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Preface  

 

Theranostics is a term that refers to the combination of therapy and diagnostics so 

that for example the same particle can both be used for finding a tumour and deliver 

drugs to treat it. Ultrasound (US) imaging is well-known and safe diagnostic tool that is 

widely used in many different applications. A limitation of US imaging is the difficulty 

in differentiating the blood vasculature from the surrounded tissues and therefore US 

contrast agents (UCAs) are often used for enhancing the contrast signal in the blood 

vasculature. UCAs are usually made of hydrophobic gases such as perfluorocarbons 

(PFCs) stabilized in bubble form by biocompatible shells. Recently, not only micro- and 

nanometer-sized gas bubbles but also liquid nanodroplets that can form gas bubbles in 

vivo (also called phase shift acoustic nanodroplets (PSANDs)) have been proposed. Gas 

cored UCAs usually have poor in vivo stability and by using liquid droplets instead that 

can be shifted into gas when it is needed, an attractive option can be introduced. After 

being used for diagnosis for many years, UCAs have recently also been used for 

enhancing the delivery of drugs and genes through the cavitation effects when combined 

with therapeutic US (TUS). However, most of the reported UCAs were investigated for 

imaging or for therapy separately. For theranostic applications, the balance between 

therapeutic and diagnostic characteristics will be critical. For instance, theranostic 

UCAs should give image enhancement and then often be simultaneously activated by 

TUS at the target site. This means they need high contrast signal and sufficient drug 

payload in one carrier and the stability has to be good enough for reaching the target but 

not too much good for the TUS activation. To solve this dilemma I have focused on 

three main aspects of perfluorocarbon carrier systems, first, the employment of 

phospholipids for stabilizing the UCAs, second the utilization of different hydrophobic 
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PFCs, and third, the development of suitable preparation method that is well designed 

for making theranostic UCAs. Phospholipids are biocompatible amphiphilic molecules 

that are the main component in cell membranes and have been frequently used in the 

biomedical research. Compared to other shell materials (e.g., polymers that form rigid 

shells), phospholipids can maintain better stability and resonant properties in UCAs due 

to their high flexibility and ability to adapt when an US wave leads to bubble oscillation. 

Moreover, drug and nucleic acids can be loaded into phospholipids shells easily by 

using the charge properties that lead to complex formation between drug molecules and 

the phospholipids’ hydrophilic head groups. The other component, the PFCs are 

essential for US contrast signal enhancement. They have different physicochemical 

properties depending on structure and molecular weight that consequently affect UCAs 

size distribution, stability, and echogenicity. Moreover, the selection of proper 

preparation methods is also important. For example, sonication is a well-known method 

for preparing UCAs. However, it is not preferable in the case of thermo sensitive 

material and, thus, an alternative method such as mechanical agitation would be used.        

In this thesis, I have developed several types of novel phospholipid-based UCAs. I 

aimed to show the merits and limits of each formulation and how we can improve these 

limits for better theranostic use. This included in vitro and in vivo evaluation of 

theranostic characteristics of these UCAs and based on that, the potential use of these 

carriers was then investigated for the purpose of gene delivery and cancer theranostics.    

 

 

 

 

 

 



3 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 

Formulation and evaluation of nano- and micro-sized 

phospholipids-based theranostic ultrasound contrast agents 

 

 

 

 

 

 

 

 

 

 



4 

 

Section I. 1 

The development and characterization of mechanically formed bubbles 

 

I.1.1 Introduction 

Ultrasound contrast agents (UCAs) such as microbubbles (MBs) are spheres that are 

composed of gaseous cores and biocompatible shells. The size of MBs is usually 1-10 

micrometres in diameter. Mostly low molecular weight perfluorocarbons (PFCs) are 

used as gaseous core due to their low solubility and diffusivity in water [1, 2]. Recently 

nano-sized bubbles (NBs) were also developed, with smaller diameter range between 

400-600 nanometres [3, 4, 5]. In US imaging, UCAs are useful for enhancing the 

contrast signal in the blood vasculature and even more as a diagnostic tool for cancer 

and inflammatory diseases [6, 7]. Additionally, UCAs can efficiently enhance the 

delivery of nucleic acids through cavitation upon US irradiation [4, 8, 9].   

UCAs have unique properties that can be useful in drug delivery. The biocompatible 

shell that is usually made of phospholipids, proteins, or polymers can be loaded with 

drugs and nucleic acids. On the other hand, the gaseous core provides this carrier with 

the resonant contrast signal (in the case of ultrasonography) and the cavitation that is 

needed for enhancing the delivery of the therapeutic payload.   

The basic formulation of bubbles usually consists of two phases: the gas phase 

(bubbles) and the liquid phase (water or buffer) in which the bubbles are dispersed. To 

stabilise the bubbles, usually surface active molecules such as lipids are employed to 

form the border between gas and water, lower the surface tension, and also serve as a 

barrier that reduces the transport of gas molecules into the water phase. Bubbles are 

made by dispersing the gas with agitation forces through several methods such as: 
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sonication, shaking, homogenization, microfluidic mixing and coaxial 

electrohydrodynamic atomisation (CEHDA). However, these methods have some 

drawbacks related to the size distribution and stability of the produced bubbles. For 

example, sonication is a very common method but it often produces bubbles with a 

broad size distribution. Which should limit their clinical use due to some risk factors 

such as the blockage of vasculatures (embolism). Also, temperature increase might 

occur during the sonication process. In the case of microfluidic and CEHDA methods, 

although bubbles can be prepared with a narrow size distribution, still the multi-step 

procedures and high cost are limiting their use [10]. Therefore, introducing an 

alternative method for producing stable and homogenous bubbles is of importance. For 

that, I aimed in this study to evaluate the potential of a mechanical agitation method for 

producing homogenous and stable bubbles. Mechanical agitation is a simple and cheap 

method for mixing the liquid phase and the gas phase. In this protocol, no significant 

temperature elevation is generated and that can be useful when thermo-sensitive 

therapeutic agents are used. Based on that I hypothesised that by using such a method, 

homogenous bubbles can be obtained and therefore these bubbles should serve my 

theranostic purposes.  

In this study, I succeeded to prepare nano-sized bubbles (MFBs) by using only 

mechanical agitation. The stability of MFBs was evaluated and then, several 

formulation factors such as lipid concentration, gas type and the storage conditions were 

tested for better theranostic use. 

 

I.1.2. Materials and methods 

I.1.2.1. Phospholipids 
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1, 2 distearoyl-sn-glycero-3-phosphocholine (DSPC) was purchased from Avanti Polar 

Lipid Inc. (Alabaster, AL, USA) and 1, 2 distearoyl-sn-glycero-3-phosphoethanolamine 

-N-[amino-(polyethylene glycol)-2000] (PEG-2000-DSPE) was purchased from NOF 

Co. (Tokyo, Japan). 

I.1.2.2. MFBs preparation  

DSPC and PEG2000-DSPE in 94:6 molar ratio were dissolved in chloroform, followed 

by evaporation of the chloroform in a rotary evaporator at 25°C for 30 min; this was 

followed by further drying under vacuum at room temperature overnight. Lipid film was 

hydrated with phosphate buffer solution (PBS) at 65 °C for 60 min under mild agitation. 

The final lipid concentration after hydration was adjusted to 8 mg/ml. The sample was 

then exposed to bath sonication for 10 min followed by tip sonication for 3 min giving a 

fine lipid dispersion with diameters ~100 nm (liposomes). For preparing MFBs, 

liposomes were diluted with PBS in sterilised vials to obtain final lipid concentrations of 

(0.25-0.5-1) mg/ml. The air in the vial was taken by a syringe and after capping 12 ml of 

perfluoropropane (PFP) or perfluorobutane (PFB) (Takachiho Chemical Industries Co., 

Tokyo, Japan) was injected. The pressure inside the vial was estimated to be ~2 atm using 

the general law of gases:   

                                    (1) 

Where P is the pressure, V is the volume, n is the number of moles, R is the universal gas 

constant, and T is the temperature in Kelvin. At a fixed temperature, R and T were 

considered constant and the pressure was then calculated through the change of gas 

volume: 

                                    (2) 
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To obtain the MFBs, a shaking machine (Ultra Mate 2, Victoria, Australia) was used for 

60 s.  

I.1.2.3. Characteristics of MFBs  

 The particle size and zeta potential of the liposomes and MFBs were determined using 

a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Worcestershire, UK). For the 

optical imaging, diluted MFBs were mounted on a 35 mm glass slide covered with a 

cover glass and images were obtained using light microscopy. Surface area of bubble 

was calculated from the equation: 

                                            (3) 

Where SA is the surface area of one bubble; and r is the bubble radius. Numbers of 

lipids molecules per one bubble were estimated by the following equation: 

   
               

          
                               (4) 

Where N is number of lipids per one bubble; SA (lipid) is the lipid surface area and in 

case of several lipid compositions (SA (lipid) = SA (lipid) 1×Mol fraction (lipid) 1+ SA 

(lipid) 2×Mol fraction (lipid) 2+ SA (lipid) n× Mol fraction (lipid) n) 

I.1.2.4. Gas content  

PFP content was measureed similarly as reported previously [11]. In short, after 

preparing MFBs, the vial was opened at room temperature and a sample of 25 µl of MFBs 

was taken. Collected samples were kept in special vials designed for gas chromatography 

and then vials were tightly caped. Samples were analysed by GC-MS (Shimadzu 

GCMS-QP2010 spectrometer with a HS-20 headspace sampler).    

 

I.1.3. Results  

 The mechanical agitation using a shaking machine was applied for 60 sec. MFBs 
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were more stably formed with homogenous size distribution in the presence of 

perfluorocarbon gases such as PFP and PFB. In the presence of nitrogen gas, bubbles 

were hardly formed and soon after couples of measurements bubbles were dissolved and 

disappeared (Fig. 1). During agitation, a mild temperature elevation was recorded in the 

vials (from 22.2 ± 1.5 °C before agitation to 30.1 ± 2.7 °C after agitation). The effect of 

lipid concentration on MFB's formation and stability at room temperature (RT) was also 

tested. Freshly prepared MFBs with different lipid concentrations had relatively narrow 

size distribution after preparation with a slight increase in MFB's size when lipid 

concentration increased from 0.2 mg/ml to 0.5 mg/ml. This observation consisted with 

the increase of the MFB's surface area and the number of lipids molecules in each 

bubble. No more change was induced in MFB's size when lipid was further increased to 

1 mg/ml. However, after 24 hr only MFBs that were made with final lipid concentration 

of 0.5 mg/ml still had a homogenous size. On the other hand, MFBs that had final lipid 

concentrations of 0.25 gm/ml and 1 mg/ml were almost disappeared and demonstrated 

in a very scattered size distribution (Fig. 2).  

 

Fig.1. Size measurements of MFBs with different gases where C3F8 is perfluoropropane gas, C4F10 is 

perfluorobutane gas, and N2 is nitrogen gas. (A) Mean bubble size (n = 3; mean ± SEM). (B) Size 
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distribution histograms. 

 

 

Fig. 2. The effects of lipid concentration on MFB's size distribution and stability in room temperature. (A)  

Size of freshly prepared MFBs (n =3). (B) MFBs after 24 hr storage at room temperature (n =3). (C) 

Bubbles size versus surface area and the number of lipids per one bubble. 

 

The amount of PFP immediately after uncapping the vial was quantified to 54. 6± 

8.4 µl per 1 mg of lipid (n = 3). MFB's stability in atmospheric pressure and at 4 °C was 

further investigated for a longer time. Size measurements immediately after vial 

uncapping were considered as 0 time. MFBs had homogenous and stable size at room 

temperature (RT) even after 24 hr at atmospheric pressure (n =10; for each time point) 

with a slight reduction in the size (Fig. 3).  
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Fig. 3. Results of size measurements of MFBs made with PFP gas (C3F8) and left at the atmospheric 

pressure for different time points (A). MFB's size distribution histograms of ten measurements during 25 hr. 

(B). The visual appearance of MFBs at 0, 3, and 25 hr post exposing of MFBs to the atmospheric pressure 

conditions. 

 

Fig. 4. MFB's size stability at 4 ° C. (A). Size distribution at different time points (n = 10) are shown. (B). 

Optical images of freshly prepared MFBs (a) and MFBs kept at 4ºC for 90 hr (b). (scale bar, 5 µm). 
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On the other hand, MFBs that kept at 4 °C tended to have better size distribution. The 

size was also slightly decreased after 3 hr but then sustained almost for 90 hr at 4 °C 

(Fig. 4 A). At this point, MFBs still existed and size peaks were homogenous. The 

optical images of preserved MFBs at 4 °C also supported these findings and bubbles 

still had a spherical shape and a sub-micron size even after 90 hr (Fig. 4 B/ b).  

 

I.1.4. Discussion  

Recently many works have been conducted for the purposes of preparing stable 

and homogeneous bubbles [10, 12]. However, most of these methods (e.g., sonication 

method and microfluidic method) are associated with some drawbacks including the 

instability of the generated bubbles and complexity of the fabrication process [12, 13].  

In my results, only mild mechanical agitation for 60 s was enough for producing 

bubbles with a narrow size distribution. This method did not induce any significant 

elevations in temperature of the samples. This implies that the present method can be 

used with sensitive theranostic material toward high temperature or sonication power. 

For optimising the formulation conditions for the fabrication of mechanically formed 

bubbles, firstly the gas type was considered. Comparing with low molecular weight 

gases (e.g., nitrogen gas) perfluorocarbons (e.g., PFP and PFB) have low solubility and 

diffusivity, and thus bubbles can be formed with better size distribution and stability 

[14]. The amount of encapsulated PFP in MFBs was higher than the previously reported 

bubbles that were prepared by sonication method with a similar lipid composition [11]. 

Secondly, I have demonstrated that lipid concentration also has an impact on bubble 

formation and stability. It is believed that the increase in final lipid concentration 

enhanced the monolayer packing in MFBs by incorporating more lipid in the bubbles 



12 

 

shell as the number of lipids molecules per bubbles was increased. Enough amount of 

the lipid guarantees the decrease in surface tension and thereby results in more stable 

bubbles. Less lipid in the bubbles shells (at 0.25 mg/ml) apparently affected the stability 

and bubbles were rapaidly disappeared. Higher concentration of lipid (1 mg/ml) also 

tended to destabilise MFBs possibly due to the over packing in shells or single micelles 

formation that might adhere on the bubbles due to Oswald repining mechanism. My 

results are consistent with investigations by Shih and Lee, who reported that the lipid 

concentration tended to affect the bubble size and characteristics [13]. Garg et al., also 

showed that phospholipid monolayer in the bubble shells are packed more tightly than 

phospholipid bilayer leading to the increase of van der Waals interactions between 

phospholipid molecules and that reduce the gas leakage that destabilise bubbles [15]. I 

have used DSPC in MFBs to improve the stability of bubbles as it was reported that 

bubbles made of rigid phospholipids such as DSPC could decrease gas diffusion [16]. It 

was also reported that the coexistence of PEG-2000-DSPE in a fraction more than 5 % 

with DSPC leads to more stable monolayer packing at the interface between water and 

air [17]. 

Aged MFBs storaged at 4 ºC were more stable than those at the RT. It was 

explained that the preservation condition at 4 ºC can increase the shell elasticity due to 

the decrease in activation energy that leads usually to the shell rupture. Although the 

previous report was conducted with bubbles made with protein shells, but not with 

phospholipids, it is still possible to consider that phospholipid shells have a similar 

behaviour [18].  

These findings suggested that mechanical agitation can be used for the generation 

of bubbles with good stability. Furthermore, the stability of bubbles was enhanced 
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through the optimisation of gas type, lipid concentration, and preservation temperature. 

Therefore, this method has strong potential in the preparation of MFBs for future 

theranostic applications.  
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Section I. 2 

The development of mechanically formed bubbles loaded with doxorubicin  

 

I.2.1. Introduction  

Doxorubicin (DOX) is one of the most used anti-cancer agents for a variety of solid 

tumours such as osteosarcoma, leukaemia, Hodgkin`s lymphoma, and breast cancer [19]. 

The combination of DOX and bubbles with TUS irradiation has been found to enhance 

DOX uptake in cells through sonoporation [20, 21]. Also, many reports have shown the 

possibility of loading DOX into bubbles by electrostatic interactions [22, 23].  

However, most of these reports have focused on the therapeutic use of the 

formulations. The diagnostic potential has been less in focus. For cancer theranostic 

applications, both DOX and perfluorocarbons (PFCs) gas should be stably encapsulated 

in the same bubbles. Therefore obtaining such balance is crucial for better theranostic 

use.  

In Section I 1, I showed that homogenous phospholipid-based bubbles could be 

produced by using a mechanical agitation method. Also, my results indicated that 

bubbles made especially with perfluopropane gas (PFP) had narrow size distribution 

and good stability for a long time. Moreover, it was reported that anionic phospholipid 

distearoylphosphatidyl glycerol (DSPG) incorporated in the bubbles could enhance their 

half-life both in vitro and in vivo [24]. At the same time, DSPG can offer a platform for 

DOX loading in bubbles shells mainly through electrostatic interactions. Taking all of 

these in consideration, I expected that DOX-loaded bubbles (DLBs) can be formed by 

using the previous method.  

 In this section, I optimised the conditions required for the preparation of stable 



15 

 

DLBs by using mechanical agitation. The balance between the encapsulation of DOX 

and PFP gas was studied. Also, the in vitro theranostic characteristics such as 

echogenicity and DLB's destructibility by TUS were tested as well. 

 

I.2.2. Materials and methods 

I.2.2.1. Phospholipids 

DSPG, 1, 2-dipalmitoyl-sn-glycero-3- phosphatidylcholine (DPPC) and 

PEG2000-DSPE were purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA) and 

NOF Co. (Tokyo, Japan).  

I.2.2.2. DOX-liposome and DLBs preparation  

DPPC, DSPG and PEG2000-DSPE in a 70:25:5 molar ratio were dissolved in a 

MeOH: chloroform mixture, followed by evaporation of the solvents in a rotary 

evaporator at 25°C for 30 min. This was further dried under vacuum at room temperature 

overnight. Ten mg of lipid film was hydrated with 3 ml of 5% glucose solution 

(containing 2 mg of DOX ) at 65 °C for 60 min under mild agitation, to obtain a lipid 

dispersion (liposomes). The final lipid concentration after hydration was adjusted to 3 

mg/ml. For preparing bubbles, 0.5 ml of the lipid dispersion was added to a 5 ml 

sterilised vial. The air in the vial was replaced with PFP gas (Takachiho Chemical 

Industries Co., Tokyo, Japan) and after capping 6 ml of PFP was injected. A shaking 

machine (Ultra Mate 2, Victoria, Australia) was used to obatin bubbles. The temperature 

in the samples was measured after agitation using a needle-type thermometer (Custom 

Co., Tokyo, Japan). PFP content measurment was performed as reported in Section I 1. 

The particle size and zeta potential of the liposomes and bubbles were determined using a 

Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Worcestershire, UK).  
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I.2.2.3. DOX binding efficiency 

To determine the binding efficiency of DOX in DLBs, a sample consisting of 0.5 ml 

DLB's dispersion (1.65 mg lipid and 0.33 mg DOX) was centrifuged at 16,000 g for 2 min. 

Then the sample was divided into three fractions: a foaming cake at the top which 

contained DLBs; a pellet at the bottom, which contained liposomes; and in-between a 

solution containing free DOX. The fractions were collected, and then the concentration in 

each fraction was determined by measuring fluorescence of DOX with an excitation 

wavelength of 480 nm and emission wavelength of 590 nm (FluoroMax4, Horiba, Ltd., 

Kyoto, Japan).   

I.2.2.4. In vitro echogenicity 

The DLBs were injected into a beaker filled with 500 ml of degassed distilled water at 

37°C under magnetic stirring. Ultrasound contrast enhancement was observed using an 

ultrasonography system (Vevo 2100, Visual Sonics, Inc. Toronto, Canada). For 

examination of DLB's destruction by higher energy TUS irradiation, an external TUS 

probe at an intensity of 2 W/cm² was used. The process of TUS burst was repeated until 

most of the DLBs had disappeared.  

 

I.2.3. Results  

I.2.3.1. Size and morphology of DLBs 

The size of the DLBs was adjusted by changing the agitation time of the shaking 

machine. Agitation for 60 s was sufficient to produce bubbles with an average diameter 

of 1 µm (Table 1). During this procedure, the temperature did not exceed 26.7°C.  
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Table 1. Mean particle size and zeta potential of liposomes and bubbles. n = 3; mean ± SD 

 Mean particle size (nm) Zeta potential (mV) 

Unloaded liposome  250 ± 1 -0.076 ± 0.02 

DOX-loaded liposome 270 ± 6 0.038 ± 0.02 

Unloaded bubbles (ULBs) 1051 ± 4 -0.066 ± 0.04 

DOX-loaded bubbles (DLBs) 1022 ± 5 0.31 ± 0.01 

 

I.2.3.2. Gas leakage  

PFP gas retention was enhanced by the increasing of DOX content from 10 to 82%. 

The time course of gas leakage showed that at a DOX concentration of 10%, PFP gas 

leaked faster than bubbles without DOX. However, at levels of 42% and 82% 

(equivalent to 1:1 mole of DOX: DSPG) DOX enhanced PFP gas retention was evident 

for at least 30 min at room temperature relative to both ULBs (0 DOX) and the control 

(saline with PFP) (Fig. 5).  

 

Fig. 5. Time course study of gas leakage from DLBs with different DOX concentrations presented as 

percentages equivalent to anionic phospholipids. Mean ± SEM.  * P < 0.05 versus the corresponding 

control group (saline with PFP gas).  
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I.2.3.3. DOX loading efficiency 

The loaded amount of DOX in DLBs was adjusted to 497.9 ± 17.4 µg/ml (n = 3), 

and 92.5% of the total DOX was loaded into the DLBs after total separation from free 

DOX and pellets (Fig. 6A). The fluorescence microscope images indicated successful 

DOX loading. Images showed spherical bubble in which the DOX signal was observed 

in the shells (Fig. 6B). 

 

Fig. 6. (A). DLB's separation through buoyancy effects after centrifugation: (1) DLBs, (2) free DOX, and 

(3) pellets of phospholipids aggregate with doxorubicin. (B). Fluorescence images based doxorubicin 

detection (scale bar of 10 µm). 

 

I.2.3.4. In vitro DLB's echogenicity and destructibility  

The echogenicity of DLBs was assessed in vitro after injection of the freshly 

prepared DLBs at 37°C. The brightness mode of ultrasonography showed a high signal 

from the DLBs even after 10 min (Fig. 7A). The acoustic destructibility study for the 

DLBs demonstrated that TUS irradiation from 40 to 60 s caused a significant decrease 

in the ultrasonography video intensity as most of the bubbles had been destroyed (Fig. 

7B). 
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Fig. 7. (A). DLB's echogenicity in vitro: (a). US imaging experimental setup. (b). Images of DLBs in 

brightness mode. (B). In vitro DLB's acoustic destructibility. After the injection of DLBs, US echo imaging 

was performed and then the TUS destruction beam was applied from the external probe at an intensity of 2 

W/cm2: (a). US imaging experimental set up. (b). Images of DLB's brightness and contrast mode after the 

application of TUS irradiation. (c). Graph presenting DLBs contrast signal regression after 6 volumes of 

TUS irradiation (10 s each). 

 

I.2.4. Discussion  

Many studies have reported on the different methods by which DOX was 

successfully prepared and tested for tumour therapy in combination with TUS 

irradiation [21, 25]. Although most of the previous approaches achieved high 

therapeutic efficacy in vitro and in vivo [22, 23, 26], there is a little evidence regarding 

their potential role in US imaging and whether or not the co-encapsulation of PFP and 

DOX is effective enough for US contrast enhancement in addition to enhancement of 
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the therapeutic effect of DOX. 

In this study, I examined the potential of the theranostics characteristics of DLBs. 

The size of DLBs was controlled by agitation and initially, 60 s of agitation was enough 

for producing bubbles with a good size distribution. This result indicates that the 

majority of DOX-phospholipids had formed DLBs with high DOX loading efficiency 

(92.5%).  

During this procedure, the temperature did not exceed 26.7°C, suggesting that it is a 

mild process. This would be beneficial if thermo sensitive compounds are intended to  

be included in the formulations. The fluorescence images of DLBs revealed spherical 

shapes in which DOX was bound to the DSPG in the shell through electrostatic 

interactions between the positively charged DOX and the negatively charged bubbles 

(Fig. 6).  

Since DOX loading and PFP gas retention are critical factors for the successful 

theranostic application, I attempted to investigate a possible relationship between PFP 

gas retention and the amount of DOX intercalated with DSPG in the bubbles. Gas 

chromatography was used to quantify the amount of PFP gas in the DLBs at different 

DOX to DSPG ratios. As shown in Fig. 5, a higher DOX loading enhanced PFP gas 

retention in the DLBs. These observations suggested that not only DSPG incorporation 

in bubbles but also the interaction between DSPG and doxorubicin is an important 

factor for stable PFP encapsulation.  

TUS burst for a period of 60 s at an intensity of only 2 W/cm
2
 was sufficient to 

induce a significant decrease in the contrast signal of DLBs; the presumption was that 

destruction of the DLBs most likely occurred as a result of bubble cavitation (Fig. 7B). 

It can be concluded that TUS burst caused the bubble destruction through the 
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comparison between Fig. 7A and Fig. 7B. As shown in Fig. 7A, the same DLBs 

monitored with lower energy DUS without burst and bubbles remain after 10 min 

whereas the 2 W/cm
2
 burst destroyed virtually all bubbles in 40 s. 

In conclusion, DLBs clearly showed therapeutic and diagnostic chracteristics due 

to high DOX loading into bubbles which also enhanced PFP gas retention. Additionally, 

DLBs could effectively interact with both TUS and DUS. Therefore, DLBs has the 

fundamental characteristics to be further utilised in cancer theranostics.   
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Section I. 3 

The development of freeze-dried doxorubicin loaded bubbles  

 

I.3.1. Introduction  

In section I 2, I have demostrated that high amounts of DOX could successfully be 

loaded into bubbles. Also, DOX incorporation has improved PFP gas retention in 

bubbles as well. However, these bubbles should be freshly used during specific time 

window that usually varies between several hours and few days depending e.g. on the 

storage temperature. For the clinical relevance, the long term preservation and shelf-life 

of bubbles as dosage form is of importance. Therefore, I aimed from this study to 

improve the stability and shelf-life of DLBs by freeze-drying of the bubbles.  

Freeze-drying, also known as lyophilization, is a common technique for preserving 

pharmaceutical dosage forms. In this process, ingredients are dehydrated by freezing 

step followed by heating at low pressure. Consequently, the frozen liquid in the bulk 

transfer to gas and dried porous state materials remain [28, 29].  By using this 

technology it was reported that bubbles could effectively be preserved for longer 

self-life by the addition of some lyoprotectants [30]. In fact, most of the commercially 

UCAs are available as dry state bubbles that have been preserved by freeze drying and 

can be easily re-constituted by addition of water [31, 32, 33].     

In this section, the possibility of the long term preservation of DLBs by 

freeze-drying technology was investigated. The theranostic characteristics of DLBs after 

freeze-drying was tested and compared to that in fresh DLBs.  

 

I.3.2. Materials and methods 
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I.3.2.1. Phospholipids 

DSPG, DPPC and PEG2000-DSPE were purchased from Avanti Polar Lipid Inc. 

(Alabaster, AL, USA) and NOF Co. (Tokyo, Japan). Sucrose was purchased from Wako 

Pure Chemical Industries, Osaka, Japan. 

I.3.2.2. DLBs preparation  

DPPC, DSPG and PEG2000-DSPE are employed at 70:25: 5 molar ratio. Lipids 

were weighed and dissolved in MeOH: chloroform mixture. The solvent was removed 

by rotary evaporator and the sample was dried completely in vacuum over night. The 

dry lipid was hydrated with distilled water to a lipid concentration of 4 mM and heated 

at 65°C for 30 min followed by sonication for 10 min. The dispersion was diluted to 

1mM and 20 ml was put in a 50 ml falcon tube. A mechanical rotor-stator type 

homogenizer (Ika T25 digital Ultra Turrax with S25 KV-18G gas tight dispersing 

element, Ika Werke GmbH, Staufen Germany) was placed with the dispersing element in 

the lipid dispersion and the tube was sealed with paraffin film. Using a tube the air was 

replaced by PFP. The sample was homogenised for 5 min at 15k rpm while PFP was 

continually pumped in (12 ml/min) to ensure the PFP atmosphere.   

I.3.2.3. Freeze-drying  

One millileter of bubble dispersion was mixed with 1 ml of 18% (w/v) sucrose 

solution in 5 ml vials. The air in the vials was replaced with PFP and the vials were 

sealed. In some samples the gas pressure was lowered to 0.5 atm by withdrawing some 

gas before freezing in -30°C freezer for 2hr. After completely frozen, the samples were 

transferred to a freeze-dryer with a temperature controlled drying chamber (Eyela 

FDU-1100 and Eyela DRC-1100, Tokyo Rikakikai co. Ltd., Tokyo, Japan) operating with 

a temperature program of -35°C, 1hr; -15°C, 8hr; +20°C, 8hr. After freeze-drying, the 
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vials were filled with PFP, sealed and kept in room temperature until use. 

I.3.2.4. DOX binding efficiency after freeze-drying 

To determine the binding efficiency of DOX in lyophilized DLBs (LDLBs), a sample 

consisting of 0.5-ml dispersion (200 ml LDLBs in 300 ml distilled water or lysis buffer) 

was prepared. Sample was added to 100 K filter centrifugation tubes (Merck Millipore. 

Ltd., Cork, Ireland) and then centrifuged at 14000 g for 7 min. After centrifugation, 

DOX level at the bottom of tubes was optically observed.    

I.3.2.5. In vitro echogenicity 

Similar to the in vitro echogenicity study in Section I 2, LDLBs were injected into a 

beaker filled with 500 ml of degassed distilled water at 37°C under magnetic stirring. 

Ultrasound contrast enhancement was observed using an ultrasonography system (Vevo 

2100, Visual Sonics, Inc. Toronto, Canada).  

 

1.3.3. Results  

1.3.3.1. DLBs characteristics after freeze-drying  

After freeze-drying, the lyophilized DLBs were clearly seen as a dried porous cake 

in the vial (Fig. 8A). The average size of freshly prepared DLBs was 488.7 nm. After 

freeze-drying and re-constitution with distilled water bubbles had an average size of 

456.5 nm (Fig. 8B). Furthermore, DOX loading into bubbles after freeze-drying was 

confirmed. In this experiment, only LDLBs sample that mixed with lysis buffer resulted 

in DOX elution after centrifugation. On the other hand, there was no significant 

appearance of DOX in elutes after centrifugation in that mixed with distilled water only 

(Fig. 8C).   

1.3.3.2. In vitro echogenicity  
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Both freshly prepared DLBs and LDLBs had high and distinguishable contrast 

signal compared to DOX unloaded bubbles (ULBs). Also it was noticed that decreasing 

the pressure inside vials from 1 to 0.5 atm can enhance the LDLBs contrast for longer 

time (Fig. 9).   

 

Fig 8. The characterization of lyophilized DOX loaded bubbles. (A). Stepwise protocol for preparing 

LDLBs. (B). Size distribution histogram of LDLBs after re-constitution in distilled water. (C). Diluted 

LDLBs after centrifugation; (a) LDLBs in distilled water (b) LDLBs in lysis buffer.  

 

 

Fig 9. In vitro echogenicity of DLBs before and after freeze-drying. 
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I.3.4. Discussion 

For clinical use, the preservation of dosage forms for longer shelf-life is critical. In 

the present study, I demonstrated, to the best of my knowledge, the first attempt in 

preparing lyophilized DOX loaded bubbles (LDLBs). Bubbles were freeze-dried in the 

presence of sucrose as cryoprotectant. The re-constitution in distilled water following 

with a gentle shake for few seconds was enough for producing bubbles again. The size 

of LDLBs did not change after freeze-drying. Moreover, DOX was still loaded into 

bubbles after freeze-drying. It was reported that the addition of sugars is conditional for 

preserving the self assembly in particles structures. Sugars have the ability to form an 

amorphous glassy matrix that protect the vesicle structure from the stress and damage 

during freeze-drying or even after the re-constitution with water [33]. And in case of 

bubbles, it was also reported that lyophilized bubbles with glucose or sucrose could 

maintain the structure and echogenic properties after freeze-drying [29]. The current 

results indicated that the sucrose could preserve the phospholipids-DOX structure after 

freeze-drying.  

Similar to the findings in Section I 2, DOX loading into bubbles enhanced their 

echogenicity compared to ULBs (no DOX). Indicated again that DOX loading into 

phsopholipid shell of bubbles might have delayed the lateral gas diffusion hence 

bubbles could be more stable. Moreover, the echogenicity of LDLBs was further 

improved by adjusting the gas pressure inside the vials. At 0.5 atm LDLBs tended to 

have better echogenicity profile. The reason for this is unclear though and needs to be 

investigated in further studies. In this study, most of the LDLBs samples were tested in 

time range between 1-2 months after freeze-drying. Therefore, information of long term 

stability of LDLBs (~1 year) might be needed and considered in future.    
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In conclusion, LDLBs were successfully preserved by freeze-drying technique 

suggesting that this method might be used for enhancing the shelf-life of 

phospholipid-based theranostic UCAs. Additionally, the previous finding could open the 

door for further investigations related to similar theranostic UCAs systems loaded with 

bioactive molecules such nucleic acids or even different macromolecules.        
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Section I. 4 

Phospholipid-based phase shift acoustic nano-droplets  

 

I.4.1. Introduction 

Passive tumour targeting by nanocarriers is common. In this approach, tumour 

accumulation is achieved through the involvement of the enhanced permeability and 

retention (EPR) mechanism. To achieve this, particles should be sustained in the 

circulation for a long time. Particles could then passively cross the defaced 

inter-endothelial gaps in tumour microvasculatures [34]. Due to the lack of lymphatic 

drainage in the tumour, particles can be further retained and trapped inside the tumour. 

In section I 1 and 2, I showed that bubbles type of UCAs could be stably formed and 

characterised for theranostic uses. However, the size of these bubbles was in a range 

between 400-1000 nm in diameter. For achieving EPR effects, however, particles should 

have small size such as 100-200 nm in addition to long stability in vivo [35]. Several 

reports have shown that smaller bubbles could possibly be formed and utilised in cancer 

theranostics [5, 36]. These bubbles usually have a short stability that limits the EPR 

effects. Bubble instability can in part be explained according to Young-Laplace 

equation:        

                         
  

 
                  (1) 

Where P is the pressure,   is the surface tension and r is the radius. By decreasing the 

bubbles size the pressure inside the bubbles will increase and that means the gas inside 

the bubble will leak more quickly. As a result bubble will soon dissolve and dissipate [15, 

16, 37]. Therefore, producing small bubbles that have diameters of about 100-200 nm 

and stable for a long time is obviously difficult. An alternative solution has been done 
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by introducing the concept of bubbles precursors. It’s also known as phase shift acoustic 

nano-droplets (PSANDs). The idea includes the use of PFCs with a high boiling point 

such as perfluoropentane (PFPn~29 ºC) and perfluorohexane (PFH~56 ºC). These PFCs 

are stable at the room temperature [38, 39]. The emulsification of liquid PFCs with 

specific surfactant such as phospholipids lead to the formation of nano-droplets. Under 

the thermal or acoustic effects of therapeutic ultrasound (TUS), droplets can then be 

activated in situ by enforcing the phase shift transition from liquid to gas. And bubbles 

can be generated [40, 41]. Taking these in consideration, I aim from this study for 

developing phospholipid-based PSANDs with small size and high stability adequate for 

the purpose of cancer theranostics.       

In this section, PSANDs were made with a similar phospholipid composition as in 

section I 1, and with the use of PFPn or PFH. Size, stability, and sensitivity towards 

TUS were investigated for better theranostic assessment.   

 

I.4.2. Materials and methods 

I.4.2.1. Phospholipids 

DSPC was purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA) and 

PEG-2000-DSPE was purchased from NOF Co. (Tokyo, Japan).  

I.4.2.2. PSANDs preparation  

 DSPC and PEG-2000-DSPE in a 94:6 molar ratio were dissolved in chloroform, 

followed by evaporation of the chloroform in a rotary evaporator; this was further dried 

under vacuum at room temperature overnight. The lipid film (8 mg/ml) was hydrated 

with PBS solution at 65°C for 60 min under mild agitation followed by sonication with 

bath sonication for 3 min and then tip sonication type for 2 min. For preparing droplets, 1 
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ml of liposomes was added to a 2 ml sterilised vial followed by adding 60 µl of PFH or 

PFPn (sigma-Aldrich). The vial was capped and exposed to bath type sonication for 3-5 

min on ice. The sample was kept at 4 °C for further use.  

I.4.2.3. Characteristics of PSANDs 

 The particle size and zeta potential of the liposomes and PSANDs were determined 

using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Worcestershire, UK). 

The number of PSANDs was estimated using the formula:                

   
        

    

 

                             (2) 

Where N is the number of PSANDs, V is the volume of PFCs in (µl), Fr is the fraction of 

selected size distribution, and r is the radius in µm. In the calculation, the loss of PFCs 

during preparation and the shell thickness was considered negligible. 

I.4.2.4. In vitro echogenicity  

    Rubber tube was fixed in a pre-heated bath water at 37°C. One and half millilitres 

of distilled water was added into the tube and then left for 10 min for temperature 

equilibrium. A diagnostic ultrasound transducer (DUS) was fixed at the edge of the 

rubber tube and then three images were taken. After that, 10 µl of PSANDs was added 

and mixed well with a pipette. An external therapeutic US (TUS) transducer was 

immersed in the rubber tube so that it did not interfere with the ultrasonography probe. 

TUS irradiation has been applied in different frequencies, intensities and exposure time 

separately followed by taking another three images. US signal enhancement values were 

analysed as the contrast brightness values after TUS irradiation minus contrast/ 

brightness values before TUS irradiation.  

I.4.2.5. In vitro PSANDs stability at physiological temperature    
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For evaluating the stability under the physiological conditions, PSANDs were 

challenged against physiological temperature. Briefly, 100 µl of PSANDs was mixed 

with 500 µl PBS. Samples were placed in water bath at 37° C and 10µl sample was 

collected at different time points for PFH and PFPn quantification. Samples were 

analyised by using gas chromatography (GC) as reported in Section I1. 

 

I.4.3. Results  

I.4.3.1. Characteristics of PSANDs 

   PSANDs could be prepared without any phase separation or creaming (Fig. 10A). 

PSANDs had an average size of around 200 nm and neutral zeta potential (Table 2). 

However, droplets that were made with PFH tended to have a more narrow size 

distribution compared to that made with PFPn (Fig. 10B). The number of droplets (N) 

according to formula (1) was estimated to be 1.43×10
13

 per ml of the prepared sample 

considering a radius of (r = ~0.1µm) and the volume of PFH or PFPn in 1 ml of the 

sample (V= 60 µl).  

 

Fig. 10. (A). PSANDs after emulsification. (B). Size distribution histograms of PFPn PSANDS and PFH 

PSANDs; (n= 3-4 measurements) 
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Table 2. Mean particle size and zeta potential of liposomes and droplets. n = 3; mean ± SD 

 Liquid 

perfluorocarbon 

Particle size 

(nm) 

Zeta potential 

(mV) 

Liposome  

(DSPC;PEG-2000-DSPE) 

 

― 101 ± 1.0 0.069 ± 0.04 

 PSANDs(PFPn) 

 

C5F12 194 ± 6.5  0.023 ± 0.01 

PSANDs(PFH) 

 

C6F14 205± 1.8 0.023 ± 0.08 

 

I.4.3.2. In vitro echogenicity  

   Ultrasonography was used to investigate the phase transition of droplets to bubbles 

in vitro. The extent of phase shift depended more on the TUS frequency than the 

intensity. Maximum contrast enhancement was achieved with TUS intensity of about 2 

W/ cm
2
 and for PFPn, and 5 W/ cm

2
 for PFH PSANDs (Fig. 11A, B, and D). On the 

other hand, PSANDs that were irradiated with 3 MHz TUS in did not induce any 

contrast signal. Increasing US intensity also had no impact on the phase transition of 

droplets (Fig. 11C).  

I.4.3.3. In vitro PSANDs stability at physiological temperature   

Both PFPn/ PFH leakage from PSANDs was tested in vitro at 37 ºC. GC 

quantification showed that both PFPn and PFH were retained in droplets at least for 1 hr 

(Fig. 12). 
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Fig. 11. In vitro ultrasound imaging of PSANDs 

before and after activation with TUS. (A). US 

imaging experimental set up. (B).Ultrasonography 

image of (PFH) PSANDs after activation by TUS 

with a frequency of 1 MHz and intensity of 5 

W/cm2 for 10 seconds. (C). The effects of TUS 

frequency and intensity on phase shift induction in 

(PFH) PSANDs. (D). Ultrasonography images of 

(PFPn) PSANDs after activation by TUS with a 

frequency of 1 MHz and intensity of 2 W/cm2 for 

10 s. 
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Fig. 12. In vitro PSAND's stability at 37 ºC. Both PFPn and PFH nanodroplets were incubated in PBS at 

37 C, and samples at specific time points were collected for gas chromatography (GC-MS) analysis of 

PFPn and PFH. n = 3; mean ± SEM 

 

I.4.4. Discussion  

In this section, I showed that PSANDs can be successfully prepared in a 

nanometer-scale range. Based on the phospholipid composition that I have utilised in 

section I 1, I could produce bubbles precursors. This was achieved by utilising the liquid 

perfluorocarbons such as PFPn and PFH. Droplets were formed by using bath type 

sonication on ice. The produced droplets were homogenous in size with a narrow 

distribution. Rapport et al and others reported that droplets can be formed in average 

size of several hundreds of nanometers. In these reports block copolymers and 

fluorinated surfactant was used to stabilise droplets [42, 43, 44]. My results indicated 

that the use of zwitterionic phospholipid (DSPC) with a portion of DSPE-PEG2000 was 

also effective for stabilising droplets. Moreover, droplets tended to have smaller size 

and more homogenous distribution.  
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To evaluate PSAND's stability under the physiological condition, the leakage of 

PFPn and PFH from droplets was tested in vitro at 37 ºC. PFPn and PFH were 

completely retained in droplets at least for 1 hr. Although PFPn is supposed to be 

evaporated at 37 ºC since boiling point is ~29º C, the results showed complete 

retention of PFPn in droplets. This can be explained also in accordance with Laplace 

pressure equation. PASNDs were already stabilised with phospholipids that reduce the 

surface tension between liquid PFPn and the surrounded bulk liquid. On the other hand, 

Laplace pressure is reversibly proportional to the droplets size. And as droplets get 

smaller the pressure inside becomes greater. This means that in both PFPn and PFH, 

boiling point will be then increased above original values [45]. In general, these results 

indicated that PSANDs can still remain stable at the physiological temperature. In 

another word, PSANDs might remain inactivated as bubbles precursors in the 

circulation.   

The acoustic droplets vaporisation (ADV) in vitro was achieved with TUS in a 

frequency of 1 MHz selectively. The ADV threshold was also depending on the type of 

PFCs that PSANDs made of. Basically, (PFH)PSANDs required higher TUS intensity 

(5 W/cm2). That can be related to the variances in the final boiling points between PFPn 

and PFH inside the droplets. These results implied that PSANDs can be activated 

exclusively by TUS possibly without interface with the diagnostic ultrasound (DUS) 

that usually used in frequencies more than 2.5 MHz [46].  

In conclusion, this study showed that PSANDs can be prepared with small size and 

high stability at the physiological temperature. Additionally, PSANDs showed selective 

sensitivity toward TUS. Therefore, these UCAs might valuably contribute in cancer 

theranostics after systemic or local administration.  
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Chapter II 

Application of phospholipids-based ultrasound contrast 

agents in gene delivery and cancer theranostics 
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Section II. 1 

The effective use of mechanically formed bubbles in enhancing the gene delivery 

 

II.1.1. Introduction  

Enhancing the delivery of nucleic acids is a major task in the field of drug delivery 

research. The delivery of naked plasmid DNA (pDNA) is made difficult by the size, 

hydrophilicity and anionic charge of the pDNA molecule, all reducing its uptake 

through the cellular membrane. Also, as an additional difficulty, pDNA is unstable in 

vivo; owning to its rapid degradation. Many transfection methods have been introduced 

recently such as viral vectors and cationic liposomes [47, 48]. In spite of their high 

efficiency, sill these approaches have some unfavoured properties such as cytotoxicity 

and immunogenicity [49]. Ideally, the pDNA should be delivered to the cytosol of cells 

but most carriers are taken up by endocytosis and that limits the level of gene 

expression because of degradation in lysosomes [49]. Ultrasound contrast agents 

(UCAs) such as microbubbles (MBs) and nanobubbles (NBs) have been reported to be 

effective in enhancing the delivery of nucleic acids directly to the cytosol due to 

sonoporation. Sonoporation is the process that UCAs in combination TUS irradiation 

lead to temporary pores in the cellular membrane. This process facilitates the direct 

delivery of pDNA to the cytosol without endocytosis [50, 51, 52]. Moreover, UCAs 

have unique properties that can be used as advanced carriers in drug delivery. The 

biocompatible shell made of phospholipids, proteins, or polymers can be loaded with 

drug or nucleic acids. The gas core makes it easy to detect the carrier with contrast 

mode US imaging and also makes it possible to trigger cavitation needed for 

sonoporation leading to site-specific activation [53, 54]. The advantage of NBs over 

MBs is mainly the smaller sizes that favour them with better distribution in the blood 
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circulation. These small bubbles can then cross through tiny vasculature that has 

diameters less than 1 micrometre [36, 55]. Also, the smaller sizes of NBs can reduce the 

chances of the clinical complications such as vessel blockage and embolism risks [56]. 

Moreover, it has been reported that bubble stability can determine the in vivo gene 

transfection [57]. In Section I 1, I showed that mechanically formed bubbles (MFBs) 

can be stably prepared in sizes of a few hundred nanometires. Bubbles had homogenous 

and narrow size distribution. Based on that, I aimed in the current study to evaluate the 

potential use of MFBs in enhancing the gene delivery both in vitro and in vivo. 

In this study, I investigated the potential of MFBs for more efficient sonoporation 

leading to plasmid DNA uptake both in vitro and in vivo and also the related efficacy to 

the stability of MFBs. 

 

II.1.2. Material and methods  

II.1.2.1. Cells and plasmid DNA  

The C26 murine colon adenocarcinoma cell line was obtained from the American 

Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in 

Dulbecco’s modified eagle medium Nissui Pharmaceutical Co., Ltd., (Tokyo, Japan) 

supplemented with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 37ºC 

in 5% CO2. The pCMV-Lu was constructed by subcloning the HindIII/Xba I firefly 

luciferase cDNA from pGL3 control vector (Promega, Madison, WI, USA). The pDNA 

was extracted using Endofree Plasmid Giga kit (QIAGEN GmbH, Hilden, Germany). 

II.1.2.2. Animals  

Female 6-week-old ICR mice were purchased from the Shizouka Agricultural 

Cooperation Association for Laboratory Animals (Shizouka, Japan). All experiments 



39 

 

were approved by the animal Experimentation Committee of the Graduate School of 

Pharmaceutical Sciences, Kyoto University.  

II.1.2.3. In vitro gene transfection into Colon C26 cells 

    Colon C26 cells were suspended (1×10
4
 cells/500 µl) in RPMI medium supplied with 

10 % FBS in 48 well plate. MFBs (15 µg) and pDNA (3 µg) were mixed and added to 

cells. TUS was applied for 10 and 20 s (2 MHz; 2.5 W/cm²; 50% duty; 10 Hz). After 

treatment, cells were incubated for 15 hr. For luciferase assay, the medium was discarded 

and cells were treated with lysis buffer (200 µl/well) on ice. Cell lysate was collected for 

luciferase assay using PicaGene Luminescence kit (Toyo ink Co., Ltd., Tokyo, Japan) 

and luminometer (Lumat LB 9507, EG&G Berthold, Bad Wildbad, Germany). Protein 

was quantified by protein quantification kit (Dojindo Molecular Technologies, Inc., 

Tokyo, Japan). WST-1 assay was determined by using WST-1 cell proliferation reagent 

(Roche Diagnostic Corporation, IN, USA). The absorbance was measured at 450 nm with 

a reference wave length of 620 nm using EON micro plate reader (BioTeck, Winooski, 

VT, USA). 

II.1.2.4. In vivo gene transfection into limb muscles  

    Mice were intravenously injected with 200 µl and 400 µl of pre-mixed MFBs/ 

pDNA that contain 100 or 200 µg of lipids and 50 µg of pDNA. Immediately after 

injection, the left limb was irradiated with TUS using Sonopore 4000 (Nepa Gene CO., 

Ltd., Chiba, Japan) for 60 s (frequency 1 MHz; intensity 1W/cm²; duty 50%; burst rate 

10 Hz). Six hours after injection mice were sacrificed and tissues were collected. 

Tissues were homogenised in lysis buffer (0.05% triton X-100, 2 mM EDTA, 0.1 M 

Tris; pH 7.8). Homogenised samples were then centrifuged at 10000 g for 8 min at 4 °C. 

Supernatants were collected and applied for luciferase assay using PicaGene 
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Luminescence kit ( Toyo ink Co., Ltd., Tokyo, Japan) and luminometer (Lumat LB 9507, 

EG&G Berthold, Bad Wildbad, Germany). Protein was quantified by protein 

quantification kite (Dojindo Molecular technologies, Inc., Tokyo, Japan).    

II.1.2.5. Statistical analysis 

All data was analyzed as the mean ± SEM. Unpaired, the two-tailed distribution 

Student’s t-test was applied, while multi-comparison with control was analyzed using 

Dennett’s test. Values of P < 0.05 were considered as being statistically significant. 

 

II.1.3. Results 

II.1.3.1. In vitro gene transfection and WST-1 assay  

    The level of in vitro gene expression was tested in C26 cells. The result showed 

that gene expression was significantly enhanced with both MFBs/pDNA/TUS10s (P < 

0.05) and MFBs/pDNA/TUS20s (P < 0.05). In contrast, pDNA only, pDNA/MFBs, 

pDNA/TUS10s and pDNA/TUS20s did not induce any significant increase in the level 

of gene expression (Fig. 13 A). WST-1 assay indicated no significant reduction in cell 

viability with TUS, pDNA only, MFBs/pDNA, and MFBs/pDNA/US10s. However, a 

significant decrease of cells was noticed when cells were treated with MFBs/pDNA/US 

20s (P < 0.05) (Fig. 13B). 
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Fig.13. In vitro gene expression and cellular damage in C26 cells having various treatment with pDNA. 

(A) In vitro gene transfection. (B) WST-1 assay. Colon C26 cells were treated with MFBs with pDNA and 

TUS. Fifteen hours after transfection, cells were harvested and the level of luciferase was evaluated in 

addition to WST-1 assay. Each bar represents the mean ±SEM of 3-5 experiments. *P < 0.05 versus the 

corresponding group of no treatment (N.T.). 

 

II.1.3.2. In Vivo gene expression in limb muscles  

II.1.3.2.1. The effect of MFBs dose   

    For in vivo gene expression experiment, mice left limb muscles were selected as 

the TUS targeted site. MFBs were used in two doses: 100 µg lipid/200 µl and 200 µg 

lipid/400 µl. MFBs were capable of inducing significant increase of gene expression in 

both doses while mice treated with pDNA and TUS only gave no significant 

enhancement of the gene expression. For the other experiments, MFBs that contains 200 

µg lipids was chosen as a dose, pre- mixed with pDNA, and intravenously injected (Fig. 

14).  
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Fig. 14. In vivo gene transfection of pDNA in mice 

limb muscles having difffrent doses of MFBs. After i.v. 

injection of MFBs/pDNA, TUS was irradiated on the 

left limb area. Each bar represents the mean ± SEM of 

3-6 experiments. * P <0.05 versus the corresponding 

group of pDNA/TUS. 

 

 

 

 

 

 

II.1.3.2.2. Site-selective gene delivery by MFBs and TUS 

The gene expression in different organs was investigated after the i.v. administration 

of MFBs/pDNA. The highest level of gene expression was found in the left limb 

muscles that have been irradiated with TUS (P <0.0001; left limb versus different 

Tissues). In contrast, other tissues that had not been irradiated with TUS expressed low 

levels of the luciferase activities (Fig. 15).  

II.1.3.2.3. The effect of MFB's stability on gene transfection  

MFBs that were kept at the room temperature and at specific time points were 

mixed with pDNA and administrated into mice followed by TUS irradiation on the left 

limb muscles. The group of animal (n = 3- 6) that were treated with MFBs/pDNA in 

combination with TUS had a significant higher level of gene expression compared with 

that having only pDNA in combination with TUS irradiation (n = 4). After 2 hr the level 

of expression was slightly decreased. However, the level of expression was still 

significantly higher in groups treated with 24 hr aged MFBs/pDNA and TUS (P <0.05) 
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compared with mice treated with pDNA and TUS only (Fig. 16). MFBs that were stored 

at 4 °C for 90 hr were also tested for their ability in inducing transfection when 

combined with pDNA and TUS. Although the gene expression was somewhat lower 

than the groups treated with freshly prepared MFBs or even with those kept for 24 hr at 

RT, still the level of gene expression was significantly higher (P<0.05) compared with 

mice treated with pDNA and TUS only (Fig. 16). 

 

 
Fig. 15. In vivo tissue selective gene transfection in mice limb muscles in comparison with other organs. 

After i.v. injection of MFBs/pDNA, TUS was irradiated on the left limb muscle. Each bar represents the 

mean ± SEM of 3-6 experiments. **P <0.0001versus all tissues.  
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Fig. 16. The effect of MFBs stability on the in vivo gene transfection. Each bar represents the mean ± 

SEM of 3-5 experiments. * P <0.05 versus the group of pDNA/TUS.  

 

II.1.4. Discussion  

It has been clear that sonoporation with bubbles is an effective strategy for 

enhancing the gene delivery. The process includes the perturbation of cells’ membrane 

leading to direct delivery of genes into the cytosol [58, 59]. To investigate such a 

concept, the in vitro gene transfection was evaluated in C26 cells. Ten seconds of TUS 

irradiation in combination with MFBs/pDNA was found to be sufficient for enhancing 

the gene expression without a significant increase in cytotoxicity. Further increase of 

TUS exposure time tended to induce some damage on cells. That can be due to the 

extensive bubble cavitation that might violently disrupt the cells’ membranes and led to 
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cellular damage [60]. These results corresponded to a previous report with a similar 

experimental condition [61]. However, in this case, I achieved similar gene expression 

levels in C26 cells with a lower dose of bubbles (one fourth of bubbles dose). These 

differences might be related to the higher amount of perfluropropane encapsulation in 

MFBs that possibily affected bubble`s cavitation. Thus, these results indicate that MFBs 

can induce sufficient enhancement in gene transfection when combined with TUS 

irradiation. 

In vivo conditions involve many critical factors such as shear stress and further gas 

exchange between bubbles and dissolved gases in blood that will add an extra burden on 

the bubbles [62, 63]. Consequently, sonoporation can be affected by bubble condition 

and thus uptake of pDNA as well [57]. Therefore, I tested both fresh and aged MFBs in 

vivo in mice. The gene expression was specifically enhanced in the left limb muscles of 

mice treated with MFBs/pDNA/TUS. In others organs, the gene expression level was 

not significantly changed. These results showed the effectiveness and usefulness of 

MFBs in inducing tissue-selective gene transfection. Moreover, aged MFBs that were 

stored at room temperature for different periods were tested in combination with TUS. 

The results showed that aged MFBs that kept at RT were effective in enhancing the 

gene expression even after 24 hr when combined with TUS. Furthermore, MFBs that 

were stored at 4 ºC for 90 hr were also able in inducing some cavitation effects. These 

results confirmed that aged MFBs can still have the potential in inducing sonoporation 

effects in vivo depending on the preservation conditions.  

In conclusion, MFBs showed a strong ability in enhancing the gene transfection 

after systemic administration in combination with TUS suggesting the important role of 

MFBs in enhancing gene delivery.   
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Section II. 2 

Evaluation of the theranostic potential of doxorubicin loaded bubbles in tumour 

bearing mice 

 

II.2.1. Introduction  

Cancer theranostics is a portmanteau of cancer therapy and cancer diagnostics. It is 

usually done through the co-delivery of the anti-cancer agents together with the contrast 

imaging agents. The aim of such strategy is the active monitoring of cancer progress 

during therapy [64, 65]. A more advanced approach is to put the therapeutic function 

and the diagnostic function in the same carrier. In such a case trade-offs between the 

diagnostics and therapeutic functions may have to be done to get balanced theranostic 

characteristics. The combination between UCAs and TUS/DUS can provide a novel, 

non-invasive platform for cancer theranostics [50, 66]. The main benefits of using TUS 

activated bubbles for various therapeutic applications are that the effect can be localised 

to primarily the tissues that are exposed to TUS and that the bubbles are also possible to 

be detected with DUS imaging. The imaging aspect can be used for e.g. examination of 

tumour neovasculature but also the treatment itself can directly be assessed by e.g. 

monitoring bubble location and bubble destruction in real time at the target site [67, 68]. 

This concept has already been shown to have potential in many reports in mice with 

tumour models and results have confirmed that the concentration of anticancer drugs in 

the tumour can be increased when using such strategy [20].  

In section I 2, the preparation of bubble type UCAs that were successfully loaded 

with high amount of DOX and PFP gas was described. The balance between the contrast 

gas and DOX loading was successfully achieved. Also, DLBs had high in vitro 

echogenicity in addition to the ability in inducing cavitation effects when combined 
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with TUS. Therefore, it is expected that DLBs could be an effective theranostic agent in 

cancer therapy. 

    In this study, both therapeutic and diagnostic tests were conducted in vitro with 

tumour cells and in vivo in tumour bearing mice. That included: DOX accumulation in 

tumour, tumour volume reduction, animal body weight change, and ultrasonography 

imaging of DLBs in tumours.  

 

II.2.2. Materials and methods 

II.2.2.1. DLBs preparation 

Bubbles were prepared as described in Section I 2.    

II.2.2.2. Cells 

The B16BL6 murine melanoma cell line was obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s 

modified eagle medium Nissui Pharmaceutical Co., Ltd., (Tokyo, Japan) supplemented 

with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 37ºC in 5% CO2. 

II.2.2.3. Animals and tumour models 

Female 6-week-old C57BL6 mice were purchased from the Shizuoka Agricultural 

Cooperation Association for Laboratory Animals (Shizuoka, Japan) and female 

6-week-old HRI nude mice were obtained from Sankyo Laboratory Service Corporation, 

Inc. (Tokyo, Japan). For preparing tumour bearing mice, 110
6
 cells in phosphate 

buffered saline (PBS) were injected subcutaneously into the left flanks of mice with a 

26-gauge needle. Experiments were initiated when tumours reached 5–10 mm in 

diameter after 9–14 days. All experiments were approved by the animal Experimentation 
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Committee of the Graduate School of Pharmaceutical Sciences, Kyoto University and by 

Teikyo University School of Medicine Animal Ethics Committee number 14-027. 

II.2.2.4. In vitro cellular uptake and anti-proliferative assay 

Cellular uptake in vitro was evaluated using a confocal microscopy (Nikon, Tokyo, 

Japan). B16BL6 cells were grown on cover glass slides in 24-well plates (3×10
5
 

cells/well). DLBs were added to the medium, containing DOX at concentration of 5 

µg/ml. Then a 6-mm TUS probe was immersed into the well and TUS irradiation was 

performed for 60 s (2 MHz; 2W/cm²; 50% Duty; 10 Hz). TUS acoustic parameters were 

selected based on the previous DLBs destructibility experiment described in Section I 2. 

Fifteen minutes after the treatment with DLBs and TUS, cells were washed with PBS 

three times and fixed with 4% paraformaldehyde in PBS; DOX localization in cells was 

then obtained. The 480 nm filter of the microscope was used to excite DOX and then 

DOX was detected by the 590 nm detector. The images were processed using ImageJ 

software. 

As for anti-proliferative assay, B16BL6 cells were seeded in 6-well plates (3×10
5
 

cells/well) for 24 hr; DLBs/ULBs (0 DOX) were added at different concentrations. TUS 

was applied for 60 s (2 MHz; 2W/cm²; 50% duty; 10 Hz). After treatment, cells were 

incubated for 5 hr and then the medium was changed and the cells were incubated again 

for 24 hr. After that the 3-(4,5 sec-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay was carried out according to the method as previously reported 

[69]. 

II.2.2.5. In vivo DOX content in tumours   

DLBs (70 µg DOX and 330 µg lipid) in 5% glucose (final volume of 200 µl) were 

intravenously injected and then immediately tumours were irradiated with TUS for 60 s. 
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Mice were sacrificed 15 min after the injection of DLBs and subsequently tumours, 

hearts and livers were harvested, weighed and preserved at −80°C. DOX was extracted 

by homogenising the tumours with a mixture of isopropanol and 1 M HCl aqueous 

solution (1:1 v/v) and incubated for 1 hr at 4°C. It was then centrifuged at 13,000 g for 

15 min, and the supernatants were recovered for fluorescence detection (FluoroMax4, 

Horiba, Ltd., Kyoto, Japan). DOX standard series were prepared in non-treated tumour 

tissues extracts.  

II.2.2.6. In vivo tumour inhibition and imaging   

The first treatment was initiated on the 9
th
 day after tumour cell inoculation and 

repeated on the 11
th
 and 13

th
 days. Immediately after intravenous administration of 

DLBs, the tumour site was irradiated for 60 s with TUS (2 MHz; 2W/cm²; 50% Duty; 

10 Hz). Tumour volume was measured every 2–3 days using the formula: (major 

axis×minor axis
2
) ×0.5. 

HRI nude mice (n = 3) inoculated with B16BL6 melanoma were anaesthetized and 

placed on an imaging pad; temperature, heart rate and breathing were continuously 

monitored. DUS imaging was performed as previously described [70]. Briefly, a 

dedicated small animal high-spatial-resolution imagining liner transducer (16 MHz; gain, 

25 dB; dynamic range, 50 dB) (Vevo 2100) was used. Subsequently, DLBs were injected 

at a dose of 100 µl/mouse (300 µg/ml lipid) and images (460 frames) were obtained 

before and after injection. The data were analysed by comparing the differences in 

contrast enhancement signal at tumour sites. For investigating the DLBs path through the 

tumour vasculature, the maximum intensity persistence analysis (MIP) mode (Vevo 

2100) was used. 
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II.2.2.7. Statistical analysis 

All data were analysed as the mean ± SEM. Unpaired, the two-tailed distribution 

Student’s t-test was applied and values of P < 0.05 were considered as being statistically 

significant. 

 

II.2.3. Results  

II.2.3.1. In vitro DOX uptake and MTT assay 

In vitro, DOX delivery was investigated in B16BL6 cells using confocal scanning 

microscopy. The combination of DLBs with TUS irradiation (Fig. 17A) showed higher 

cellular accumulation of DOX 15 min after treatment compared with DLBs in the 

absence of TUS irradiation (Fig. 17B). The combination of free DOX with TUS 

irradiation did not give high levels of DOX (Fig. 17C).  

Unloaded bubbles that has no DOX (ULBs) in combination with TUS irradiation 

resulted in a decrease in tumour cell viability by about 32.5%, suggesting that there 

were cavitation effects associated with ULBs in combination with TUS irradiation. 

DLBs used in the absence of TUS irradiation resulted in a decrease in cell viability of 

approximately 27%. In contrast, cell viabilities were significantly lower after treatment 

with DLBs combined with TUS irradiation than those treated with DLBs in the absence 

of TUS irradiation (1.5 and 3.0 µg/ml DOX) (Fig. 18).  
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Fig. 17. Confocal laser microscopy images of B16BL6 cells having DOX with various methods. (A) DLBs 

in combination with TUS irradiation, (B) DLBs in the absence of TUS irradiation and (C) Free DOX in 

combination with TUS irradiation (scale bar, 50 µm). Cells were treated with DLBs and free DOX in 

combination with TUS irradiation and then incubated for 15 min prior to the analysis.  

Fig. 18. The viability of B16BL6 melanoma cells after treatment with DLBs, ULBs; unloaded 

microbubbles (0 DOX) and TUS irradiation alone. Each bar represents the mean ± SEM of six experiments. 

* P < 0.05 versus the corresponding groups with no treatment (N.T.). 

 

II.2.3.2. Intratumoral content of DOX in tumour bearing mice  

As shown in Fig. 19, the combination of DLBs with TUS irradiation significantly 

enhanced the intra-tumoral DOX level (0.536 µg/g tissue) as compared with DLBs 

without TUS irradiation (0.100 µg/g) (Fig. 19A). Conversely, the levels of DOX in liver 

(Fig. 19B) and heart (Fig. 19C) did not significantly differ between the two groups. 
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Fig. 19. DOX distribution characteristics after intravenous administration of DLBs with or without TUS 

irradiation in tumour bearing mice. The DOX content was measured in (A) Tumour, (B) Heart and (C) Liver. 

Each bar represents the mean ± SEM of five experiments. * P < 0.05 versus the corresponding group that 

received DLBs in combination with TUS irradiation. 

 

II.2.3.3. Tumour growth inhibition and body weight change in tumour bearing 

mice  

By day 27 after tumour inoculation, tumour volume in the control group had 

aggressively increased (7156 ± 1384 mm
3
). The tumour volume was slightly reduced 

relative to the control group (4663 ± 454 mm
3
) in the group of mice treated with DLBs 

in the absence of TUS irradiation. In contrast, the group of mice treated with DLBs in 

combination with TUS irradiation, showed significant reduction of tumour growth 

(2454 ± 175 mm
3
) (Fig. 20A). Moreover, treatment with DLBs in combination with 

TUS irradiation did not cause any significant loss of body weight relative to the control 
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group (Fig. 20B).  

 

Fig. 20. Effect of DLBs administration with various methods on tumour growth and body weight change. 

(A). Tumour volume in mice. (B). Mouse body weight. Mice were divided into three groups: control; DLBs 

only; and DLBs in combination with TUS irradiation. Treatment was performed on the 9th day after tumour 

transplantation and was repeated on the on the 11th and 13th days. Each bar represents the mean ± SEM of 

5–6 experiments. * P < 0.05 

 

II.2.3.4. In vivo ultrasonography 

After 1 min, the intensity of the contrast enhancement signal was gradually reduced 

(Fig. 21A). The images were analysed by plotting the mean contrast intensity in the 

tumour area against time after DLB injection (Fig. 21B). The half-life time of intensity 

decrease of DLBs was estimated to be between 2–3 min. Moreover, the maximum 

intensity persistence (MIP) analysis clearly revealed the distribution of DLBs in the 
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tumour vasculature with a clearly distinguishable contrast signal (Fig. 21C).  

 

 

 

 

 

Fig. 21. Ultrasound imaging of DLBs in 

tumours. (A). Ultrasound images of 

DLB's signal enhancement in both 

brightness mode  and contrast mode. 

(B). Time-contrast intensity graph for 

DLBs at the tumour site after 

intravenous administration. (C). MIP 

analysis images of DLBs distribution in 

the tumour vasculature after intravenous 

injection.   
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II.2.4. Discussion  

In this section, I demonstrated that DOX uptake in cancer cells was enhanced when 

DLBs were combined with TUS irradiation, leading to high in vitro cytotoxicity and 

effective in vivo DOX delivery (Fig.17). Bubbles in combination with TUS can cause 

perturbation of the cell membranes and hence enhance drug permeability in a reversible 

process that lasts for a couple of minutes [50]. Unlike Tinkov and co-workers, I found a 

significant difference in doxorubicin uptake between DLBs with ultrasound compared 

with free doxorubicin 15 minutes after treatments [26]. This difference could be due to 

the experimental conditions like the DOX incubation time. It is well known that DOX is 

easily taken up by the cells through passive diffusion and the active transport 

mechanism which means that the long incubation time used by Tinkov et al might have 

lead to a substantial contribution from this way of uptake to the total drug amount [71]. 

Lentacker et al found that after 15 minutes of treating cells with free DOX, the amount 

of internalised DOX by the cells was much lower than those treated with bubbles loaded 

with DOX-liposomes [21]. Based on this, minimising the incubation time can be critical 

for understanding the sonoporation process when bubble cavitation occurs. 

In the in vivo experiment, it is expected that TUS irradiation at the tumour site 

leads to DLB's cavitation and DOX release; consequently, the concentration of free 

DOX was increased in tumour but not in the heart and liver. Furthermore, DLBs in 

combination with TUS significantly inhibited tumour growth without any reduction in 

animal body weight. These results suggest that DLBs combined with TUS irradiation at 

the tumour site could improve treatment accuracy and safety with less systemic side 

effects including cardiotoxicity.  

In the tumour, DOX might have been delivered primarily to the endothelial cells of 
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the tumour microvasculature. Subsequently, nutrition supply to the tumour would be 

disrupted due to necrosis caused by dead endothelial cells [72]. However, direct 

delivery of DOX into tumour cells might have occurred as well. It has been reported 

that cavitation effects can enhance drug penetration into the tumour by further "opening 

up" of the endothelial barrier [73]. 

As shown in Fig. 21, the imaging potential of DLBs was confirmed by DUS 

ultrasonography imaging, which revealed a high contrast enhancement signal in the 

tumour area in mice after DLBs administration. Moreover, I showed that the contrast 

mode signal from DLBs in the tumour vasculature could be clearly distinguished from 

the surrounding healthy tissues. Pysz et al have reported that in vivo, the ultrasound 

imaging signal in tumour bearing mice using MIP algorithm could be used to assess 

tumour vascularity [67]. That is because a correlation between the in vivo MIP values 

with microvessel density analysis was observed. Therefore, tumour angiogenesis could 

be monitored by evaluating the MIP analysis of DLBs distribution in the tumour 

vasculature.   

In conclusion, DLBs will function as a theranostic carrier in both in vitro and in 

vivo. DLBs stability in vivo was enough for conducting the DUS imaging as well as for 

the delivery of DOX when triggered with TUS. Therefore, these results strongly support 

the potential use of DLBs as a vasculature probe in tumor theranostics.   
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Section II. 3 

Investigation on the use of liquid cored ultrasound contrast agents for cancer 

theranostics: Systemic administration route 

II.3.1.Introduction 

The great trend of tumour targeting started with the discovery of the enhanced 

permeability retention effects (EPR). EPR effects were first reported by Matsumura and 

Maeda; they found that solid tumours usually have defective and impaired vasculatures 

unlike normal tissues [74]. Depending on this anatomical abnormality in tumours, it was 

found that macromolecular with a moecular weight larger than 40 kDa could preferably 

extravasate into tumours rather than other organs. And due to the lack of lymphatic 

drainage, this macromolecular can be trapped inside the tumour site [75, 76]. Since then, 

this mechanism has been used for passive targeting to tumours with liposomes or 

micelles that were loaded with anti-cancer drugs. For instance Doxil, a PEGylated 

liposome loaded with DOX, is used for targeting Kaposi sarcoma and other types of 

solid tumours [77]. Doxil has a size range of few hundred nanometres and can sustain in 

the circulation more than small molecular weight drugs. These characteristics were 

found to be critically contributing in enhancing the EPR effects in tumours [78].  

Gas cored UCAs have limited ability for EPR mediated passive accumulation into 

the tumour. That is because of the large size of bubbles in addition to their short stability 

under the physiological conditions. Consequently, their access mostly is limited to 

neovasculature's spatial area [6, 79]. However, for inducing sufficient inhibition in 

tumour cells, direct delivery of cargo to cancer cells is a pre-requisite. Therefore, the 

design of new generation of UCAs that have the ability of passive targeting is of 

importance. That means that drug loaded UCAs should first extravasate into tumour bed 
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passively (EPR effects) and then followed by TUS irradiation after specific time for 

stimulating drug release nearby cancer cells. In section I 4, I showed that by utilising 

phospholipids and liquid PFCs, bubble precursors could be prepared. These bubbles 

precursor or phase shift acoustic nanodroplets (PSANDs) had an average size of 200 nm 

and they were stable at the physiological temperature for at least 1 hr. Moreover, 

droplets could effectively be shifted to bubbles by TUS irradiation in vitro setting. 

Starting from these basic in vitro investigations, PSANDs were expected to be useful for 

tumour passive targeting through EPR effects after systemic administration. Thus, 

(PFH)PSANDs were selected for the systematic investigations. It was reported that high 

boiling point PFCs can have better systemic stability in vivo [80, 81]. Therefore, I 

expected that for systemic administration, PFH with boiling point ~56ºC can achieve 

better in vivo stability.  

Taking all of these into consideration, in this study, the in vitro stability of 

(PFH)PSANDs in the presence of serum was first evaluated. That was followed by 

testing the in vivo phase-shift-transition of droplets-to-bubbles after TUS irradiation. 

Finally, the potential of (PFH)PSANDs in tumour passive targeting was assessed in 

tumour bearing mice. 

 

II.3.2. Materials and methods 

II.3.2.1. Animals and tumour models  

Female 6-week-old ICR mice and female 6-week-old C57BL6 mice were purchased 

from the Shizouka Agricultural Cooperation Association for Laboratory Animals 

(Shizouka, Japan). Tumour bearing mice were prepared as described in Section II 2.  

II.3.2.2. In vitro Stability of droplets in the presence of serum      
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 Briefly, 100 µl of (PFH) PSANDs were mixed with 500 µl PBS with 10% serum 

extracted from rats. Samples were placed in water bath at 37° C and 10µl sample was 

collected at different time points for gas chromatography (GC-MS) analysis as described 

in Section I 1.  

II.3.2.3. In vivo ultrasonography imaging  

    ICR mice were used to perform the imaging process. In this experiment, the left 

carotid artery in the mouse was imaged. Doppler mode was used to determine the artery 

area. Droplets were injected intravenously via the tail vein (225 µg lipid /mouse with a 

final volume of 200 µl). Two minutes later 1000 frames of ultrasonography video was 

recorded. During that, two burst of TUS (at frame number 568 and frame number 783) 

were applied for provoking droplets phase transition into bubbles. The images were 

shown in linear mode and the contrast enhancement was marked with a green colour. 

II.3.2.4. In vivo bio-distribution of droplets  

    (PFH)PSANDs was injected intravenously (400 µg lipid / mouse in final volume of 

250 µl) via tail vein of mice. After 3, 15, and 60 min blood, tumour, and other organs 

were collected. Samples were moved into GC vials, capped, and kept at 4 °C for further 

analysis by GC-MS system as described in Section I 1. The retention time of PFH was 

first confirmed by using only crude PFH. Data are presented in AUC of PFH peak at 

retention time of 10.9 min. The dose percentage was then calculated by dividing AUC 

of samples by AUC of the initial dose. The results were then normalised by the total 

blood volume in mice (assumed to be 1.5 ml) in the case of blood samples and by 

weight in the case of tissues. 
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II.3.3. Results  

II.3.3.1. In vitro PSANDs stability in serum  

 PSANDs were challenged in the presence of serum for the time course of 120 min. 

The level of PFH was more and less unchanged through incubation time of 90 min. At 

120 min some PFH was leaked but still over 50 % was packed in the droplets (Fig. 22).  

 

Fig. 22. In vitro PSANDs stability in the presence of serum. PFH nanodroplets were incubated in 10% 

serum in PBS at 37 C, and at specific time points samples were collected for GC-MS analysis of PFH. n = 

3; mean ± SEM 

 

II.3.3.2. In vivo ultrasonography imaging  

    For identifying the location of left carotid artery, colour doppler mode and Pulsed 

Wave doppler mode (PW) was used. Both left carotid artery and left internal jugular 

veins were clearly detected depending on the blood velocity direction. The red coloured 

spots mean that the blood movement is towards the DUS probe (arterial blood flow), 

while the blue coloured spots mean that blood was moving away from DUS probe 

(venous blood flow). This was supported also with PW mode that showed positive 
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blood velocity values in the previous location. (PFH)PSANDs were then intravenously 

administrated and after 2 min ultrasonography imaging was performed (Fig. 23A). 

Immediately after first TUS irradiation, specific contrast enhancement was noticed in 

the carotid artery area only. Similar contrast enhancement was noticed as well after the 

second TUS irradiation (Fig. 23B). Contrast enhancement signal was sustained for a few 

hundred frames and ultimately decreased to the background levels (Fig. 23C).   
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Fig. 23. In vivo ultrasonography in the carotid artery of mouse. (A). The study protocol and experimental 

setting. (B). ultrasonography images: a). Colour Doppler mode. b). PW Doppler. c). Brightness mode 

before TUS. d). Brightness mode after TUS immediately. (C). The contrast enhancement of PSANDs 

before and after TUS irradiation.  
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II.3.3.3. In vivo bio-distribution of PFH in tumour bearing mice  

    For evaluating the passive accumulation of (PFH)PSANDs in the tumour, PFH was 

quantified by GC-MS. PFH was retained in the blood pools for almost 15 min (33.9% of 

ID/ 1.5 ml blood) as well as in tumour (1.50% of ID/ g tissue). However, after 15 min 

PFH levels in both blood and tumour was gradually reduced (Fig 24A and B). On the 

other hand, at 60 min most of PFH was taken up by spleen, liver, and lung (104.5%, 

3.68%, and 2.99%, respectively of ID/ g tissue) (Fig. 24C). Moreover, the tissue/blood 

ratio of all organs including tumour was notably increased after 60 min (Fig. 24D).     

 

Fig.24. In vivo PFH bio-distribution in tumour bearing mice. (A) Blood (B) Tumour (C) Lung, Liver, and 

Spleen (D) The tissue/ blood ratio of PFH at 3 and 60 min after administration. n = 3-4 mice; mean ± SEM    
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II.3.4. Discussion   

For more effective theranostic outcomes in cancer, tumour passive targeting is 

obviously an important approach. Gas cored UCAs, however, are characterised by large 

sizes and poor in vivo stability that limits their use in EPR mediated tumour passive 

targeting. To overcome these limitations, in Section I 4, I prepared PSANDs that were 

made of liquid PFCs and phospholipids. PSANDs had a smaller size around 200 nm and 

good in vitro stability under physiological conditions. Moreover, PSANDs were 

non-echogenic without TUS. By irradiating PSANDs with TUS, bubbles were formed 

and contrast enhancement was detected in vitro via ultrasonography imaging. In the 

current study, I further investigated the potential of (PFH)PSANDs, mainly, in vivo. 

This included two aspects: first, the possibility of inducing acoustic droplet vaporisation 

(ADV) in vivo assisted by both therapeutic and diagnostic US modalities, second, the 

assessment of tumour passive targeting by (PFH)PSANDs through EPR effects.        

    Before starting the in vivo investigation I conducted one more in vitro experiment. 

In this test, I evaluated PFH leakage in the presence of serum. This is important because 

serum components usually are one of the main factors that are responsible for 

destabilising phospholipids based carriers such as liposomes [82]. The results showed 

that almost 100 % of PFH was retained in droplets during 90 min in the presence of rat 

serum and at 37 ºC. This result indicated that (PFH)PSANDs can possibly resist the 

circulation conditions after systemic administration.      

TUS irradiation could clearly induce ADV; as specific contrast enhancement was 

generated in the carotid artery area. These results indicated that (PFH) PSANDs were 

capable in undergoing the physical shift from droplets (PFH liquid) to bubbles (PFH 

gas) in vivo thus contrast signal was detected. Also, these results were comparable to the 
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reported results with PFPn droplets in which droplets were activated with TUS and 

observed by ultrasonography 1 min after administration [83].  

At the beginning of ultrasonography imaging, some unspecific contrast 

enhancement was detected between frame 0 and frame 114, but soon this signal was 

reduced to the baseline levels. A possible reason can be due to the pre-existence of some 

gas bubbles in the PBS buffer that was pre-mixed with droplets before administration. 

Therefore, these gas bubbles could generate some contrast signal, which, however,  

soon reduced possibly due to the dissipation of bubbles from circulation.     

For evaluating the biodistribution of (PFH)PSANDs in vivo, I quantified the 

amount of PFH in tumour bearing mice. Many in vivo studies have been performed with 

droplets that made with (PFPn) but not much is available about the fate of PFH in vivo 

after systemic administration [84, 85]. For example, Shiraishi et al showed that droplets 

made with block copolymer surfactant and PFPn could not sustain much in vivo in the 

blood (~10% of ID remaining after 10 min) [86]. In my results, PFH could be sustained 

in blood at least for 15 min. And eventually; PFH was mostly disappeared at 60 min. 

That was opposed by the great increase of PFH uptake by spleen in the first rank 

followed by liver and lunge, respectively. Several reports indicated also the tendency of 

PFC droplets to accumulate more in spleen rather than the liver. The mechanism was 

not clearly addressed, but it is assumed that phagocytosis by mononuclear cells in both 

liver and spleen is responsible for that [87]. On the other hand, PFH in the tumour was 

reduced by almost 33% at 15 min (assuming PFH values at 3 min as 100 %). And then a 

great decrease was noticed at 60 min. However, the tissue/blood ratio showed some 

increase in the tumour uptake of PFH at 60 min. Theoretical calculation of the number 

of droplets in the tumour tissues showed that around 4.6×10
9
 droplets per a tumour 
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(average weight 0.654 g and assuming droplets with a diameter of 200 nm) at 15 min. 

Therefore, it is possible that the decrease of PFH in the tumour can be due to the in situ 

PFH clearance after droplets destabilisation due to coalesces in the tumour that led to 

PFH leakage. It was seen that droplets in spleen and liver can aggregate in clusters 

bigger than the initial droplets size. Consequently, coalescence occurs leading to the 

leakage of PFCs. After that, PFCs are released back to the blood and finally, lipoprotein 

facilitates their transport before expiration via the lung [88]. Therefore, it could be that 

similar scenario might occur with (PFH)PSANDs in the tumour. In this context, Fan et 

al also reported similar observation with droplets (~300 nm) that were made with egg 

phosphatidylcholine and perfluoro-15-crown-5-ether [81]. Another important 

observation was related to the PFH accumulation in lungs. Reducing PFC accumulation 

in the lung is important for maintaining suitable gas exchange, otherwise, respiratory 

distress might occur and consequently death [89]. In my results, a dose of 2.8×10
13 

droplets/ kg (mouse weight ~25 g) was used, and PFH accumulation in the lung was 

little compared to that in spleen and liver which indicated that (PFH)PSANDs size was 

small enough so that no pulmonary trapping has taken place. Zhang et al reported that 

administrating PFP droplets (~2 µm) could lead to respiratory distress in a canine model 

possibly due to the large size of droplets that impaired the lung function in maintaining 

suitable gas exchange [90].  

In conclusion, (PFH)PSANDs had better in vivo stability compared to gas cored 

UCAs. Also, further investigations are needed to confirm more the passive 

accumulation behavior of (PFH)PSANDs. Overall, these results are ought to add 

valuable information related to the rational design of (PFH)PSANDs and their potential 

as theranostic carrier mainly after systemic administration. 
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Section II. 4 

Investigation on the use of liquid cored ultrasound contrast agents for cancer 

theranostics: Intratumoral route 

II.4.1.Introduction 

Hyperthermia is one of the well known methods in cancer therapy. In this approach 

temperature increase between 40-44ºC is found to cause cytotoxic effects in the tumour. 

Also, cancer cells susceptibility toward other types of therapy (e.g., chemotherapy and 

radiotherapy) was increased [91]. The mechanism beyond that was related mainly to 

protein denaturation in addition to the changes in the cellular level (e.g., damage in the 

skeleton, the membrane, and DNA synthesis).  

High intensity focused ultrasound (HIFU) is a type of therapeutic US that mainly 

used for thermal tumour ablation. This uses an external transducer that can generate a 

focal intensity of few thousand W/cm
2
. The ultrasound beam passes through the intact 

skin and is concentrated in one region, deep inside the organ. The acoustic absorption in 

the focal volume leads to temperature elevation which ranges from 60 to 95 °C. This 

temperature elevation causes protein denaturation and coagulative necrosis in the tissue 

[92]. HIFU tumour ablation therapy has recently become more common and has been 

recognised clinically for several tumours types, including those of the prostate, pancreas, 

liver and breast [93, 94]. However, HIFU has some drawbacks that limit its use. For 

example, skin damage might occur during therapy. Also, in some sort of tumours such 

as skin superficial tumour (e.g., melanoma) HIFU cannot be used. That is because HIFU 

system is mainly designed for deep solid tumours but not for superficial tumour hence 

adjusting the focal point of HIFU system is technically hard [95]. In this case, 

unfocused TUS can be more functional and skin superficial area can easily be irradiate 
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with TUS. The intensity of US should be enough to induce suitable thermal effects in 

tumour area (~ 40ºC) but not too much high so that no skin burns occur in the tumour 

rim. In such a controversial condition, addressing a new method for overcoming the 

previous limitations is needed.     

The co-treatment of gas cored bubbles with TUS accelerates the efficacy of TUS 

irradiation due to their strong cavitation capability [96, 97]. It has been reported that the 

co-treatment of MBs with HIFU increases heat generation and thus the necrosis rate in 

ablated tissue comparing to HIFU alone [98]. Moreover, Farny et al. observed a 

correlation between cavitation power and heat generation. It was suggested that inertial 

cavitation could lead to temperature elevation [99]. Interestingly, PSANDs in 

combination with TUS were found to accelerate heat generation too, due to bubble 

cavitation, and the energy needed for forming a lesion was significantly decreased 

[100]. 

 For increasing the treatment efficacy and decreasing the systemic side effects, 

tumour site-specific targeting is preferable. That can be achieved by the direct injection 

of the therapeutic compounds into tumour [101]. This approach is much possible 

especially in the case of skin superficial tumours. Moreover, the direct injection of lipid 

based-emulsion (water-in-oil) loaded with anti-cancer drugs was found to be enhancing 

the transport of anti-cancer drug to the lymphatics [102]. Also, It was reported that after 

intratumoral injection of lipid-based emulsions, only droplets with size around 250 nm 

could be retained in the tumour tissue for a longer time [103]. In section I 4, I showed 

the facile preparation of phospholipid-based PSANDs. Droplets that made with 

perfluropentane (PFPn)PSANDs had an average size between 200-300 nm and they 

were sensitive toward low-intensity TUS (~ 2W/cm
2
). These droplets have the basic 
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emulsion characteristics that might enhance their retention inside the tumour after 

intratumoral injection. Additionally, the irradiation of a low-intensity unfocused TUS 

can induce thermal or histotripsy damage in the tumour.  

In this study, the use of (PFPn)PSANDs in tumour hyperthermia therapy after 

direct intratumoral injection was investigated in B16BL6 tumour bearing mice. Droplets 

were intratumorally injected and that was followed by low-intensity TUS irradiation on 

the tumour area. Both thermal analysis and tumour inhibition studies were conducted 

accordingly.    

 

II.4.2.Material and methods  

II.4.2.1. Animals and tumour models 

Female 6-week-old C57BL6 mice were purchased from the Shizouka Agricultural 

Cooperation Association for Laboratory Animals (Shizouka, Japan). Tumour models 

were prepared as described in Section II 2.  

II.4.2.2. Temperature elevation in tumour site    

   Temperature elevation was assessed by thermography monitoring system (NEC 

Avio Infrared Technology Co., Tokyo, Japan). Briefly, 25µl of droplets or PBS was 

injected in the centre of the tumour. The injection needle was kept at the injection site 

and thermographs were then taken. Five minutes after injection, TUS irradiation was 

applied (1MHz, 2W/cm2, 50 % duty, 10Hz) for 2 min. Thirty seconds after that, 

thermographs were obtained again.    

II.4.2.3. Tumour inhibition study  

Mice were divided into three groups (n=4-5 each); no treatment, PBS with TUS, 

and PFPn(PSANDs) with TUS. The first treatment was considered 0 days. Similarly, 
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25µl of droplets or PBS was injected in the centre of the tumour. The injection needle 

was kept at the injection site and 5 min after injection, TUS irradiation was applied 

(1MHz, 2W/cm2, 50 % duty, 10Hz) for 2 min. Tumour volume was measured every 2–3 

days using the formula: (major axis×minor axis
2
) ×0.5. 

 

II.4.3. Results  

Thermography images were used to show the changes in temperature after TUS 

irradiation in the tumour sites. In mice treated with PBS with TUS, there was no increas 

in temperature after TUS irradiation (Fig. 25A). On the other hand, a distinguished 

temperature elevation was seen in tumours treated with PFPn (PSANDs) (Fig. 25B). In 

the tumour inhibition study, 8 days after tumour transplantation tumour volume in the 

no treatment group had quickly increased (4020.4 ± 1409 mm
3
).  

The tumour volume was slightly reduced relative to the no treatment group (3273.5 

± 822 mm
3
) in the group of mice treated with PBS with TUS irradiation. In contrast, in 

the group of mice treated with PFPn(PSANDs) in combination with TUS irradiation, 

there was significant reduction of tumour volume (2314.8 ± 925 mm
3
) (Fig. 26A). 

Moreover, treatment with PFPn (PSANDs) in combination with TUS irradiation did not 

cause any significant loss of body weight relative to the control group (Fig. 26B). 
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Fig. 25. Thermographic analysis (A). Mice treated with PBS. (B). Mice treated with (PFPn)PSANDs. 

Mice were divided into two groups: with PBS and with (PFPn) PSANDs TUS irradiation.  

 

 

Fig. 26. Effect of (PFPn)PSAND administration on tumour growth and body weight. (A). Tumour volume 

in mice. (B). Mouse body weight. Mice were divided into three groups: No treatment (N.T); PBS in 

combination with TUS; and (PFPn)PSANDs in combination with TUS irradiation. Treatment was 

performed on the 10th day after tumour transplantation. Each bar represents the mean ± SEM of 4 

experiments. * P < 0.05 

 

II.4.4. Discussion  

    The use of HIFU in tumour thermal ablation is already proved to be useful 

clinically in several types of solid tumours. However, this is limited in the case of skin 

superficial tumour. An alternative for that can be addressed through the co-treatment of 

UCAs with unfocused low-intensity TUS. Under the acoustic pressure of TUS wave, 

UCAs can undergo stable or inertial cavitation. Cavitation in the injection site can then 
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induce thermal effects or histotripsy effects leading to the denaturation of tumour cells 

without causing excessive heat in the surrounded healthy tissues. The process can be 

performed by first, the direct intra-tumoural injection of UCAs and second, by the 

irradiation with unfocused low-intensity TUS.   

    In this section, I showed for the first time-according to my knowledge- that 

PSANDs can induce thermal elevation effects after the irradiation with low-intensity 

TUS on the tumour site. The temperature increase was noticed only in the tumour area, 

particularly in the right limb. TUS irradiation with PBS only made no changes in 

temperature indicated that the bubbles cavitation after droplet vaporisation could mainly 

contribute in increasing the temperature. Moreover, PSANDs in combination with TUS 

significantly inhibited tumour growth without any reduction in animal body weight.  

  This antitumour effect can be a consequence of the temperature increase after the 

treatment. Some studies showed that PSANDs could cause mechanical histotripsy 

damage after droplets vaporisation [104, 105, 106]. Therefore, it could be that the 

cavitation effects of bubbles have contributed in inducing further damage in tumour via 

mechanical damage effects too.  

Overall, (PFPn)PSANDs in combination with unfocused low-intensity TUS have the 

potential to be further used in tumour hyperthermia therapy. The theranostic 

characteristics of these droplets will ease the treatment procedures; as droplets phase 

shift to bubbles can be monitored by ultrasonography. Moreover, loading 

(PFPn)PSANDs with some anti-cancer drugs (e.g., doxorubicin) can enhance more 

tumour reduction as it was reported that the cytotoxic effects of some anti-cancer drugs 

could be increased when theses drugs were combined with hyperthermia treatment [91]. 

Another important future aspect of this research is the possibility of harnessing the 
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tumour immunity. It was reported that low-pressure amplitude focused US (FUS) in 

combination with conventional bubbles such as Sonovue® have induced antitumour 

immunity in mice. After treatment, tumour infiltrated CD8
+
 and CD4

+
 were 

significantly increased and an up-regulation in HSP expression levels in the tumour was 

also noticed [107]. Suzuki et al also reported that an intratumoral injection of bubbles in 

combination with the low-intensity US in colon 26 tumour bearing mice, led to a 

significant increase in the temperature in the tumour. Additionally, extensive necrosis 

was induced and tumour growth was inhibited. The in vivo depletion of CD8+ cells 

completely blocked the effect of bubbles with TUS on tumour suppression, indicating 

that CD8+cells are involved in the tumour inhibition mechanism after treatment 

involving bubbles and TUS [108]. For that, it might be possible that the (PFPn) 

PSANDs in combination with TUS can also cause similar effects and subsequently 

induce tumour immunity.   
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Summary 

 

In this thesis, I have demonstrated that the theranostic characteristics of UCAs 

can be optimised by including three critical factors. First, the utilisation of 

phospholipids as shell materials for UCAs. Second, the employment of PFCs as core 

material in UCAs. Third, the selection of suitable methods for producing theranostic 

UCAs. Further findings and applications are summarised as follows:     

I. Formulation and evaluation of nano- and micro-sized phospholipids-based 

theranostic ultrasound contrast agents  

A type of UCAs was developed by using mechanical agitation of lipids dispersion in 

the presence of perfluoropropane gas (PFP). The focus was on improving the size 

distribution and stability. Mechanically formed bubbles (MFBs) were composed of the 

zwitterionic phospholipid distearoylphosphatidyl choline (DSPC) with a portion of 

polyethylene glycol (PEG) engraftments. MFBs with PFP had a smaller size (~ 400 nm) 

compared to those made with perfluorobutane or nitrogen gases. Also, MFBs with PFP 

were found to be stable with uniform size for 24 hr at room temperature (RT) and at 4 °C 

bubbles could be preserved for 90 hr. By using a similar method, doxorubicin loaded 

bubbles (DLBs) were also prepared. The DLBs were prepared by mechanical agitation of 

phospholipid dispersion in the presence of PFP gas. The anionic phospholipid 

distearoylphosphatidyl glycerol (DSPG) was selected to bind doxorubicin to the bubbles 

by electrostatic interaction. Drug loading was ≥92% and bubbles had an average size of 

about 1 µm. The PFP was retained in the bubbles at least 30 min at RT. In vitro 

ultrasonography also showed that DLBs have high signal even after 10 min and when 

TUS irradiation was applied most of the bubbles were destroyed. This indicated that 
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DLBs were presumably destroyed due to cavitations effects. Phase shift acoustic 

nanodroplets (PSANDs) were also prepared by using a similar phospholipid 

composition as in the MFBs. The PSANDs were prepared in a two step process that 

consisted of mixing liposomes with liquid perfluoropentane (PFPn) or perfluorohexane 

(PFH) followed by bath sonication. PSANDs had average size of around 200 nm. PFH/ 

PFPn leakage was then tested in vitro at 37 °C. PFH/ PFPn were retained in PSANDs at 

least for 1 hr. The PSANDs could be turned from liquid to gas by TUS irradiation. The 

extent of the phase shift depended more on the US frequency than the intensity. 

Maximum contrast enhancement was achieved with TUS intensity about 2 W/cm
2
 for 

(PFPn) PSANDs, and 5 W/cm
2
 for (PFH)PSANDs.  

These results suggest that UCAs with proper size and high drug loading can be 

prepared with fairly simple means. Therefore, these UCAs can be easily and effectively 

be used in the field of drug delivery and cancer theranostic. 

 

II. Application of phospholipid-based ultrasound contrast agents for gene delivery 

and cancer theranostics 

Based on the findings presented in Chapter I, two main applications were decided. 

The first application was employment of MFBs for gene transfection. MFBs were 

mixed with plasmid DNA and intravenously injected into mice followed by TUS 

irradiation on the left limb muscles. The gene expression was significantly higher than 

that in the mice treated with plasmid DNA and TUS only. Moreover, aged MFBs that 

left for 24 hr at RT or at 4 °C for several days were found to still be functional in 

enhancing the gene expression in mice limb muscles. The second application was the 

utilisation of the DLBs as a theranostic agent in tumour bearing mice. The inhibitory 
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effect on the proliferation of murine B16BL6 melanoma cells in vitro was enhanced using 

a combination of TUS irradiation and DLBs compared to that with only DLBs treatment. 

Moreover, in vivo, DLBs in combination with TUS significantly inhibited the growth of 

B16BL6 melanoma tumour in mice. Additionally, ultrasonography showed high contrast 

enhancement of the DLBs in the tumour vasculature. Also, I evaluated the stability of 

(PFH)PSANDs in mice after systematic admistiration in tumour bearing mice. Gas 

chromatography analysis showed that PFH can be sustained in circulation as well as in 

tumour for 15 min after intravenous injection. Moreover, the ultrasonography imaging 

in mouse carotid artery indicated that droplets could shift to bubbles after TUS 

irradiation leading to a contrast signal enhancement at the imaging site. Finally, the 

direct intratumoral inection of (PFPn)PSANDs followed by low-intensity TUS led to 

temperature increase in the tumour site. And subsequently, the tumour volume was 

significantly reduced possibly due to both mechanical and thermal effects generated 

form PSANDs cavitation. These results indicated the possibility of using PSANDs in 

both systemic and loacal (intratumoral) routes; thus more effective theranostic outcomes 

can be achieved. 

In conclusion, this research is one of the first attempts in highlighting the 

theranostic potential of UCAs toward more advanced biomedical applications. 

Accordingly, I have developed several methods for producing different theranostic 

UCAs starting with phospholipids and (gas/liquid) PFCs. These UCAs have been tested 

in vitro and in vivo and have been shown to be effective as therapeutic and diagnostic 

agents in applications like gene delivery and cancer treatment.   
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