties.   

 

Ultrasound exposure parameters 
 

 Cell permeability is affected by ultrasound exposure parameters including 

acoustic pressure, pulse centre frequency, pulse duration, pulse repetition frequency and 

insonation time. In general, cell permeability increases with acoustic pressure, reaches a 

maximum, following which permeability decreases (Karshafian et al. 2009, Liang et al. 

2004). Higher ultrasound pressures cause more cell death (Deng et al. 2004). Exposure to 

lower frequencies results in higher percentage of permeabilized, as well as higher 

percentage of dead cells (Meijering et al. 2007). Cell permeability, as well as cell death, 

increases with pulse duration, pulse repetition frequency and insonation time. Karshafian 

et al. (2009) demonstrated that it is possible to optimize cell permeability in vitro and cell 

viability through adjustment of ultrasound exposure parameters.  

 

Microbubble agent 
 
 Microbubble type (size, shell composition and core gas) and concentration play a 

role in sonoporation outcome (Blomley 2003, Wang et al. 2005, Karshafian et al. 2010, 

Li et al. 2003). In vitro experiments demonstrated that microbubble-to-cell ratio and 

microbubble-cell spacing influence cell permeability (Karshafian et al. 2009, Ward et al. 

2000). Cells located closer to the microbubbles were more likely to die during ultrasound 

exposure.   
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Pharmaceutical properties 
 

 The size and type of pharmaceutical being delivered is important for cell 

permeability. Molecules with larger size (~ 470 kDa) were delivered intracellularly into 

rat mammary carcinoma cells (MAT B III) less efficiently than smaller molecules (77-

164 kDa), which were probably related to the size of the pores on the plasma membrane 

(Mehier-Humbert et al. 2005). However, Karshafian et al. (2010) demonstrated that 

impermeable macromolecules, ranging in size from 10 kDa to 2 MDa were delivered to 

the intracellular space of KHT-C cells with similar efficiency. In another study, Liang et 

al. (2004) inferred linear relationship between plasmid concentration and nuclear DNA 

uptake in ultrasound mediated gene transfer in skeletal muscle cells.  

 

Cell plasma membrane mechanical properties 
 

 Fahnestock et al. (1986) reported a differing response in insonation of two closely 

related murine C1300 neuroblastoma cell lines in vitro. The two cell lines differ mainly 

in their plasma membrane properties. Such results suggest that under the same ultrasound 

exposure conditions cells with different plasma membrane properties respond differently. 

Furthermore, Nozaki et al. (2003) tested the effect of membrane modification with 

lidocaine and temperature on ultrasound-mediated gene transfection. Lidocaine is a local 

anesthetic, which destabilizes plasma membranes by breaking the hydration shell and 

fluidizing lipid membranes and the temperature rise enhances membrane fluidity (Ueda et 

al. 1994). The results demonstrate that both the addition of lidocaine (1 mM) and the 

exposure to 42-44 0C temperature increase cell permeability following ultrasound and 

microbubble exposure by ~ 18-fold and 19 folds respectively. 
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1.4.3 Biological effects of ultrasound and microbubbles 
  

Ultrasound and microbubble exposure can induce bioeffects on cells including 

cell lysis, cell membrane permeabilization, changes in cell size and passage of ions, 

endocytosis facilitation, and cytoskeleton reorganization. These effects may vary in cells 

with different composition of their plasma membranes. 

 

Cell lysis and plasma membrane permeabilization 
 

 Plasma membrane wounding, which appeared after ultrasound and microbubble 

exposure, was studied on DU 145 prostate cancer cells and primary human astrocyte cells 

in vitro with electron and confocal microscopy, and flow cytometry (Schlicher et al. 

2010). The outcome of wounding was either cell repair (transient permeabilization) or 

cell death due to the inability to reseal pores. At lower pressures poration of the plasma 

membrane in viable cells was observed (Taniyama et al. 2002). It has also been shown 

that, under certain exposure conditions, such as under higher peak negative acoustic 

pressure, ultrasound and microbubbles can cause cell death by cell lysis, which was 

demonstrated in cervical cancer cells (HeLa S3) in vitro (Ward et al. 1999).  

 

Changes in cell size 
 

 In vitro experiments with Jurkat lymphocytes demonstrated that cell size was 

reduced after exposure to ultrasound and microbubbles, which could be explained by the 

leakage of cytosolic fluid through transient pores (Ross et al. 2002). Mehier-Humbert et 

al. (2005) observed through electron microscopy an ultrasonic “shaving” effect 

immediately after insonation: the cell surface become smother due to the removal of 

surface macromolecules such as glycoproteins from the cell membrane. Ultrasound 
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exposure of human lymphocytes in vitro resulted in the removal of CD-19 surface 

receptor from the surface of the plasma membrane. In both cases the cell size reduction 

was due to the removal of a thin superficial layer from the plasma membrane. 

 

Change in ion passage 
 

 Hydrogen peroxide (H2O2, an oxidizing agent composed of oxygen-oxygen single 

bond), which can be produced during microbubble collapse in ultrasound field, plays a 

role in calcium permeability. Ultrasound and microbubble exposure induce an influx of 

calcium ions in bovine aortic endothelial cells (Meijering et al 2009), cardiomyoblast 

cells (Juffermans et al 2006), Xenopus oocytes (Pan et al 2005), and Chinese hamster 

ovary cells (Kumon et al 2007).  

 

Endocytosis facilitation 
 

 The involvement of endocytosis in sonoporation was investigated by Meijering et 

al. (2009) on primary endothelial cells with dextran molecules ranging from 4.4 kDa to 

500 kDa. They hypothesized that endocytosis, as well as pore formation is a key 

mechanism in ultrasound mediated targeted delivery. Moreover, the contribution of 

endocytosis depends on the molecular size of dextran; bigger molecules (155-500 kDa) 

are more likely to enter the cell via endocytosis, and smaller molecules (up to 70 kDa) by 

pore formation.  

 

Cytoskeleton reorganization 
 

 F-actin stress fibers in human umbilical vein endothelial cells in vitro become 

rearranged and increased in number following ultrasound and microbubbles exposure 

(Juffermans et al. 2009). Those changes were significantly diminished after 30 to 60 
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minutes following ultrasound exposure, suggesting that cell viability was not affected 

through ultrasound exposure. 

 
1.4.4 Sonoporation applications 

 
 The therapeutic applications of sonoporation have been tested for various 

treatments, such as thrombolysis (Meunier et al. 2007), cancer treatment (Nomikou and 

McHale, 2010), cardiovascular treatment (Miller et al. 2002), and treatments involved in 

delivery of pharmaceuticals across the blood-brain barrier (Meairs and Alonso 2007, 

Mayer et al. 2008). It was demonstrated that administration of thrombolytic agents in 

combination with ultrasound and microbubbles enhanced dissolution of blood clots, a 

process known as thrombolysis (Meunier et al. 2007). Combination of sonoporation with 

chemotherapeutics, such as bleomicin, permits access of the chemotherapeutics to the 

intracellular space and enhances cell death in vivo (Larkin et al. 2008). The blood-brain 

barrier is impermeable to majority of pharmaceuticals, which makes treatment of brain 

tumors such as gliomas complicated. Local sonoporation creates transient disruptions of 

the blood-brain barrier and ensures delivery of anticancer pharmaceuticals to the 

interstitial space in the brain (Mearis and Alonso 2007). In addition, ultrasound in 

combination with bradykinin (pharmaceutical, which causes blood vessels to dilate) 

increase permeabilization of the blood-brain barrier by opening tight junctions, as 

demonstrated by Zhang et al. (2009) on C6-glioma rat model.  

For all of the above applications, intracellular drug delivery is facilitated through 

transient disruptions on the plasma membrane surface. The biomechanical properties of 

target cells may play role in the permeabilization of their plasma membranes. 
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1.5 Biomechanical properties of cells 

 Cells are complex, dynamic, and heterogeneous structures.  Various experimental 

techniques have demonstrated that cells have both elastic and viscous properties. Their 

stiffness is similar to a gelatin gel, but under steady stress they continue to deform (Kasza 

et al. 2007). Visco-elastic properties of eukaryotic cells are important for many 

biophysical and physiological responses and are mainly determined by cytoskeletal 

organization and plasma membrane structure (Cai et al. 2010). 

 The cytoskeleton is an interlocking, three-dimensional biopolymer network of 

actin, microtubules, and intermediate filaments. Its main functions are to maintain 

organization of the cytoplasm, to mediate cell motility and shape adjustments during cell 

cycle, and to generate mechanical forces within the cell (Nelson and Cox 2008). Each 

cytoskeletal component is composed of simple protein subunits, joined non-covalently. 

Their structure is constantly changing: filaments disassemble into their protein subunits 

and reassemble into filaments again. Multiple cross linkage of filaments and the highly 

nonlinear dynamic structure of the cytoskeleton make its studies very complex.  

 

1.6 Cell plasma membrane 

Cell plasma membrane, along with cytoskeleton, determines visco-elastic 

properties of eukaryotic cells. The plasma membrane maintains ion and chemical 

gradients, controls material exchange between the cell and its environment, due to its 

selective permeability, senses and controls communication between the cells, and 

maintains cell shape (Nelson and Cox 2009). 
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1.6.1 Composition and function of cell plasma membrane                    
  
  Cell plasma membrane is approximately 5 nm thick and is predominantly 

composed of proteins, lipids, and oligosaccharides. The fluid mosaic model of the plasma 

membrane (Singer and Nicolson 1972) considers the membrane as a two-dimensional 

liquid where lipids and proteins diffuse easily and form heterogeneous structure (Figure 

1.2). The main membrane lipids are phospholipids (glycerophospholipids and 

sphingophospholipids) and cholesterols (Figure 1.3).  Phospholipids are oriented in a 

bilayer in such a way that the hydrophobic non-polar tails are pointing towards each 

other, while the hydrophylic polar phosphate heads are pointing towards the internal 

cytosolic and external surfaces.  

 Cholesterol (Figure 1.3) is a steroid that is known to maintain membrane structure 

and regulate membrane fluidity (Dibya et al. 2010). Plasma membrane fluidity is a broad 

term that describes the motional freedom of lipid-soluble molecular probes (like 1,6-

diphenyl-1,3,5-hexatriene (DPH) used for the measurement of fluidity in cell plasma 

membranes) within the lipid bilayer. Membranes with higher cholesterol content have 

lower plasma membrane fluidity and vice versa (Lars Bastiaanse et al. 1997). 

Cholesterol’s chemical structure dictates its orientation within phospholipids; its polar 

hydroxyl group interacts with phospholipid head groups, while a hydrophobic steroid ring 

is oriented parallel to the hydrocarbon chains of the phospholipid bilayer (Singer and 

Nicolson 1972, Bastiaanse et al. 1996). Cholesterol molecules immobilize the first few 

hydrocarbon groups of the phospholipids making bilayer less deformable. In addition, 

cholesterol prevents crystallization of hydrocarbons in fatty acid chains because part of 

its steroid ring is closely attracted to the part of the fatty acid chain on the closest 
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phocpholipid. The above structure leads to slight immobilization of the outer surface of 

the membrane, which makes it less soluble to the small water-soluble molecules, and 

prevents membrane from being overly fluid. 

 The amount of cholesterol in cell plasma membrane is kept at a narrow range for 

a given cell line and is determined by cholesterol influx and efflux, esterification, 

deesterification, and synthesis (Brown and Goldstein 1986).   

 

  

Figure 1.2: Fluid mosaic model for membrane structure (From Nelson David L., & Cox Michael M. (Eds.). 
(2008). From Principles of biochemistry (5th ed.), New York: W.H.Freeman and company.) 

 

 In previous studies (Needham et al. 1988, Kakorin et al. 2005) cholesterol was 

investigated as a chemical to induce a change in electrochemical membrane 

permeabilization: it reduced pore formation in small unilamellar bilayer vesicles placed 

in an electric field.  Koronkiewicz & Kalinowski (2004) confirmed that cholesterol has a 

stabilizing effect on membrane bilayers: it increases the electric potential required for 

electroporation.  
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 The cholesterol content of the plasma membrane, and therefore its fluidity can be 

modified. Previous studies (Goodwin et al. 2005, Lagerholm et al. 2005) demonstrated 

that it is possible to remove almost 50% of membrane cholesterol following by methyl 

βeta cyclodextrin (MβCD) treatment. In addition, treatment with cholesterol-loaded 

MβCD can triple initial membrane cholesterol concentration (Goodwin et al. 2005, 

Lagerholm et al. 2005).  MβCD and cholesterol-loaded MβCD act from the surface of the 

plasma membrane without creating bonds or insertion into the plasma membrane (Klein 

et al. 1995). 

 

 
Figure 1.3: Cholesterol intercalates between fatty acid chains of phospholipids (Figure 10-5 Molecular 

Biology of the Cell (© Garland Science 2008)) 
 
  
1.6.2 Permeability and natural uptake of molecules by cells         
  

The plasma membrane is selectively permeable. Some substances, such as certain 

gases (CO2, N2, O2 ) and small uncharged polar molecules (water, urea, and ethanol) can 

diffuse through it. However, the transport of large polar molecules and ions across 

membranes can be subdivided into diffusion, passive transport, and active transport 
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(Nelson and Cox 2009).   Some particles can enter the cell through endocytosis, a process 

of active consumption of particles by a cell. Complex multistage endocytic mechanisms 

are closely associated with lipid and protein composition of the plasma membrane 

(Doherty and McMahon 2009).  

However, the above transport mechanisms cannot transport the majority of the 

currently available pharmaceuticals across the plasma membrane. Sonoporation, along 

with other intracellular delivery modalities, aimed to deliver impermeable 

pharmaceuticals across cell plasma membrane. Plasma membrane composition, its 

cholesterol content in particular, may be one of the factors influencing cell permeability. 
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1.7 Hypothesis and objectives 

The hypothesis guiding this study was that the cholesterol content of the cell 

plasma membrane affects ultrasound-microbubble induced permeabilization.  The 

hypothesis was tested using an in vitro cell suspension model and fluorescent markers 

with flow cytometry.  

 

1.7.1 SPECIFIC OBJECTIVES: 

 

• To measure the cell permeability and cell viability of in vitro cell suspensions of 

breast cancer (MDA-MB-231) cells with ultrasound and microbubbles and 

without ultrasound and microbubbles 

• To determine the effect of the plasma membrane cholesterol on cell permeability 

and cell viability using those conditions described above. 
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Chapter 2 

Materials and methods 

 Cells with modified cholesterol content of plasma membrane were exposed to 

ultrasound and microbubbles. The content of cell plasma membrane was modified by 

addition and removal of cholesterol from the plasma membrane. The effects of 

modification of plasma membrane cholesterol content on cell membrane permeability and 

viability after sonoporation were measured using fluorescent molecule diffusion and flow 

cytometry.   

 

2.1 In vitro cell model 

 Cells in suspension were used as a biological model to investigate the effects of 

membrane modification on sonoporation. Breast cancer adenocarcinoma cells (MDA-

MB-231) originated in the mammary gland were used.  

 Cells  (MDA-MB-231) were grown in tissue culture flasks (660190 Greiner Bio-

One, Germany) as a monolayer in RPMI growth media (31800 Gibco Invitrogen Inc, 

Canada) supplemented with 10% fetal bovine serum (12483 Gibco Invitrogen Inc, 

Canada,) at 37 ⁰C, 5% CO2, and 90% relative humidity prior to harvest during 

exponential growth by trypsinization. Prior to ultrasound treatment and membrane 

modification, cells were suspended in growth media at a concentration 0.6×106 cells/mL 

in a volume of 600 μL and kept at room temperature (~22 0C) during the experiment.  
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 Cells were treated with cholesterol modifying agents in accordance with standard 

protocol (Goodwin et al. 2005, Lagerholm et al. 2005). Microbubbles and 70 kDa FITC-

dextran (fluorescein isothiocyanatedextran, D-1822, Invitrogen Inc, Carlsbad, CA) were 

added to the cell suspension 60 seconds before ultrasound exposure. Cell membrane 

permeabilization was determined by the cellular uptake of 70kDa FITC-dextran, a cell 

impermeable fluorescent probe. A volume of 10μL of FITC-dextran at a concentration 

7.7mg/mL was added to cell suspension to measure cell permeability (Karshafian et al 

2010).  Cell viability was determined with propidium iodine (PI) (P3566, Invitrogen Inc, 

Eugene, Oregon, USA).  PI fluoresces only when bound to DNA, labeling non-viable 

cells. Following ultrasound treatment, cells were centrifuged and washed twice with 

FBS-free media. A volume of 5 μL of PI at a concentration of 0.2 mg/mL was added to 

the cells and analyzed using flow cytometry.  

 

2.2 Depletion and loading of plasma membrane 
cholesterol 
 
 Cholesterol was removed from cells using methyl-β-cyclodextrin (MβCD) based 

on a standard protocol (Goodwin et al. 2005, Lagerholm et al. 2005). Cells were washed 

with PBS, trypsinized, resuspended in serum-free growth media (RPMI 31800 Gibco 

Invitrogen Inc, Canada) and incubated for 40 min at 37 0C in the absence (control cells) 

or presence (treated cells) of 5mM MβCD (C4555-1G, Sigma, Germany).  For 

cholesterol loading 5 mM of cholesterol, conjugated with MβCD (C4951, Sigma, 

Germany) was added to the cells resuspended in serum free growth media and incubated 
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for 40 min at 37 0C. Following cholesterol removal or loading, cells were exposed to 

ultrasound and microbubbles. 

 

2.3 Ultrasound and microbubbles 

2.3.1  Ultrasound exposure system  
 
 A schematic diagram of the ultrasound exposure apparatus is shown in Figure 2.1. 

The setup consisted of a 1 MHz centre frequency single element transducer (IL0108HP, 

Valpey Fisher Inc, Hopkinton, MA) mounted on micropositioning system (Figure 2.2 a), 

waveform generator (WW 5062, Tabor Electronics Ltd, Tel Hanan, Israel), power 

amplifier (240L, ENI Inc, Rochester, NY), oscilloscope (Tektronix Inc., Beaverton, OR, 

USA), and a cell exposure chamber (Figure 2.2 b) with acoustically transparent windows 

and a magnetic stirrer. 

 

Figure 2.1: Ultrasound exposure apparatus: cells are placed into the exposure chamber with acoustically 
transparent window and mixed with magnetic stirrer during the treatment. 
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Figure 2.2: (a) Micropositioning system allows positioning of an ultrasound transducer (not pictured here) 
in 3 dimensions,    (b) Side view of exposure chamber with acoustically transparent window. 

 The exposure apparatus tank was filled with degassed water. The cells in 

suspension were placed in the exposure chamber at the acoustic focus of the transducer 

and gently stirred with magnetic stirrer (Variomag) to ensure uniform ultrasound 

exposure of cell suspension. Cells were exposed to 1 MHz pulse center frequency, 16 

cycles for 2 min insonation time, duty cycle of 1.6%, and peak negative acoustic 

pressures of 0.5 and 1.5 MPa. 

2.3.2  Transducer characterization 

 A 1 MHz (IL0108HP, Valpey Fisher Inc, Hopkinton, MA) center frequency 

transducer with 25 mm element diameter focused at 70 mm was used in this study. The 

transducer was characterized using a calibrated needle hydrophone (Precision Acoustics 

Ltd., Dorchester, Dorset, UK). The pressure was measured at the focus of the transducer 

beam in the absence of the exposure chamber (Figure 2.3). The peak negative pressure 

was farther used to characterize acoustic amplitude.  

 

a. 

 

b. 
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Figure 2.3: 1MHz transducer calibration curve. y-axis represent pressure in Pa, x-axis represents voltage in 

mV. Green curve is peak-to-peak pressure, red curve –absolute value of peak negative pressure, blue 
curve – peak positive pressure. 

 
 
2.3.3  Micobubble agent 

 Definity, a clinically approved imaging contrast agent (Perflutren lipid 

microspheres, Lantheus Medical Imaging, Billerica, MA, USA), was used in this study. 

Definity microbubbles are composed of a phospholipid shell and octofluoropropane 

(C3F8) gas core. Definity has a concentration of 1.2x1010  bubbles/mL, a mean diameter 

of 1.1-3.3 μm with 98% less than 10 μm, and a maximum diameter of 20 μm according to 

the manufacturer (Lantheus Medical Imaging). Before activation, the Definity vial was 

kept at room temperature for 60 minutes to allow the vial temperature to equilibrate. The 

vial was activated by shaking using a Vial-Mix (Lantheus Medical Imaging, Billerica, 

MA, USA) for 45 seconds. The vial was kept at room temperature for 5 min after 

activation to equilibrate. The vial was rolled in between hands for 10 seconds, and then 

kept inverted for 30 seconds. Finally, it was vented with 18-gauge needle and 
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microbubbles were transferred to a syringe. Microbubbles were diluted with PBS in a 

ratio of 1:4. 

2.4 Cell permeability and cell viability 

Cell permeability and cell viability were determined after ultrasound exposure 

using fluorescent markers and flow cytometry (BD FACSCalibur, BD Biosciences 

International, San Jose, CA).  

Flow cytometry is a cell counting technique based on the submersion of cells into 

a stream of fluid and analysis using electronic detection apparatii, which analyses 

fluctuations in brightness in scattered and fluorescent light.  At the beginning light of a 

single wavelength is produced by a laser and hits the cell sample. One detector, which is 

aligned with the light beam (forward scatter), another detector, which is positioned 

perpendicularly to the light beam (side scatter), and four fluorescent detectors detect 

scattered and fluorescent light. Forward scatter is directly related to the cell volume, 

while side scatter reflects inner complexity of a cell such as membrane roughness and the 

amount of cytoplasmic granules. Certain proportion of the incident light is absorbed by 

the sample and some molecules from the sample fluoresce. Fluorescent detectors detect 

fluorescent light from those molecules and correlate the amount of fluorescence with the 

number of fluorescing cells.  

The fluorescence spectrum of FITC-dextran and PI is shown in Figure 2.4. Flow 

cytometry was used to determine the viable cell permeability - number of cells stained 

with FITC-dextran but unstained with PI (upper left quadrant, UL), and cell viability. 

Cell viability was determined by subtracting non-viable cells, which are stained with PI 
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(sum of the count from upper right, UR and lower right, LR) from the total number of 

counted cells. Figure 2.5 demonstrated flow cytometry data from two MDA-MB-231 cell 

samples: an untreated sample (Figure 2.5 a.) and a sample treated with ultrasound and 

microbubbles at 1.5 MPa (Figure 2.5 b.) peak negative acoustic pressure. 
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Figure 2.4: Fluorescent spectra of FITC-dextran (solid blue line is emission spectrum, dashed blue line is 
excitation spectrum) and PI (solid black line is emission spectrum, dashed black line is excitation 
spectrum). x-axis represents the wavelength (nm), y-axis represents a percentage of the maximum 
value for excitation and emission. The 488 nm laser created the excitation. Photomyltipliers with with 
bandpass filters of 530 nm (for FITC-dextran) and 585 nm (for PI) were used to detect fluorescence. 
(From invitrogen.com) 
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Figure 2.5: a. Flow cytometry data analysis for control (0MPa) and b. for ultrasound treated (1.5 MPa) 
MDA-MB-231 cells. Two-parameter histogram dot plot, displaying PI on the x-axis and FL1-FITC-
dextran on the y-axis, is divided into four quadrants in accordance with the value of logarithmic x and 
y-axes. Cells are considered PI-negative if they appear in the range from 100 to 102 on the x-axis, 
cells that appear beyond 102 on the x-axis is PI-positive cells. FITC-positive cells will show on the y-
axis starting from 101, cells below this value are FITC-negative. Upper left quadrant contains cells, 
which are FITC-positive and PI-negative, lower left quadrant contains FITC-negative and PI-negative 
cells, upper right quadrant contains FITC-positive and PI-positive cells, while lower right quadrant 
contains FITC-negative and PI-positive cells. Tables in the second row represent statistical analysis 
for each sample. The entire cell population was gated based on the forward and side scatter diagram 
in order to eliminate count of the cellular debris and smaller particles. The percentage of gated events 
counted in the upper left (UL) quadrant was used to obtain the count of permeabilized and viable 
cells (sonoporation efficiency parameter). The percentage of dead cells was calculated by adding the 
percentage of FITC-Positive and PI-positive  (UR) to FITC-negative and PI-positive (LR). Viability 
was found by subtracting percentage of dead cells from 100 %. 

 
 

 

MDA-MB-231 sample. Ultrasound: 0 MPa MDA-MB-231 sample. Ultrasound: 1.5 MPa 

  

  

a. b. 
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A count of 15000 cells was analyzed per sample. The data in terms of cell 

permeability and cell viability are presented individually from the following sonoporation 

experiments. 

• Experiment 1: MDA-MB-231 unmodified and cholesterol depleted cells were 

exposed to 0, 0.5, 1.5 MPa peak negative acoustic pressure with the number of 

samples per condition, n = 4.   

• Experiment 2: MDA-MB-231 unmodified and cholesterol loaded cells were 

exposed to 0, 0.5, 1.5 MPa peak negative acoustic pressure with n = 8.   

• Experiment 3: MDA-MB-231 unmodified, cholesterol depleted, and cholesterol 

loaded cells were exposed to 0, 1.5 MPa peak negative acoustic pressure with 

n = 4.   

• Experiment 4: MDA-MB-231 unmodified, cholesterol depleted, and cholesterol 

loaded cells were exposed to 0, 0.5, 1.5 MPa peak negative acoustic pressure 

with n = 4.   

• Experiment 5: PC3 unmodified, cholesterol depleted, and cholesterol loaded cells 

were exposed to 0, 0.5, 1.5 MPa peak negative acoustic pressure with n = 6.   

The data was quantitatively processed with Excel 2003 (Microsoft, USA) and 

SPSS (IBM, USA). A series of one-way ANOVAs and post hoc Tukey statistical tests 

were applied at 95% confidence interval to analyze the effect of membrane modification 

on cell permeability and cell viability. Cell permeability and cell viability from each 

sonoporation experiment were presented as a mean value with standard error bars on 2D 

plots.   
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2.5 Therapeutic Ratio 

Therapeutic ratio is defined as a ratio of the number of permeabilized and viable 

cells (FITC-dextran positive and PI negative) to non-viable cells (PI positive).  The mean 

therapeutic ratio for each experiment was calculated. 

 

2.6 Relative Permeability and Relative Viability 

Cell permeability from different experiments was compared using a relative 

permeability parameter. The relative permeability was defined as the ratio of cell 

permeability of the cholesterol modified samples to the permeability of unmodified 

samples and was calculated for each peak negative pressure separately. The standard 

error of the mean was calculated for each pressure and each experiment. 

 Cell viability from different experiments was compared using a relative viability 

parameter. It was defined as the ratio of viability of the cholesterol modified samples to 

the viability of unmodified samples. The standard error of the mean was calculated for 

each pressure and each experiment. 
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Chapter 3 

Results: Sonoporation of MDA-MB-231 cells 

 
Four experiments were conducted with breast cancer MDA-MB-231 cells with 

unmodified and cholesterol-modified membranes at two different pressures.  The cell 

permeability results from four experiments are shown on Figure 3.1 and cell viability 

results from four experiments are shown in Figures 3.2. Cell permeability and viability 

for each individual experiment are presented and described in Appendix A (Figures A.1-

A.4). The corresponding therapeutic ratio from four experiments is plotted on Figure 3.3, 

while therapeutic ratio from each individual experiment is shown in Appendix A (Figures 

A.5-A.8).  The relative permeability from four experiments is shown on Figure 3.4, while 

relative permeability at 0.5 and 1.5 MPa for each experiment is shown in Appendix A 

(Figures A.9 and A.10, respectively). The relative viability from four experiments is 

plotted on Figure 3.5 and relative viability at 0.5 and 1.5 MPa for each experiment is 

shown in Appendix A (Figures A.11 and A.12, respectively). 
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3.1 Cell permeability and cell viability 

Cell permeability results from four independent experiments are plotted on Figure 

3.1. There is no statistically significant difference in the percentage of permeabilized cells 

at 0 MPa between unmodified and cholesterol-modified samples. At 0.5 and 1.5 MPa 

there is no statistically significant differences between unmodified (15±1.5%and 19±2%, 

respectively) and cholesterol-loaded cells (12±1.5% and 16±2%, respectively), although 

cholesterol loading leads to decrease in cell permeability at both pressures. On the other 

hand, permeability of cholesterol-depleted cells (8±2% and 9±1.5%) was statistically 

lower than that of unmodified (15±1.5%and 19±2%) at 0.5 and 1.5 MPa respectively. 

 

 

Figure 3.1: The effect of plasma membrane modification with cholesterol loading and depletion on cell 
permeability of MDA-MB-231 cells from experiments repeated four times. 
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Cell viability results from four independent experiments are plotted on Figure 2.2. 

At 0 MPa there is no statistically significant difference in cell viability between 

unmodified (87±2%), cholesterol-loaded (85±2%), and cholesterol-depleted cells 

(84±3%). At 0.5 MPa cell viability of cholesterol-depleted cells  (74±5%) is the highest 

and differs significantly from the viability of cholesterol-loaded samples (57±4%). There 

is no statistically significant difference between cell viability od unmodified (67±3%) and 

cholesterol-loaded (57±4%) as well as between unmodified (67±3%) and cholesterol-

depleted cells (74±5%). At 1.5 MPa no statistically significant difference in cell viability 

between unmodified (52±4%), cholesterol-loaded (40±3%), and cholesterol-depleted 

cells (47±5%) was detected. 

 

 

 
 

Figure 3.2: The effect of plasma membrane modification with cholesterol loading and depletion on cell 
viability of MDA-MB-231 cells from experiments repeated four times. 
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3.2 Therapeutic Ratio 

Therapeutic ratio was calculated using cell permeability and cell viability data from 

four experiments and plotted on Figure 3.3. There is no statistically significant difference 

in therapeutic ratio between unmodified (0.07±0.01), cholesterol-loaded (0.05±0.01), and 

cholesterol-depleted MDA-MB-231 cells (0.12±0.04) at 0 MPa. At 0.5 and 1.5 MPa 

therapeutic ratio of unmodified samples (0.46±0.06 and 0.51±0.08, respectively) is the 

highest and differs statistically from the cholesterol-loaded (0.26±0.04 and 0.31±0.06, 

respectively) and cholesterol-depleted ones (0.20±0.05 and 0.20±0.04, respectively. 

 

 
 

Figure 3.3:  The effect of plasma membrane modification with cholesterol loading and depletion on 
therapeutic ratio of MDA-MB-231 cells from experiments repeated four times. 
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3.3 Relative Permeability 

 
Figure 3.4 compares the effect of the plasma membrane modification on the mean 

relative permeability of MDA-MB-231 cells at 0.5 MPa and 1.5 MPa peak negative 

acoustic pressures from four experiments.  The mean relative permeability of cholesterol-

depleted cells (0.6±0.1 and 0.37±0.09) differs significantly from the one of unmodified 

(1±0.1 and 1±0.15) and cholesterol-loaded (0.91±0.11 and 0.83±0.06) cells at 0.5 and 1.5 

MPa respectively.  At 0.5 and 1.5 MPa there is no statistically significant difference in 

relative permeability between unmodified (1±0.1 and 1±0.15, respectively) and 

cholesterol-loaded (0.91±0.11, 0.83±0.06) MDA-MB-231 cells.  

In general, the alteration of the plasma membrane with cholesterol depletion 

lowers the relative permeability by 40% and 60% at 0.5 and 1.5 MPa, respectively.  

Whereas, the cholesterol loading of the cell plasma membrane leads to statistically 

insignificant decrease in relative permeability, which is more prominent at higher 

pressure.  

 



 

 41 

 

Figure 3.4: The effect of the plasma membrane modification with cholesterol loading and depletion on 
relative permeability of MDA-MB-231 cells at 0.5 and 1.5 MPa. Each bar represents the average 
permeability ratio. Error bars represent standard error of the mean within each experiment combined 
with the standard error across 4 independent experiments for unmodified samples; error bars for 
cholesterol-loaded and cholesterol-depleted cells represent standard error of the mean within each 
experiment combined with the standard error across 3 independent experiments. 
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3.4 Relative viability 

 
The relative viability from four experiments is plotted on Figure 3.5 and relative 

viability at 0.5 and 1.5 MPa for each experiment is shown on Figures 3A11 and A.12, 

respectively, 

Figure 3.5 compares the effect of the plasma membrane modification on the mean 

relative viability of MDA-MB-231 cells at 0.5 MPa and 1.5 MPa.  At both pressures there 

is no statistically significant difference in relative viability between unmodified, 

cholesterol-loaded, and cholesterol-depleted MDA-MB-231 cells.  

In conclusion, the alteration of the plasma membrane cholesterol content leads to 

the statistically insignificant decrease in relative viability, which is more prominent at 

higher pressure.  
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Figure 3.5: The effect of the plasma membrane modification with cholesterol loading and depletion on 

relative viability of MDA-MB-231 cells at 0.5 and 1.5 MPa. Each bar represents mean relative 
viability for a given plasma membrane condition (unmodified, cholesterol loaded and cholesterol 
depleted) and pressure (0.5 and 1.5 MPa). Error bars represent standard error of the mean within each 
experiment combined with the standard error across 4 independent experiments for unmodified and 
standard error of the mean within each experiment combined with the standard error across 3 
independent for cholesterol loaded and cholesterol depleted cells. 
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Chapter 4 

 

Discussion  

Application of ultrasound in combination with microbubbles has a potential to 

enhance uptake of normally impermeable molecules and to improve targeted delivery of 

pharmaceuticals. The cell plasma membrane is considered a primary site of action during 

the interaction of ultrasound and microbubbles in an in vitro cell system. The nature of 

the interaction appears to be biomechanical based on scanning and transmission electron 

microscopy images (Deng et al. 2004, Juffermans et al. 2009, Marmottant and 

Hilgenfeldt 2003). This suggests that the visco-elastic properties of the plasma 

membrane, such as its fluidity may play a role in the sonoporation process. Fluidity of the 

plasma membrane is determined in part by the amount of cholesterol present. In this 

study, it was hypothesized that the change in cholesterol content of the plasma membrane 

may affect sonoporation process. The cholesterol composition of the plasma membrane 

was modified with methyl Beta cyclodextrin (MβCD) and cholesterol-loaded MβCD 

based on a standard protocol. Following membrane modification cells were exposed to 

ultrasound and microbubbles, and the cell permeability and viability were measured using 

flow cytometer. The knowledge of the cholesterol’s role in the sonoporation process can 

potentially provide some insight into possible mechanisms of sonoporation and help to 

identify ways to improve its efficiency in therapeutic applications. 
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4.1 Sonoporation and Plasma Membrane 

The results indicate that there is no simple correlation between cell permeability, 

cell viability and cholesterol content of the cell plasma membrane. Addition and removal 

of cholesterol in the cell plasma membrane reduced cell permeability. Cell permeability 

in cholesterol-loaded MDA-MB-231 cells was lower than in unmodified cells; however, 

this difference was not statistically significant. Decrease in the cell permeability in 

cholesterol-depleted MDA-MB-231 cells was observed at 0.5 MPa, but it was not always 

statistically significant. At 1.5 MPa cell permeability of cholesterol-depleted MDA-MB-

231 cells was significantly lower than that of unmodified and cholesterol-loaded cells. 

However, in experiments with PC3 variation in cell permeability between unmodified 

and cholesterol-modified samples was insignificant. The highest cell permeability of 30 

% was observed at 1.5 MPa peak negative acoustic pressure in unmodified MDA-MB-

231 cells. Modification of cell plasma membrane cholesterol content with cholesterol 

loading and depletion decreases cell viability in both cell lines. However this effect was 

statistically significant only for experiment 3.  The highest cell viability of 77±3 % was 

observed in unmodified MDA-MB-231 samples in experiment 1 at 0.5 MPa.  

The interpretation of the effect of cholesterol modification on the therapeutic ratio 

– a parameter that was calculated from cell permeability and viability – was challenging 

due to some variability in cell viability. Variations in the percentage of viable cells, 

which could have been potentially permeabilized during insonation, may in part explain 

the large variation in cell permeability across experiments. The difference in cell viability 

cannot fully account for the variability in cell permeability and most probably there are 

other factors that play role as well. Therapeutic ratio was the highest in unmodified 
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MDA-MB-231 samples for both pressures across all experiments. Therapeutic ratio of 

cholesterol-loaded cells was lower than that of unmodified, although those differences 

were not always statistically significant. However, therapeutic ratio of cholesterol-

depleted MDA-MB-231 cells was always significantly lower than that of unmodified. In 

PC3 cells the same pattern was observed, but the differences in therapeutic ratio between 

unmodified and modified cells were not statistically significant. 

In order to compare cell permeability across the experiments relative permeability 

parameter was introduced. It was calculated for each pressure in each experiment 

separately based on the permeability in unmodified samples. In general, alteration of cell 

plasma membrane with cholesterol loading leads to the decrease in relative permeability, 

while cholesterol depletion leads to the significant decrease in relative permeability. This 

effect was more prominent at higher pressure in MDA-MB-231 cells. Differences in 

relative permeability parameter in between unmodified and cholesterol-modified samples 

agree well with cell permeability statistical differences in between unmodified and 

cholesterol-modified samples. Therefore, relative permeability is a suitable parameter to 

compare cell permeabilization across independent experiments. 

To compare cell viability across the experiments a relative viability parameter 

was used. It was shown that the alteration of the plasma membrane cholesterol content 

lead to a slight decrease in relative viability in MDA-MB-231 cells for the majority of the 

conditions. This decrease is more prominent at higher pressure, and was not observed in 

PC3 cells. 

Moreover, with increase in peak negative acoustic pressure cell permeability 

increase and viability decrease in both cell lines, which correlates with results by 
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Karshafian et al. (2009).  Comparing the sonopoaration outcome between the two cell 

lines it was observed that the MDA-MB-231 were more permeable to FITC-dextran than 

the PC3 cells, at all pressures, which may be attributed to differences in their plasma 

membrane composition.  

Since the incubation time and the concentration of MβCD and cholesterol-MβCD 

used was the same as used by Goodwin et al. (2005) and Lagerholm et al. (2005) it was 

assumed that the cholesterol level of the cell plasma membranes in this study was 

reduced by 50% and increased by 300%. Changes in cholesterol concentration in the 

plasma membrane affects membrane fluidity (Lars Bastiaanse et al. 1997), permeability 

to small molecules (Klein et al. 1995), and certain types of endocytosis (Cossec et al. 

2010, Rodal et al. 1999). Although, the cholesterol content was not measured following 

depletion and loading, it is believed that the modification was significant and its 

quantification will be a subject for future investigations. The non-uniform distribution of 

cholesterol across the cell plasma membrane and the presence of lipid domains make the 

accurate measurement of cholesterol content challenging.  Illangumaran and Hoessli 

(1998) hypothesized that MβCD extracts only the cholesterol tightly associated with 

glycerophospholipids, while the cholesterol in sphingolipids rich regions become 

resistant to MβCD. Two cell lines that were used in current study originated from 

different organs (MDA-MB-231 is the breast cancer, PC3 is the prostate cancer); 

therefore it is possible that the ratio of glycerophospholipids to sphingolipids is different 

in those two cell lines. However, no scientific confirmation to that was found. If it is true, 

then the amount of cholesterol extracted and loaded may be different for MDA-MB-231 

and PC3, which would have to be confirmed by quantitative measurement.  
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A search of relevant literature found no studies on the effect of cholesterol content 

on sonoporation process. However, the decrease in cell permeability of cholesterol-

loaded MDA-MB-231cells may be partially supported by the studies on pore formation 

through electroporation. Koronkiewicz and Kalinowski (2004) performed constant-

current measurements of egg yolk phosphatidylcholine bilayer membrane without and 

with cholesterol. They observed poration facilitated by constant-intensity current flow. 

The presence of cholesterol in the membrane required higher value of the breakdown 

potential compare to the control. They concluded that the presence of cholesterol makes 

membranes more resistant to pore formation. Kakorin et al. (2005) observed reduction in 

membrane electroporation facilitated by cholesterol in lipid vesicles. However, it must be 

taken into consideration that the process of pore formation in electroporation and 

sonoporation is different and the cell plasma membrane is more complicated structure 

than egg yolk phosphatidylcholine bilayer or lipid vesicles.  Decrease in permeability of 

cholesterol-depleted cells cannot be explained by known studies and should be a subject 

of further research. 

Multiple studies were conducted on the effect of plasma membrane fluidity on 

electroporation. The cholesterol content of plasma membrane is directly linked to the 

membrane fluidity: lowering of cholesterol content makes the membrane more fluid and 

vice versa (Lars Bastiaanse et al. 1997). The study by Kanduser et al. (2006) conducted 

on different cell lines demonstrated that less fluid cells were permeabilized at lower 

voltages compare to more fluid cells. The modification of fluidity with temperature 

confirmed the above statement: less fluid membranes had a higher electro-

permeabilization (Kanduzer et al. 2008). In contrast, the modification of fluidity with 
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ethanol and lysolecitin showed that less fluid membranes were permeabilized at higher 

voltage (Rolls et al. 1990). 

It was demonstrated that addition of cholesterol to the cell plasma membrane 

altered the physical state of the membrane, which affected the function of integral 

proteins (Gleason et al. 1991). For example, an increase in plasma membrane cholesterol 

was correlated with decrease in activities of adenylate cyclase (Whetton et al. 1983), Na+ 

, K+ , -ATPase (Schwarz et al. 1988), and alkaline phosphatase 

In addition, cholesterol concentration affects clathrin-mediated endocytosis 

(Rodal et al. 1999). Over a wide range of cholesterol concentrations from -40% to +40%, 

modified with MβCD and cholesterol-loaded MβCD, Cossec et al. (2010) demonstrated a 

dose-dependent and linear relationship between cholesterol concentration in plasma 

membrane and clathrin-dependent endocytosis. They suggested that an excess of 

cholesterol in the plasma membrane accelerates this type of endocytosis. However, the 

role of endocytosis in sonoporation is still debatable. It is believed that bigger molecules  

(155-500 kDa) are more likely to enter the cell via endocytosis, while smaller molecules 

(up to 70 kDa) are more likely to enter the cell via pore formation (Meijering et al. 2009). 

In current study we used FITC-dextran whose size is 70 kDa, which based on the above 

assumption should enter the cells through the pores. This explains the absence of increase 

in permeabilization of cholesterol-loaded cells. Testing the uptake of bigger molecules by 

unmodified, cholesterol-loaded and depleted cells should be part of future studies. 
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4.2 Limitations of this study 

There are a number of limitations to the current study. The results show a lack of 

consistency in cell permeability through the experiments with MDA-MB-231 cells.  

Permeability ratio parameter was introduced to run the comparison in between cell 

permeability across experiments. The statistically significant differences in permeability 

ratio agree well with differences in cell permeability. Therefore, the introduction of 

permeability ratio parameter is fully justifiable for the sake of comparison of 

sonoporation outcome across independent experiments. 

The four experiments with MDA-MB-231 cells were conducted during a time 

span of three months.  It is probable that the cells underwent certain physiological 

modifications related to regular trypsinization. Doing experiments with cells originating 

from the same flask and with a minimal time intervals in between may help to achieve 

more consistent result.  Secondly, careful standardization of the biological procedures 

such as regular cells maintenance, sample preparation, cells count, and addition of 

membrane modifying agents, as well as dyes, is required. Thirdly, the way the data was 

analyzed with fluorescent markers and flow cytometry may have introduced some level 

of uncertainty into our results. The fluorescence emission spectra of FITC-dextran and PI 

overlap, which should be corrected with fluorescence compensation. 

The in vitro cell suspension model used in the experiments allows considerable 

control of environmental, biological, and exposure parameters. However, it may not 

mirror the results from an in vivo model. To increase the relevance of in vitro studies to in 

vivo ones careful standardization of acoustical and biological experimental procedures is 

necessary.  
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 The exposure chamber, where the cell samples were positioned during 

insonation, has round acoustically transparent windows that do not cover the entire 

chamber wall. Therefore, approximately 70% of cells suspension was insonated at 

maximum acoustic pressure based on the chamber geometry. This limitation was partially 

corrected with the presence of magnetic stirrer underneath the chamber, which gently 

mixed cell suspension during insonation. 

The experiments were conducted at room temperature (~22 0C) because a lot of 

time-consuming cell preparatory work was done inside the biological hood, which cannot 

be heated to 370C. To make the results more biologically relevant all the experimental 

procedures have to be performed at 37 0C. 

In addition, we measured sonoporation outcome based on the cell permeability 

and cell viability, which cannot evaluate the ability of insonated cells to proliferate. 

Clonogenic viability describes the cells ability to proliferate following exposure to 

ultrasound and microbubbles and will be measured in a future work. 
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Chapter 5 
 

Conclusions and future work 

5.1 Conclusions 

In conclusion, our results indicate that modification of the cholesterol content in 

the cell plasma membrane affects ultrasound and microbubbles induced cell 

permeabilization in an in vitro cell suspension model. MDA-MB cells with cholesterol-

depleted plasma membrane were less permeable to FITC-dextran molecules compare to 

unmodified and cholesterol-loaded cells. This effect depended on the peak negative 

acoustic pressure and cell type as well. Understanding the role of cholesterol in plasma 

membrane during ultrasound and microbubble permeabilization may provide more 

insight into the sonoporation process and help to improve intracellular drug delivery 

applications. 

 
 
 
5.2 Future Work 

Improving our understanding of sonoporation requires studies to be conducted on 

the effects of cell biomechanical properties, such as plasma membrane fluidity and 

cytoskeleton composition.  This study demonstrated that cholesterol plays a role in 

sonoporation.  Future studies should quantitatively investigate the correlation between 

cholesterol content and cell permeability by measuring the cholesterol content of the 
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plasma membrane following depletion and loading of cholesterol.  In addition, this study 

showed that ultrasound peak negative pressure is important.  Future work should measure 

sonoporation outcome for a wider range of pressures, which may provide more insight on 

the combined effect of membrane cholesterol concentration and acoustic pressure.  

Furthermore, Juffermans et al. 2009 looked at the rearrangement of actin filaments 

following ultrasound and microbubbles exposure in cells with natural cholesterol content. 

Modifying cell plasma membrane cholesterol content and repeating the above work may 

provide linkage between cholesterol and actin concentrations, and sonoporation 

efficiency. 

In addition, cells with different cholesterol content in plasma membranes can be 

used to investigate the effect of membrane cholesterol on sonoporation process. One set 

of experiments was conducted with prostate cancer (PC3) cells. However, to make the 

results more conclusive those experiments should be repeated and the difference in 

membrane cholesterol content between breast and prostate cancer cells should be 

quantified.  

 
 
5.2.1 Sonoporation of PC3 cells 

 
One experiment (n=6) was conducted with prostate cancer (PC3) cells with 

unmodified and cholesterol-modified membranes at two different pressures.  The cell 

permeability is shown on Figure 5.1 and cell viability is shown on Figure 5.2. 

Therapeutic ratio is shown on Figure 5.3.  Relative permeability at 0.5 and 1.5 MPa is 

shown on Figure 5.4.  Relative viability at 0.5 and 1.5 MPa is shown on Figure 5.5. 
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Cell permeability and cell viability 
 

Figure 5.1 represents cell permeability of PC3 cells from one experiment 

(Experiment 5). Cell permeability of unmodified cells (7±1% and 9±2%) at 0.5 and 1.5 

MPa is not statistically different from that of cholesterol-loaded (4±1% and 9±2%) and 

cholesterol-depleted (4±1% and 8±1%). The maximum percentage of permeabilized PC3 

cells - 9% was observed at 1.5 MPa in unmodified samples. Overall, the percentage of 

permeabilized PC3 cells was lower than that of MDA-MB-231 cells from four 

experiments (Figures 3.1) 

 

 
 

Figure 5.1: The effect of the plasma membrane modification with cholesterol loading and depletion and 
peak negative pressure on cell permeability of PC3 in experiment 5 (n=6).  The percentage of 
permeabilized and viable cells are shown with respect to peak negative acoustic pressure, where P is 
the number of permeabilized cells which remain viable and V is the number of viable cells.  

 
Figure 5.2 represents cell viability of PC3 cells. Viability of unmodified (72±3% 

and 64±3% at 0.5 and 1.5 MPa respectively) PC3 cells was not statistically different from 
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the viability of cholesterol-loaded (69±2% and 64±4% at 0.5 and 1.5 MPa respectively), 

and cholesterol-depleted (73±3% and 66±5% at 0.5 and 1.5 MPa respectively). 

 

  
 

Figure 5.2: The effect of the plasma membrane modification with cholesterol loading and depletion and 
peak negative pressure on cell viability of PC3 in experiment 5 (n=6).  The percentage of 
permeabilized and viable cells are shown with respect to peak negative acoustic pressure, where P is 
the number of permeabilized cells which remain viable and V is the number of viable cells.  

 
 
 
Therapeutic Ratio 

 
The therapeutic ratio is calculated using cell permeability and cell viability data 

from experiment 5 is shown on Figure 5.3. Therapeutic ratio of unmodified (0.24±0.05) 

PC3 cells was slightly higher than that of cholesterol-loaded (0.14±0.04) and cholesterol-

depleted (0.16±0.03) cells at 0.5 MPa; however, this difference is not statistically 

significant, which agrees with the cell permeability and the cell viability results. At 1.5 

MPa there was no statistically significant difference in therapeutic ratio of unmodified 

(0.26±0.05), cholesterol-loaded (0.27±0.04), and cholesterol-depleted (0.28±0.04) PC3 

cells as well, which agrees with the cell permeability and the cell viability data. The value 
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for therapeutic ratio of unmodified PC3 cells (0.24±0.05) lies in a range of values, 

obtained from MDA-MB-231 experiments (from 1.13±0.09 to 0.2±0.08). Therapeutic 

ratio of cholesterol-loaded PC3 (0.14±0.04) agrees with that obtained from experiments 

1-4 with MDA-MB-231 (from 0.73±0.04 to 0.13±0.01).   Finally, therapeutic ratio of 

cholesterol-depleted PC3 cells (0.16±0.03) is in a range of values from experiments with 

MDA-MB-231 cells (from 0.33±0.03 to 0.03±0.01). 

 

 

Figure 5.3: The effect of the plasma membrane modification with cholesterol loading and depletion and 
peak negative pressure on the therapeutic ratio of PC3 in experiment 5 (n = 6).  The y-axis represents 
the therapeutic ratio; the x-axis represents peak negative acoustic pressure in MPa. 

 

 
Relative Permeability 

 
Figure 5.5 compares the effect of the plasma membrane modification on relative 

permeability of PC3 cells at 0.5 MPa and 1.5 MPa.  At 0.5 MPa there is statistically 

significant difference in relative permeability between unmodified (1±0.14) and 

cholesterol-loaded (0.67±14), between unmodified (1±0.14) and cholesterol-depleted 

(0.68±0.12) PC3 cells. Similar decrease in permeability of was observed in cholesterol-
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modified cells, compared to unmodified; however it was not statistically significant. In 

addition, there was no statistically significant difference in relative permeability between 

cholesterol-loaded (0.67±14) and cholesterol-depleted (0.68±0.12) cells, which agrees 

with the cell permeability data from PC3 as well as from MDA-MB-231 samples.  At 1.5 

MPa there is no statistically significant difference in relative permeability between 

unmodified (1±0.22), cholesterol-loaded, (1±0.22) and cholesterol-depleted  (0.89±0.11) 

cells. Same tendency was observed with cell permeability. 

 

 

Figure 5.4: The effect of the peak negative pressure and the plasma membrane modification with 
cholesterol loading and depletion on relative permeability of PC3 cells in Experiment #5. Each bar 
represents mean relative permeability for a given plasma membrane condition (unmodified, 
cholesterol loaded and cholesterol depleted) and pressures (0.5 and 1.5 MPa) from one experiment. 
Error bars represent standard error of the mean for n = 6. 

 

 
Relative Viability 
 

Figure 5.5 compares the effect of the plasma membrane modification on relative 

viability of PC3 cells at 0.5 MPa and 1.5 MPa. At 0.5 and 1.5 MPa there is no statistically 

significant difference in relative viability between unmodified (1±0.04 and 1±0.05, 
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respectively), cholesterol-loaded (0.96±0.03 and 1±0.06, respectively), and cholesterol-

depleted (1.01±0.04 and 1.03±0.08, respectively) MDA-MB-231 cells. This agrees with 

the cell viability data. 

In conclusion, alteration of the plasma membrane cholesterol content results in no 

statistically significant difference in relative viability, as well as viability at 0.5 and 1.5 

MPa. 

 
 

 
 

Figure 5.5: The effect of the peak negative pressure and the plasma membrane modification with 
cholesterol loading and depletion on relative viability of PC3 cells in Experiment #5. Each bar 
represents mean relative viability for a given plasma membrane condition (unmodified, cholesterol 
loaded and cholesterol depleted) and pressure (0.5 and 1.5 MPa). Error bars represent standard error 
of the mean for n = 6. 
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5.2.2 Measuring cholesterol content of cell plasma membrane 
 
 To obtain the correlation between cell permeability and cholesterol loading and 

depletion the cholesterol content of cell plasma membrane should be measured. 

Illangumaran and Hoessli (1998) evaluated cholesterol content of lymphocytes and 

endothelial cells by peleting and extraction of total plasma membranes with 

chloroform/methanol. Another method to detect and quantify cholesterol in the 

membranes is treatment with filipin, a fluorescent polyene antibiotic (Tallima and Ridi 

2005), which binds to unesterified 3β-hydroxy-sterols.  
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Appendix A 

A.1 Cell permeability and cell viability of MDA-MB-231 cells 
 

The results from experiments 1-4 demonstrated that the cell permeability of 

unmodified MDA-MB-231 cells is higher compared to the permeability of cells with 

modified plasma membrane cholesterol content (Figure A.1, A.2, A.3, and A.4).  

Furthermore, the permeability of cholesterol-loaded cells on average is higher compared 

to the permeability of the cholesterol-depleted cells. 

In experiment 1 (Figure A.1) cell permeability of unmodified cells (20±2%) is 

statistically higher compared to the permeability of cholesterol-depleted cells (9±0.5%) at 

1.5 MPa.  However, at 0.5 MPa, no statistically significant differences were measured 

between unmodified (18±3%) and cholesterol-depleted cells (13±2%). The maximum 

permeability of unmodified cells (20±2%) was achieved at 1.5 MPa compared to the 

maximum permeability of cholesterol-depleted cells (13±2%), measured at 0.5 MPa.  In 

addition, no statistically significant differences were observed in cell viability between 

unmodified and cholesterol-depleted cells at both pressures.   

In experiment 2 (Figure A.2) no statistically significant difference is observed 

between unmodified (18±1% and 18±2% at 0.5 and 1.5 MPa, respectively) and 

cholesterol-loaded (15±1% and 13±1% at 0.5 and 1.5 MPa, respectively) cells. The 

percentages of permeabilized cells in unmodified samples at both pressures are 

comparable to the ones, measured in unmodified samples in experiments 1 (Figure A.1).  

In addition, no statistically significant difference was measured in cell viability, assessed 

with PI, between unmodified and cholesterol-loaded cells at 0.5 and 1.5 MPa. 
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In experiment 3 (Figure A.3) no statistically significant difference in cell 

permeability is observed between unmodified (31±5%) and cholesterol-loaded (28±1%) 

cells at 1.5 MPa.  This result agrees with experiment 2 data (Figure A.2).  A statistically 

significant difference in cell permeability was measured between unmodified (31±5%) 

and cholesterol-depleted (15±2%) cells. This result agreed with experiment 1 (Figure 

A.1).  Furthermore, a statistically significant difference in cell permeability was observed 

between cholesterol-depleted (15±2%) and cholesterol-loaded (28±1%) cells at 1.5 MPa.  

However, higher cell permeability in unmodified samples was achieved in experiment 3 

(31±5%) compared to experiments 1 (20±2%), 2 (18±2%) and 4 (10±2%).  There is 

statistically significant difference in cell viability between unmodified (73±3%) and 

cholesterol-loaded (61±1%), between unmodified (73±3%) and cholesterol-depleted 

(41±4%) cells, and between cholesterol-loaded and cholesterol-depleted, which disagreed 

with experiments 1 and 2.    

In experiment 4 (Figure A.4) no statistically significant difference in cell 

permeability is observed between unmodified (7±1% and 10±2% for 0.5 and 1.5 MPa, 

respectively) and cholesterol-loaded cells (7±1% and 8±1% for 0.5 and 1.5 MPa, 

respectively).  This observation agrees with all the previous experiments.  A statistically 

significant difference was observed between unmodified (7±1% and 10±2% for 0.5 and 

1.5 MPa, respectively) and cholesterol-depleted (3±0.1% and 2±0.1% for 0.5 and 1.5 

MPa, respectively) and between cholesterol-loaded (7±1% and 8±1% for 0.5 and 1.5 

MPa, respectively) and cholesterol-depleted (3±0.1% and 2±0.1% for 0.5 and 1.5 MP, 

respectively).  This observation agreed with all experiments.   However, the lowest cell 

permeability in unmodified cells – 7±1% and 10±2% at 0.5 and 1.5 MPa, respectively – 
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was achieved in experiment 4 (Figure A.4).  In experiment 4, there is no statistically 

significant difference in cell viability between unmodified and modified cells at both 

pressures, which agrees with results from experiment 1 (Figure A.1) and 2 (Figure A.2) 

and disagrees with results from experiment 3 (Figure A.3).  

 

 
Figure A.1: The effect of the plasma membrane modification with cholesterol depletion and peak negative 

pressure on cell permeability and cell viability of MDA-MB-231 in experiment 1 (n=4).  The 
percentage of permeabilized and viable cells are shown with respect to peak negative acoustic 
pressure, where P is the number of permeabilized cells which remain viable and V is the number of 
viable cells. 
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Figure A.2: The effect of the plasma membrane modification with cholesterol loading and peak negative 

pressure on cell permeability and cell viability of MDA-MB-231 in experiment 2 (n=8).  The 
percentage of permeabilized and viable cells are shown with respect to peak negative acoustic 
pressure, where P is the number of permeabilized cells which remain viable and V is the number of 
viable cells.  

 
 

 
 
Figure A.3: The effect of the plasma membrane modification with cholesterol loading and depletion and 

peak negative pressure on cell permeability and cell viability of MDA-MB-231 in experiment 3 
(n=4).  The percentage of permeabilized and viable cells are shown with respect to peak negative 
acoustic pressure, where P is the number of permeabilized cells which remain viable and V is the 
number of viable cells.  
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Figure A.4: The effect of the plasma membrane modification with cholesterol loading and depletion and 

peak negative pressure on cell permeability and cell viability of MDA-MB-231 in experiment 4 
(n=4).  The percentage of permeabilized and viable cells are shown with respect to peak negative 
acoustic pressure, where P is the number of permeabilized cells which remain viable and V is the 
number of viable cells.  
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A.2 Therapeutic Ratio of MDA-MB-231 cells 
 

The therapeutic ratio calculated using cell permeability and cell viability data 

from experiments 1 - 4 is shown in Figures A.5, A.6, A.7, and A.8.   Higher therapeutic 

ratio is achieved with unmodified cells (ranging from 1.13±0.09 to 0.2±0.08) compared 

to cholesterol-depleted (ranging from 0.33±0.03 to 0.03±0.01) and cholesterol-loaded 

(ranging from 0.73±0.04 to 0.13±0.01) MDA-MB-231 cells.     

In experiment 1 (Figure A.5) at 0.5 and 1.5 MPa there is statistically significant 

difference in therapeutic ratio between unmodified (0.70±0.12 and 0.61±0.03, 

respectively) and cholesterol-depleted MDA-MB-231 cells (0.33±0.03 and 0.29±0.03, 

respectively). Significant difference between unmodified and cholesterol-depleted 

samples was observed in cell permeability at 1.5 MPa (Figure A.1). However, there is no 

statistically significant difference between unmodified and cholesterol-depleted samples 

in cell permeability at 0.5 MPa and in cell viability at both pressures. 

 In experiment 2 (Figure A.6) at 0.5 and 1.5 MPa there is no statistically 

significant difference in therapeutic ratio between unmodified (0.5±0.07 and 0.33±0.05 

for 0.5 and 1.5 MPa respectively) and cholesterol-loaded MDA-MB-231 cells (0.32±0.05 

and 0.19±0.02 for 0.5 and 1.5 MPa respectively).  The difference in cell permeability and 

cell viability between unmodified and cholesterol-loaded MBA-MB-231 cells were 

statistically insignificant as well (Figure A.2). 

In experiment 3 (Figure A.7) at 1.5 MPa there is statistically significant difference 

in therapeutic ratio between unmodified (1.13±0.09) and cholesterol-depleted (0.26±0.04) 

cells, which agrees with the results from experiment 1. There is statistically significant 

difference in cell permeability and cell viability between unmodified and cholesterol-
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depleted cells (Figure A.3). There is statistically significant difference in therapeutic ratio 

between unmodified (1.13±0.09) and cholesterol-loaded cells (0.73±0.04), which 

disagrees with the results from experiment 2. There is no statistically significant 

difference in cell permeability between unmodified and cholesterol-loaded cells, but there 

is a significant difference in cell viability between them. In addition, there is statistically 

significant difference in therapeutic ratio between cholesterol-loaded (0.73±0.04) and 

cholesterol-depleted (0.26±0.04) MDA-MB-231 cells. This statistically significant 

difference was present in cell permeability and cell viability as well.  

In experiment 4 (Figure A.8) at 0.5 and 1.5 MPa there is statistically significant 

difference in therapeutic ratio between unmodified (0.14±0.01 and 0.2±0.08 at 0.5 and 

1.5 MPa respectively) and cholesterol-depleted cells (0.07±0.01 and 0.03±0.01 at 0.5 and 

1.5 MPa respectively), which agrees with the results from experiment 1 and 3. Moreover, 

there is statistically significant difference in cell permeability, but not in cell viability 

between unmodified and cholesterol-depleted cells (Figure A.4). There is no significant 

difference in therapeutic ratio at 0.5 and 1.5 MPa between unmodified (0.14±0.01 and 

0.2±0.08 at 0.5 and 1.5 MPa respectively) and cholesterol-loaded cells (0.13±0.04 and 

0.13±0.01), which agrees with the results from experiment 2, but disagrees with the 

results from experiment 3 at 1.5 MPa. There is no statistically significant difference in 

cell permeability and cell viability between unmodified and cholesterol-loaded MDA-

MB-231 cells at both pressures. 
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Figure A.5: The effect of the plasma membrane modification with cholesterol depletion and peak negative 

pressure on the therapeutic ratio of MDA-MB-231 in experiment 1 (n=4).  The y-axis represents the 
therapeutic ratio; the x-axis represents peak negative acoustic pressure in MPa. 

 
 
 
 

 

Figure A.6:  The effect of the plasma membrane modification with cholesterol loading and peak negative 
pressure on the therapeutic ratio of MDA-MB-231 in experiment 2 (n=8).  The y-axis represents the 
therapeutic ratio; the x-axis represents peak negative acoustic pressure in MPa. 
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Figure A.7: The effect of the plasma membrane modification with cholesterol loading and depletion and 

peak negative pressure on the therapeutic ratio of MDA-MB-231 in experiment 3 (n=4).  The y-axis 
represents the therapeutic ratio; the x-axis represents peak negative acoustic pressure in MPa. 

 
 
 
 

 
Figure A.8: The effect of the plasma membrane modification with cholesterol loading and depletion and 

peak negative pressure on the therapeutic ratio of MDA-MB-231 in experiment 4 (n=4).  The y-axis 
represents the therapeutic ratio; the x-axis represents peak negative acoustic pressure in MPa. 
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A.3 Relative Permeability of MDA-MB-231 cells 
 

The relative permeability for each experiment conducted at 0.5 MPa and 1.5 MPa 

are shown in Figures A.9 and A.10, respectively.   

 

Relative permeability for each experiment 

Experiment 1: The permeability ratio of unmodified MDA-MB-231 cells (1±0.17) 

exposed to 0.5 MPa acoustic pressure is lower, but not statistically different (on 95% 

confidence interval) from the permeability ratio of cholesterol-depleted cells (0.72±0.11) 

(Figure A.9).  This agrees well with the cell permeability results.  At 1.5 MPa, a 

statistically significant difference was observed in permeability ratio between unmodified 

(1±0.12) and cholesterol-depleted (0.45±0.02) MDA-MB-231 cells on 95% confidence 

interval. Similar statistically significant decrease was observed in cell permeability 

(Figure A.1). 

Experiment 2: At 0.5 and 1.5 MPa the permeability ratio of cholesterol-loaded 

cells (0.83±0.06 and 0.72±0.06 at 0.5 and 1.5 MPa respectively) is lower than that of 

unmodified cells (1±0.06 and 1±0.11 at 0.5 and 1.5 MPa respectively), however the 

difference was not statistically significant, which agrees with the cell permeability results 

(Figure A.2).   

Experiment 3: At 1.5 MPa there is no statistically significant difference in 

permeability ratio between unmodified (1±0.16) and cholesterol-loaded (0.90±0.03) 

MDA-MB-231 cells, which agrees with the cell permeability data (Figures A.3) and 

permeability ratio results from experiment 2. At the same time permeability ratio of 

cholesterol-depleted cells (0.48±0.06) is statistically different from those of cholesterol-
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loaded (0.9±0.03) and unmodified cells (1±0.16), which agrees with experiment 1 results. 

In addition, cell permeability of cholesterol-depleted cells is significantly lower than that 

of unmodified and cholesterol-loaded cells. 

Experiment 4: There is statistically significant difference in permeability ratio 

between unmodified (1±0.14 and 1±0.21) and cholesterol-depleted cells (0.43±0.001 and 

0.21±0.002) at 0.5 and 1.5 MPa respectively, which agrees with the results from 

experiment 1 and 3.  Same decrease was observed in cell permeability. In addition, at 0.5 

and 1.5 MPa no difference in permeability ratio was observed between cholesterol-loaded 

(1±0.14 and 0.85±0.07, respectively) and unmodified (1±0.14 and 1±0.21, respectively) 

cells in experiment 4, which agrees with the experimental results from experiments 2 and 

3 and with cell permeability data.  The permeability ratio of cholesterol-loaded cells 

(1±0.14 and 0.85±0.07 at 0.5 and 1.5 MPa respectively) was significantly higher than that 

of cholesterol-depleted cells (0.43±0.01 and 0.21±0.02 at 0.5 and 1.5 MPa respectively) 

in experiment 4, which agrees with the data from experiment 3. Similar statistically 

significant difference was observed in cell permeability between cholesterol-loaded and 

cholesterol-depleted cells in experiment 4 (Figure A.4). 
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Figure 3.9: The effect of the plasma membrane modification with cholesterol loading and depletion on 
relative permeability of MDA-MB-231 cells at 0.5 MPa for three independent experiments. Error 
bars represent standard error of the mean (Experiment 1: n = 4, Experiment 2: n = 8, Experiment 4: n 
= 4).  

 

 

Figure 3.10: The effect of the plasma membrane modification with cholesterol loading and depletion on 
relative permeability of MDA cells at 1.5 MPa for four independent experiments. Error bars represent 
standard error of the mean (Experiment 1: n = 4, Experiment 2: n = 8, Experiment 3: n = 4, 
Experiment 4:  n = 4). 
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A.4 Relative Viability of MDA-MB-231 cells 
 

Relative viability for each experiment 
 

Relative viability of unmodified, cholesterol-loaded and cholesterol-depleted 

MDA-MB-231 cells at 0.5 MPa is plotted for three independent experiments on Figure 

3.12 and viability ratio at 1.5 MPa it is plotted for four independent experiments on 

Figure 3.13. 

Experiment 1: In experiment 1 at 0.5 and 1.5 MPa there is no statistically 

significant difference in viability ratio between unmodified (1±0.04 and 1±0.04, 

respectively) and cholesterol-depleted (0.83±0.05 and 1.01±0.06, respectively) MDA-

MB-231 cells on 95 % confidence interval, which agrees with the cell viability results 

(Figure 3.1). 

Experiment 2: In experiment 2 there is statistically significant difference at 0.5 

and 1.5 MPa in viability ratio between unmodified (1±0.05 and 1±0.07, respectively) and 

cholesterol-loaded (0.83±0.05 and 0.78±0.05, respectively) MDA-MB-231 cells. Similar 

decrease was observed in cell viability, however it was not statistically significant (Figure 

3.2) at both pressures. 

Experiment 3: There is statistically significant difference in viability ratio at 1.5 

MPa between unmodified (1±0.04) and cholesterol-loaded (0.84±0.03), unmodified 

(1±0.04) and cholesterol-depleted (0.56±0.05), as well as between cholesterol-loaded 

(0.84±0.03) and cholesterol-depleted (0.56±0.05) MDA-MB-231 cells, which agrees with 

experiment 2 data and disagrees with data from experiment 1. Viability data agrees well 

with the viability ratio results  (Figure 3.3). 
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 Experiment 4: In experiment 4 at 0.5 and 1.5 MPa there is no statistically 

significant difference in viability ratio between unmodified (1±0.14, 1±0.22, 

respectively) and cholesterol-loaded cells (0.90±0.12, 0.92±0.05, respectively), between 

unmodified (1±0.14 and 1±0.22, respectively) and cholesterol-depleted (0.96±0.06 and 

0.80±0.10, respectively), and between cholesterol-loaded (0.90±0.12, 0.92±0.05, 

respectively) and cholesterol-depleted (0.96±0.06 and 0.80±0.10, respectively) MDA-

MB-231 cells, which agrees with the cell viability data (Figure 3.4). Similar results were 

achieved in cell viability ratio in experiment 1. On the contrary, there are statistically 

significant differences in viability ratio among unmodified and cholesterol-modified 

MDA-MB-231 cells in experiment 2 and 3. 

 

 
 
Figure A.11: The effect of the plasma membrane modification with cholesterol loading and depletion on 

relative viability of MDA-MB-231 cells at 0.5 MPa for three independent experiments. Error bars 
represent the standard error of the mean (Experiment 1: n=4, Experiment 2: n=8, Experiment 4: n=4). 
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Figure 3.13: The effect of the plasma membrane modification with cholesterol loading and depletion on 

relative viability of MDA-MB-231 cells at 1.5 MPa for four independent experiments. Error bars 
represent the standard error of the mean (Experiment 1: n=4, Experiment 2: n=8, Experiment 3: n=4, 
Experiment 4: n=4). 
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