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Theranostic particles, which have a dual capacity for diagnosis and 

therapeutics, activated by ultrasound have emerged as a novel concept for 

disease detection and treatment. Also, the approach could overcome intrinsic 



mismatch of key metrics (e.g., pharmacokinetics, selectivity, biodistribution) 

between imaging and therapeutic agents, thereby allowing for precise, 

imaging-guided drug delivery. The technology could also open up a new 

opportunity for rapid assessment and adjustment of treatment regime, based 

on real-time imaging feedback during therapy. Many different types of 

theranostic agents have been developed using magnetic nanoparticles, 

quantum dots or novel metal nanoparticles as substrates. Existing detection 

modalities (e.g., magnetic resonance imaging, optical excitation) could be 

used to image these agents with high contrast, and often to actuate them for 

drug release. 

  Most of the developed theranostic agents, however, are still difficult to be 

translated into clinical applications. A significant concern is the potential 

toxicity of constituent materials (e.g., metal or semiconductor nanoparticles). 

Some agents also require specialized equipments, besides imaging 

instruments, to release therapeutic materials (e.g., magnetic hyperthermia, 

photodynamic therapy). 

  Microbubble (micro-meter sized bubble, MB) and liposome (Lipo) particles, 

conversely, are promising clinical application materials comprising non-toxic 

lipid chemicals. These newly developed materials can be used for the 

diagnosis and treatment of cancer and serve as alternatives to conventional 

theranostics that have known toxicological problems. Synthesized with 



biocompatible polymers, these particles are shown to be non-toxic for in vivo 

uses. They can also be loaded with contrast agents for enhanced imaging (e.g., 

microscopy, MRI, ultrasound), and importantly, with therapeutic materials to 

treat tumor. To assess their potential in biological applications, the following 

chapters were studied. 

  The first theme herein introduces a microbubble and liposome complex 

(MB-Lipo) developed for ultrasound (US) imaging and activation. The MB-

Lipo particles have a hybrid structure consisting of a MB complexed with 

multiple Lipos. The MB components are used to generate high echo signals in 

US imaging, while the Lipos serve as a versatile carrier of therapeutic 

materials. MB-Lipo allows high contrast US imaging of tumor sites. More 

importantly, the application of high acoustic pressure bursts MBs, which 

releases therapeutic Lipos and further enhances their intracellular delivery 

through sonoporation effect. Both imaging and drug release could thus be 

achieved by a single US modality, enabling in situ treatment guided by real-

time imaging. The MB-Lipo system was applied to specifically deliver 

anticancer drug and genes to tumor cells, which showed enhanced therapeutic 

effect. This theme also demonstrates the clinical potential of MB-Lipo by 

imaging and treating tumor in vivo. 

The second theme explains how the scope of the existing application is 

broadened. A hybrid multifunctional particle comprising of a MB, Lipo, and 



an Fe ion chelated melanin nanoparticle (MNP (Fe)) was applied for 

ultrasound mediated cancer targeting as a theranostic agent. Also, MNP (Fe) 

has this hybrid multifunctional particle diagnose cancer cells. 

The third theme elucidates that optimization of parameters of portable US 

generator can promote development in delivery of hydrophobic and 

hydrophilic therapeutic materials into cancer cells. 

In summary, MB has an outstanding US diagnosis function of cancer and 

MB burst indeed improved the co-delivery of therapeutic agents and MRI 

contrast agent. 
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A theranostic particle as an ultrasound imaging 

contrast agent and gene/drug delivery carrier 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.1. Introduction 

 

Microbubbles (MBs) are hydrophobic gas-filled microspheres approved for 

diagnostic ultrasound (US) contrast imaging by the United States Food and 

Drug Administration (FDA). When microbubbles are exposed to US at a 

frequency close to their resonance frequency, they oscillate and produce 

sound1-3. In a US field with a low acoustical pressure, microbubbles exhibit 

stable cavitation and will oscillate around a given diameter. However, inertial 

cavitation occurs at higher acoustical pressures; movement of the 

microbubbles becomes violent, leading to destruction of the microbubbles4. 

Liposomes (Lipos) with submicrometer sizes are also composed of safe 

lipid structures and shows high biocompatibility and utility. A hydrophilic 

aqueous solution fills the liposome, allowing it to be applied as a stabilizer for 

chemicals, proteins, genes, or inorganic particles5-7.  

  Recently, a combination of lipo and MB was proposed to have applications 

as a therapeutic and imaging agent8-10. Under higher acoustical pressure, MB 

destruction in the vicinity of cells can temporarily permeabilize plasma 

membranes in a process called sonoporation, which has been exploited as a 

nonviral intracellular drug and gene delivery strategy11-14. However, these 

previous systems have used anchoring on the outside of MB-Lipo complexes 

with cationic lipids; this may cause gradual degradation in buffer solution or 



blood and has low potential for in vivo applications15,16. Some studies have 

reported efforts to insert designed drugs or siRNA molecules into liposomes 

to provide specific targeting17-21. 

  Herein, this chapter reports a new synthetic strategy for biocompatible MB-

Lipo particles with encapsulation of bioactive molecules and the 

comprehensive stimuli-responsive theranostics application of US. Our 

approach was developed to maximize the particle functionality and 

transferability of organic dyes, drugs, and genes under applied external sonic 

stimulation. The resulting MB-Lipo particle system showed dramatically 

enhanced drug delivery in an animal cancer model. Furthermore, external 

stimulation by high acoustic pressure (called flash) at a specific site could 

minimize the side effects of drugs or genes. 

 

 

 

 

 

 

 

 

 



1.2. Experimental Section 

 

1.2.1. Preparation of microbubbles (MBs) 

 

  All phospholipids compounds were purchased from Avanti Polar Lipids 

(Albaster, AL, USA) and used without any purification. 1,2-Dipalmitory-

snglycero-3-phophatidylcholine (DPPC, 15.4 mg), dicetyl phosphate (DCP, 

1.0 mg), 1,2-dipalmitorysn- glycero-3-phosphoethanolamine (DPPE, 1.2 mg), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[PDP(polyethylene 

glycol)-2000] (DSPE-PEG-PDP, 5.0 mg), and cholesterol (3.5 mg) were 

dissolved in 5 mL chloroform (99.9 %, Sigma-Aldrich, St. Louis, MO, USA). 

To remove the solvent, the solution was evaporated for 5 min at 35 °C and 

freeze-dried for 24 h at -45 °C; this led to the formation of a phospholipid film. 

To create a lipid solution, a 2 mL mixture of glycerin, propylene, and H2O 

(1:2:7, volume ratios) was added to the film and transferred to a hermetic vial 

(Wheaton, NJ, USA). MBs were prepared via a mechanical mixing with a 

high-speed shaking-device (KIMS, South Korea) and SF6 gas filling. 

Fluorescein isothiocyanate (G, FITC, 1 mg, Sigma-Aldrich) was added to the 

lipid solution before the mixing for incorporation into the MB. 

 

1.2.2. Preparation of liposomes (Lipos) 



 

  The Lipo particles were produced in a similar manner. DPPC (15.4 mg), 

DCP (1.0 mg), DPPE (1.2 mg) and cholesterol (3.5 mg) were mixed in 5 mL 

chloroform. A lipid film was formed after evaporation (5 min, 35 °C) and 

lyophilization (24 h, - 45 °C). Two milliliters of H2O was added to the film, 

and the mixture was treated with sonication for 5 min at 60 °C. To make 

fluorescent Lipos, hydrophilic organic dye (R, Texas red, 1 mg, Sigma-

Aldrich) was added to the film solution, and excess dye was removed by 

centrifugation (5 min, 13,000 rpm). The film solution was subjected to 

freezing and defrosting cycles (5 times) in liquid nitrogen and a water bath, 

respectively. The liposomal dispersion was extruded through a 200 nm filter 

using a mini-extruder at 60 °C (Avanti polar lipids, Albaster, AL). To add 

sulfhydryl functional group on the Lipo surface, amine-active Lipo, derived 

from DPPE, was treated with 5 mg 2-iminothiolane⋅HCl (Traut’s reagent, 

Pierce) for 2 h at 25 °C after adjusting the pH to ~8 with 1 M NaHCO3. 

 

1.2.3. Preparation of MB-Lipo particles 

 

  0.67 mL Thiol-active MBs (13 mg/mL), derived from DSPE-PEG-PDP, 

were mixed with 2 mL thiolated Lipo (10 mg/mL) by shaking for 2 h at room 

temperature. The reaction was monitored to pyridine-2-thione releasing by 



UV-Vis spectra.  The 30 mg MB-Lipo particles in aqueous solution (2 mL), 

containing an amine functional group, were reacted with sulfosuccinimidyl-4-

(N-maleimidomethyl) cyclo hexane-1-carboxylate (sulfo-SMCC, 5 mg, 

Sigma-Aldrich) for 3 h at 25 °C after adjusting the pH ~ 8.2 with 1 M 

NaHCO3, to activate maleimide functional group. This particle solution was 

then linked to appropriate antibodies using a general conjugation procedure. 

 

1.2.4. Doxorubicin (Dox), plasmid DNA (pGFP), and siRNA loading 

into MB-Lipo particles 

 

  Doxorubicin (Sigma-Aldrich) was incorporated into Lipos by the thin-film 

hydration and remote-loading method with an ammonium sulfate gradient. 

Lipid film (21.1 mg) was hydrated with 2 mL ammonium sulfate solution 

(250 mM), and the liposomal suspension was sequentially extruded 5 times 

through filters with pore sizes of 200 nm. The ammonium sulfate was 

removed by centrifugation (5 min, 13,000 rpm). At this point, ammonium 

sulfate ions were located only inside of Lipos. The liposomal dispersion and 

440 μM Dox (1:1, v/v) were mixed and incubated for 2 h at 60 °C. The 

mixture was washed to remove unloaded Dox, and the loading capacity of 

Dox in Lipos was determined by measuring the concentration of Dox in the 

supernatant by UV-Vis spectroscopy. LipoDox particles were then complexes 



with MBs as described above. To package plasmid GFP (pGFP) gene into 

Lipo, Lipo (21 mg) was lyophilized, and then homogenized with pGFP (10 

kbp, 34 nM) and protamine (PA, 7.5 kD, 18.8 μM) solution at ratio which was 

optimized by electrophoresis experiments, and was added to the Lipo powder 

(21 mg) and shaken for 5 min at 25 °C. The gene complex containing Lipo 

was washed 2 times through centrifugation (5 min, 13,000 rpm) to remove 

unloaded gene complex, and the loading capacity was measured by UV-Vis 

spectroscopy. Dox and therapeutic siRNA (siSTAT3, Thermo scientific) were 

incorporated into Lipos simultaneously using the same procedures described 

above for Dox and pGFP. All functional 20 mg Lipos (2 mL in PBS) were 

stored at 4 °C until further complexation with 0.67 mL of MBs (13 mg/mL) 

and conjugation with antibodies. The anchored antibodies were quantitative 

analyzed by general protein assay methods22. 

 

1.2.5. Phantom study for echogenicity of MB-Lipo particle system 

 

  The echogenicity of MB-Lipo (15 mg/mL) was evaluated using a phantom 

sample. The phantom was made using plastic connecting tube with inner 

diameter of 2 mm, locating in the chamber filled with water. Ultrasound 

scanner (iU22, Philips, Bothell, WA, USA) equipped with 5-12 MHz 

broadband linear probe was used for imaging. 



 

1.2.6. Transfection of pGFP into cells using MB-Lipo particle 

system 

 

The day before transfection, 3 × 104 cells were seeded in the wells of a 

48-well plate (BD Falcon) or confocal 4-well plate (Lab-tex, NY, USA).

HER2-MB-LipopGFP (DPPC : 2.1 mM, pGFP : 0.68 nM) was added to cells 

in culture media containing 10 % fetal bovine serum (FBS). Following 1 h 

incubation, HER2-MB-LipopGFP were washed away with PBS solution.

For flash application, a clinical ultrasound scanner (iU22, Philips, Bothell, 

WA, USA) with a 5-12 MHz broadband linear probe was used. The probe

was placed in topside of the well plate, and flash pulses (MI : 0.61) were 

applied for 1 min. The cells were washed twice with culture media and 

cultured for 2 days. 

 

1.2.7. Cell cytotoxicity assay 

 

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay kit 

(Invitrogen) was used to evaluate cell viability in the presence of MB-Lipo 

particles. SkBr3 breast cancer cells (ATCC, VA, USA) were cultured in 

RPMI supplemented with FBS (10 %) and penicillin and streptomycin 



(1 %). Cells were maintained at 37 °C in a humidified atmosphere 

containing 5 % CO2. At confluence, the cells were washed, trypsinized, and

re-suspended in culture media. Cells were then seeded at a concentration of 

5,000 cells/well in a 96-well tissue culture plate and allowed to grow

overnight at 37 °C under 5 % CO2. Various MB-Lipo particle solutions were 

added at different concentrations into the culture media, and the cells were 

allowed to grow for another 24 h. To test for cell viability, culture media 

were replaced with MTT solution. After 3 h of incubation at 37 °C under 

5 % CO2, MTT solubilization solution was added to dissolve the resulting

formazan crystals. Readings were measured spectrophotometrically at a 

wavelength of 570 nm, with background absorbance at 690 nm, to 

determine cell viability. 

 

1.2.8. Tumor rabbit model 

 

This study was approved by the Animal Care Committee of Seoul 

National University Hospital (IACUC No. 12-0315) and was performed in 

accordance with local ethical guidelines. A total of 9 adult New Zealand 

white rabbits (Biogenomics, South Korea), weighing 2.5-3.0 kg each, were 

used in this experiment. Rabbits were anesthetized with an intramuscular

injection of ketamine hydrochloride (25 mg/kg; Ketalar, Yuhan Yanghang, 



South Korea) and 2 % xylazine hydrochloride (10 mg/kg; Rompun, Bayer 

Korea). The abdomen of the rabbit was shaved and prepared with povidone 

iodine. Laparotomy was performed with a 2 cm left paramedian incision to

expose the left kidney. An 18-gauge needle consisting of a cannula and a 

core was used for tumor implantation, and one VX2 tumor fragment was 

placed into the lumen of the cannula. The puncture needle was directly

inserted into the sub-capsular parenchyma of the left kidney, and the tumor 

fragment in the lumen of the needle was pushed out the core23. After light

pressure on the implantation point to prevent bleeding and leakage of tumor 

tissues, the left kidney was returned to the abdominal cavity, and the 

abdomen wall was closed in double layers. All the procedures were 

performed aseptically, and tumors were allowed to grow for 2-3 weeks to 

reach a size of 15-30 mm in diameter. 

 

1.2.9. Treatment with therapeutic MB-Lipo particle to the in vivo 

rabbit model  

 

Trans-catheter intra-arterial administration of 1 mL HER2-MB-

LipoDox+siSTAT3 (15 mg/mL) was performed under fluoroscopic guidance by a 

interventional radiologist who had > 10 years of experience in the procedure. 

The same anesthesia protocol as with VX2 tumor implantation was used.



An 18-gauge catheter (BD Angiocath Plus with intravenous catheter, Becton 

Dickinson South Korea) was inserted into the right central auricular artery 

for arterial access, and a 2.0-Fr micro-catheter (Progreat, Terumo, Japan) 

was advanced along the 18-gauge catheter to the descending aorta by way of 

the external carotid artery. The central auricular artery is the major artery 

supplying blood to the rabbit ear. It lies in the central region of each ear and 

runs along the rostral edge of the ear24. As the central auricular branch lies 

beneath a thin skin sheet, it can be used to detect the left renal artery. Thus, 

angiography was performed to identify the renal arterial anatomy and the 

branching arteries feeding the tumor. When the catheter was advanced to an 

adequate position in the left renal artery, the prepared MB solution was 

infused through the catheter at rate of 6.6 mL/min (1.5 min) using an 

infusion pump (Genie Plus, Kent Scientific Corporation, Torrington, CT, 

USA) to avoid retrograde reflux of the injected materials out of the renal 

artery. After completing the intra-arterial injection, the microcatheter was 

removed from the auricular artery, and the puncture site was compressed

manually for 90 s. 

 

1.2.10. Ultrasound imaging and applying of flash in vivo 

 

Before and during delivery of HER2-MB-Lipo through catheter, a 



genitourinary radiologist with > 20 years of experience in renal ultrasound 

imaging performed the ultrasound imaging. All ultrasound imaging was 

performed with an iU22 Ultrasound scanner (Philips Healthcare, Bothell, 

WA, USA) equipped with a 5-12 MHz broadband linear transducer. One 

minute after starting of HER2-MB-Lipo injection through an infusion pump, 

flashes with mechanical index (MI) of 0.61 were performed during 5 

minutes with pulse width of 3 s. 

 

1.2.11. Magnetic resonance (MR) imaging of tumors 

 

The pre-procedural MR images were acquired to evaluate presence of 

tumor and its size. All images were acquired on a 3.0-T clinical MR scanner 

(MagnetomVerio; Siemens Healthcare, Erlangen, Germany) using an 8-

channel knee coil (In vivo, Gainesville, FL, USA). T2-weighted coronal 

True FISP images were obtained covering the both kidneys with following

parameters: repetition time (TR), 5.52 ms; echo time (TE), 2.76 ms; matrix, 

256×256; flip angle, 66 degrees; slice thickness, 2 mm (25 slices); number 

of averages, 2; bandwidth of 501 Hz/pixel; and the field of view (FOV), 

150×150 mm. A T2-weighted axial turbo spin echo (TSE) images were also 

obtained by using following parameters: TR, 5645 ms; TE, 87 ms; matrix,

512×358; flip angle, 144 degrees; slice thickness, 3 mm (35 slices); echo 



train length (ETL), 14; number of averages, 2; bandwidth of 250 Hz/pixel; 

and the FOV, 130×130 mm. T1-weighted axial turbo spin echo (TSE)

images were also obtained with TR, 628 ms; TE, 9.1 ms; matrix, 512×369; 

flip angle, 140 degrees; slice thickness, 3 mm (35 slices); ETL, 4; number of 

averages, 2; bandwidth of 376 Hz/pixel; and the FOV, 130×130 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.3. Results and Discussion 

 

1.3.1. Preparation of functional MB-Lipo particles 

 

Microbubble (MB) and liposome (Lipo) were prepared in separate 

processes. MBs were synthesized from phospholipids and cholesterol (scheme 

1-1, 1-2). A phospholipid film was produced by lyophilizing a mixture of 

phospholipids and cholesterol. The film was redissolved in aqueous buffer 

under mechanical vibration and SF6 gas bubbling, which resulted in the 

formation of MBs filled with hydrophobic SF6 gas. During this process, a 

relative hydrophobic dye (G, fluorescein isothiocyanate/ FITC) that was 

incorporated into the MB shells also was added. The prepared MBs had a 

spherical shape with a mean diameter of ~ 1.5 μm (Fig. 1-1a, e). In a similar 

way, Lipos were synthesized from a phospholipid lipid film. Instead of 

employing gas bubbling, we used sonication to produce small vesicles filled 

with water. During this process, a relative hydrophilic red fluorescent dye (R, 

Texas Red) was loaded into the Lipo core. The mean diameter of Lipos was ~ 

200 nm as measured from cryo-tansmission electron microscopy (cryo-TEM) 

and dynamic light scattering (DLS) (Fig. 1-1a, e). To assemble the MB-Lipo 

particles, Lipos were further terminated with sulfhydryl (-SH) group and 

mixed with thiol-active MBs (scheme 1-3). Antibodies against human 



epidermal growth factor receptor 2 (HER2) were then anchored onto the MB-

Lipo particles (1.6 μM HER2 antibody per 21 mM 1,2-Dipalmitoyl-sn-

glycero-3-phophatidylcholine of particles). Confocal microscopy (Fig. 1-2a) 

and UV-Vis spectroscopy (Fig. 1-2b) confirmed the formation of MBG-LipoR 

particles, which were included green fluorescent dye (FITC) and red 

fluorescent dye (Texas red). After disulfide bond formation, pyridine-2-thione 

molecule was released from the DSPE-PEG(2000)-PDP, which can be 

detected by 2 peaks at 270 and 340 nm by UV-Vis spectroscopy. DLS further 

confirmed that the structure integrity of MB and Lipo were maintained after 

the linking and antibody conjugation procedures (Fig. 1-1e). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Scheme 1-1. Preparation of functional microbubble (MB), liposome (Lipo). 



 

 

 

 

Scheme 1-2. Preparation of functional MB-Lipo and HER2-MB-Lipo. 

 



 

 

 

 

 

Scheme 1-3. Synthetic procedure to prepare HER2-MB-Lipo. 

 

 

 



 

Figure 1-1. Characterization of MB-based complexes. Results of the shape 

and size analysis of Lipo, MB, MB-Lipo and HER2-MB-Lipo determined by 

cryo-TEM (a), microscopy (b-d), and DLS (e) 



The HER2-MB-Lipos’ echogenicity was evaluated, i.e., the capability of 

the particles to return US signals. Phantom samples were prepared by filling 

plastic tubes with HER2-MB-Lipos or commercial agents (SonoVue®, 

Bracco, Milan, Italy), and placed in a water bath. Samples were then imaged 

with a clinical US scanner (iU22, Philips, Bothell, WA, USA). The acoustic 

pressure, measured by the mechanical index (MI), was MI : 0.08. HER2-MB-

Lipo generated a high contrast against the background (Fig. 1-3a); its 

performance was comparable to that of SonoVue®, which confirmed the 

feasibility of using HER2-MB-Lipo as US contrast agents. At elevated 

acoustical pressure (MI : 0.61, flash mode), MBs of HER2-MB-Lipos 

underwent bursting disintegration, which could be observed by a decrease of 

their signal intensity (Fig. 1-3b). For example, the signal from HER2-MB-

Lipos gradually reduced with consecutive application of flash pulses; signal 

disappeared after 8 pulses. Furthermore, the HER2-MB-Lipo was stored in 

vials filled with SF6 gas and demonstrated sustained signal intensity during a 

2-week storage period (Fig. 1-4a), while samples in vacant vials showed 

decreasing intensity over time (Fig. 1-4b). 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1-2. Characterization of MB-based complexes. Synthetic results of 

HER2-MB-Lipo analyzed by CLSM (a). Reaction results of MB with Lipo 

and antibody conjugation confirmed by UV-vis spectrometer (b, c) 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1-3. Phantom study for echogenicity of HER2-MB-Lipo (a) and 

destruction by flash (b).  

 

 

 

 

 



 

 

 

 

 

Figure 1-4. Phantom study for the stability of echogenicity in HER2-MB-

Lipo. 

 

 



1.3.2. Cancer cell targeting and enhanced intracellular delivery of 

Lipos 

 

MB-Lipo particles could be exploited to significantly improve the delivery 

of Lipos into cells; burst of MBs at the flash mode not only released the 

attached Lipos, but also enhanced the permeability of the cell membrane 

(sonoporation) for more efficient Lipos uptake (scheme 1-4)25-27. Such effects 

were first investigated in vitro. Dual fluorescent MBG-LipoR particles (MBG, 

green; LipoR, red) were prepared, and further conjugated with HER2 antibody 

(HER2-MBG-LipoR). The particles were incubated with breast cancer cells 

(SkBr3) that over-express HER2. Confocal microscopy showed a highly 

selective cell targeting (Fig. 1-5). Before the application of US flash (t = 0), 

both green (MB) and red (Lipo) fluorescence signals were observed on the 

outer cell membrane, as MB-Lipo particles were not taken up by the cells 

presumably due to the large size of MBs (Fig. 1-5b). 

 

 

 

 

 

 



 

 

 

 

 

 

 

Scheme 1-4. Schematic procedure of targeting cells with HER2-MB-Lipo and 

inducing uptake of materials by external sonic stimulation, sonoporation, into 

cells. 

 

 

 

 

 



 

 

 

 

Figure 1-5. Comparison of delivery propensity by type of particle and 

ultrasound. CLSM results of SkBr3 cancer cell treated by MBG-LipoR (a), 

HER2-MBG-LipoR (b), and HER2-MBG-LipoR with flash (c). 

 

 



The targeted cells were then exposed to US activation. I placed a 5-12 MHz 

linear probe into the culture dish, and applied US pulses for 1 min (MI : 0.61, 

flash mode). After the flash, both green and red fluorescence inside the cells 

were observed (Fig. 1-5c). With burst of MBs, both fluorescent dyes were 

released and subsequently transported into the cytoplasm. Note that MB-Lipos 

remained on the cellular membrane in the absence of US flash. MBG-LipoR 

particles without HER2 antibody were barely taken to nearby cells (Fig. 1-5a). 

 

1.3.3. Application of MB-Lipo particle system as gene transfection 

agents 

 

 MB-Lipo particles were next utilized as a gene transfection vehicle. I 

reasoned that the synergistic effect of MB bursting (i.e., Lipo release and 

sonoporation) would significantly enhance the transport of Lipos that carry 

target genes. To test this hypothesis, cancer cells were transfected with 

plasmid green fluorescent protein (pGFP, 10 kbp) genes. To increase pGFP 

loading efficiency into the Lipos, the plasmid was complexed with protamine 

(PA, 7.5 kD)28-30. The optimal PA-pGFP complex ratio was 20 μM PA and 34 

nM pGFP (600 PA molecules per pGFP) (Fig. 1-6a). The complex was 

efficiently loaded into the Lipo with ~ 95 % loading capacity which was 

prepared from this lipid film, and attached to MBs (Fig. 1-6b). 



 

 

 

Figure 1-6. Electrophoresis results for optimizing the conjugation reaction of 

PA and pGFP for gene delivery study (a) and UV-vis spectrometer results of 

pGFP content of original before loading reaction pGFP into liposome (black 

line) and supernatant after loading reaction (red line) (b). 

 

 



MB-LipopGFP particles were further derived with antibodies (HER2-MB-

LipopGFP) for cell targeting. Figure 1-7 summarizes pGFP gene transfection 

using the MB-Lipo particles with red fluorescent dye. Cancer cells (SkBr3) 

were treated with HER2-MB-LipopGFP (1 h), followed by the application of 

US flash (MI : 0.61) for 1 min and culture. Control samples were prepared in 

a similar manner, but using particles without antibody (MB-LipopGFP). 

Microscopy analyses (48 h post flash) confirmed target-specific gene 

transfection; bright green fluorescence was observed in cells targeted with 

HER2-MB-LipopGFP, while the control had negligible signal. Furthermore, 

MB-Lipo particle system displayed a higher transfection efficiency (~ 60 %) 

than a commercial agent (Lipofectamine, Invitrogen). By changing the 

antibody, also different cell types could be transfected with high yields. For 

example, cardiac fibroblasts (CFts), which are known to be difficult to 

transfect as a primary cell line, expressed high levels of green fluorescence 

when targeted with CD29-specific MB-LipopGFP and stimulated with US flash 

(not showed). 

 

 

 

 

 



 

 

Figure 1-7. In-vitro study of particles with pGFP for gene delivery study. 

CLSM results of SkBr3 cancer cell non-treated (a) and treated HER2-MB-

LipopGFP with flash (b). (G: green, R: red, B: bright field, D: dapi, M: merge) 



1.3.4. Therapeutic application of MB-Lipo particle system as a 

delivery system for anticancer drugs and siRNA 

   

The MB-Lipo particle system could serve as a versatile platform for disease 

treatment, as different therapeutic agents could be incorporated into liposomes. 

As a proof-of-concept, particles loaded with doxorubicin (Dox), an anticancer 

drug were prepared. Dox could be easily incorporated into the hydrophilic 

core of the Lipo particles using an ammonium sulfate gradient31. The Dox 

loading capacity was ~ 88.7 %, as determined by UV-Vis spectroscopy (Fig. 

1-8a). Following the 1-hour incubation of cancer cells (SkBr3) with HER2-

MB-LipoDox (total Dox dose, 0.19 μM), the cells were treated with US flash 

(MI : 0.61). The drug was efficiently penetrated into the cell nucleus (Fig. 1-

8b), leading to significant cell death (35 % viability, 120 h post flash) (Fig. 1-

10a, Table 1). In contrast, cells incubated with free Dox (0.19 μM, 1 h) 

showed 90 % viability when monitored 120 hours after the treatment. The 

MB-Lipo particles could also be used to deliver siRNA for therapeutic 

applications. As an example, Lipo was loaded with a tumor suppressor siRNA 

for STAT3 (signal transducer and activator of transcription 3), a transcription 

factor involved in cell proliferation32, 33. As in the case with plasmid DNA, the 

siRNA for STAT3 (siSTAT3) was inserted into the Lipos after PA 

complexation (loading capacity, 95 %). Target cells (SkBr3) were incubated 



with HER2-MB-LipoSTAT3, followed by US flashing. With the delivery of 

siSTAT3 to SkBr3 cells, the STAT3 gene was indeed down-regulated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1-8. UV-vis spectrometer results of DOX content of original before 

loading reaction DOX into liposome (black line) and supernatant after loading 

reaction (red line) (a) and CLSM results of SkBr3 cancer cell treated HER2-

MB-LipoDOX particle without flash or with flash (b). 

 

 

 

 



 

 

 

 

 

 

 

Figure 1-9. In-vitro study of particles with siSTAT3 for gene delivery study. 

PCR (a, b) and western blot (c, d) results of control, SkBr3 cancer cell treated 

by free siSTAT3, and HER2-MB-LiposiSTAT3 particle with flash. 

 

 

 

 

 



 

 

 

 

 

Figure 1-10. In-vitro study of various particles with DOX (a), siSTAT3 (b), 

and Dox + siSTAT3 (c) for drug and gene co-delivery study. 

 

 

 

(a) (b)

(c)



The decrease of cyclin D1 and c-Myc gene expressions was also observed, 

which are involved in cell proliferation (Fig. 1-9a, b)34, 35. Such altered gene 

expression changed the cellular protein expression as well (Fig. 1-9c, d). The 

levels of STAT-3 and cyclin D2 both decreased, whereas caspase3, an 

indicator of apoptosis, increased36, 37. The overall cell viability after the siRNA 

delivery was ~ 51 % (120 h post flash) (Fig. 1-10b, Table 1). Figure 1-10 

summarizes the overall therapeutic efficacy of the MB-Lipo particle systems. 

Compared to free reagents (Dox, siSTAT3 or both), MB-Lipo agents 

combined with flash treatment displayed higher potency, which could be 

attributed to more efficient intracellular delivery of therapeutic agents. MB-

Lipo particles co-delivering both Dox and siSTAT3 led to the lowest cell 

viability (~25 %) from synergistic effect (Fig. 10c, Table 1). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Table 1. Summary of therapeutic effect by anticancer drug (DOX) and siRNA 

(siSTAT3) delivery. 

 

 

 

 

 



1.3.5. Theranostic application of MB-Lipo particle system in vivo 

 

 MB-Lipo particles were finally applied as theranostic agents in vivo. 

Namely, the particles were used to enhance US imaging contrast, as well as to 

enable US-mediated delivery of targeted gene and drug. For this 

demonstration, we established a rabbit renal tumor model by implanting VX2 

tumor cells on the rabbit renal parenchyma. Figure 1-11a showed a 

photograph of implanted VX2 tumor in rabbit kidney38. The implanted tumor 

expressed HER2 as measured by immunohistochemistry (Fig. 1-11b) and 

Western blotting (Fig. 1-11c). HER2-specific MB-Lipo was therefore used for 

cell targeting, and loaded with Dox and siSTAT3 for treatment. Prepared 

particles (HER2-MB-LipoDox+siSTAT3) were injected into the tumor sites 

through a catheter located in the left renal artery. Following the intra-arterial 

(IA) particle injection, US imaging revealed a tumor region with high contrast 

proffered by MBs (Fig. 1-12b). Subsequently, localized US pulses (flash, MI : 

0.61, 10 times) were applied to burst MBs and deliver therapeutic-Lipos. The 

destruction of MBs could be monitored in situ by observing the loss of 

echogenicity in the targeted region (Fig. 1-12c).  

 

 

 



 

 

 

 

 

 

 

Figure 1-11. VX2 tumor in kidney of a rabbit model. Photograph of 

implanted VX2 tumor in rabbit kidney (a). IHC staining (b) and western blot 

(c) results of normal and tumor tissue (VX2). 

 

 

 



 

 

 

 

 

 

 

Figure 1-12. Ultrasound images of the implanted tumor (VX2) region in a 

rabbit kidney via IA injection. Images before IA (a), after IA (b), and after 

flash (c). 

 

 

 

 

 

 

 



The accumulation of HER2-MB-LipoDox+siSTAT3 into tumor sites could be 

attributed to the combined effect of high permeability of tumor vasculature 

and active targeting. In tumor microenvironment, blood vessels are shown to 

be defective with large gaps between endothelial cells39, 40. HER2-MB-

LipoDox+siSTAT3 thus can leak from the vessels and enter into tumor interstitium. 

Coating MB-LipoDox+siSTAT3 with antibodies further improves the retention of 

MB-LipoDox+siSTAT3 in tumor via receptor- mediated active targeting41. Local 

co-delivery of therapeutic agents was validated by performing microscopy 

and PCR analyses on the tissues extracted 4 days after US flash. The tumor 

tissue showed intrinsic red fluorescence of Dox (Fig. 1-14a), and the 

expression of the target STAT3 gene was efficiently blocked by siSTAT3 (Fig. 

1-14b). Therapeutic effect was negligible in control cohorts, which was either 

non-targeted with particles (only flash treatment) or targeted but with no flash 

applied. I next sought to verify the therapeutic effect of MB-Lipo particle 

system on tumor growth. Figure 1-13a showed in-vivo study schedule of 

treating particles and imaging tumor for 10 days. HER2-MB-LipoDox+siSTAT3 

was administered into tumor sites on two separate days (day 1 and 5), and 

exposed to US flash. MR imaging was performed on days 0, 4 and 10 to 

analyze the tumor size and growth rate. Indeed, tumors that were treated with 

HER2-MB-LipoDox+siSTAT3 and US flash exhibited significantly decreased 

growth as compared to untreated tumors and tumors not exposed to flash (Fig. 



1-13b, c). Histology data on excised tumor further confirmed that the cell 

density of the treated tumors was lower than those of controls (Fig. 1-14c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1-13. In-vivo therapeutic application of HER2-MB-LipoDox+siSTAT3. In-

vivo study schedule of treatment and imaging for 10 days (a). MR images (b) 

on day 0, 4, and 10 and tumor volume changes (c) after administrating 

particles. The dotted circles (red) indicate the VX2 tumor region.  

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1-14. In-vivo therapeutic application of HER2-MB-LipoDox+siSTAT3. 

CLSM (a), PCR (b), and H&E staining results (c) of extracted tumor tissue 

after HER2-MB-LipoDox+siSTAT3 without flash or with flash. 

 

 

 

 

 



The bio-distribution of MB-Lipo particle system after targeting and US 

flash was determined by analyzing the presence of fluorescent dyes in the 

liver, lungs, kidneys, and tumor (Fig. 1-15). For this purpose, dual fluorescent 

HER2-MBG-LipoR was used, which were intravenous injected. Majority of the 

particles were found in the liver and lungs, independent of exposure to flash. 

However, following the application of flash at the tumor site, relative high-

intensity fluorescence was observed within the tumor, which showed a 3-fold 

increase as compared to the non-flash control. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 1-15. Bio-distribution of HER2-MBG-LipoR. Bio-distribution results 

of HER2-MBG-LipoR determined by CSLM after intra-arterial (IA) injection 

and quantified. 

 

 



1.4. Conclusions 

 

  Theranostic agents are a promising clinical application strategy for accurate, 

facile disease detection and treatment method. A hybrid theranostic agent for 

ultrasound (US) was herein reported, namely a microbubble and liposome 

complex (MB-Lipo) particle. Applying US for its detection as well as 

activation, I showed that the MB-Lipo platform has unique advantages over 

other theranostic modalities (e.g., photodyamic theraphy, magnetic 

hyperthermia). First, the detection modality enables real-time, deep tissue 

imaging, and the use of MBs significantly improves the signal contrasts. 

Second, the MB-Lipo particles can be remotely activated by the same US 

scanner (flash mode) during imaging; this capacity not only simplifies the 

required instrumentation, but also offers high spatiotemporal precision in 

treatment. Third, MB bursting with US pulses could amplify the intracellular 

delivery of therapeutic liposomes by temporarily increasing local cell 

membrane permeability (sonoporation). As a proof-of-concept, MB-Lipo 

particles have been synthesized and systematically characterized. Both MBs 

and Lipos were produced with FDA-approved phospholipids, to maximize the 

product’ biocompatibility for in vivo applications. As a contrast agent, MB-

Lipo particles yielded high US signal, similar to that of a commercial agent 

(SonoVue®). Enhanced drug delivery through US activation (flash pulses) 



was also validated. Importantly, the particles were proven to be a versatile 

platform for multi-functional operation. It can be rendered highly target-

specific by grafting affinity ligand, and many different types of agents (e.g., 

molecular drugs, genetic material) could be loaded together to enhance 

therapeutic efficacy. MB-Lipo particles were used to deliver plasmid DNA to 

cancer cells as well as to primary cells, achieving transfection efficiency 

higher than that of a commercial agent. The particles also showed a high 

efficacy in cancer detection and treatment. In an animal study, local tumor 

could be targeted with the particles, which was confirmed by concurrent US 

imaging. Subsequent application of US flash released therapeutic materials in 

a site-specific and time-specific manner. Such treatments, benefitting from the 

efficient delivery and high potency (combination of anticancer drug and 

therapeutic gene) of MB-Lipo particles, enabled a significant reduction in 

tumor burden. All these results validated the dual use of MB-Lipo particles as 

a US contrast agent and a therapeutic delivery vehicle. Going forward, I 

envision that the developed MB-Lipo particles could have broader 

applications. The developed technology could promote early detection and 

treatment response monitoring, eventually informing personalized medicine 

strategies. The platform could also be used in other diseases (diabetes or 

arteriosclerosis), wherein US imaging is already widely employed. To 

facilitate the MB-Lipo’ clinical translation, I plan to conduct the toxicology 



study as well as pre-clinical trial to evaluate its treatment efficacy42. 
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Chapter 2 

 

Particles for the ultrasound/MRI dual imaging 

and theranostics applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.1. Introduction 

 

One of the major advantages of theranostic materials is their ability to 

simultaneously perform multiple functions. A single particle can be used to 

diagnose a disease and to image cells.1-3 To date, most of the organic, 

inorganic, and compound theranostic agents developed contain polymer 

particles, magnetic nanoparticles, quantum dots, and novel metal substrates. 

While these theranostic agents exhibit multiple attractive properties, namely 

enhanced bio-availability with prolonged circulation time, preferential tumor 

accumulation owing to the enhanced permeability and retention (EPR) effect 

and imaging compatibility with existing detection modalities (e.g., magnetic 

resonance imaging or optical excitation), their clinical translation remains 

challenging.4-7 The potential toxicity of the constituent materials (especially 

the inorganic nanoparticles) raises significant safety concerns and 

toxicological evidence, all of which need to be carefully addressed prior to 

their clinical applications.8-10  

Microbubbles (micro-meter sized bubble, MBs) and liposomes (Lipos) are 

emerging biocompatible materials for cancer diagnosis and treatment, and 

therefore represent a safer alternative to conventional theranostic agents.11, 12 

By coupling MBs and Lipos as a complex, this concept material has been 

shown to achieve simultaneous ultrasound (US) imaging of cells as well as 



highly efficient targeted delivery of therapeutic loads.13, 14 Moreover, when 

integrated with super-paramagnetic iron-oxide nanoparticles, the assembly 

provided dual contrast in both magnetic resonance (MR) and US imaging.15 

While such formulation enabled multi-model imaging, the incorporation of 

inorganic particles reduces its biocompatibility and limits its clinical potential, 

as with conventional theranostic agents.  

  Herein, we report the preparation of a fully biocompatible and 

multifunctional hybrid complex comprising of MB, Lipo, and Fe3+ ion-

chelated melanin nanoparticles (MNPs) that can enable dual US-MR imaging 

as well as enhanced gene delivery. Leveraging on the high Fe3+ loading 

capacity of MNPs, the resultant complex achieves MR contrast from only 

biocompatible chemicals.16 The resulting complex particles generated high 

contrast under normal US illumination, as MBs oscillated and generated 

acoustic waves. For the delivery of therapeutic materials, we burst MBs in situ 

by applying higher acoustical pressure (US flash); this unloaded Lipos and 

MNPs from MBs as well as the temporarily permeabilized cellular membrane 

for efficient delivery.17, 18 We further functionalized the complex particles with 

antibody and showed (1) specific targeting to tumor cells and (2) US-

stimulated effective delivery of the linked MNPs and Lipos into the cells. 

After localized application of moderate to high acoustic pressure, we observed 

enhancements in both the MRI signal as well as the therapeutic effect by the 



internalized MNP and Lipo particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.2. Experimental Section 

 

2.2.1. Preparation of MB, Lipo, MNP (Fe), and their complexes 

 

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 15.4 mg), 

diacetyl phosphate (DCP, 1.0 mg), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE, 1.2 mg), 1,2-distearoyl-sn-

phosphoethanolamine-N-[PDP(polyethylene glycol)-2000] (DSPE-PEG-PDP, 

5.0 mg), and cholesterol (3.5 mg) were dissolved in 5 mL chloroform (99.9 %, 

Sigma-Aldrich, St. Louis, MO, USA). The mixed solution was allowed to 

evaporate for 5 min at room temperature and was then freeze-dried for 24 h at 

-45 °C to induce the formation of a phospholipid film. Subsequently, 2 mL of 

a solution containing glycerin, propylene, and H2O (volume ratio: 1:2:7) was 

added to the film and the solution was gently shaken. It was then transferred 

to a hermetic vial (Wheaton, NJ, USA) and vigorously mixed for 15 s with a 

mechanical high-speed shaking-device (KIMS, South Korea) during bubbling 

with SF6 gas. The prepared MB particle solution was stored in a refrigerator. 

Lipo was produced from a chloroform solution containing DPPC, DCP, DPPE, 

and cholesterol. The solution was evaporated and lyophilized as above. After 

adding 2 mL H2O, the lipid film underwent sonication for 5 min at 60 °C. The 

solution was subjected to a freeze-thaw cycle five times, using liquid nitrogen 



and a water bath. The prepared Lipo dispersion solution was extruded through 

a 200 nm filter at 60 °C (mini-extruder, Avanti polar lipids). To render green 

and red fluorescence, fluorescein isothiocyanate (1 mg, Sigma-Aldrich) and 

Texas red (1 mg, Sigma-Aldrich) were homogeneously added to the lipid 

mixed  solution before generating a film of MB and Lipo, respectively. The 

excess organic dyes were continually removed by centrifugation (5 min at 

13,000 rpm) and washing with H2O, until the color of the supernatant 

disappeared completely. To fabricate the sulfhydryl functional groups on the 

Lipo, 2 mL amine active Lipo (21 mg), derived from DPPE, was reacted with 

5 mg of 2-iminothiolane·HCl (Traut’ reagent, Pierce) for 2 h at room 

temperature, after adjusting the pH to 8.2 with 1 M NaHCO3. The 2 mL 

thiolated Lipo (10.5 mg/mL) and 1.5 mL MB (13.1 mg/mL) solutions were 

gently shaken for 2 h at room temperature and the complex reaction was 

monitored through calculating of the amounts of pyridine-2-thione in 

supernatant by UV-Vis spectroscopy. To prepare the MNP particles, 180 mg of 

dopamine hydrochloride was dissolved in distilled water at 50 °C and 780 μL 

of NaOH solution (1 M) was vigorously stirred. After 6 h, the color turned 

black and the solution was centrifuged (10 min at 20,000 rpm), and washed 

several times with distilled water. The MNP particles displayed a 

characteristic size (diameter ~ 100 nm), and showed uniform size distribution, 

as determined by TEM and DLS. In order to coordinate the Fe3+ ion, 4 mL of 



Fe(NO3)3·6H2O with the concentration range (2-10 μmol) was mixed with 10 

mL of the MNP dispersion solution (1 mg/mL). After stirring for 3 h, the 

solutions were centrifuged (10 min at 20,000 rpm), and the unbound Fe3+ ions 

in the supernatant solution were quantitatively estimated in order to determine 

the overall loading capacity. This was achieved with an inductively coupled 

plasma atomic emission spectrometer (ICP-AES). The thiolated MB-Lipo 

(called ML) complex solution (30 mg, 15 mg/mL) was homogeneously mixed 

with 1 mL of the MNP (Fe) solution (1 mg/mL) for 0.5 h at room temperature. 

The excess MNP (Fe) were removed by centrifugation (5 min at 13,000 rpm) 

and by washing the ML-MNP (Fe) complexes trice with distilled water. To 

increase the stability in aqueous environments, the resulting complex particle 

solution was treated with 2 mL of methoxypoly(ethylene glycol) (PEG-SH, 2 

kD, 0.5 mM) for 1 h at room temperature and the excess PEG-SH was 

removed by centrifugation (2 min at 13,000 rpm). The size and shape of the 

complex was characterized using SEM, TEM, and DLS measurements. In our 

preparation, all phospholipid chemicals were purchased from Avanti Polar 

Lipids and all other chemical reagents were purchased from Sigma-Aldrich. 

All chemicals were used without further purification. 

 

2.2.2. HER2 antibody conjugation 

 



  In order to fabricate with an active maleimide functional group, 2 mL of the 

ML-MNP(Fe) particle solution (14.9 mg/mL) containing an amine functional 

group was reacted with sulfosuccinimidyl-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (Sulfo-SMCC, 5 mg, Sigma-Aldrich) for 3 h, after 

adjusting the pH to 8.2 with a 1 M NaHCO3 solution. The maleimide moiety 

was then linked to the appropriate HER2 half antibody using a general bio-

conjugation procedure. The antibody-harboring particles were quantitatively 

analyzed using a typical protein estimation assay. 

 

2.2.3. Cell toxicity assay 

 

  A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay kit 

(Invitrogen) was utilized to evaluate the cell viability in the presence of the 

ML-MNP(Fe) particles. The SKBR3 cells (ATCC, VA, USA) were cultured in 

RPMI supplemented with 10 % FBS, penicillin, and 1% streptomycin. Cells 

were maintained at 37 °C in a 5 % CO2 incubator. The cells were washed, 

trypsinized, and re-suspended in the culture medium after they achieved the 

desired 80 % confluence. The cells were then seeded at a concentration of 

5,000 cells/well in a 96-well tissue culture plate and allowed to grow 

overnight in a CO2 incubator. Various concentrations of the ML-MNP (Fe) in 

1 mL PBS buffer solution were added to cell culture solution and the cells 



were allowed to grow for another 24, 48, and 72 h, respectively. To determine 

the cell viability, the culture medium was replaced with an MTT solution. 

After 3 h of incubation inside a CO2 incubator, the MTT solution was added 

to dissolve the resulting formazan crystals. The cell viability was determined 

spectrophotometrically at 570 nm, with a background subtraction at 690 nm. 

 

2.2.4. US phantom study 

 

  The echogenicity of HER2-ML-MNP (Fe) was evaluated using a phantom 

sample. This solution was made using a plastic connecting tube with an inner 

diameter of 2 mm, located in a chamber filled with water. 9 mg of the 

particles or SonoVue® solution in 2 mL PBS were passed through the plastic 

tube at 0.1 mL s-1. An ultrasound scanner (iU22, Philips, Bothell, WA, USA) 

equipped with a 5-12 MHz broadband linear probe was used for imaging 

(Mechanical Index, MI : 0.08). 

 

2.2.5. Phantom and in vitro MR study 

 

  For a T1 weighted (T1-w) MR phantom study, various concentrations (0-

1000 nM, [Fe] or [Gd]) of HER2-ML-MNP (Fe) or Gadovist® were prepared 

by fusing these into a 0.5 % agarose gel (1:1 volume ratio). To test in vitro 



MR imaging, a 3 μM [Fe] concentration of the particles were incubated with 

HER2-positive SkBr3 and HER2-negative MCF7 cells for 1 h inside a 5 % 

CO2 incubator. Subsequently, a US probe was placed in the backside of the 

well plate and 6 flash pulses (MI : 0.61) were applied for 1 min. The excess 

particles were removed by washing the cell culture with the culture media, 

and the treated cells were detached by trypsinization and subsequently 

centrifuged at 3,000 rpm. All T1-w MR images were acquired on a 3.0-T 

clinical MR scanner (Philips medical system, Netherland, archieva Release 

3.2.1.0 version). Axial and coronal T1-w images were obtained with a TR 400 

ms, a TE 10 ms, a 240 × 240 matrix, a flip angle 90 degrees, a slice thickness 

3 mm, number of averages with 4, bandwidth 115 Hz/pixel and the FOV of 

120 × 120 mm. 

 

2.2.6. siSurv incorporation and cell treatment 

 

To prepare Protamine (PA, 7.5 kD) and siRNA complex, the siSurv gene 

(50 μM) and different concentration of PA solutions (10-80 μM) were 

incubated for 1 h at room temperature using plate shaker. And it was 

optimized that the ratio of PA and siSurv concentration was 40 and 50 μM, 

respectively. To generate liposome incorporation, the fresh PA and siSurv 

complex solution was homogenized into Lipo powder (21 mg, 2 mL) for 5 



min at room temperature, using electrophoresis. The Lipo-harboring siSurv-

PA was washed twice with centrifugation (5 min at 13,000 rpm) to remove the 

unloaded gene complex and the loading capacity was then estimated with a 

UV-vis spectrophotometer. The 10.5 mg LiposiSurv dissolved in 1 mL aqueous 

solution was reacted with Traut’s agent (5 mg) for thiolation of DPPE and 

sulfhydryl terminated Lipo complex were mixed with thiol active MB 1 mL 

aqueous solution (13 mg). And the MLsiSurv solution was progressed to MNP 

(Fe) and antibody conjugation according to above particle preparation 

procedure. Subsequently, 3 × 104 cells were seeded onto a 48-well plate (BD 

Falcon) and HER2-MLsiSurv-MNP (Fe) (1 mg) in 0.5 mL PBS were added to 

the cells in the culture medium containing 10 % FBS. Following 1 h of 

incubation, the excess particles were washed out with a PBS solution. For 

flash application, the clinical US scanner probe was placed at the back of the 

48-well plate and flash pulses (MI : 0.61) were applied for 1 min. The treated 

cells were also washed twice with the culture medium, and then subcultured 

for 2 days. 

 

 

 

 

 



2.3. Results and Discussion 

 

2.3.1. Preparation of functional HER2-ML-MNP (Fe) complex 

 

Scheme 2-1 demonstrated preparation process of the HER2-ML-MNP (Fe) 

complex. The HER2-ML-MNP (Fe) complexes were synthesized by a three-

step chemical reaction; an MB-Lipo hybrid reaction, MNP (Fe) anchoring, 

and antibody conjugation (scheme 2-1). For the ML preparation (scheme 2-1-

i), DSPE-PEG-SPDP in MB was cross-linked with the sulfhydryl groups after 

the thiolation of Lipo-DPPE, and the complete hybrid reaction was confirmed 

by the detection of pyridine-2-thione as a leaving chemical group with a UV-

vis spectrometer. MNP (Fe) was attached to the thiolated Lipo (scheme 2-1-ii), 

which was further treated with HS-PEG chemicals in order to increase the 

solubility in aqueous environments. Finally, to render specificity to the 

complexes, the HER2 half antibody (HER2) was bound to the maleimide 

functional group on the MB and Lipo after reaction of the Sulfo-SMCC with 

DPPE (scheme 2-1-iii). Figure 2-1 elucidated characterization of MBs, Lipos 

and MNP (Fe)s. The spherical shape of the MBs and Lipos was confirmed 

with a microscope (Fig. 2-1b) and a cryo-transmission electron microscope 

(cryo-TEM) (Fig. 2-1a). The synthesized MBs and Lipos were spherical, with 

an average diameter of ~ 1.3 mm and ~ 200 nm, respectively. The resulting 



spherical MNP had an average diameter of ~ 100 nm and a regular size 

distribution. Fe3+ ion chelated MNP, MNP (Fe) showed a spherical shape, as 

evident from the TEM analysis (Fig. 2-1c) and the intensity of the iron metal 

bound to the MNP surface (Fig. 2-1c, inset) was mapped by scanning 

transmission electron microscopy (STEM)  (Fig. 2-1c, right-up). The 

qualification analysis was also conducted with STEM equipped with EDX, 

and several energy-dispersed peaks indicated the presence of iron metal (Fig. 

2-1c, right-bottom, relevant peaks are marked with red arrows). MNPs were 

chelated with Fe3+ ions onto the o-dihydroxyl group of the catechol unit on the 

MNP surface. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Scheme 2-1. Synthetic procedure to prepare the functional HER2-ML-MNP 

(Fe) complex. 

 

 

 

 



 

 

 

 

Figure 2-1. Characterization of MB, Lipo, and MNP (Fe). Microscope images 

of MBs (a) and cryo-TEM images of Lipo (b). STEM images of MNP (Fe). 

 

 

 



 

 

 

 

 

Figure 2-2. Characterization of HER2-MGLR-MNP (Fe). Microscope (a), 

CLSM (b), and SEM images of HER2-MGLR–MNP (Fe) (c). 

 

 

 



The HER2-MGLR-MNP (Fe) was characterized the shape by optical 

microscope (Fig. 2-2a). After all synthetic procedures, the morphology of the 

complex was maintained. The MB and Lipo cores comprise of a hydrophobic 

gas phase and a hydrophilic aqueous phase, respectively. During the 

preparation, I also added a hydrophobic dye (fluorescein isothiocyanate, G) 

for localizing the alkyl chain of the MB shell, and a red hydrophilic dye 

(Texas Red, R) for incorporation into the aqueous Lipo core (Fig. 2-2b). The 

red and green organic dyes incorporated into the Lipo and MB complexes 

were characterized with a confocal laser scanning microscope. The MB 

revealed a hollow sphere due to the core SF6 gas, and the Lipos around the 

green MB were indicated by small red dots (Fig. 2-2b, inset). Scanning 

electron microscope (SEM) results explained ML complex was bound with 

MNP (Fe) (Fig. 2-2c). There were rarely MNPs (Fe) seperated from ML 

complexes. 

The average diameter of the ML was approximately 1.6 µm. Subsequently, 

the synthesized MNP (Fe) was attached onto the excess sulfhydryl moiety 

present on the Lipo of the ML complex, via a Schiff’s base or a Michael 

addition reaction.19 The ML-MNP (Fe) complexes were treated with methoxy-

poly(ethylene glycol) (PEG-SH, 2 kDa) to increase their solubility in aqueous 

buffers. For specific cancer cell targeting by the ML-MNP (Fe) complexes, an 

antibody against human epidermal growth factor receptor 2 (HER2) was 



introduced to the particles by a typical half-antibody conjugation procedure, 

and the anchored antibodies were quantitatively analyzed by a protein 

determination method (not shown, 70 nM HER2 antibody per mM DPPC of 

the particle).20, 21  

The size of the synthesized materials slightly increased according to 

reaction steps (Fig. 2-3). These results showed that the synthesized products 

were prepared as designed. 

To test the chelating capacity of Fe3+ ions onto the melanin nanoparticle 

(MNP), Fe(NO3)3·6H2O was dissolved in distilled H2O at various 

concentrations (2-10 µmol), and then mixed with 1 mL of the solution with 

dispersed MNPs (1 mg/mL). The amount of loaded Fe3+ ions was determined 

directly by ICP-AES analysis (Fig. 2-4a). Fe3+ ions were maximized to ~ 3 

µmol loading capacity per mg of MNP, while treating with 8 µmol of Fe3+ ion 

solution. More importantly, the chelated Fe3+ ions should not release from the 

MNP at various pH levels that meant sustaining ability for a contrast agent. 

An extremely low amount of Fe3+ ions was detected (< 5 %) after 3 days of 

stirring at various pH levels (4, 7, and 10), according to the ICP-AES analysis 

(Fig. 2-4b). These results indicated that MNP (Fe) had good safety to avoid 

side effects further in vitro study. 

 

 



 

 

 

 

 

 

 

 

Figure 2-3. DLS results of MNPs, Lipos, MBs, MLs, and HER2-ML-MNP 

(Fe) complexes. 

 

 

 

 

 



 

 

 

 

Figure 2-4. Chelating capacity (a) of Fe3+ ions onto the MNP by ICP-AES 

and releasing test (b) of chelated Fe3+ on the MNP at various pH and for 3 

days. 

 

 



 

 

 

 

 

 

Figure 2-5. Characterization of cancer cells treated by fluorescent complexes. 

CLSM results of MCF7 (a) and SkBr3 (b) treated by HER2-MGLR-MNP (Fe). 

CLSM results of SkBr3 treated by MGLR-MNP (Fe) (c) or HER2-MGLR-MNP 

(Fe) (d) with US flash treatment. 

 

 

 



2.3.2. Cancer cell targeting and enhanced intracellular delivery 

 

To investigate the specific targeting ability and uptake enhancement by US 

stimulation, the prepared particles were incubated with breast cancer cells 

(Fig. 2-5). The cells were treated with HER2-MGLR-MN P(Fe)-HER2 solution 

(1 mL, 0.33 mg/mL PBS buffer) for 1 h at 37 oC inside a 5% CO2 incubator. 

Green and red fluorescent HER2-MGLR-MNP (Fe) recognized the Her2 

receptor highly expressed in breast cancer cells (SkBr3) compared with 

negative cells (MCF7, Fig.2-5a, the blue color indicates the DAPI-stained 

nucleus). The HER2 conjugated complexes were present on the cell 

membranes (Fig. 2-5b). The non-antibody conjugated MGLR-MNP (Fe) treated 

SkBr3 cells rarely showed fluorescence (Fig. 2-5c) after exposure to US flash 

(MI : 0.61). But HER2-MGLR-MNP (Fe) treated SkBr3 cells with US flash 

exhibited the meaningful fluorescent intensity into the cell cytosol (Fig. 2-5d). 

During the treatment, the complexes adhered just to the cell membrane and 

not penetrated into the cytoplasm due to the large-sized MBs. However, the 

HER2-MGLR-MNP (Fe) could be exploited to significantly improve the 

delivery of Lipos and MNPs (Fe) into cells; burst of MBs at the flash mode 

not only released the attached Lipos and MNPs (Fe), but also enhanced the 

permeability of the cell membrane (sonoporation) for more efficient particle 

uptake.22 Enhancement of the uptake efficiency via specific targeting based 



US flash illumination was illustrated (Fig. 2-6). HER2-ML-MNP (Fe) can 

exhibit specific targeting effect to HER2 positive SkBr3 and attach onto these 

cells. After US flash (MI : 0.61) for 1 min, the MB of the complex was 

quickly destroyed and it released the Lipo- and MNP (Fe)-linked materials 

into the cell. Furthermore, the destructive forces of the MB introduced pores 

(~ 220 nm in diameter) into the cell membrane, which eventually soaked up 

the linked material (Fig. 2-6a, b). Effective uptake of MNP (Fe) into SkBr3 

was analyzed by bio-TEM. As a control, MCF7 cells expressing very low 

levels of the HER2 receptor were treated with the complexes under the same 

condition. The rare MNPs (Fe) were found into the cell cytosol owing to non-

specific endocytosis (Fig. 2-7a, b).23 The green and red fluorescent organic 

dyes from MB and Lipo that were located cytosol after exposing flash were 

quantitatively analyzed using FACS (Fig. 2-6c, 7c). In the case of SkBr3, 

higher intensity was observed. 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 2-6. Enhancement of the uptake efficiency via specific targeting based 

US flash illumination. Scheme (a), bio-TEM (b), and FACS (c) results of 

SkBr3 treated by HER2-MGLR-MNP (Fe) with US flash. 

 

 

 

 



 

 

 

 

 

 

Figure 2-7. Enhancement of the uptake efficiency via specific targeting based 

US flash illumination. Scheme (a), bio-TEM (b), and FACS (c) results of 

MCF7 treated by HER2-MGLR-MNP (Fe) with US flash. 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-8. In vitro cytotoxicity assay of HER2-ML-MNP (Fe). Cell viability 

of SkBr3 treated by the complex of various concentrations (0-0.66 mg/mL) 

and US flash.  

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-9. In vitro cytotoxicity assay of HER2-ML-MNP (Fe). Western 

blotting results of SkBr3 treated by the complex of the concentration (0.66 

mg/mL) and US flash. 

 

 

 



2.3.5. In vitro cytotoxicity assay 

 

The cell viability after targeting and flash treatment was determined using a 

typical cell proliferation assay (3-(4,5-dimethylthiazol- 2-yl)-2,5-

diphenyltetrazolium bromide, MTT), where we measured the effects of 

complex concentration and incubation time. HER2-ML-MNP (Fe) and US 

flash treated-cells showed a viability > 90 % (Fig. 2-8). I further investigated 

the biocompatibility of the complex through an assessment of cellular 

organelle functions [e.g., the voltage-dependent anion channel, (VDAC; 

mitochondria function-related protein), Nucleoporin p62 (a protein complex 

associated with the nuclear envelope), and the anti-apoptotic protein BAD 

(Bcl-2-associated death promoter)] (Fig. 2-9). All markers elicited similar 

expression levels in the treated and the non-treated control cells, and the US 

flash stimulation did not cause any cytotoxicity or functional abnormality. 

(All experiments were performed in triplicate) 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-10. US phantom study for the comparison of echogenicity of 

contrast agents (a) and monitoring of MB cavitation under US flash (b). 

 

 

 

 

 



2.3.6. In phantom study of HER2-ML-MNP (Fe) as dual US-MR 

contrast agents  

 

After loading the US phantom plastic-tubes, the synthesized HER2-ML-

MNP (Fe) displayed an echogenicity and intensity similar to that of a 

clinically used US contrast agent (SonoVue®) at the same concentration of 

phospholipids (DPPC, 10.5 mM) under the US imaging mode (MI : 0.08) (Fig. 

2-10a, b left). The echogenicity disappeared gradually after US flash 

application (MI : 0.61) (Fig. 2-10b right). I found that the prepared complexes 

were destroyed within 6 flash treatments. The longitudinal relaxivity (r1) 

value of the prepared HER2-ML-MNP (Fe) and a clinically used T1 MR agent 

(Gadovist®) using a 0.47-T magnetic relaxometer (mq20, Bruker) was 

compared (Fig. 2-11a). The longitudinal relaxation times were measured at 

various concentrations of the metal ion, which was also calculated accurately 

using ICP-AES analysis. The complex solution showed a 2-fold higher r1 than 

Gadovist. According to the Solomon-Bloembergen-Morgan (SBM) theory, a 

second-sphere of water molecules and oxygen atoms in the Fe3+ chelated 

catechol complexes increases r1, and the nanoparticulate character of MNPs 

exhibits an enhanced r1 and a restricted rotational mobility. For the MR 

phantom study with a clinically used MRI instrument (3.0-T, Philips), HER2-

ML-MNP (Fe) solution had approximately 2-fold higher white contrast 



intensity at the same metal ion concentration (Fig. 2-11b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-11. Measurement of the longitudinal relaxivity (r1) (a) and T1-w MR 

in the phantom study (b). 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 2-12. Photograph and MR imaging of targeted cells and the effect of 

flash stimulation. (i: flash, ii: HER2-MNP (Fe), iii: HER2-ML-MNP (Fe)) 

 

 

 

 



2.3.7. In vitro study of HER2-ML-MNP (Fe) as theranostic contrast 

agents 

 

To monitor the US flash-mediated enhancement of T1-w MR imaging, the 

HER2 positive (SkBr3) and negative (MCF7) cells underwent complexes 

targeting (Fig. 2-12), flash exposure (1 min), and residue removal. The treated 

cells were used for MR imaging (3.0 T, Philips). The flash-treated cells (in the 

absence of complex treatment) showed the lowest T1-w MR signal regardless 

of their HER2 expression. The HER2-MNP (Fe) (without the ML complex) 

elicited a low signal as well, indicating that the antibody-conjugated MNP 

(Fe) were not sufficient to increase the MR imaging efficiency by themselves. 

However, HER2-ML-MNP (Fe)- and flash-treated SkBr3 cells revealed a 

remarkably high contrast image that might be due to increased internalization 

of complexes owing to the sonoporation effect. (Fig. 2-12a, b, i: flash, ii: 

HER2-MNP (Fe), iii: HER2-ML-MNP (Fe)). The gene for Survivin (siSurv) 

is a well-known therapeutic gene, which triggers cell apoptosis; the siRNA for 

Survivin (siSurv, 19-mer, Thermo-scientific) can be incorporated inside the 

Lipos.24 To incorporate the therapeutic gene, firstly siSurv was blended with 

protamine (PA) through an electrostatic interaction between the two. The 

siSurv solution of the fixed concentration (50 µM) was added into the PA 

solution of the various concentrations (10-80 µM). If a surplus of siSurv is 



after the conjugation reaction, the ratio is not optimized. The optimal complex 

ratio (50 µM siSurv and 40 µM PA) was determined using electrophoresis 

(Fig. 2-13a). The loading capacity was 82%, as determined by UV-Vis 

spectroscopy (Fig. 2-13b). The siSurv-PA incorporated Lipos were attached to 

the MB (MLsiSurv) and then anchored and conjugated to MNP (Fe) and the 

HER2 antibody, as described previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-13. Electrophoresis results (a) for optimizing the conjugation 

reaction of PA and siSurv for gene delivery study and UV-vis spectrometer 

results (b) of siSurv content of original before loading reaction siSurv into 

liposome (black line) and supernatant after loading reaction (red line). 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2-14. Cell viability of SkBr3 treated by complexes and US flash. 

 

 

 

 

 

 

 



For therapeutic applications of siRNA delivery in vitro, the cell viability 

was monitored as a function of time and complexes. HER2-MLsiSurv-MNP 

(Fe) and US flash treated cells showed a significant decrease in viability (< 

60 % viable) in 3 days, while the other controls showed maintained > 80 % 

viability (Fig. 2-14). The target gene showed 8-fold reduced expression levels, 

relative to the cells with siSurv only, as evident from PCR (Fig. 2-15). (All 

experiments were performed in triplicate.) These results showed that the MB-

based particle system was able to enhance the selective transfection efficiency 

of the bio-molecules incorporated into the linked Lipo. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 2-15. PCR results of SkBr3 treated by free siSurv and HER2-MLsiSurv-

MNP (Fe) with US flash. 

 

 

 

 

 

 



2.4. Conclusions 

 

  In summary, we have prepared a hybrid multifunctional complex 

comprising of MB, Lipo, and MNP (Fe). The resulting complexes showed 

high biocompatibility and selectivity, demonstrating multi-modal imaging 

capability for fluorescence, US, and MR. Interestingly, the linked therapeutic 

Lipos and MNPs (Fe) rapidly penetrated into the cancer cells after being 

exposed to US flash, and eventually enhanced the therapeutic effects and MR 

imaging due to MB cavitation and sonoporation. As a non-toxic theranostic 

material, the hybrid complex could be readily extended to US and MR-guided 

cancer treatment in clinical applications.25 
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Chapter 3 

 

Optimization of ultrasound parameters for 

microbubble-liposome complex-mediated delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.1. Introduction 

 

For the delivery of therapeutic materials into cells, various methods have 

been investigated, including electroporation, hydrodynamic delivery, ballistic 

delivery, and microinjection.1 Delivery by ultrasound (US) has been evaluated 

to be an improved option.2 US has many advantages, such as lack of 

invasiveness, safety, speed, and reduced cost. In addition, delivery by US has 

taken center stage in a new paradigm of image-guided therapy because the 

therapeutic contents can be loaded in microbubbles (MB).3 A great deal of 

interest surrounds the use of US and MB for cancer therapy. In addition to 

high-resolution imaging, US shows powerful potential for image-guided 

therapy by MB-mediated delivery. The synergetic effect of US and MB used 

to carry US contrast agents makes sonoporation and delivery to cancer cells 

simple. Despite the many studies on US-mediated gene and drug delivery 

using MB4, the conditions under which US-mediated delivery is most 

effective have not been determined.5 Thus, the aim of this study is to optimize 

US treatment conditions to maximize the efficacy of delivery to cancer cells. 

 

 

 

 



3.2. Experimental Section 

 

3.2.1. Preparation of HER2-MBG-LipoR complex 

 

To prepare HER2-MB-Lipo complex, the method introduced in chapter 1 

was basically applied. To prepare MB including green fluorescent dye (G, 

fluorescein isothiocyanate, FITC, Sigma-Aldrich, St. Louis, MO, USA) and 

hydrophobic gas (SF6 gas, Dong-A Industrial Gas, Seoul, Korea), DPPC (1,2-

dihexadecanoyl-sn-glycero-3-phosphocholine, Avanti, Alabaster, AL, USA), 

DPPE (1,2-dipalmitorysn-glycero-3-phosphoethanolamine, Sigma-Aldrich), 

and DSPE-PEG-SPDP (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[PDP(polyethylene glycol)-2000], Avanti) were used.6 H2O was poured on 

film composed of DPPC, DPPE, DSPE-PEG-SPDP, and FITC and transferred 

to a hermetic vial (1.5-mL vial in vial file, Clr, PTFE Lnr, Wheaton, Millville, 

NJ, USA). After filling the vial with SF6 gas, MBG was prepared by using an 

amalgamator (JS 2001MX, KIMS, Incheon, Korea). LiposomeR (LipoR) was 

produced using red fluorescent dye (R, Texas red, Sigma-Aldrich), DPPC, and 

DPPE. Texas red in H2O was poured on the DPPC and DPPE film, and it was 

sonicated by a bath-type sonicator (4020P, Kodo Technical Research, 

Hwaseong, Korea). Unloaded Texas red was washed out by centrifugation 

(13,000 rpm, 5 minutes, twice). MBG-LipoR complex was prepared by 



reacting LipoR with MBG for 2 hours. The unreacted components were washed 

out by centrifugation (13,000 rpm, 5 minutes, twice). After reaction of 

trastuzumab (Herceptin, Roche, Basel, Switzerland) with MBG-LipoR complex 

and centrifugation (13,000 rpm, 5 minutes, twice), HER2-MBG-LipoR 

complex was prepared. 

 

3.2.2. Cancer cell culture 

 

One of the most common breast cancer cell lines, SkBr3, was cultured 

using RPMI media (Life Technologies, Frederick, MD, USA), 10% fetal 

bovine serum (Life Technologies), and 1% penicillin streptomycin (37 °C, 5% 

CO2; Life Technologies). In order to treat cells with HER2-MBG-LipoR 

complexes, the cells were seeded into a 1-well chamber slide (SPL, Pocheon, 

Korea). 

 

3.2.3. US conditions 

 

After delivering HER2-MBG-LipoR complexes to cells (1 h, 37 °C, 5 % 

CO2), the complexes unattached to the cells were washed out by fresh media 

twice. For US treatment to the cells, a sonoporator (Sonidel, Dublin, Ireland) 

equipped with a 1-MHz probe was used. According to the intensity (w/cm2), 



time (min), and duty cycle (%) of the US machine, the cells were divided into 

eight groups: group A, 1 w/cm2, 1 minute, 20%; group B, 1 w/cm2, 1 minute, 

60%; group C, 1 w/cm2, 2 minutes, 20%; group D, 2 w/cm2, 1 minute, 20%; 

group E, 1 w/cm2, 2 minutes, 60%; group F, 2 w/cm2, 1 minute, 60%; group G, 

2 w/cm2, 2 minutes, 20%; and group H, 2 w/cm2, 2 minutes, and 60%. A 

control group, a group without antibody (Ab), and a group without US were 

also evaluated. The group without Ab was treated with MBG-LipoR complexes 

without Her2 Ab. The group without US was treated with HER2-MBG-LipoR 

complexes, but no US was applied. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Table 3-1. Groups classified by parameters of US machine. 

 

 

 

 

 

 



3.2.4. Analysis of targeting and delivery effect 

 

To confirm the targeting effect of Her2 antibody and delivery effect with 

various US parameters, a confocal laser scanning microscope (CLSM; Leica, 

Wetzlar, Germany) was used. To analyze FITC (excitation, 488 nm; emission, 

500-570 nm) and Texas red (excitation, 594 nm; emission, 600-680 nm), 20× 

and 63× lenses were used. By using Leica Application Suite Advanced 

Fluorescence Lite, the software provided from the CLSM manufacturer, the 

fluorescence intensities inside and outside of the cell membrane were 

analyzed quantitatively. All experiments were performed in triplicate under 

equivalent conditions. 

 

3.2.5. Statistical Analysis 

 

One-way analysis of variance (ANOVA) was performed to evaluate the 

differences of fluorescence intensities in each group. All analyses were 

performed using IBM SPSS Statistics for Windows software, ver. 20 (IBM 

Co., Armonk, NY, USA). 

 

 

 



3.3. Results 

 

3.3.1. US phantom study of HER2-MBG-LipoR complex 

 

HER2-MBG-LipoR complexes were successfully synthesized. Fig. 1 

contains an image of a US echogenicity phantom study of HER2-MBG-LipoR 

complexes. Compared with distilled water (Fig. 3-1b), the US echogenicity 

image of HER2-MBG-LipoR complex (Fig. 3-1a) showed very high 

echogenicity.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 3-1. Phantom ultrasonogram of HER2-MBG-LipoR complex (a) and 

distilled water (b). 

 

 

 

 

 

 



3.3.2. In vitro study for analysis of delivery by US conditions 

 

Fig. 3-2 presented the set-up for the in vitro experiment using the US 

device. On a clean bench, the 1-MHz probe of the US generator was fixed by 

a support and clamp and placed on the cell dish containing cells.  

Fig. 3-3 showed the CLSM results from the control group, the group 

without Ab, the group without US, and groups A-D. The control group 

contained only cells without any US insonication nor the addition of HER2-

MBG-LipoR complex. The group without Ab contained cells treated by MBG-

LipoR complex without Ab. The group without US contained cells treated by 

HER2-MBG-LipoR complex without US treatment. The control and group 

without Ab showed no fluorescent signal; on the other hand, the group 

without US showed fluorescent signals around the cells. The results of the 

above three groups indicated that HER2-MBG-LipoR complex was 

successfully synthesized and the targeting effect of the complex to the cells 

was strongly selective. The three parameters of US treatment were intensity 

(range, 1 to 2 w/cm2), time (range, 1 to 2 minutes), and duty cycle (range, 

20% to 60%). Group A was exposed to the lowest condition of each US 

parameter and group B was exposed to an intensified duty cycle only. Groups 

C and D underwent intensified time and intensity, respectively.  

 



 

 

 

 

 

 

 

Figure 3-2. Set-up of ultrasound (US) experiments. 

 

 

 

 

 



 

 

Figure 3-3. CLSM images of SkBr3 treated by HER2-MBG-LipoR complex in 

control, without Ab, without US, and groups (A-D). 



Fig. 3-4 showed the CLSM results of the groups that were exposed to two 

or three intensified parameters at once. Fig. 3-5 showed the fluorescent 

intensity ratios. The basic US parameters were intensity, 1 w/cm2; time, 1 

minute; and duty cycle, 20%. With exposure to these basic US conditions, the 

proportion of the fluorescent intensity inside increased from 4.7% to 9.5% 

with FITC and from 5.6% to 14.5% with Texas red. By changing the duty 

cycle from 20% to 60%, the proportion of the fluorescent intensity on the 

inside increased from 9.5% to 91.0% with FITC and from 14.5% to 92.5% 

with Texas red. By changing the treatment time from 1 to 2 minutes, the 

proportion of the fluorescent intensity inside the cells increased from 9.5% to 

50.5% with FITC and from 14.5% to 38.5 with Texas red. When I changed the 

intensity from 1 to 2 w/cm2, the proportion of the fluorescent intensity inside 

increased from 9.5% to 86.0% with FITC and from 14.5% to 76.7% with 

Texas red. Among the three parameters, the parameter that was most 

important to optimize was the duty cycle since the fluorescent intensity ratio 

of group B was highest among groups A to D (Fig. 3-3). For delivery of FITC 

(i.e., the hydrophobic contents of MB), the groups with the most effective 

parameters were group E (1 w/cm2, 2 minutes, 60 % duty cycle) and group H 

(2 w/cm2, 2 minutes, 60%) (one-way ANOVA, P < 0.001, Tukey’s honestly 

significant difference [HSD] was used as a post-hoc test). The fluorescent 

intensity ratios (inside the cells/outside the cells) were 95.9:4.1 in group E and 



95.7:4.3 in group H (green, for FITC). Furthermore, for delivery of Texas red 

(i.e., the hydrophilic contents of the Lipo), the most effective parameters were 

those of group H (2 w/cm2, 2 minutes, 60% duty cycle) (one-way ANOVA, P 

< 0.001, with Tukey’s HSD used as a post-hoc test). The fluorescent intensity 

ratio was 95.0:5.0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 3-4. CLSM images of SkBr3 treated by HER2-MBG-LipoR complex in 

groups (E-H). 

 

 

 

 



 

 

 

 

 

Figure 3-5. Graph showing the fluorescent intensity (%) of CLSM results by 

US parameters. (asterisk indicates the most effective conditions, one-way 

ANOVA, P < 0.001). 

 

 

 

 

 

 



3.3. Discussion 

 

MB, which are used as a contrast agent for US imaging in clinical 

diagnostics, comprise a gas-filled core and a shell of lipids or proteins. They 

range in size from 1 to 100 μm. Their gas component can generate 

echogenicity triggered by the US device because of the tendency of the layer 

to absorb or reflect US waves and nonlinear oscillation. The optimization of a 

variety of US conditions has a significant impact on the utilization of 

therapeutic US in many clinical settings.7 Researchers have reported that 

sonoporation, the formation of temporary pores in the cell membrane, 

enhanced endocytosis. Qin et al.8 reported that sonoporation achieved 

disruption of the plasma membrane for delivery of fluorescent dye in HeLa 

cancer cells. Delalande et al.9 and Fan et al.10 noted that the use of US and MB 

for sonoporation is being considered an emerging method for achieving 

localized drug and gene delivery. Owing to the variety of US conditions used 

and corresponding MB behavior, optimization of US conditions is essential.11-

13 When MB are transiently exposed to the proper US intensity, time, and duty 

cycle, the MB contract or collapse, simplifying delivery. Fan et al.14 reported 

US parameters in experiments including acoustic pressures of 0.06-0.6 MPa, 

pulse repetition frequency of 10 Hz-1 KHz, and duty cycles of 0.016 % - 

20 %. The total duration of US application was 1 second. Comparison of the 



delivery outcomes indicated that high acoustic pressure was the most 

powerful parameter for intracellular delivery. For Yan et al.15, the parameters 

were times from 5 seconds to 60 seconds and acoustic pressures from 0.35 to 

1.0 MPa. The duty cycle of US application was 50%. The above results were 

meaningful, but they provided no precise protocol for the most effective 

delivery in vitro. In this study, we focused on setting US conditions for the 

most efficient delivery to cells. I used a US generator, a sonoporator (SP100, 

Sonidel), equipped with a 1-MHz probe. The radius of the probe (bottom) was 

75 mm. This US generator had variable controls for time, intensity, and duty 

cycle. A duty cycle is defined as the percentage of one period in which a 

signal is active. For example, if an electrical device runs for 50 out of 100 

seconds, its duty cycle is 50%. For this study, HER2-MBG-LipoR complex 

including FITC in MB and Texas red in Lipo and binding Ab was synthesized. 

Because FITC is hydrophobic, it should be contained in MBs, whereas Texas 

red is hydrophilic, so it should be contained in Lipos. As can be seen in Fig. 3-

1a, HER2-MBG-LipoR complex showed high echogenicity, showing the 

possibilities as a US contrast agent, and furthermore, as a vehicle for gene and 

drug delivery. As shown in Fig. 3-3, the high targeting effect of HER2-MBG-

LipoR complex to cells was verified. When cells were treated with MBG-LipoR 

complex without Ab, no fluorescence appeared (“without Ab group” of Fig. 3-

3). In contrast, when cells were treated with HER2-MBG-LipoR complex, 



intense green (FITC) and red (Texas red) fluorescence appeared around the 

cell membrane (“without US group” of Fig. 3-3). It showed that MB-mediated 

delivery can be more effective with an active targeting strategy. Tanizaki et 

al.16 and Weigelt et al.17 reported on the targeting effect of Her2 Ab to SkBr3. 

Depending on various US conditions, the delivery effect to the inside of the 

cell membrane after US was confirmed. The US parameters were intensity 

(w/cm2), time (minutes), and duty cycle (%). This study found that the most 

powerful US parameter was duty cycle, followed by intensity, and then time 

(Fig. 3-5). A synergetic effect among parameters also existed. Group E (1 

w/cm2, 2 minutes, and 60 % duty cycle) (Fig. 3-4) showed the most powerful 

effect of FITC delivery to the cells. FITC in MB can substitute for many other 

hydrophobic therapeutic materials. To deliver hydrophobic therapeutic 

materials, for example, paclitaxel for cancer therapy, the condition of 1 w/cm2, 

2 minutes, and 60 % duty cycle was found to be most suitable in our 

experiments. Group H (2 w/cm2, 2 minutes, and 60% duty cycle) (Fig. 3-4) 

showed the most powerful effect for FITC and Texas red co-delivery to cells. 

Texas red, which was carried by Lipos, can be used as a substitute for many 

hydrophilic therapeutic materials such as doxorubicin or genetic therapeutic 

materials. To deliver hydrophobic and hydrophilic therapeutic materials for 

therapy, the condition of 2 w/cm2, 2 minutes, and 60% duty cycle were the 

best among tested conditions. This study has several limitations. First, 



experiments were limited to in vitro studies. Therefore, future experiments 

should investigate optimal parameters for in vivo conditions. Second, 

parameters depended on the US machine, so I had only a few options for 

settings; for more exact information regarding optimal conditions, this study 

need to measure the acoustic pressure at each setting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.4. Conclusions 

 

This study confirmed that HER2-MBG-LipoR complex was successfully 

synthesized. An active targeting method, such as attaching Her2 Ab, was 

useful in MB-mediated delivery. Results with varying US parameters in vitro 

verified that the duty cycle played the most powerful role in delivery into 

cancer cells in these experiments. These results should provide a basis for 

establishing reference parameters for performing gene and drug delivery 

studies using MB and US under in vitro conditions. Future improvements in 

US techniques combined with new developments of contrast agents 

containing therapeutic materials such as drugs and genes will make US a more 

powerful therapy modality in addition to its role as an imaging modality.18 
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