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Περίληψη 

 

Η μεταφορά φαρμάκων με υπέρηχους αποσκοπεί στη βελτίωση της θεραπευτικής 

αποτελεσματικότητας με την αύξηση της ποσότητας χορήγησης και τη μείωση των 

παρενεργειών. Νέα είδη φαρμάκων έχουν τη δυνατότητα απελευθέρωσης του φαρμάκου 

με την εφαρμογή ενός εξωτερικού ερεθίσματος. Σκιαγραφικά υπερήχων 

(μικροφυσαλλίδες) που αρχικά αναπτύχθηκαν για σκοπούς απεικόνισης, μπορούν τώρα να 

φορτωθούν με φάρμακα είτε στο εσωτερικό τους είτε στο κέλυφος. Οι υπερηχογράφοι 

μπορούν να παίξουν έναν διπλό ρόλο ως απεικονιστικό και θεραπευτικό εργαλείο. Η 

απεικόνιση μικροφυσαλλίδων στην κυκλοφορία γίνεται συνήθως με υπερήχους χαμηλής 

έντασης ενώ με υψηλή ένταση μπορούν να καταστρέψουν τις μικροφυσαλλίδες και να 

προκαλέσουν την απελευθέρωση φαρμάκων στην περιοχή ενδιαφέροντος. Λιποσώματα 

ευαίσθητα στη θερμοκρασία έχουν σχεδιάστεί ούτως ώστε να απελευθερώνουν φάρμακα 

που εσωκλείουν κάτω από ήπια αύξηση θερμοκρασίας (42 °C). Υπέρηχοι ψηλής έντασης 

μπορούν να προκαλέσουν αύξηση θερμοκρασίας σε έναν όγκο μέσα στο σώμα για 

στοχευόμενη παροχή φάρμακων από τα λιποσώματα.   

Αυτή η διατριβή ερευνά τις ακουστικές αρχές και τη λεπτομερή ταλάντωση των 

μικροφυσαλλίδων που προκαλέίται με υπερηχητικά κύματα  για θεραπευτικές εφαρμογές. 

Κυριος στόχος είναι να γίνει κατανοητή η αλληλεπίδραση των μικροφυσαλλίδων με τους 

υπερήχους, το φάρμακο και τον ιστό και να παραχθούν έτσι οι παράμετροι για την 

καλύτερη δυνατή μεταφορά φαρμάκων στη περιοχή ενδιαφέροντος. Αναπτύσσονται νέες 

μέθοδοι και πειραματικές διατάξεις, όπου με την αποφυγή του κορεσμού των σημάτων 

κατά τη χρήση μηχανής υπερήχων, γίνεται μια πιο ακριβής διερεύνηση των 

απεικονιστικών και  θεραπευτικών ιδιοτήτων νέων μικροφυσαλλίδων φορτωμένων με 

φάρμακα. Πειράματα μεταφοράς φαρμάκων σε καρκινικά κύτταρα καταδεικνύουν 

αυξημένη θεραπευτική αποτελεσματικότητα με την ενεργοποίηση των μικροφυσαλλίδων 

με υπερήχους.   

Παρουσιάζεται επίσης μια νέα πειραματική διάταξη η οποία δίνει για πρώτη φορά 

τη δυνατότητα διεξαγωγής in vitro πειραμάτων για την ενεργοποίηση λιποσωμάτων 

ευαίσθητων στη θερμοκρασία. Θεωρητικές προβλέψεις αύξησης θερμοκρασίας με 

υπερήχους επικυρώνονται πειραματικά. Επιτυγχάνεται σημαντική απελευθέρωση μέχρι 

και 80% της δοξορουβικίνης από τα λιποσώματα.   Chri
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Διερευνάται επίσης η σημαντηκότητα και οι πιθανές επιρροές του πεδίου έντασης 

των μετατροπέων στην στοχευόμενη θεραπεία με υπέρηχους τόσο με μηχανικούς όσο και 

με θερμικούς μηχανισμούς ενεργοποίησης. 
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Abstract 

 

Image-guided ultrasound-mediated drug delivery shows great promise in improving 

the therapeutic efficacy of chemotherapeutic agents by increasing the local drug deposition 

and reducing systemic side effects. Novel drug-loaded agents with the ability to release the 

encapsulated drug upon the application of an external stimulus are being developed. 

Microbubble ultrasound contrast agents (UCA), originally intended for imaging purposes, 

are now used as a drug delivery vehicle with the drugs encapsulated in the lumen or 

attached on their shell. Ultrasound scanners adopt a double role as both an imaging and a 

therapy device by tracking the microbubbles in circulation using low-amplitude US while 

high-amplitude ultrasound is used to destroy the microbubbles and trigger the drug release 

on site. Temperature sensitive liposomes (TSL) loaded with drugs are designed to release 

their payload with mild hyperthermia (42 °C). TSLs can be co-administrated with UCA 

and monitored in circulation using ultrasound. High intensity focused ultrasound can be 

used to induce hyperthermia in a tumor inside the body thus locally delivering the drug 

from TSLs.   

This thesis investigates the physical acoustics and detailed microbubble response to 

ultrasound used in therapeutic applications in an attempt to better understand the 

mechanism of microbubble interaction with ultrasound, the drug and tissue and derive the 

optimal conditions to use in ultrasound-enhanced drug delivery. In vitro experimental 

setups and methods are developed for limiting signal saturation in order to accurately 

measure backscattered echoes from UCA and determine their response to a large range of 

acoustic pressures. The therapeutic efficacy of novel Doxorubicin liposome-loaded 

microbubbles following ultrasound activation is also evaluated on human glioblastoma 

cells. 

A novel in vitro experimental setup for the activation of drug loaded TSLs is 

presented allowing studies for the controlled release of TSL with ultrasound-induced 

hyperthermia to be carried out in vitro which to the best of our knowledge is the first of its 

kind. The acoustic conditions for the desired hyperthermia are derived theoretically and 

validated experimentally. Using our setup, an 80% release of doxorubicin from TSLs is 

achieved.  

The importance of the diffraction pattern produced by the transducer and its effect 

on both temperature and pressure activation approaches of drug delivery is addressed.  
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destruction ............................................................................................................................. 116 
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1.1 Medical diagnostic ultrasound and microbubbles 

Ultrasonography is widely used to visualize soft tissues, organs, vessels, muscles, 

joints, and tendons. It has numerous advantages over other imaging modalities, such as low 

cost, real-time visualization, portability (it is often referred to as a bedside imaging 

modality), and safety (it is free of ionizing radiation). Ultrasound has an excellent safety 

record, making it particularly appealing in prenatal evaluations and continuous patient 

monitoring.  It is routinely used in cardiology with echocardiograms to provide 

information about the size and shape of the heart, its pumping capacity, and the location 

and extent of any damage to the myocardium. In oncology, ultrasound imaging is used to 

locate abnormalities in otherwise healthy tissue, diagnose malignant lesions [1] and 

differentiate between cystic and solid lesions.  

Ultrasound imaging involves the use of high frequency sound waves. It is based on 

the pulse-echo principle where short pulsed waves typically in the MHz range are 

transmitted into tissue by an ultrasound probe. Inhomogeneities in the tissue (variations in 

density and compressibility) partially scatter the incident wave producing echoes that are 

received by the same transducer. The amplitude of the received echoes determines the 

grayscale level of the formed image and the time-of-flight is converted into the distance 

traveled in the tissue i.e. the depth of the scattering surface. The lateral (horizontal) 

position of the imaged object is determined by the location of the receiving transducer 

element. Thus a tissue or B-mode (brightness mode) image is formed. Optimized 

processing algorithms and computing power allow for real-time imaging with typical 

frame rates in the order of tens of frames per second.  

Imaging blood flow is of high diagnostic value. In the heart, blood flow in the 

coronary arteries and through the valves determines the heart’s overall condition. In the 

carotid arteries blood flow around an atherosclerotic plaque reveals the extent of occlusion, 

and helps in patient management. Blood clots in leg veins (deep vein thrombosis) are 

similarly diagnosed while the health of a fetus can be evaluated by blood flow 

measurements through the umbilical cord.  

Doppler ultrasound is used to measure blood flow and relies on the phenomenon of 

the apparent change in the transmitted frequency when a sound emitting source moves 

relative to the observer (the Doppler Effect). The change in frequency is proportional to the 

relative velocity as shown in equation 1.1.  
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where Δf is the frequency change, fo is the transmitted frequency, v is the relative speed of 

the source to the observer and c is the speed of the wave in the medium.  

In practice, a series of pulses is transmitted and received. Echoes from stationary 

tissue remain unaltered from pulse to pulse (and cancel out) whereas echoes from moving 

scatterers (in this case the red blood cells) induce a change in frequency, which can be 

detected and processed to produce either a color flow display or a Doppler waveform. 

Examples of Doppler imaging in the diagnosis of carotid artery stenosis are shown in 

Fig.1-1. Doppler imaging can help visualize the blood flow around the plaque (Fig. 1-1 a-

b) and the blood velocity before and after the stenosis can be accurately measured. 

Measuring peak systolic velocity (PSV) is still considered the most important component 

of the carotid Doppler examination and is used for grading carotid stenosis [2]. The 

distinction between occlusion and near occlusion is of extreme importance because 

patients with near occlusion, indicated by the presence of trickle flow (Fig. 1-1 c-d), may 

be benefited from surgery, while total occlusion precludes it [3].  

  

 

Figure 1-1: Doppler imaging in the diagnosis of carotid artery stenosis. (a),(c) baseline B-Mode 

images of a left internal carotid artery. The plaques can be observed but the extent of the occlusion 

cannot be accurately determined. (b) with Doppler imaging the blood flow around the plaque can 

be easily visualized and the blood velocity before and after the stenosis can be measured.  (d) 

Trickle flow detected with Doppler imaging might change the diagnosis and treatment of a patient. 

(a) (b)

(c) (d)
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While Doppler techniques work well in large vessels with high blood velocities 

they are unable to detect low velocity blood flow in the microcirculation despite continuing 

advances in the sensitivity of diagnostic ultrasound systems. The main difficulty these 

techniques share is that the red blood cells are weak reflectors of ultrasound with received 

amplitudes 40–60 dB smaller than that of tissue and the removal of this tissue signal places 

a lower limit on the ability to detect low velocity blood flow. Overcoming this limitation is 

important because perfusion of atherosclerotic plaques is a biomarker of atherosclerotic 

development [4, 5] while the quantification of the flow profile in the vasa vasorum has 

been shown to contain valuable information in identifying vulnerable plaques [6]. In 

oncology, measurements of the blood flow in the tumor microvasculature would be useful 

in the detection and characterization of the lesion as well as in therapy monitoring [7, 8]. A 

method to overcome the difficulties in imaging blood flow on a smaller scale is to inject 

brighter reflectors than red blood cells into the vascular system. Gas-filled microbubbles 

are one such reflector. 

Microbubbles in medical imaging were accidentally introduced by Gramiak and 

Shah in 1968 [9] when opacification of the right ventricle was observed following an 

injection of saline into the ascending aorta and cardiac chambers. In the following decades, 

active research led to the development of several agents; in 1994 Albunex (Molecular 

Biosystems, San Diego, CA) became the first commercially available contrast agent to be 

approved for human use in the United States followed shortly by Levovist, (Bayer 

Schering Pharma AG, Berlin, Germany) [10]. These early agents had a relatively short 

half-life mainly due to the high solubility of the air core. Replacing the air core with 

perfluorocarbons improved the stability of ultrasound contrast agents (UCA). Optison (GE 

Healthcare, Chalfont St Giles, UK), and SonoVue (Bracco, Milan, Italy), were the first 

examples of such UCA to be approved for clinical use. Table 1-1 summarizes the current 

clinically approved ultrasound contrast agents. UCA are blood-pool agents as their typical 

mean diameters of 2-3 μm (Fig. 1-2) are small enough to pass through the alveolar–

capillary barrier of the lungs and large enough to stay within the circulation and not leak 

into the interstitial space. 
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Table 1-1: Overview of current clinically approved ultrasound contrast agents. Data collected from 

the International Contrast Ultrasound Society (ICUS) website . 

Name Manufacturer Gas Coating Approved Year 

Optison 
GE Healthcare,       

Princeton, NJ 
C3F8 human albumin USA, EU 1997 

Definity 

Lantheus Medical 

Imaging, N. Billerica, 

MA 

C3F8 phospholipids 

USA, Canada, Mexico, 

Israel, New Zealand, 

India, Australia, EU, 

Korea, Singapore, UAE 

2001 

Imagent 

MCOR 

Pharmaceuticals, Inc. 

San Diego, CA 

C6F14 phospholipids USA 2002 

SonoVue 
Bracco International,        

Milan, Italy 
SF6 phospholipids 

EU, Norway, 

Switzerland, China, 

Singapore, Hong Kong, 

S. Korea, Iceland, India 

2001 

Sonazoid 
Daiichi Pharmaceutical 

Co., Tokyo, Japan 
C4F10 phospholipids Japan 2006 

 

UCA exhibit high echogenicity (ability to reflect sound waves) since they are 

resonant scatterers at diagnostic ultrasound frequencies. When an acoustic wave 

encounters a gas microbubble, an asymmetric nonlinear oscillation occurs where the gas 

expands during the negative pressure portion of the wave in a significantly different way to 

the compression during the positive pressure portion of the wave. This results in an 

asymmetric-nonlinear bubble oscillation. Instead of producing a sinusoidal echo with a 

clean frequency spectrum like the transmitted signal in Fig. 1-3(a) it produces an odd 

looking echo with asymmetric top and bottom as shown in Fig. 1-3(b). This asymmetry 

produces harmonics which can be utilized to enhance the signals from the bubbles and 

effectively distinguish them from the surrounding tissue (Fig. 1-3(c)).  

Nonlinear microbubble specific detection techniques like pulse inversion [11, 12] 

and power modulation [13, 14] utilize the nonlinear signature produced by UCA to 

suppress the linear tissue signal and provide microbubble specific images. These 

techniques do not rely on the translational movement of the microbubbles, but instead 

depend only on their radial response. Thus, microbubbles are imaged everywhere in the 

body and even in the microcirculation where the blood flow velocities are very low [15, 

16].  
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Figure 1-2: Ultrasound contrast microbubbles (SonoVue) viewed under a microscope.  

 

 

 

 

 

 

 

 

Figure 1-3: (a) Incident ultrasonic wave; (b) nonlinear scattered signal from bubbles; (c) frequency 

spectrum of bubble echoes seen in (b). The first major hump is the fundamental, and the subsequent 

ones are the second, third, and fourth harmonics. 

 

 

25 μm

frequencytimetime

(a) (b) (c)
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UCAs have subsequently been used in various clinical applications including  

cardiology for myocardial perfusion, oncology for tumor detection and characterization 

[17] and molecular imaging [18]. CEUS is useful in both detecting lesions (Fig. 1-4) and 

providing quantitative information about their perfusion enabling accurate identification 

and characterization of lesions, as well as optimal monitoring of their development and 

response to therapy [19-21].  

 

 

 

 

Figure 1-4: (a) B-Mode imaging of a benign FNH lesion. Lesion cannot be easily distinguished due 

to its similar texture and appearance with normal parenchyma. Smaller lesions would be very 

difficult to detect. (b) CEUS imaging before UCA arrival. The image is almost black due to the 

cancellation of the linear tissue echoes. CEUS imaging; immediately after contrast arrival (c) and 

during peak intensity (d) clearly showing the macrovascular flow patterns of this lesion. 

 

 

 

(a) (b)

(d)(c)
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1.2 Therapeutic applications of ultrasound  

The use of ultrasound in therapy predates its use as an imaging technique. The 

ability of ultrasound to interact with tissue and cause biological changes with possible 

therapeutic effects was recognized as early as 1927 [22]. Today, low intensity ultrasound is 

used in physiotherapy, fracture repair, sonophoresis (the enhancement of drug penetration 

through the skin), sonoporation (increasing cell permeability to drugs and other molecules 

by temporarily modifying the cell membrane structure), and gene therapy where ultrasound 

facilitates the transfer of genes into diseased tissues and organs [23, 24]. High intensity 

ultrasound is used in lithotripsy [25], tumor ablation [26], gene and DNA transfection [27], 

and the facilitation of drug delivery to the brain by opening of the blood brain barrier [28].  

The mechanisms of interaction between therapeutic ultrasound and tissue to 

produce biological effects can be categorized into two main types: thermal and mechanical. 

Tissue heating is the main aim of many ablative therapeutic applications and probably the 

best known and understood effect. Heat generation in tissue results from the acoustic 

absorption of ultrasound energy and is proportional to the intensity and frequency of the 

sound beam as well as the thermoviscous properties of the medium, such as the absorption 

coefficient and specific heat capacity.  

In low intensity applications, mild hyperthermia on the order of a few degrees 

above normothermic levels has been shown to increase perfusion in the targeted area and 

hence increase the delivery of drugs and nutrients as well as the removal of cellular waste. 

This leads to the relief of inflammation, muscle spasms, and pain, as well as accelerated 

healing and decreased joint stiffness [29]. Drug delivery with temperature-sensitive drug 

carriers has also been shown to improve with ultrasound induced mild hyperthermia  [30].  

At higher intensities, temperatures in excess of 56 °C can be achieved rapidly, 

leading to protein denaturation and cell death. Spherically curved transducers have the 

ability to concentrate ultrasound energy at a confined focus inside the body reaching 

acoustic pressures several-fold the source pressure, hence the name of the therapeutic 

technique: high intensity focused ultrasound (HIFU). The skin and intermediate structures 

to the focal point are unaffected because the ultrasound signal passes through them over a 

wider area and at lower intensities. Approved HIFU applications in the clinic include 

selective tissue ablation such as solid tumors in the prostate [31] and the treatment of 

uterine fibroids [32]. Furthermore, several completed and ongoing clinical trials that 

evaluate HIFU for the treatment of breast, kidney and liver tumors [29, 33], palliative 

Chri
sto

ph
oro

s M
an

na
ris



1 – Introduction 

9 

 

treatment of bone cancer patients [34] as well as a method of haemostasis [35] confirm the 

emergence of HIFU as an attractive alternative to traditional surgery.  

Acoustic cavitation is the most widely known of the mechanical mechanisms 

associated with ultrasound and considered by many as the one with the most critical role in 

ultrasound enhanced drug delivery. Acoustic cavitation can be defined as the growth, 

oscillation and collapse of air cavities in a fluid medium under the influence of varying 

pressure field of an acoustic pulse. Non-inertial (or stable) cavitation under low intensity 

ultrasound involves stable volumetric oscillations of the bubble lasting for several cycles 

where the bubble radius varies linearly about an equilibrium value. During high intensity 

ultrasound, inertial (or transient) cavitation occurs where the bubble expands to several 

times its original size, oscillates nonlinearly for very few cycles and then violently 

collapses resulting in the possible generation of shockwaves, high velocity micro-jets and 

extreme localized pressures and temperatures  [36, 37]. If inertial cavitation occurs near a 

rigid boundary e.g. a cell membrane or vessel wall, temporary pores may form. This leads 

to enhanced extravasation where the drug leaves the circulation to the surrounding 

interstitium [38]. Pore openings on cell membranes temporarily increase the permeability 

allowing the delivery of macromolecules into the cytoplasm a process known as 

sonoporation [39]. 

Cavitation activity increases with a corresponding increase of cavitation nuclei. 

One of the major obstacles in the utilization of acoustic cavitation for drug delivery was 

the limited availability of the latter in vivo. This was overcome by the introduction of UCA 

as cavitation nuclei with several studies reporting enhanced therapeutic effects in their 

presence while at the same time reducing the required in-situ pressure [40, 41]. Gene and 

DNA transfection [42], blood brain barrier disruption [43] triggered protein deposition 

[44], thrombolysis [45], tissue ablation, histotripsy [46] and targeted drug delivery [47] are 

only a few of the applications where acoustically driven microbubbles are used. 

Other non-thermal ultrasound related bio-effects such as acoustic radiation force 

and acoustic streaming have also been proposed as a mechanism to enhance the delivery of 

therapeutic substances [48].  

1.3 Ultrasound enhanced drug delivery 

In 2009, a review on the “Clinical uses of microbubbles in diagnosis and treatment” 

by Cosgrove and Harvey [49] predicted that the therapeutic applications of microbubbles 
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and ultrasound will have even more impact on human health than diagnostic applications. 

Recent literature suggests that HIFU applications are indeed shifting towards enhancing 

the delivery of drugs and genes and UCA have a key role to play in this process. The 

development of new drug-loaded agents with the ability to release their payload upon the 

application of an external stimulus has provided applications like triggered and targeted 

drug delivery with a whole new dynamic [49]. Drugs encapsulated in the lumen or attached 

on the shell of microbubbles or liposomes are delivered intravenously and monitored in 

circulation using medical imaging modalities such as US and/or MRI [47]. Focused 

ultrasound is the method of choice in research for efficient local deposition of the drug 

thereby reducing undesired toxicity in the surrounding area. Pressure and temperature 

activation methods of drug delivery are discussed in the following sections.  

1.4 Pressure (mechanical) activation 

Pressure activation refers to the use of ultrasound energy as the stimulus for 

localized drug delivery. A key component of ultrasound-triggered local drug delivery is the 

ability to image the drug-delivery vehicle in real time. Microbubbles are ideal for this 

purpose. Targeted drug delivery to specific tissue with microbubbles was proposed as early 

as 1999 [50] by the incorporation of binding ligands into the shell. These microbubbles 

would adhere to the targeted tissue and selective bubble destruction with high intensity 

ultrasound would be used to locally deliver the payload. Over the years, several additional 

methods of ultrasound-enhanced drug delivery with pressure activation have been 

proposed. For instance, co-administration of approved drugs with approved contrast 

microbubbles has been used in sonothrombolysis, where intra-arterial thrombi have been 

dissolved enabling complete vessel recanalization primarily through cavitation [45, 47]. 

Microbubble-enhanced extravasation and sonoporation have also improved delivery of 

drugs, plasmid DNA, and other particles that normally have difficulty escaping from the 

bloodstream and permeating cell membranes. While co-administration of microbubbles 

with cytotoxic drugs (either in free or liposomal form) has seen little success mainly due to 

continued access to untargeted tissues resulting in undesired side effects [51], loading the 

drug into the microbubbles, which  are unable to leave the circulation due to their relatively 

large size, minimizes this issue.  

 While the literature strongly supports microbubble-enhanced drug delivery, there 

is a large discrepancy with respect to the optimal ultrasound conditions required, and in 

Chri
sto

ph
oro

s M
an

na
ris



1 – Introduction 

11 

 

many cases the results are simply a case of trial and error. There are studies where the 

microbubbles are subjected to ultrasonic pulses ranging from a few cycles [27] up to tens 

of thousands of cycles [52] or even continuous wave excitations [53]. The pressures used 

also vary greatly from a few kPa [46] up to several MPa [54]. Often enough, ultrasound 

induced bio-effects (thermal and mechanical) are seldom taken into consideration. The 

diffraction pattern (shape of the sound field) produced by the transducer is also erroneously 

overlooked. Microbubbles at different locations (perhaps even a few mm apart) may 

respond differently due to the different acoustic pressures and possibly produce different 

bio-effects. Several questions remain unanswered and the mechanism of microbubble 

interaction with ultrasound, the drug and the cells is not fully understood.  

1.5 Temperature (thermal) activation 

Liposomes containing drugs are known to reduce systemic exposure as well as 

increase the accumulation of drug in tumors [30] mainly due to their small size which 

allows extravasation. The relatively slow passive release of the drug however has limited 

the drug effectiveness despite the larger drug concentrations present. Temperature sensitive 

liposomes (TSL) designed to modify their membrane structure and quickly release their 

encapsulated drug when heated near their phase transition temperature (Tm) have provided 

a solution for this obstacle [55]. Low temperature sensitive liposomes (LTSL) with 

transition temperatures in the non-destructive hyperthermia range (i.e. 39-42°C) are more 

commonly used.  

Several sources of hyperthermia have been considered over the years, including 

superficial heating with water baths [56], microwave radiation [57], infra-red radiation 

[58], and heating with invasive catheters [59]. The use of ultrasound as an external energy 

source to trigger drug release from TSL offers some distinct advantages over the rest of the 

methods and it is thus becoming increasingly more popular [30, 60]. In addition to the non-

invasive nature of ultrasound, the acoustic field produced by a transducer can be accurately 

modeled. The field varies in amplitude and different areas in the field experience different 

acoustic pressures. The acoustic pressure is directly proportional to the energy deposition 

upon the targeted tissue and thus the effective temperature elevation in the region of 

interest can also be predicted [61]. Recent advances in electronic and mechanical 

ultrasound beam steering have enabled accurate control over the acoustic field allowing for 

local hyperthermia to be induced with millimeter accuracy in a selected region of interest 
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deep inside the body while maintaining physiological temperatures in the surrounding 

tissue and along the path of ultrasound propagation [62, 63].  Addition of a paramagnetic 

contrast agent in the TSL allows MRI tracking of the TSL in circulation as well as 

quantification of the drug release and subsequent uptake by the tumor tissue [64]. The 

combined benefits of ultrasound, hyperthermia and drug loaded TSL show great potential 

in increasing the therapeutic index in cancer treatment with several preclinical reports 

demonstrating improved delivery of various chemotherapeutic agents into tumors of 

various types while temperature-induced delivery of TSL encapsulated doxorubicin (DOX) 

has entered phase III of clinical trials [65]. 

1.6 Image-guided ultrasound-mediated drug delivery 

Image-guided ultrasound-mediated drug delivery shows great promise in improving 

the therapeutic index of a chemotherapeutic agent by increasing the local deposition and 

reducing the systemic side effects [66]. A key ingredient is the real-time tracking of the 

drug-delivery vehicle in vivo using low mechanical index (MI) imaging. Once at the 

desired location, high amplitude ultrasound may be used to trigger the drug release on site. 

Clinically approved microbubbles used for imaging purposes are designed to offer 

maximum contrast-to-tissue ratio (CTR) under non-destructive pressures. CTR is defined 

as the ratio of the scattered intensity from the microbubbles to the scattered intensity from 

tissue and it is an index of the ability to image the contrast agent in the presence of tissue. 

Novel drug loaded microbubbles intended for therapeutic purposes should take into 

consideration both the drug loading capacity as well as the imaging properties. Studying 

the CTR and destruction characteristics of these novel agents is important since it allows 

the development of the optimal imaging conditions for tracking the microbubbles in vivo 

without causing destruction and premature release of the drug. 

Ultrasound scanners can be a valuable tool in drug delivery applications. 

Diagnostic ultrasound together with UCAs have been used to induce sonoporation [67], 

gene and drug delivery [68], sonothrombolysis [69], and blood brain barrier opening [70]. 

A clinical pilot study for the treatment of pancreatic cancer combining a commercial 

ultrasound scanner with UCAs has also been reported [71]. Ultrasound scanners have also 

been used in the past as a research tool to investigate bubble dynamics thus adopting a 

double role as both an imaging and a therapy device. Sboros et al. [72] reported on the 

backscatter of UCA suspensions as a function of concentration and pressure. A major 
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problem often encountered however, is signal saturation [73, 74]. The dynamic range of 

the backscattered signals varies dramatically depending on the bubble concentration and 

the MI used. Typically, to image the small signals from the microcirculation, high receive 

gains are used and this results in signal saturation in areas of larger vessels with higher 

bubble concentrations. If low receive gains are used, then the small signals from the 

microcirculation are not detected. This problem becomes even worse at higher MIs, 

typically used for therapeutic applications. More often than not, signal saturation with 

increasing pressure and bubble concentration results in a dramatic decrease in CTR and is a 

limiting factor in achieving accurate image guidance during drug delivery approaches. In 

addition, signal saturation may lead to erroneous results and false conclusions during 

perfusion quantification with contrast enhanced ultrasound [74, 75]. 

1.7 Scope of this work  

This dissertation explores the physical acoustics and bubble dynamics related with 

the use of ultrasound in drug delivery approaches. The response of contrast agent 

microbubbles to a wide range of ultrasound parameters is investigated in great detail and 

validated with experiments. The optimum parameters for ultrasound enhanced drug 

delivery with microbubbles are derived. The therapeutic efficacy of novel drug loaded 

microbubbles following ultrasound activation is evaluated on human glioblastoma cells 

and new methods for accurate characterization of contrast agents with an ultrasound 

scanner are developed. Ultrasound induced temperature elevation is investigated 

experimentally and compared to theoretical predictions based on the Bioheat equation [76]. 

A novel setup is developed allowing for the first in vitro study of localized drug release 

from thermosensitive liposomes with ultrasound-induced hyperthermia. The importance of 

the diffraction pattern produced by the transducer and its effect on both thermal and 

mechanical bioeffects is addressed.  

The interaction of ultrasound with UCA and with tissue is key in the two main 

approaches used in ultrasound enhanced drug delivery, namely pressure and temperature 

activation. The biggest challenge in cancer therapy is increasing the therapeutic index (the 

ratio of the average toxic dose to the average therapeutic dose) of anti-cancer 

pharmaceuticals. To achieve this, a fundamental understanding of the underline 

mechanisms involved is required.  
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Chapter 2 focuses on the physical acoustics and detailed microbubble response to 

ultrasound used in therapeutic applications. Two in vitro set-ups were considered: (a) a set-

up with the microbubbles suspended in a large enclosure of deionized water; and (b) one 

with the microbubbles enclosed in a micron-sized cellulose tube which mimics the in vivo 

scenario of microbubbles in a capillary. A wide range of ultrasonic pulse parameters is 

investigated in our experiments where the peak rarefactional pressure is varied between 

0.05 to 1.5 MPa, the pulse duration from 10 to 20000 cycles, and the pulse repetition 

frequency (PRF) from 50 Hz to 1.0 KHz, in an attempt to better understand the interactions 

of microbubbles with ultrasound which would be the first step towards finding the optimal 

conditions for drug delivery. The question whether a microbubble would continue to 

oscillate for the full duration of a driving pulse (at a destructive pressure) or completely get 

destroyed before the end of the pulse is addressed. The detailed diffraction pattern of the 

transducer and its effect on the microbubble response is considered and the effect of 

microbubble concentration on ultrasound propagation is also addressed.  

The knowledge gained in Chapter 2 is applied in Chapter 3 where  the therapeutic 

efficacy of novel Doxorubicin liposome-loaded microbubbles [77] following ultrasound 

activation is evaluated on human glioblastoma cells. Ultrasound mediated drug delivery on 

cell suspensions is performed in vitro using a 1 MHz single element transducer for a range 

of pressures (200-600 kPa). Dox release and uptake is quantified using fluoroscopy and 

flow cytometry respectively while the cell viability is evaluated using an MTT colorimetric 

assay forty-eight hours after treatment. The imaging characteristics of this hybrid 

imaging/therapeutic agent [77] are also investigated with a Philips iU-22 (Philips Medical 

Systems, Bothell, WA, USA) ultrasound scanner and compared to the commercially 

available contrast agent SonoVue. The CTR and destruction curves under different 

excitation pressures (0.05<MI<0.75) are obtained in a tissue mimicking Cardiac Doppler 

flow phantom.  

The microbubble imaging characterization methods presented in Chapter 3 are 

further improved and refined in Chapter 4. An important aspect of targeted drug delivery is 

the ability to image the drug-delivery vehicle in vivo either at low non-destructive 

pressures, to track microbubbles co-administered with a drug, or at high destructive 

pressures during the activation of drug loaded microbubbles. The problem of signal 

saturation observed when ultrasound scanners are used for investigating bubble dynamics 

is addressed and a solution is provided. The question of microbubble response with 

increasing acoustic amplitude and concentration is investigated. Signal saturation with 
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increasing pressure and bubble concentration was carefully avoided by continuously 

adjusting the scanner’s 2D analog gain and accounting for it in the quantification software. 

The pressure was varied from 0.06 MPa up to 2.6 MPa peak negative pressure (above FDA 

diagnostic limit) while various concentrations, were considered. The intensity-

concentration relationship was investigated at both low and high pressures. The CTR as a 

function of MI, without the effect of signal saturation, was calculated for a range of 

concentrations.  

In Chapter 5 the thermal mechanisms of ultrasound-tissue interaction and in 

particular ultrasound induced hyperthermia for the activation of thermosensitive liposomes 

is thoroughly investigated with experiments, and theoretical modeling. Custom made 

single element transducers are used for all the experiments presented. A detailed 

characterization of the acoustic field of these transducers is carried out using a calibrated 

0.4 mm element membrane hydrophone (Precision Acoustics Ltd, Dorchester, UK) and the 

results are compared to the theoretical predictions obtained using the Rayleigh integral. A 

model the Penne’s Bioheat equation [76] is used to simulate the resulting temperature 

elevation in our samples and calculate the acoustic conditions needed for the desired 

temperature elevation. The theoretical predictions are then validated with measurements of 

the induced temperature elevation in glycerol.  

The work presented in Chapter 5 attempts to fill a notable gap in the literature 

where a plethora of reports mentioning in vivo studies with ultrasound as a source of 

hyperthermia are published while reports for in vitro work are scarce. In vitro work is a 

logical precursor to in vivo work since is allows simplifications of the system under study, 

offers a more predictable and controlled environment and is usually both time and cost 

efficient. The main obstacle encountered is the lack of an appropriate medium in which the 

experiments are to be carried out. An ideal medium should be biocompatible, it should not 

interact with liposomes in any way that may potentially compromise their stability and it 

should have a high ultrasound thermoviscous absorption coefficient so that it may be 

heated with ultrasound energy. Finding such a biocompatible, inert and high absorption 

coefficient medium still eludes researchers to date.  

The design of a dual compartment holder overcomes the need for an “ideal” 

medium and allows studies for the controlled release of thermosensitive liposomes with 

ultrasound-induced hyperthermia to be carried out in vitro which to the best of our 

knowledge is the first of its kind and may prove to be a valuable tool in developing and 

testing new temperature sensitive nanomaterials. The proposed method resembles the in 
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vivo scenario where ultrasound induces hyperthermia in the tumor tissue and the TSL 

(accumulated in the tumor interstitial spaces) are heated by thermal conduction. In vitro 

activation of TSLs and doxorubicin release using the dual compartment setup are also 

evaluated. 

Finally, the overall results from this thesis are further discussed and analyzed in 

chapter 6 and conclusions are drawn.  
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2                                               

Investigation of microbubble 

response to long pulses used in 

ultrasound-enhanced drug delivery 

 

In current drug delivery approaches microbubbles and drugs can be co-administered while 

high intensity ultrasound is applied. The mechanism of microbubble interaction with 

ultrasound, the drug and the cells is not fully understood. The aim of this study was to 

investigate microbubble response to long ultrasonic pulses used in drug delivery 

approaches. Two different in vitro setups were considered: with the microbubbles 

suspended in an enclosure; and with the microbubbles flowing in a capillary tube. Acoustic 

streaming, which influences the observed bubble response, was observed in “typical” drug 

delivery conditions in the first setup. With the capillary setup streaming was eliminated 

and accurate bubble responses were recorded. At low nondestructive pressures 

microbubbles can oscillate for thousands of cycles repeatedly. At high pressures all bubble 

activity disappeared within about 100 s despite the length of the pulse, mainly due to 

violent bubble destruction and subsequent accelerated diffusion. The diffraction pattern of 

the source greatly influences the bubble response and in different locations of the field 

different bubble responses are observed. 
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2.1 Introduction 

The use of ultrasound energy as a therapeutic tool has long been used in 

physiotherapy [1] and lithotripsy [2] and more recently in tumor ablation [3, 4]. 

Microbubbles as ultrasound contrast agents were first introduced in echocardiography 

when Gramiah and Shah [5] used agitated saline to improve aortic delineation. Today, 

contrast agents are widely used in ultrasound imaging especially in cardiology for the 

assessment of myocardial perfusion, in oncology for the detection and characterization of 

tumors [6-9], as well as in molecular imaging [10] where molecular events in vivo can now 

be imaged non-invasively with targeted microbubbles.  

In the last few years, there has been an increased interest in the research community 

in the use of microbubbles as cavitation nuclei and/or drug carriers in order to enhance 

therapeutic effects. Gene and DNA transfection [11-14], triggered protein deposition [15], 

thrombolysis [16], tissue ablation, histotripsy [17] and targeted drug delivery [18-22], are 

only a few of the applications where acoustically driven microbubbles are used. A common 

goal in all therapeutic applications is to improve the efficacy of the drug delivery in the 

region of interest while at the same time reducing undesired side effects such as toxicity in 

the surrounding tissue. Current drug delivery techniques at the pre-clinical stage suffer 

from low effectiveness and are limited by side effects mainly due to the inefficiency of the 

drug to pass the barriers of blood vessels (extravasation) and cell membranes (drug 

uptake).  

When microbubbles are exposed to an ultrasound field, the amplitude of the applied 

ultrasound affects the behavior of the microbubbles. At a very low Mechanical Index, MI < 

0.05, the microbubbles undergo almost symmetric oscillations in a linear manner with the 

driving acoustic pressure and scatter ultrasound at the same frequency as the transmitted 

frequency. As the pressure increases (0.05 > MI > 0.1), the expansion of the microbubbles 

during the rarefaction part of the cycle becomes larger than the corresponding compression 

during positive pressure thus leading to non-linear oscillations and the onset of non-linear 

scattering. The backscattered ultrasound contains harmonics, sub-harmonics and 

ultraharmonics which are being utilized in harmonic imaging methods like pulse inversion 

[23, 24] and power modulation [25, 26]. At even higher acoustic pressures (MI > 0.5), the 

microbubbles undergo forced compression and expansion which lead to violent destruction 

of the microbubbles and inertial cavitation [27-29]. During inertial cavitation, large 

localized increases in stress are observed as well as high velocity jets often termed as 

micro-streaming [30, 31]. It has been shown, both in vitro and in vivo, that ultrasound in 
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the presence of microbubbles can lead to enhanced extravasation as well as increased drug 

uptake by cells, a process known as sonoporation [32-40]. It is suggested that acoustic 

cavitation plays a major role in both extravasation and sonoporation. Other ultrasound 

related bio-effects such acoustic radiation force and acoustic streaming have also been 

proposed as a mechanism to enhance the delivery of therapeutic substances [41, 42]. 

When an ultrasonic wave is incident on a contrast agent microbubble, nonlinear 

oscillation of the microbubble occurs as well as a net pressure gradient across its diameter. 

This pressure gradient and nonlinear oscillation interaction gives rise to primary acoustic 

radiation force causing the microbubble to move in the direction of the wave propagation 

[42, 43]. Acoustic streaming has been studied by many researchers [44-47] and it refers to 

the transfer of momentum from the acoustic wave to the propagating medium due to 

attenuation [48, 49]. As a result, there’s movement of fluid in the direction of propagation 

of the ultrasound. Acoustic streaming has been considered as an adjunct diagnostic tool 

[50, 51] but as we will see in this work it may also present a hindering factor during 

experiments of interrogating microbubble contrast agents and trying to understand their 

response to ultrasound.     

Ultrasound can be focused to regions inside the body and it thus becomes a 

noninvasive therapy tool. This together with the enhanced extravasation and cell uptake 

observed with cavitating microbubbles offers great potential in improving the efficacy of 

current drug delivery applications whilst reducing undesired side effects. In current drug 

delivery approaches microbubbles and drugs can be co-administered intravenously while 

high intensity ultrasound is applied [19]. Novel agents are also being developed where 

drugs are loaded either on the shell or encapsulated within the lumen of the microbubbles 

[19]. Diagnostic ultrasound may be used to track drug-loaded bubbles during circulation 

and once at the desired location, high intensity ultrasound may be used to destroy the 

microbubbles and deliver the drug load on a specific site.  

Despite the vast amount of research however, the exact mechanism of microbubble 

interaction with ultrasound the drug and the cells is not clearly understood and in a lot of 

cases, the optimal ultrasound conditions referenced are simply a case of trial and error. 

There are reports where the microbubbles are subjected to ultrasonic pulses ranging from a 

few cycles [13, 52] up to tens of thousands of cycles [53] or even continuous wave 

excitations [54]. The pressures used also vary greatly from a few kilopascals up to 9 MPa 

[17, 55]. Furthermore, ultrasound induced bio-effects such as localized heating, acoustic 

radiation force and acoustic streaming are seldom taken into consideration many times 

resulting in erroneous results.  
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A better understanding of microbubble response to long ultrasonic pulses used in 

therapeutic applications is important for the realization of these promising drug delivery 

and therapeutic applications. In this work, we present an in vitro experimental method 

developed to examine the response of microbubbles using two in vitro setups: (a) with the 

microbubbles suspended in a large enclosure of deionized water; and (b) with the 

microbubbles enclosed in a capillary. A wide range of ultrasonic pulse settings was 

considered in our experiments where the amplitude was varied between MIs of 0.05 to 1.5, 

the pulse duration from 10 to 20000 cycles and the pulse repetition frequency (PRF) from 

50 Hz to 1.0 KHz in an attempt to better understand the interactions of microbubbles with 

ultrasound which would be the first step towards finding the optimal conditions for drug 

delivery. The question whether a microbubble would continue to oscillate for the full 

duration of a driving pulse (at a destructive MI) or completely get destroyed before the end 

of the pulse is addressed. 

2.2 Materials and methods 

2.2.1 Ultrasonic enclosure 

An ultrasonic enclosure was designed to accommodate a transmitter-receiver 

system consisting of two circular single element transducers (Panametrics-NDT, Waltham, 

Massachusetts, USA) placed confocally with respect to each other. A schematic of the 

enclosure is shown in Figure 2-1. Care was taken during the design of the enclosure for the 

foci of the transducers to be accurately placed at the same spot.  

The accuracy of the design was verified using a 0.5 mm needle hydrophone by 

Precision Acoustics (Dorchester, UK) that was placed at the intersecting foci of the 

transducers. Any misalignment discrepancies were less than 10% in terms of the maximum 

pressure amplitude at the confocal region. The transmitter was a 1.0 MHz focused single 

element transducer (Panametrics V392) with a diameter of 38.1 mm and focal length of 

76.2 mm (focusing gain = 10.07). A 2.25 MHz focused transducer (Panametrics C304) of 

25.4 mm diameter and 50.8 mm focal length (focusing gain = 15.10) was used as a 

receiver. The center frequency of the receiving transducer was chosen to be at 2.25 MHz in 

order to accommodate the 2
nd

 harmonic response (2.0 MHz) from the interrogated 

microbubbles. The walls of the enclosure were lined with a 10 mm acoustic absorbing 

material (Aptflex F28, Precision Acoustics, Dorchester, UK), to minimize reflections and 

contamination of the scattered signal from microbubbles.  

Chri
sto

ph
oro

s M
an

na
ris



2 – Microbubble response to long pulses used in US-enhanced drug delivery 

27 

The microbubbles were interrogated in the enclosure in two different ways. In the 

first set-up the microbubbles were freely suspended, i.e., the enclosure was filled with a 

low concentration of microbubbles diluted in deionized water. In the second set-up, a 200 

μm acoustically transparent cellulose capillary taken from a dialysis cartridge (Gambro, 

Cambridgeshire, UK) was carefully placed at the overlapping foci of the two transducers. 

The capillary was attached on a 28G Microfil syringe needle (World Precision Instruments, 

Sarasota, Florida, USA) which was then connected to a gravity feed reservoir via luer lock. 

The microbubbles were injected into the reservoir and were allowed to flow through the 

capillary into the detection area. Before each ultrasound exposure, the flow was stopped 

for the bubbles to remain still inside the capillary. A 3-axis micro-positioning system 

(Newport, Irvine, California) was used to align the capillary with the two confocal 

transducers. This capillary setup was designed to better imitate in vivo conditions of 

microbubbles flowing in the microcirculation. The effective “detection area” of this setup, 

the area from which a response from a microbubble can be detected, is assumed to be the 

region where the beam widths (defined by the -6 dB points) of the transmitter and receiver 

(4 and 2 mm respectively) overlap.  

 

Figure 2-1: Schematic of ultrasonic enclosure accommodating the transmitting and receiving single 

element transducers and a 200 μm cellulose capillary. Diagnostic ultrasound is used for imaging of 

the bubble flow. 
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2.2.2 Instrumentation  

Figure 2-2 shows a block diagram of the experimental set-up. A 2-channel, 1 mHz-

100 MHz, 14-bit resolution and 1 GS/s sampling rate arbitrary function generator model 

AFG 3102 (Tektronix, Beaverton, Oregon, USA) was used to generate the signal which 

was amplified by a radio-frequency power amplifier model AR150A100B (Amplifier 

Research, Pennsylvania, USA). The self-contained, broadband (150 Watt CW, 0.01-100 

MHz) amplifier provided a minimum gain of 52 dB.  The pressure amplitude of the 

transmitted pulses was previously measured with a 0.4 mm element membrane hydrophone 

(Precision Acoustics Ltd, Dorchester, UK) that offers a flat (±2 dB) frequency response 

over the range 1-30MHz. The microbubble response was passively captured with the 

receiver (C304) and digitized by a 500 MHz bandwidth, 20 GS/s sampling rate, digital 

oscilloscope, DPO 7054 (Tektronix, Beaverton, Oregon, USA). A minimum sampling 

frequency of 50 MHz was used for digital to analog conversion throughout this work. 

Finally, the acquired data was transferred to a PC for analysis via a GPIB-USB-HS 

interface (National Instruments, Austin, Texas, USA). 

 

Figure 2-2: Block diagram of the experimental setup 

 

2.2.3 Contrast Agent 

SonoVue and BR14 microbubble contrast agents (Bracco, Geneva, Switzerland) 

were used throughout this work. The agent solutions in our experiments were prepared 

according to the manufacturer’s recommendations. In the suspended microbubbles setup a 

dilute concentrations (0.005‰ – 0.04‰, which correspond to roughly 1-8 bubbles/μL, and 

the interrogation volume is 16 μL) were used. These concentrations lie in the low end of 

the linear range of the relation of intensity versus concentration [56], and are expected to 

be similar with what is found in the microcirculation of typical in vivo scenarios. Before 

each ultrasound firing, the solution was “softly” stirred and allowed to settle, enough for 

Function 

Generator

RF 

Amplifier

Transmitter 

(V392)

Receiver 

(C304)

OscilloscopePC

Chri
sto

ph
oro

s M
an

na
ris



2 – Microbubble response to long pulses used in US-enhanced drug delivery 

29 

the bubbles to stop moving but not float. Slightly higher concentrations were also used in 

the capillary setup (0.005‰ – 0.2‰). The microbubble solution was placed in a gravity fed 

reservoir. As mentioned earlier, before ultrasound exposure, the flow was stopped. Both 

set-ups described above were also observed with diagnostic ultrasound imaging. 

2.2.4 Imaging  

In all the experiments, a Philips iU22 Ultrasound Scanner (Phillips Ultrasound, 

Bothell, WA, USA) was used for the imaging of the microbubbles. The ultrasound probe 

used for imaging was a C8-4v broadband curved array transducer, normally used in 

obstetrics for intracavity clinical exams. Its thin long shape and wide field of view was 

convenient for placement inside the ultrasonic enclosure and enabled accurate depiction of 

the area interrogated by ultrasound (the therapy pulses) in both the open enclosure and the 

capillary set-up. The imaging frequency was 4-8 MHz and the MI was set to 0.03 to ensure 

no bubble destruction. Imaging was used to verify both the presence and concentration of 

the microbubbles and avoid errors such as large air bubbles passing through and clogging 

of the microtube. During the application of the therapeutic ultrasound the diagnostic 

ultrasound system was placed in “freeze” (not scanning) to avoid any interference of the 

imaging pulse with the experiments. Figure 2-3(a) shows a contrast image of the suspended 

microbubbles in the enclosure before an ultrasound firing. The corresponding image 

shortly after the therapy pulse was fired (10 cycles, MI 0.9) is shown in Figure 2-3(b). 

Figures 2-3(c) and (d) show the microbubble-filled capillary before and after an ultrasound 

firing respectively. The area where the bubbles are destroyed can be clearly seen in both 

setups [Figs. 2-3(b) and (d)]. When the bubble concentration dropped, it was easily 

observed from the image and a new solution was prepared. It is noted that a higher 

concentration of microbubbles was used in these images for demonstration purposes.  

2.2.5 Ultrasound exposure conditions 

A typical ultrasound firing consisted of a series of tone bursts (pulses). The number 

of cycles used was varied from 10 to 20000. The amplitude of the pulses spanned a range 

of MI of 0.05 to 1.5. The pulse repetition frequency (PRF) was varied between 50 to 1000 

Hz. The pulses were fired repeatedly in order to study the bubble destruction over time. 

For all experiments, the center frequency of the pulses used was 1.0 MHz since this is the 

frequency that is used in many published drug delivery publications.  
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Figure 2-3: Ultrasound images showing microbubbles; (a) in suspension before excitation, (b) in 

suspension after excitation, (c) in the capillary before excitation, (d) in the capillary after 

excitation. Power modulation nonlinear imaging is used. Destruction area (due to the therapy 

pulses) is clearly seen 

2.3 Results  

2.3.1 Microbubbles suspended in open enclosure  

The response of the microbubbles (a solution with concentration 0.005‰) to a 

series of 1 MHz, 10-cycle tone bursts spaced 20 ms apart (PRF = 100 Hz) is shown in 

Figure 2-4.  Scattered pulses from microbubbles at MIs 0.1, 0.2 and 0.4 are shown in 

Figure 2-4(a)-(c), respectively. The horizontal axis is time in milliseconds and the vertical 

axis is the scattered pressure in kPa. It is noted that every condition was repeated 50 times 

and the experiment was done for concentrations 0.005, 0.02, and 0.04 ‰. Table 2-1 shows 

the mean and standard deviation of the RMS value of the scattered pressure. The 

waveforms shown in Fig. 2-4 (a)-(c) are chosen to have amplitude close to the mean value. 

The spectra of the waveforms are shown in Fig. 2-4 (d)-(f).  In Fig. 2-4 (g)-(i) the reduction 

in normalized amplitude (with respect to the maximum value) as a function of time (after 

repeated sonifications with 100 Hz PRF) is shown. At MI 0.1, the normalized amplitude of 

the scattered pressure stays close to 1 suggesting that the microbubbles remained intact 

after all ultrasound firings. At MI 0.2, there’s a gradual decrease in amplitude of the 

response, suggesting disruption of the microbubbles and slow diffusion of the gas. Finally 

(a)(a)

(c)

(b)(a)

(d)
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at MI 0.4, there is even faster decay of the amplitude suggesting that the microbubbles are 

destroyed after only a few firings. It is also noted that the spectra of MI=0.2 and MI=0.4 

[Fig. 2-4 (e) – (d)] show a broadening associated with bubble destruction and as expected 

this broadening is highest at the highest MI. 

 

Table 2-1: Mean and standard deviation of the RMS amplitude of the scattered pressure from 

microbubbles suspended in the open enclosure (Statistics out of 50 samples). C= 0.005‰ 

MI 
RMS scattered 

pressure (kPa) 
σ (kPa) 

0.1 0.22 0.07 

0.2 0.43 0.15 

0.4 1.17 0.36 

 

 

 

Figure 2-4: Scattered ultrasound pulses (1 MHz, 10 cycles) from microbubbles diluted in the open 

enclosure at, MI=0.1 (a), MI=0.2 (b), and MI=0.4(c) and their corresponding spectra (d)-(e). 

Normalized amplitude as a function of time (after repeated sonifications with 100 Hz PRF) for MI 

= 0.1(g), 0.2(h) and 0.4(i). 
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Longer pulses (100-20000) over a range of acoustic amplitudes were also 

considered. However, with very long pulses it was not possible to study the response of 

microbubbles with our set-up as they moved away from the interrogation region (confocal 

area) due to acoustic streaming [Tjotta [57]; Starrit et al. [58]]. The presence of acoustic 

streaming in the microbubble solution was confirmed with ultrasound imaging where video 

loops of moving microbubbles during the excitations have been recorded. Table 2-2 

summarizes the pressures at which streaming was first observed for 10, 80, 500 and 2000 

cycles. As expected, the observed onset of streaming as a function of input pressure is 

inversely proportional to the pulse duration (number of cycles) and ultimately duty cycle. 

Calculation of the spatial average intensity and predicted velocities according to the work 

of Tjotta [57] for the given parameters are also shown in Table 2-2. We observe that for 

80, 500 and 2000 cycles, the calculated intensities and velocities where streaming was first 

detected are very similar. For 10 cycles however we observe that the resulting intensity and 

expected velocity is higher but nevertheless streaming is not detected. One explanation is 

that at such high MI any microbubbles that lie in the acoustic field are destroyed and we 

are unable to visualize them.   

 

Table 2-2: Onset of observed acoustic streaming and its dependence on MI and the number of 

cycles at PRF = 50 Hz. Calculated spatial average intensities and predicted velocities are also 

shown. 

# of 

cycles 

Streaming 

Threshold 

Spatial Average 

intensity (mW/cm
2
) 

Calculated Streaming 

velocity (mm s
-1

) 

10 
Not detected 

(up to MI 1.1) 
20.21 0.114 

80 0.2 5.34 0.030 

500 0.1 8.35 0.047 

2000 < 0.05 8.35 0.047 
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2.3.2 Microbubbles in capillary  

The second setup used in this work was designed to better mimic in vivo conditions 

and specifically flow in a capillary vessel. The microbubbles were allowed to flow through 

a 200 μm diameter capillary tube rather than being freely suspended in water. As 

confirmed with our results and ultrasound imaging, streaming was completely eliminated.  

Figure 2-5 shows scattered pulses (200-cycle tone bursts spaced 10 ms apart) from 

microbubbles, at a concentration of 0.2‰. Scale breaks in the x-axis are used for better 

visualization of the individual pulses. MIs of 0.1, 0.2 and 0.4 are shown in Figure 2-5(a)-

(c) respectively.  In a similar fashion to the freely suspended bubbles, we observe that MI 

0.1 is non-destructive (intensity remains constant with time), MI 0.2 is destructive 

(intensity gradually decreases), and MI 0.4 and above is highly destructive (bubble 

disappears before the end of the 1
st
 pulse). Further increase in pressure does not produce 

any difference in the destruction pattern other than the expected increase in the amplitude 

of the scattered echo. Two segments of the 1
st
 pulse are selected [dotted rectangles in Fig. 

2-5(c)] for further analysis. A Blackman-Harris window is applied to the selected segments 

in order to limit leakage in the frequency spectra. The time waveform and frequency 

spectrum of the first segment are shown in Figures 2-6(a) and (b), respectively whereas the 

time domain and spectrum of the 2
nd

 segment are shown in Figure 2-6(c) and (d). The 

dramatic reduction of higher harmonics in Figure 2-6(d) indicates that the microbubbles 

have been destroyed (the remaining signal is the linear scattering from the capillary itself). 

Results for longer tone bursts follow similar trends where at MIs > 0.4 all bubble activity 

disappears within about 100 cycles or 100 μs. 

Figure 2-7(a)-(c) shows scattered pulses from microbubbles using 200, 1000 and 

2000-cycle pulses at an MI of 0.4. At this MI the microbubbles are destroyed by the first 

pulse and the gas diffuses in the liquid before the second pulse arrives. As a matter of fact, 

for excitations greater than 100 cycles the microbubbles are always destroyed and diffused 

with the first pulse, independent of the pulse length. 
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Figure 2-5: Scattered ultrasound pulses (200 cycles, PRF=100 Hz) from microbubbles in a 

capillary, for MI = 0.1(a), 0.2(b), and 0.4(c). 

 

 

 

Figure 2-6: (a) time waveform and (b) spectrum of 1st selected region of pulse at MI 0.4 [shown in 

fig 2-5(c)]. (c) time waveform and (d) spectrum of 2nd selected region. 
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Figure 2-7: Pulses scattered from microbubbles in the capillary set-up. (a) 200 cycles, MI 0.4; (b) 

1000 cycles, MI 0.4; and (c) 2000 cycles, MI 0.4. 

 

2.4 Discussion  

The response of contrast agent microbubbles to long of ultrasonic pulses similar to 

the ones used in therapeutic applications has been studied in two different experimental 

setups: (a) with the microbubbles suspended in a large enclosure of deionized water and (b) 

with the microbubbles enclosed in a capillary. It has been shown that acoustic streaming 

generated by the ultrasound in microbubble suspensions induces bubble movement and 

does not allow for the study of bubble response to long pulses. Experimental setups similar 

to the one described here where the microbubbles are freely suspended in a medium (even 

in the case where microbubbles are placed in OptiCell™-like enclosures) probably 

experience acoustic streaming with the consequences described above. 

While acoustic radiation force may be present in capillaries and the 

microcirculation, [42, 43] it is generally accepted that acoustic streaming is not a factor in 

small vessels. Enclosing the microbubbles in a cellulose capillary tube eliminates acoustic 
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streaming and allows a more accurate observation and measurement of the bubble 

response, while at the same time closely resembles the in vivo scenario of microbubbles in 

the microcirculation. At MIs greater than 0.4, the microbubbles were destroyed and no 

response was detected after about 100 cycles or 100 μs (at 1 MHz) irrespective of the pulse 

length. Figure 2-8(a) shows the response to a 200 cycle burst at MI 0.4 and Figure 2-8(c) 

shows the response to a 1000 cycle burst at the same MI. The first 100 μs of each response 

are isolated and shown in Figures 2-8(b) and (d), respectively. The destruction pattern 

followed is nearly identical in both cases. Published reports of drug delivery suggest that 

pulses with thousands of cycles are more effective in delivering the drugs [53]. A question 

is being raised whether the enhanced drug delivery seen with longer ultrasound pulses at 

such high pressures is related to the microbubble response or whether other biological 

factors play an important role.  

 

 

Figure 2-8: Pulses scattered from microbubbles in the capillary set-up. (a) 200 cycle pulse at MI 

0.4; (c) 1000 cycle pulse at MI 0.4. (b), (d) Isolation of the first 100 μs of the 30 pulses shown in 

(a) and (c), respectively. The destruction pattern followed is nearly identical in (b) and (d) 

The bubble concentration in the experiments was very carefully controlled and 

concentrations that are expected to be found in vivo in the capillary bed were used. The 

concentrations were 0.005<C<0.2‰ and they were all in the linear range of intensity 

versus concentration curve [56] to ensure that acoustic shadowing was not present. Despite 

the fact that we have not used a mechanical filter to select a certain bubble population (e.g. 

less than 3 microns) it is assumed that the bubbles that responded to the ultrasound pulses 

were in the range 1-10 microns as any smaller or larger bubbles would be far away from 

resonance at the driving frequency. 
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An important factor often overlooked in drug delivery applications is the detailed 

shape (diffraction pattern) of the focused sound field. The field varies in amplitude and 

different bubbles in the field experience a different acoustic pressure. In Figure 2-9 we 

show the calculated field of the focused source used in our experiments. In Figure 2-9(a) 

the central axial plane is shown and in (b) the focal plane. The contours were drawn so that 

the following four MI ranges were shown: 0-0.05, 0.05-0.1, 0.1-0.2, 0.2-0.5, and 0.5-1.0. 

Thus, some bubbles undergo stable (non-destructive) oscillation and some are violently 

destroyed. For example the bubbles in the red area of the contour plot are eliminated in 75-

100 cycles (as discussed above) whereas the bubbles in the grey area are undergoing stable 

oscillations, and the ones in the white areas are possibly not excited at all. 

 

 

 

Figure 2-9: Contour plots of the MI of (a) the axial plane and (b) focal plane of the transmitter. The 

red area is 0.5<MI<1, the blue area is 0.2<MI<0.5, the yellow area is 0.1<MI<0.2, the gray area is 

0.05<MI<0.1 and white denotes MI’s less than 0.05. 

Another consideration for very long pulses intended for drug delivery applications 

is the possibility for ultrasound induced heating. For example, when 1 MHz continuous 

wave ultrasound with 0.5 MPa amplitude is used a temperature rise of 2 degrees Celsius 

would be expected in tissue within 3 seconds. In the case of pulsed excitation, when a 

single 20,000-cycle pulse of 2 MPa is used a temperature rise of 0.2 degrees would result 

in tissue. Repeated sonications would result in further temperature rise. The center 
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frequency of the pulses investigated in this work was kept constant at 1.0 MHz. In the 

future we are planning to investigate the effect of frequency when long ultrasonic pulses 

such as the ones used in therapeutic applications are used.  

Based on the observed bubble behavior two options for drug delivery are suggested 

that must be confirmed with in vivo experiments: (a) a long pulse (100-1000 cycles) at low 

amplitude, MI<0.1 for a prolonged stable nonlinear oscillation; and (b) a 100 cycle pulse at 

high amplitude, MI>0.4, for a destructive highly nonlinear oscillation. Longer than 100 

cycles pulses at high amplitude do not produce any added benefit in terms of the bubble 

oscillation. However, it is possible that the longer high amplitude ultrasound pulses have 

an effect on the cell membrane permeability and it must be further investigated.  

 

2.5 Conclusion 

Acoustic streaming influences experimental setups where microbubbles are freely 

suspended and allowed to move around. Enclosing the microbubbles in a capillary 

eliminated streaming and accurate results of bubble oscillations to very long ultrasound 

pulses were obtained. The diffraction pattern of a focused source can greatly influence 

bubble oscillations and must be considered when designing acoustic conditions for 

ultrasound-enhanced drug delivery. It is possible to repeatedly oscillate a microbubble for 

1000’s of cycles at MI<0.1. At higher pressures (MI > 0.4) all bubble activity disappears 

within about100 cycles despite the length of the excitation pulse, mainly due to gas 

diffusion.  
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2.6 Appendix A – Transducer Frequency Response Calibration 

Single element transducers are often used as receivers due to the high sensitivity 

they exhibit compared to needle and membrane hydrophones. This allows detection of 

small signals like acoustic responses from microbubbles that may have amplitudes as low 

as a few Pascal. However, single element transducers also have a finite frequency response 

(compared to the flat frequency response of needle and membrane hydrophones) that 

causes underestimation of signals containing frequencies that lie away from the 

transducer’s center frequency (e.g. 1 and 3 MHz signals are underestimated when received 

by a 2 MHz transducer). For accurate measurement of the scattered acoustic pressure from 

microbubbles, the received signals must be corrected for the transducer’s frequency 

response.  

While the manufacturer provides a frequency response curve for each transducer, 

this curve is obtained by a standard pulse/echo test where tone bursts are reflected off a 

silica target and received by the same transducer. This represents an integration of transmit 

and receive effects. The receive transfer function alone which is important when 

transducers are used as receivers is needed. In this appendix, we describe the procedure to 

calculate the receive transfer function of the transducer in order to correct the received 

echoes from microbubbles and obtain more accurate results. 

The transfer function, H(f), of a linear time-invariant system (a transducer in our 

case) is defined as the relation between the input and output. As a first step, a chirp 

containing the frequencies 0.1-6 MHz was designed in Matlab using the following 

equation: 
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where m is the envelope, Ncyc is the number of cycles, ω=2πf, and f is the center frequency.  

 

For the above chirp, m=2, Ncyc = 20 and f = 2 were used. A waveform according to 

(A.1) was transferred to the arbitrary function generator and the open circuit voltage 

A(z=0,t) or A(t) was measured with the oscilloscope [Figure A-1(a)]. The Fourier 

transform of A(t) was calculated to give us A(f) shown in Figure A-1(b). In effect A(t) 

represents the input signal that reaches the transducer from the function generator. The 

same chirp signal was then transmitted in water with the C304 transducer and was captured 

by the membrane hydrophone at the focus [p(z=d,t)] or B(t). Figure A-1(c) and (d) show 
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B(t) and its Fourier transform B(f) respectively. To calculate H(f) however, the output at 

the face of the transducer, C(f, z=0) is required where, 
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       (A.2) 

The focusing gain, G(f) is calculated using,  
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      (A.3) 

where d is the focal length and a is the radius of the source.  

The transducer transfer function is given by,   
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      (A.4) 

 

Figure A-1: (a)-(b) Open circuit chirp input, A(t), and its Fourier transform, A(f);  (c)-(d) Output, 

B(t), at the focus (z=d) received by membrane hydrophone and its Fourier transform, B(f). 

Figure A-2 depicts the calculated normalized transfer function, H(f)n, which shows 

the center frequency at 1.9 MHz and the -6 dB down points are at 1.0 and 3.5 MHz. 

Once the transducer transfer function is calculated then any measured scattered 

waveform ps(t) can be corrected using the following equation: 
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where ps(f) is the Fourier transform of a time waveform ps(t). Finally the inverse Fourier 

transform is used to get psc(t) which is the corrected time waveform.  
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Figure A-2: Frequency response curve of C304 transducer obtained experimentally. 

Figure A-3(a) shows the bubble response, ps(t),to a 1 MHz, 10 cycle burst at MI 

0.4. Its Fourier transform, ps(f) is shown in Fig. A-3(b). In Fig. A-3(c) equation A.5 is used 

to calculate the corrected spectrum, psc(f), and finally Fig. A-3(d) shows the corrected 

waveform, psc(t).We observe that the 1
st
 harmonic level has increased by 5 dB and the 3

rd
 

harmonic by 3 dB, whereas the 2
nd

 harmonic remained the same. We also observe that the 

amplitude of the corrected waveform has increased by a factor of 2.   

 

Figure A-3: Bubble response to 1 MHz, 10-cycle burst at MI 0.4. (a) time waveform, ps(t), (b) 

Fourier transform of (a), ps(f) , (c) corrected spectra psc(f) and (d) inverse Fourier transform of (c) to 

give corrected time waveform, psc(t). 

To complete the calibration of the single element transducer, we also need to 

calculate the receive sensitivity, i.e. what is the produced electrical signal for a given 

pressure. To do this, a 6 cycle, 2.25 MHz pulse was received at the focus with both the 

membrane hydrophone and the single element transducer. Care was taken for the 
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amplitude of the transmitted pulse to be low in order to avoid nonlinear propagation and 

the production of harmonics. Since the sensitivity of the calibrated membrane hydrophone 

is known, the sensitivity of the transducer can be easily calculated. The sensitivity of the 

C304 transducer was found to be 4725 mV/MPa at 2.25 MHz (compared to 63 mV/MPa of 

the membrane hydrophone). 
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3                                                                          

Doxorubicin Liposome-Loaded 

Microbubbles for Contrast Imaging 

and Ultrasound-Triggered Drug 

Delivery 

.Targeted drug delivery under image guidance is gaining more interest in the drug 

delivery field. The use of microbubbles as contrast agents in diagnostic ultrasound 

provides new opportunities in noninvasive image guided drug delivery. In the present 

study, the imaging and therapeutic properties of novel doxorubicin liposome-loaded 

microbubbles are evaluated. The results showed that at scanning settings (1.7 MHz and 

mechanical index 0.2), these microbubbles scatter sufficient signal for nonlinear ultrasound 

imaging and can thus be imaged in real time and be tracked in vivo. In vitro therapeutic 

evaluation showed that ultrasound at 1 MHz and pressures up to 600 kPa in combination 

with the doxorubicin liposome-loaded microbubbles induced 4-fold decrease of cell 

viability compared to treatment with free doxorubicin or doxorubicin liposome-loaded 

microbubbles alone. The therapeutic effectiveness is correlated to an ultrasound-triggered 

release of doxorubicin from the liposomes and an enhanced uptake of the free doxorubicin 

by glioblastoma cells. The results obtained demonstrate that the combination of ultrasound 

and the doxorubicin liposome-loaded microbubbles can provide a new technology of 

noninvasive image guided-drug delivery. 
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3.1 Introduction 

Doxorubicin (DOX) is one of the most powerful anticancer drugs prescribed on its 

own or in combination with other agents. Due to its broad spectrum of activity, it is widely 

used for the treatment of solid tumors and hematological malignancies [1]. However, the 

use of free DOX in clinical application is still rather limited because of the severe systemic 

side effects associated with its use. To overcome these major problems, the DOX has been 

encapsulated inside PEGylated liposomes preventing their recognition by the 

reticuloendothelial system [2]. This formulation results in the passive accumulation of 

liposomes in the leaky tumor vasculature due to the enhanced permeability and retention 

effect [3]. Doxil
®
, a clinical approved liposomal DOX formulation, is nowadays indicated 

for the treatment of cancer such as Kaposi's sarcoma and ovarian cancer [2, 4]. Although, 

Doxil
®
 strongly reduced the cardiotoxicity of DOX in clinical trials [5], other adverse 

effects have been reported such as patients suffering from mucositis and the hand and foot 

syndrome due to the localization of liposomes in skin capillaries [6]. Both the 

pharmacological actions of DOX as well as its toxicological effects are related to tissue 

concentration of DOX [1]. For that reason, the development of a more efficient and targeted 

delivery method is required to increase the local concentration of DOX at the desired site 

while minimizing side effects to healthy tissues.  

Image guided ultrasound mediated drug delivery shows great promise in improving 

the therapeutic ratio of a chemotherapeutic agent by increasing the local deposition and 

reducing the systemic side effects [7-9]. The combination of ultrasound waves and 

ultrasound contrast agents (microbubbles) is known to enhance the vascular extravasation 

and the intracellular delivery of drugs [10-14]. The exposure of microbubbles to ultrasound 

causes the expansion and the compression of microbubbles during the respective 

rarefaction and compression phases of the ultrasound wave. These oscillations may cause 

liquid flow around the microbubbles, known as microstreaming [15, 16]. At even higher 

acoustic pressures, the microbubbles undergo large oscillations, which lead to violent 

collapse and destruction of the microbubbles and in some cases inertial cavitation where 

the microbubble disruption might be accompanied by the generation of shock waves in the 

medium close to the microbubbles [17]. In the case of an asymmetrical collapse, jet 

formation may also occur when a collapsing microbubble is located near the cell 

membrane [18]. These different physical phenomena can transiently enhance the 

permeability of tumor vasculature and cells and therefore, the extravasation and the 

intracellular uptake of the drugs [19, 20].  
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A key ingredient in ultrasound-triggered local drug delivery is the ability to image 

the drug delivery vehicle in real time. Ideally, the drug carrier should be able to be tracked 

in vivo using low mechanical index (MI) imaging and once at the desired location, high MI 

ultrasound may be used to trigger the drug release on site. Another approach is to image 

the microbubble destruction process with Doppler-based methods [21]. 

Several studies reported on the synergistic effect of DOX and ultrasound. These 

studies focused mainly on the intracellular delivery of free or encapsulated DOX by 

ultrasound alone [22-25] or co-injected with contrast agent [26-29]. However, a major 

limitation of the co-administration approach is that liposomes can still extravasate and 

accumulate in untargeted tissues such as the skin capillaries resulting in undesired side 

effects [6]. To minimize this side effect, one of strategies is to develop a drug-loaded 

microbubbles [28, 30, 31]. Geers et al., designed doxorubicin liposomes-loaded 

microbubbles. Hence the DOX is encapsulated in liposome particles that bind to the lipid 

shell of the microbubbles through a covalent link [28]. The clinical potential of the DOX 

liposome-loaded microbubbles rests on the ultrasound-triggered DOX delivery monitored 

by ultrasound contrast imaging.  

The aim of this study is first to investigate the imaging characteristics of the 

liposome-loaded microbubbles and to compare their performances to those of a 

commercially available contrast agent (SonoVue
®
, Bracco Research, Geneva, 

Switzerland). Then, the therapeutic effectiveness of the DOX liposome-loaded 

microbubbles in human glioblastoma cells was evaluated and the mechanism of DOX 

delivery was investigated. 

 

3.2 Material and Methods 

3.2.1 Preparation of microbubbles 

3.2.1.1 Unloaded microbubbles 

Unloaded microbubbles were prepared via the method described by Geers et al. 

26. Briefly, microbubbles were prepared from a lipid solution of 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[PDP(polyethylene glycol)-2000] (DSPE-PEG-PDP) (Avanti polar lipids, Albaster, AL) 

in a 1:2:7 glycerine-propyleneglycol-H2O solvent (Sigma-Aldrich, Bornem, Belgium). The 

molar ratio of the lipids in the lipid solutions was respectively 65:35. This lipid solution 

was prepared as follows: the different lipids dissolved in CHCl3 were mixed and the 
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solvent was evaporated. Afterwards, the remaining lipid-film was dissolved in glycerine-

propyleneglycol-H2O. One milliliter of the mixture was transferred to a glass vial and its 

headspace was filled with C4F10 gas (F2 chemicals, Preston, UK) before mechanical 

agitation. Finally, unloaded microbubbles were obtained by high speed shaking of the lipid 

solution in a Capmix™ device (3M-ESPE, Diegem, Belgium) during 15s. The size and the 

concentration of the microbubbles in the dispersion (i.e. number of microbubbles/mL) 

were determined with a Beckman-Coulter Multisizer 4 (Beckman-Coulter, Brea, CA). The 

unloaded microbubbles showed an average volume diameter of 3.6 µm. The microbubble 

dispersions contained respectively 1.23 × 10
9 

microbubbles/mL. 

3.2.1.2 DOX liposome-loaded microbubbles 

DOX liposome-loaded microbubbles were prepared by adding adequate amounts of 

DOX liposomes functionalized with DSPE-PEG-MALEIMIDE (Avanti Polar Lipids, 

Albaster, AL) to the lipid-solution before mechanical activation (Figure 3-1). The DOX-

liposomes were prepared via the method described by Lentacker et al., [32]. Briefly, 

adequate amounts of DPPC, DSPE-PEG-MALEIMIDE and cholesterol (dissolved in 

CHCl3) were transferred to a round-bottom flask and the solvent was evaporated using a 

Rotavap. The remaining lipid-film was then hydrated with ammonium sulfate buffer (250 

mM) and the liposomal-solution was extruded through a 200 nm filter. To remove the 

excess of ammonium sulfate the liposome dispersion was peletized in a Beckman L8-M 

ultracentrifuge at 10,000 g. Finally, DOX liposomes were obtained by incubating the 

obtained liposomal dispersion with a sufficient amount of DOX in HCl (10 mg/mL in H2O) 

at 50°C for 2 hours. Afterwards the nonencapsulated DOX was removed by 

ultracentrifugation at 10,000 g (Beckman L8-M ultracentrifuge). Finally adequate amounts 

of DOX-liposomes were mixed with the (DPCC, DSPE-PEG-SPDP) lipid solution as 

described in the previous section and were transferred into glass vials and its headspace 

was filled with C4F10. After 15 sec of mechanical agitation, the loaded microbubbles 

showed an average volume diameter of 4 µm. The microbubble dispersions contained 

approximately 1.04 × 10
9 

microbubbles/mL. 
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Figure 3-1: Schematic presentation of DOX liposome-loaded microbubbles. The microbubbles are 

filled with the hydrophobic C4F10 gas. DOX-containing liposomes are coupled to the 

microbubble’s surface through covalent thiol-maleimide linkages. The DOX liposome-loaded 

microbubbles showed an average volume diameter of 4 μm while the DOX-loading liposomes are 

200 nm in diameter. 

 

 

3.2.2 Acoustic characterization 

3.2.2.1 Microbubble imaging 

In this section, the imaging characteristics of the unloaded microbubbles and DOX 

liposome-loaded microbubbles were investigated and compared to SonoVue
®
 using the 

setup shown in Figure 3-2. The microbubbles were diluted to a concentration of 0.2 
o
/oo 

(0.2 mL of contrast agent in 1 L of de-ionized water), which lies in the low end of the 

linear range of the relation of intensity versus concentration [33], and this is similar to what 

is usually used clinically (normally 2.4 mL injected in 5 L of blood) [21]. The original 

concentration of all three types of microbubbles used in this study is 10
8
 microbubbles/mL 

thus consistency was maintained. The solution was continuously mixed by a magnetic 

stirrer to avoid flotation and to ensure uniform distribution of the microbubbles while a 

peristaltic pump (Masterflex; Cole-Palmer, Vernon Hills, IL, USA) was used to draw the 

solution into a rubber based tissue mimicking Cardiac Doppler flow phantom (Model 

523A; ATS Laboratories Inc., Bridgeport, CT, USA). Contrast enhanced ultrasound 

imaging of the microbubbles was performed with the C5-1 curvilinear transducer of a 

Philips iU-22 (Philips Medical Systems, Bothell, WA, USA) ultrasound scanner. The 
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transducer was placed so as to image the 8 mm diameter flow channel of the phantom at a 

depth of 12 cm. Power modulation nonlinear pulsing scheme [34, 35] was used at a 

transmit center frequency of 1.7 MHz.  

 

Figure 3-2: Flow phantom setup. A peristaltic pump draws the samples into a tissue mimicking 

flow phantom (attenuation coefficient 0.5 dB/cm/MHz). Imaging done by a C5-1 curvilinear 

transducer and a Philips iU-22 ultrasound scanner. 

 

The Contrast-to-Tissue ratio (CTR) under different excitation pressures was 

measured using the setup described above. CTR is defined as the ratio of the scattered 

intensity from the microbubbles to the scattered intensity from tissue and it is an index of 

the ability to image contrast agent in the presence of tissue. Acoustic pressures ranging 

from 0.06 to 0.98 MPa corresponding to mechanical indices (MI) of 0.05 to 0.75 were 

used. A continuous infusion of the microbubble solution was passed through the phantom 

and 5 frames per MI were acquired at a frame rate of 0.5 Hz. The total volume in the field 

of view was about 5 mL (radius = 4 mm, length = 10 cm), so a flow rate of 200 mL/min 

(6.7 mL in 2 sec) was used to make sure the region of interest (ROI) was refreshed with 

new microbubbles for each frame so that microbubble destruction would not be an issue. 

QLAB software (Philips Healthcare, Andover, MA, USA) was used in the analysis of the 

data. QLAB allows for selection of one or more ROIs and produces time-intensity curves 

from the image loops. The intensity is obtained from uncompressed envelope detected data 

squared and then averaged from all pixel values in the ROI. Two regions of interest were 

selected, one inside the tube lumen and one outside the tube. CTR as a function of MI was 

obtained by dividing the backscattered intensity from the microbubbles by the 

backscattered intensity from tissue (in absolute scale units). In Figure 3-3, examples of the 

ROI selection during a CTR experiment are shown for low, medium and high MI. 
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Figure 3-3: Selection of regions of interest in QLAB for CTR calculation at (a) MI 0.05, (b) MI 0.3, 

(c) MI 0.7. Two identical regions were selected at the same depth, one inside the tube lumen 

(contrast) and one outside the tube (tissue). 

 

3.2.2.2 Microbubble destruction 

The setup shown in Fig. 3-2 was also used to investigate the destruction of the 

unloaded and DOX liposome-loaded microbubbles when exposed to ultrasound at MIs 0.05 

to 0.75. The destruction threshold of the microbubbles would allow us to determine the 

optimal MI to image and track the microbubbles in vivo without causing destruction and 

premature release of the drug as well as to optimize the imaging of the microbubble 

destruction process with a Doppler-based method. Similar to the CTR experiments, the 

results were compared to SonoVue
®
. 

A freshly made solution of microbubbles (C = 0.2 
o
/oo) was pumped into the flow 

phantom and the flow was stopped. The microbubbles were then insonified for 10 seconds 

at a frame rate of 10 Hz (100 ms interval). The 10 sec imaging duration was selected so 

that it would be long enough to determine the ultrasound effect on the microbubbles (rate 

of destruction) while at the same time short enough to avoid any microbubble flotation. 

QLAB was used to select a single ROI in the middle of the tube and the decrease in 

intensity as a function of time was measured.  
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3.2.3 DOX delivery by microbubble-assisted ultrasound 

3.2.3.1 Cell culture 

Human glioblastoma cells (U-87 MG) were derived from a malignant glioma 

(ECACC European Collection of Cell Cultures, Salisbury, U.K.). Cells were grown as a 

monolayer in Dulbecco's Modified Eagle Medium (DMEM) (Gibco-Invitrogen, Carlsbad, 

CA) supplemented with 10% heat-inactivated fetal calf serum (FCS) (Gibco-Invitrogen, 

Carlsbad, CA). The cells were routinely sub-cultured every 4 days and incubated at 37°C 

in humidified atmosphere with a 5% CO2 incubator. 

3.2.3.2 Ultrasound set-up 

Ultrasound waves were generated from a single element transducer with a center 

frequency of 1 MHz. The 13 mm diameter transducer was focused at 30 mm with a wide 

focal spot (i.e. beamwidth at -6dB = 5 mm). The transducer was driven with an electrical 

signal generated by an arbitrary waveform generator (Agilent, Santa Clara, CA) and 

amplified with a power amplifier (ADECE, Artannes sur Indre, France). The peak negative 

pressure of the acoustic wave was measured in a separate set-up using a calibrated PVDF 

needle hydrophone (0.2 mm diameter, Precision Acoustics, Dorchester, U.K.) at the natural 

focal distance of the transducer. 

3.2.3.3 DOX delivery 

U-87 MG cells were trypsinized, washed once and resuspended in OptiMEM 

(Gibco-Invitrogen, Carlsbad, CA) supplemented with 1% FCS. During the procedure, the 

cell suspension was maintained in a water bath at 37°C (Grant Instruments Ltd., 

Cambridge, U.K.). The cell suspension (3 × 10
5
 cells in 1.5 mL) was then placed in a 

polystyrene cuvette (Fisher Scientific SAS, Illkirch, France) (45 mm height, 10 mm 

internal width and 12 mm external width) and 15 µL of unloaded microbubbles alone or 

DOX liposome-loaded microbubbles were added just before ultrasound application. Thus, a 

microbubble-cell ratio of 5 was achieved and the final concentration of DOX was of 3 

µg/mL. The center of the plastic cuvette was positioned at the focal distance of the 

transducer in a deionized water tank at 37°C. The cell suspension was kept uniform 

through a gentle magnetic stirring during ultrasound application. Subsequently, the cell 

suspension was exposed to 1 MHz sinusoidal ultrasound waves with a pulse repetition 

period of 100 µs, 40 cycles per pulse and for 30 s (i.e. optimal acoustic parameters for gene 

and drug delivery, as determined by Escoffre et al., 27). The applied acoustic pressures 

were 200 to 600 kPa.  
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After ultrasound application, 500 µL of cells were cultured in a 24-wells cell 

culture plates (Corning Life Science B.V., Amsterdam, The Netherlands) and incubated at 

37°C in a humidified atmosphere with a 5% CO2 incubator. Four hours later, 1 mL of 

OptiMEM-10% FCS was added to each well and incubated at 37°C in humidified 

atmosphere with a 5% CO2 incubator for 48 h. 

3.2.3.4 DOX uptake 

Forty-eight hours after ultrasound triggered DOX delivery, the cell medium was 

removed and the cells were washed with PBS and collected through centrifugation (i.e., 3 

min, 800 g). The cells were resuspended in 500 µL of PBS. Fluorescence histograms were 

recorded with a flow cytometer (Beckman-Coulter, Fullerton, CA) and analyzed using the 

Kaluza software supplied by the manufacturer. A minimum of 10,000 events was analyzed 

to generate each histogram. The gate was arbitrary set for the detection of red fluorescence 

27. 

3.2.3.5 DOX release 

The experimental procedure was adapted from De Smet et al., 2010 [36] and 

performed at 37°C. The DOX release from DOX liposomes or DOX liposome-loaded 

microbubbles was determined by measuring the intensity of fluorescence (ex = 485 nm 

and λem = 590 nm) at 37°C and 10 min after treatment. A volume of 15 µL of unloaded 

microbubbles alone or DOX liposome-loaded microbubbles was added to the plastic cuvette 

containing 1.5 mL of OptiMEM-1% FCS just before ultrasound application. Subsequently, 

the solution was exposed to ultrasound. Three experimental groups were selected: (1) DOX 

liposomes or DOX liposome-loaded microbubbles after Triton X-100 at 10% v/v, which 

induces DOX release by dissolving the liposomes (Positive control), (2) DOX liposomes or 

DOX liposome-loaded microbubbles alone (Negative control), (3) Combination of DOX 

liposomes or DOX liposome-loaded microbubbles with ultrasound. After ultrasound 

application, 150 µL of the solution were introduced in 96-wells plate (Corning Life 

Science B.V., Amsterdam, The Netherlands). The percentage of DOX release was 

calculated according to: 

     (3.1) 

in which I100 and Iexp are respectively the fluorescence intensity of positive control 

and the negative control or the combination of DOX liposome-loaded microbubbles with 

ultrasound. 
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3.2.3.6 Cell viability 

The cell viability was evaluated using an MTT assay. Forty-eight hours after 

treatment, the cell medium was replaced with 0.5 mg/mL MTT solution (Molecular 

Probes-Invitrogen, Carlsbad, CA) and the cells were incubated at 37°C in humidified 

atmosphere with a 5% CO2 incubator for 1.5 hours. Afterwards, the MTT solution was 

substituted by the DMSO solution (Sigma-Aldrich, St. Louis, MO) and the cells were 

incubated for 10 min under gentle agitation at room temperature. The absorbance was then 

measured at 570 nm (OD570) to determine the amount of formed formazan and at 690 nm 

(OD690) as a reference. The cell viability was calculated as follows [32]:  

    (3.2) 

 

3.2.3.7 Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM) of five independent 

experiments. Statistical analysis was performed using the nonparametric Mann-Whitney 

test. Significance was defined as p < 0.05 (NS, non-significance; *p < 0.05; **p < 0.01; 

***p < 0.001). 

 

3.3 Results 

3.3.1 Ultrasonic characterization 

In this section the experimental measurements of CTR and destruction properties of 

the microbubbles are presented. 

3.3.1.1 Contrast-to-tissue ratio 

The contrast-to-tissue ratio for SonoVue
®
 as a function of the mechanical index as 

well as the scattered intensity is shown in Fig. 3-4A (uncompressed data shown in decibels 

(dB)). The backscattered intensity from microbubbles (ROI inside the tube) is shown in 

black (line with solid dots) and for tissue (ROI outside the tube) in blue (line with ‘x’). The 

calculated CTR is shown in red (line with ‘□’). SonoVue
®
 microbubbles exhibit a higher 

CTR at low, non-destructive MIs as shown in our results. At MIs of 0.05 and 0.1 the CTR 

reaches 22 and 27 dB respectively. The best CTR for this setting of the ultrasound scanner 

is found at MI = 0.2 (29 dB). At this setting however, the pressure is high enough to 

destroy the microbubbles and real-time imaging is not possible [(real time contrast imaging 
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with Sonovue is carried out at non-destructive pressures (MI < 0.1)]. At higher MIs, 

incomplete tissue cancellation due to nonlinear propagation of ultrasound causes the tissue 

signal to increase considerably while the corresponding increase in the microbubble signal 

is less. As a result, the overall CTR decreases. The white area indicates the non-destructive 

MIs, and the grey area the destructive MIs. 

The CTR for unloaded microbubbles is shown in Fig. 3-4B. A CTR of 13 and 18 

dB is measured for non-destructive MIs of 0.05 and 0.1 respectively. Even though these 

are 9 dB less than SonoVue
®
, there is still enough microbubble signal for imaging. The 

best CTR for these scanning settings is 25 dB and is reached at MI = 0.26. Similar to 

SonoVue
®
, the CTR drops at higher MIs. Bubble size, concentration, gas content, 

frequency, shell elasticity and thickness are among the various parameters influencing the 

microbubble response (and consequently the CTR).  

Loading of the microbubbles with the DOX-liposomes had an insignificant impact 

on the imaging properties of the microbubble as the results for DOX liposome-loaded 

microbubbles (shown in Fig. 3-4C) are nearly identical to the results of the unloaded 

microbubbles shown in Fig. 3-4B. One small difference is that loading of the microbubbles 

with DOX-liposomes seems to make them a slightly “tougher” and the destruction 

threshold (as described in the next section) increases. Real-time non-destructive imaging at 

this optimal setting (CTR = 25 dB) may be possible with the drug-loaded microbubbles.  
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Figure 3-4: Contrast to tissue ratio for (A) SonoVue® microbubbles, (B) unloaded microbubbles 

and (C) DOX liposome-loaded microbubbles. The backscattered intensity from microbubbles (ROI 

inside the tube) is shown in black (line with solid dots) and for tissue (ROI outside the tube) in blue 

(line with ‘x’). The calculated CTR is shown in red (line with ‘□’). The white area indicates the 

non-destructive MIs, and the grey area the destructive MIs. 
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Figure 3-5: Kinetics of destruction of (A) SonoVue® microbubbles, (B) unloaded microbubbles 

and (C) DOX liposome-loaded microbubbles. MIs of 0.05, 0.1, 0.21, 0.33 and 0.41 are applied for 

6 seconds (60 frames). 
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3.3.1.2 Microbubble destruction 

The microbubble destruction patterns for various MIs are shown in Fig. 3-5. The 

time axis is given in seconds and the signal intensity in arbitrary intensity units (AIU). MIs 

of 0.05, 0.1, 0.21, 0.33 and 0.41 were used and ultrasound was applied for 6 seconds (60 

frames). Higher pressures and longer exposure times followed the same trends (data not 

shown). The destruction of SonoVue
®
 microbubbles is shown in Fig. 3-5A. At MI 0.05 the 

intensity remains constant throughout the insonation period indicating that there is no 

destruction whereas at MI 0.1, the intensity gradually decreases, indicating that destruction 

is taking place. Over 6 seconds (60 frames) are required for the overall intensity to drop to 

half its initial value. Higher pressures steadily become more destructive as expected and at 

MI 0.4 the majority of the bubbles are destroyed within 2-3 seconds.  

Figure 3-5B demonstrates the destruction patterns of unloaded microbubbles. 

Unlike SonoVue
®
, the scattered intensity at MI of 0.1 remains constant throughout the 

insonation period indicating that there is no destruction. Destruction is first observed at MI 

0.21 where in the first second, the intensity drops by a factor of 2 before reaching steady 

state. At higher MIs, a sudden drop in the scattered intensity within the first 5-6 frames 

followed by a constant decay throughout the insonation period is observed.  

The corresponding results for DOX liposome-loaded microbubbles are shown in 

Fig. 3-5C. Similar to the unloaded microbubbles, MIs of 0.05 and 0.10 are non destructive 

since the intensity remains constant throughout the insonation time. MI 0.21 is a little 

destructive as a slight decrease in intensity is observed in the first 4-5 frames. Clear 

destruction can be seen at MI 0.33 where the intensity drops to 50% of its initial value 

within 4-6 frames before reaching a plateau. Similar trends were observed at higher MIs.  

3.3.2 Evaluation of therapeutic efficiency and mechanism of drug delivery 

3.3.2.1 Enhancement of DOX-induced glioblastoma cell death by DOX liposome-

loaded microbubbles and ultrasound 

Cell viability was assessed by the MTT assay 48h after treatment with DOX 

liposome-loaded microbubbles and ultrasound and the results are shown in Fig. 3-6. When 

the U-87 MG cells were insonated at 600 kPa (MI=0.6) with only the presence of unloaded 

microbubbles, the cell viability was 87 ± 2% (Fig. 3-6). Similar cell viability was obtained 

at 200 and 400 kPa with the unloaded microbubbles. As shown in Fig. 3-6, the cell 

viability after treatments with free DOX and DOX liposomes-loaded microbubbles alone 

were 67 ± 1% and 71 ± 1%, respectively. The cytotoxicity induced by the treatment with 

DOX liposome-loaded microbubbles alone can be ascribed to the presence free DOX-
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liposomes in the vial after mechanical activation, which can be endocytosed by the cells 

causing thus cytotoxicity. The combination of DOX liposome-loaded microbubbles and 

ultrasound at 200 kPa induced a 2-fold decrease of cell viability compared to free DOX or 

DOX liposome-loaded microbubbles alone (***p < 0.001).  

Increasing the acoustic pressure to 400 and 600 kPa caused a 3- and 4-fold decrease 

of cell viability respectively when compared to free DOX or DOX liposome-loaded 

microbubbles alone (***p < 0.001). These results clearly showed that the combination of 

DOX liposome-loaded microbubbles with ultrasound induced a synergistic effect on the U-

87 MG cell death. 

 

 

 

Figure 3-6: Enhancement of doxorubicin-induced cell death by ultrasound combined with DOX 

liposome-loaded microbubbles. U-87 MG cells were incubated with 3 µg/mL doxorubicin alone 

(Free DOX), or with DOX liposome-loaded microbubbles alone (DOX LPS-MB) or combined with 

ultrasound at 200 kPa, 400 kPa and 600 kPa for 30s. Forty-eight hours after the treatment, cell 

viability was measured by a MTT assay. Data expressed as mean ± SEM was calculated from five 

independent experiments. Statistical analysis was performed using the nonparametric Mann-

Whitney test. Significance was defined as p < 0.05 (*p < 0.05, **p < 0.01 and ***p < 0.001). 
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3.3.2.2 Enhancement of DOX release from DOX liposome-loaded microbubbles 

after insonation. 

Due to the high intra-liposomal DOX amount, the native DOX fluorescence is 

quenched. Release of DOX from the aqueous intra-liposomal medium will result in the 

dilution of the free DOX in the extra-liposomal medium leading to an increment of 

fluorescence intensity. The latter is proportional to the amount of DOX in the medium. The 

DOX release was assessed by spectrofluorometry after insonation of DOX liposome-loaded 

microbubbles. The insonation at 600 kPa of DOX liposome-loaded microbubbles induced a 

significant increase of DOX release from the liposomes loaded on the microbubbles (***p 

< 0.001 compared to the incubation of DOX-loaded microbubbles in the medium of cell 

culture) (Figure 3-7). These results reveal that the combination of DOX liposome-loaded 

microbubbles with ultrasound induced an active release of doxorubicin from liposomes. 

 

 

 

Figure 3-7: Enhancement of DOX release from DOX liposome-loaded microbubbles after 

insonation. DOX liposome-loaded microbubbles were incubated with (Positive control) or without 

(Negative control) Triton X-100 at 10% v/v in OptiMEM-1% FCS. In addition, these same 

microbubbles were insonated at the optimal acoustic pressure of 600 kPa. Data expressed as mean 

± SEM was calculated from five independent experiments. Statistical analysis was performed using 

the nonparametric Mann-Whitney test. Significance was defined as p < 0.05 (*p < 0.05, **p < 0.01 

and ***p < 0.001). 
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3.3.2.3 Enhancement of DOX uptake by DOX liposome-loaded microbubbles and 

ultrasound 

Flow cytometry was used for quantitative determination of DOX uptake in the U-87 

MG glioblastoma cells. The native fluorescence of the DOX was used to directly measure 

cellular uptake, fluorescence intensity being directly proportional to the internalized 

amount of DOX. The insonation of U-87 MG glioblastoma cells at 600 kPa (i.e. optimal 

acoustic pressure for cell viability) with the unloaded microbubbles did not show an 

increase in the fluorescence intensity (solid line) as shown in Fig. 3-8. The result is similar 

to that obtained with untreated cells (data not shown). The treatment of U-87 MG cells 

with the DOX liposome-loaded microbubbles alone induced a shift of the histogram to the 

right (dashed line). This result can be explained by the intracellular DOX leakage from 

DOX-liposomes incorporated by U-87 MG cells. The combination of ultrasound with DOX 

liposome-loaded microbubbles induced an additional shift of the histogram to the right 

(short-dash red histogram). This result shows that the cellular uptake of DOX by U-87 MG 

was significantly (*p<0.05) higher in the cells treated with ultrasound and DOX liposome-

loaded microbubbles than in the cells treated with DOX liposome-loaded microbubbles 

alone. These results confirm that the combination of DOX liposome-loaded microbubbles 

with ultrasound induced an enhancement of free DOX uptake by U-87 MG cells.  

 

3.4 Discussion 

The present study examined the imaging and therapeutic properties of DOX 

liposome-loaded microbubbles for ultrasound induced delivery of DOX under diagnostic 

ultrasound guidance. We have shown that when interrogated with low non-destructive MI, 

these microbubbles scatter sufficient signal for nonlinear ultrasound imaging and can 

therefore be imaged in real time and tracked in vivo (Fig. 3-4). Loading of the 

microbubbles with DOX liposomes has no apparent effect on the acoustic properties of the 

microbubbles other than slightly increasing the destruction threshold (Fig. 3-5). The 

therapeutic evaluation of these microbubbles showed that ultrasound insonation of the DOX 

liposome-loaded microbubbles induced a much higher glioblastoma cell death than 

treatment with free DOX or DOX liposome-loaded microbubbles alone (Fig. 3-6). We have 

demonstrated that the enhanced therapeutic efficiency is associated with (i) an ultrasound-

triggered release of DOX from the DOX liposome-loaded microbubbles (Fig. 3-7) and (ii) 

an enhanced uptake of free DOX by the cells (Fig. 3-8). In agreement with our previous 
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data, these results support the hypothesis that sonoporation improves the cellular uptake of 

free DOX [27, 28, 32]. Indeed, we demonstrated that microbubbles and ultrasound enhanced 

significantly the cellular uptake of free DOX and the DOX-associated cytotoxicity compared 

to the treatment with free DOX alone. 

 

 

Figure 3-8: Enhancement of doxorubicin uptake into U-87 MG cells with DOX liposome-loaded 

microbubbles and ultrasound. U-87 MG cells were incubated with unloaded microbubbles 

(Unloaded MB + US) or DOX liposome-loaded microbubbles (DOX LPS-MB + US) at the final 

doxorubicin concentration of 3 µg/mL with ultrasound at 600 kPa. In addition, cells were treated 

with DOX liposome-loaded microbubbles alone (DOX LPS-MB). Forty-eight hours after the 

treatment, doxorubicin uptake was measured by flow cytometry. Data expressed as mean ± SEM 

was calculated from five independent experiments.  

 

Based on the results obtained in the present study, we hypothesized that DOX-

liposome loaded microbubbles in combination with ultrasound may improve significantly 

the in vivo effectiveness of targeted DOX delivery under ultrasound imaging guidance. Our 

data support the idea that the design of a hybrid imaging/therapeutic probe is required to 

reach this double objective. Following intravenous injection, these smart microbubbles 

may be tracked in vivo using conventional ultrasound contrast imaging modes. Once the 

tumor microvasculature network is filled with the DOX liposome-loaded microbubbles, a 

high intensity therapeutic ultrasound exposure may induce the destruction of microbubbles, 

promoting (i) the permeation of tumor endothelium, (ii) the ultrasound-triggered release 

and (iii) the extravasation of the free DOX into the endothelial and tumor cells [37-39]. The 

enhanced uptake of DOX in endothelial cells may potentiate the destruction of tumor 
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microvasculature and breakdown the nutrient supply (i.e., oxygen, nutrients, etc.) of the 

tumor [40]. As free DOX is more cytotoxic than liposomal DOX [41], the local ultrasound-

triggered delivery of free DOX in the tumor may enhance the tumor cell death and tumor 

eradication. We believe that the use of optimal formulation of DOX liposome-

microbubbles (i.e. without free Dox liposomes) might exhibit less side effects than free 

DOX. Thus, in the tissues unexposed to ultrasound, these micro-sized microbubbles would 

remain intact and there would be no release and extravasation of DOX in these health 

tissues. This assumption remains to be  demonstrated in future in vivo studies. 

In conventional chemotherapy with Doxil®, a single therapeutic dose corresponds 

to 40 mg of DOX for an 80 kg adult patient [41]. The concentration of loaded DOX attached 

to a single microbubble was estimated to be 5 × 10
-9

 µg [28]. Based on these figures, a 

total number of 8 × 10
12

 DOX liposome-loaded microbubbles have to be intravenously 

injected to reach a similar therapeutic dose. However, the recommended diagnostic doses 

of current contrast agents (e.g. SonoVue
®
 and Definity

®
) are respectively 10

9
 and 10

10
 

microbubbles for an 80 kg adult (i.e. about 1,000 and 100 times lower than that of DOX 

liposome-loaded microbubbles required to reach a single therapeutic dose of Doxil
®
). 

Nevertheless, recent studies have reported a good tolerance with 100- and 1,000-fold 

higher doses of SonoVue
®
 and Definity

®
 microbubbles in non-human primates and 

patients [42-46]. Consequently, the injection of a high dose of DOX liposome-loaded 

microbubbles could be considered for clinical DOX delivery for therapeutic purposes. 

However, further preclinical studies might be necessary to identify putative toxicity of high 

lipid concentrations. In addition, the localized delivery character of this approach would 

likely require a smaller therapeutic dose than the one used in current chemotherapy 

protocols. Thus, therapeutic effects can be expected in human at recommended diagnostic 

microbubble doses. 

The enhancement of DOX loading efficiency on the microbubbles and the 

application of consecutive treatments constitute two other alternative approaches to reach 

the therapeutic dose of Doxil
®
. The small size of the microbubbles limits the space for 

DOX loading. Geers et al., reported that the binding of DOX-liposomes on the surface of the 

microbubbles could increase the amount of loaded doxorubicin [28]. Though they showed 

that 600 to 1300 DOX-liposomes nanoparticles are bound per single microbubble. And 

hence the DOX concentration remains rather limited. Nevertheless, the loading efficiency 

can be further improved by applying multiple layers of DOX-liposomes around the 

microbubble shell. Finally, Zhao et al., reported that the repeated treatments of epirubicin 

and microbubble-assisted ultrasound induced an efficient inhibition of marrow leukemic 
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tumor growth followed by tumor eradication [47]. No side effect associated with this 

protocol has been reported.  

3.5 Conclusion 

Our results demonstrated that DOX liposome-loaded microbubbles have good 

imaging properties and a high therapeutic potential. Thus, the combination of these smart 

microbubbles and ultrasound presents a new potential strategy for the ultrasound-triggered 

DOX delivery under diagnostic ultrasound guidance. 
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4                                                                                                  

Accurate measurement of microbubble 

response to ultrasound with a diagnostic 

ultrasound scanner 

Ultrasound and microbubbles are often used to enhance drug delivery and the 

suggested mechanisms are extravasation and sonoporation. Drug delivery schemes with 

ultrasound and microbubbles at both low and high acoustic amplitudes have been 

suggested.  A diagnostic ultrasound scanner may play a double role as both an imaging and 

a therapy device. It was not possible to accurately measure microbubble response with an 

ultrasound scanner for a large range of acoustic pressures and microbubble concentrations 

up to now, mainly due to signal saturation issues. A method for continuously adjusting the 

receive gain of a scanner and limiting signal saturation was developed in order to 

accurately measure backscattered echoes from microbubbles for Mechanical Index (MI) up 

to 2.1. The backscattered echoes from microbubbles increased quadratically with MI 

without reaching any limit. The signal intensity from microbubbles was found to be linear 

with concentration at both low and high MIs. However, at very high concentrations 

acoustic shadowing occurs which limits the delivered acoustic pressure in deeper areas. 

The contrast to tissue ratio was also measured and found to also increase with MI. These 

results can be used to better guide drug delivery approaches and to also develop imaging 

techniques for therapy procedures.  
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4.1 Introduction 

Ultrasound contrast agents (UCAs) are micron-sized gas filled bubbles stabilized 

with a lipid or polymeric shell. Delivered intravenously, UCAs are considered a true 

blood-pool agent as they are small enough to pass through the alveolar–capillary barrier of 

the lungs and large enough to stay within the circulation. The high echogenicity of 

microbubbles compared to that of red blood cells is used to enhance image contrast in 

diagnostic ultrasound. Today, dynamic contrast enhanced ultrasound (DCEUS) is used in 

the clinic to image and quantify the perfusion of organs by depicting the macro- and 

microcirculation [1-4]. UCAs have been used in various clinical applications including 

cardiology [5], oncology [6, 7], and molecular imaging [8]. Recently interest has shifted 

towards the use of UCAs in therapeutic applications such as gene and DNA transfection [9, 

10], thrombolysis [11], tissue ablation [12] and targeted drug delivery [13-16].  

A key characteristic of microbubble behavior is that when interrogated with 

ultrasound pulses they undergo nonlinear oscillations and produce nonlinear scattering. 

The backscattered ultrasound contains harmonics, sub-harmonics and ultra-harmonics 

which are being utilized in nonlinear imaging methods like pulse inversion [17, 18] and 

power modulation [19, 20] which detect signals from harmonic frequencies and cancel out 

the linear tissue response. As a result, contrast-specific images are formed where only 

areas perfused with UCAs appear bright whereas everything else appears black. Since the 

image intensity of a given region is proportional to the amount of UCAs present [21], 

quantification of the perfusion is possible.  

At high acoustic pressures [Mechanical Index (MI) > 0.5], violent destruction of the 

microbubbles occurs with even the possibility of inertial cavitation [22-24] and the 

formation of high velocity micro-jets [25]. These physical phenomena have been linked to 

an increased therapeutic effect due to enhanced extravasation and alteration of the cell 

membrane permeability, a process referred to as sonoporation [26-29].  

Diagnostic ultrasound together with UCAs may be used to induce sonoporation. 

Several preclinical reports on gene and drug delivery [30-32], sonothrombolysis [33], and 

blood brain barrier opening [34] with the use of diagnostic ultrasound and microbubbles 

have been published. A clinical pilot study for the treatment of pancreatic cancer 

combining a commercial ultrasound scanner with UCAs has also been reported [35].  

Ultrasound scanners have been used in the past as a research tool to investigate bubble 
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dynamics. Sboros et al. [36] reported on the backscatter of UCA suspensions as a function 

of concentration and pressure.  

A major problem often encountered when microbubble properties are investigated 

using a diagnostic ultrasound scanner is signal saturation [21, 37-39]. The dynamic range 

of the backscattered signals varies dramatically depending on the bubble concentration and 

the MI used. Typically, to image the small signals from the microcirculation, high receive 

gains are used and this results in signal saturation in areas of larger vessels with higher 

bubble concentrations. If low receive gains are used, then the small signals from the 

microcirculation are not detected. This problem becomes even worse at higher MI’s which 

are typically used for therapeutic applications. If not taken into consideration, signal 

saturation may affect CTR calculations as well as the quantification of perfusion and thus 

lead to false conclusions [37, 40].  

In this work, a diagnostic ultrasound scanner was used to study the backscatter 

echoes of BR14 microbubbles (Bracco S.P.A., Milan, Italy) [41] as a function of pressure 

and concentration in a tissue flow phantom. The question of microbubble response with 

increasing acoustic amplitude is addressed. Signal saturation with increasing pressure and 

bubble concentration, often encountered with commercial scanners, was carefully avoided 

by continuously adjusting the scanner’s 2D analog gain. The pressure was varied from 0.06 

MPa up to 2.6 MPa peak negative pressure (above FDA diagnostic limit) while various 

concentrations, were considered. The intensity-concentration relationship was investigated 

at both low and high pressures. The contrast to tissue ratio (CTR) as a function of MI and 

now without the effect of signal saturation was calculated for a range of concentrations. 

Knowledge of accurate bubble response to ultrasound is key in therapeutic applications 

such as sonoporation. 

4.2 Materials and methods 

4.2.1 Experimental setup 

Imaging of the microbubbles and measurements of their response to ultrasound 

were carried out using the flow phantom setup shown in Fig. 4-1. A freshly prepared 

microbubble solution was placed in a glass beaker and was continuously mixed with a 

magnetic stirrer. A peristaltic pump (Masterflex; Cole-Palmer, Vernon Hills, IL, USA) was 

used to draw the solution into an 8-mm wall-less tube of a tissue mimicking flow phantom 

(Model 523A; ATS Laboratories Inc., Bridgeport, CT, USA) with a flow rate of 200 
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ml/min. An iU-22 diagnostic ultrasound scanner (Philips Medical Systems, Bothell, WA) 

was used to interrogate and image the microbubbles.  

 

Figure 4-1: Schematic representation of the flow phantom setup. 

 

4.2.2 Microbubbles 

BR14 microbubbles were used throughout this work. The microbubbles were 

prepared according to the manufacturer’s specifications. A total of 4 microbubble solutions 

were prepared with concentrations 0.01‰, 0.05‰, 0.1‰, 0.3‰. The concentrations are 

given in milliliters of contrast agent per liter of deionized water (e.g. 0.01‰ = 0.01 ml 

UCA / liter of DI water) and they cover a very wide range of concentrations often used in 

clinical cases. It is possible though with these microbubble concentrations to encounter the 

nonlinear propagation artifact [42, 43], and acoustic shadowing [44]. 

The total experiment time was held below one hour following vial reconstitution in 

order to limit microbubble deterioration to an absolute minimum. Vial-to-vial 

reproducibility was addressed by repeating the experiments 3 times using different vials 

and the results are presented as mean ± standard error of the mean.    

 

4.2.3 Ultrasound scanner settings and imaging 

Microbubble interrogation and imaging was performed with a C5-1 probe (curve-

linear array) of the Phillips iU-22 diagnostic ultrasound scanner. The penetration setting in 

harmonic mode (HPEN) was used where a 3.5 cycle hamming windowed pulse with center 

frequency of 1.5 MHz was transmitted (largest duration at lowest frequency available on 

B-mode on the C5-1 probe). A single pulse scheme (we avoided pulse inversion) was 

chosen to eliminate any effects due to motion or destruction of the microbubbles between 

multiple pulses. The receive center frequency was 3 MHz. The MI was varied from 0.05 to 
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2.1 (see Table 4-1) which corresponds to peak negative pressures of 0.06 MPa to 2.6 MPa. 

Research software on the iU22 allowed us to increase the MI beyond the maximum FDA 

limit of 1.9. The frame rate was set at 1.0 Hz, to ensure that the tube in the image plane 

was refreshed with new bubbles in every frame.  

4.2.4 Image quantification and gain adjustment procedure 

Video loops of 8 images (taken over 8 s) were captured for each MI. The 

quantification software QLAB (Philips Medical Systems, Bothell, WA) was used to 

measure backscattered signal intensity by placing a region of interest (ROI) in the middle 

of the phantom tube and calculating the average backscatter intensity from that region. In 

order to check for the possibility of acoustic shadowing, two smaller ROIs one at the top 

and one at the bottom of the phantom tube were also placed and the analysis was repeated.  

To avoid signal saturation, the compression (dynamic range) was set to the 

maximum value and a specific 2D gain setting for each MI was carefully selected making 

sure that the image of the microbubbles was not very close to the maximum value of the 

color map. A list of the 2D gain settings chosen for each MI is shown in Table 4-1. 

 

Table 4-1: Optimal 2D Gain per MI to avoid signal saturation for concentrations C≤0.1‰ and for 

C>0.1‰. 

MI 
Gain 

(C≤0. 1‰) 

Gain 

(C>0. 1‰) 

<0.05 80 77 

0.1 70 67 

0.3 54 51 

0.5 48 45 

0.6 44 41 

0.8 41 38 

1.0 38 35 

1.3 34 31 

1.6 33 30 

2.1 31 28 
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During the analysis of the data an inverse adjustment to a chosen reference 2D gain 

value was made so that the results from different gains could be plotted together. If for 

example, at MI=0.1 the 2D gain was adjusted from a reference 80 dB to 70 dB to avoid 

signal saturation, then during the analysis of the results, the measured intensity data was 

increased by 10 dB in order to match the reference value of 80 dB. Similarly, MI=0.3 was 

increased by 16 dB, MI 0.5 by 32dB and so on (see Table 4-1). 

The gain adjustment method is further explained and demonstrated in Figs. 4-2 and 

4-3. In Fig. 4-2(a-c) images of the flow phantom in the absence of microbubbles at MIs 

0.6, 1.0 and 2.1 with a fixed 2D gain of 44 dB are shown. Images at MIs 0.8, 1.3, and 1.6 

also captured but not shown here. A region of interest is chosen in the tissue and its 

average intensity is measured as a function of MI as shown by the solid line with cross-hair 

markers in Fig. 4-3. The same procedure is followed at a higher 2D gain (56 dB) and the 

images acquired are shown in Fig. 4-2(d-e). The corresponding measured intensity-MI 

relation is shown in Fig. 4-3 (solid line with square markers). When each intensity point on 

the 44 dB curve is given an additional 12 dB, the line labeled as “Gain 56 corrected” 

(dashed line with circle markers) in Fig. 4-3 is obtained. Good agreement between the 

measured and corrected 56 dB 2D gain values is obtained. The measured intensities can be 

adjusted to any reference value as long as there is no signal saturation. For the work 

presented here, the maximum 2D gain (80 dB) was chosen as the reference point.  

 

Figure 4-2: Flow phantom images without UCAs. (a-c) 2D Gain set at 44 dB for MI=0.6, 1.0 and 

2.1 respectively. (d-f) 2D Gain set at 56 dB for MI=0.6, 1.0 and 2.1 respectively. 

(d) (e) (f)

(a) (b) (c)
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Figure 4-3: Backscatter tissue signal intensity as a function of MI measured at two different 2D 

Gains (56 and 44 dB) and intensity collected at 44 dB and adjusted to 56 dB. 

 

4.3 Results 

In Figure 4-4 images of the phantom vessel filled with microbubbles are shown for 

two different gain settings. In Fig. 4-4(a-c) images of microbubbles acquired with MIs 0.1, 

1.0 and 2.1 respectively are shown. The concentration was 0.1‰ and the 2D gain was held 

fixed at the default value of 70 dB. While the image in Fig. 4-4(a) offers a clean signal 

with a high CTR, the bubble backscatter signal in (b) and (c) is saturated (very close to 

being all white) and the CTR is significantly reduced (the vessel is not easily separated 

from the tissue). Images of the same microbubble solution under the same pressures are 

shown in Fig. 4-4 (d-f) with the 2D gain adjusted accordingly. For MI 0.1 the gain was 

kept at 70 dB, but was reduced to 38 dB for MI 1.0 and 31 dB for MI 2.1 thus limiting 

saturation and increasing the CTR.  
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Figure 4-4: Flow phantom images at MI (a) 0.1, (b) 1.0, and (c) 2.1 at constant 2D Gain (70 dB). 

The images in (d), (e), and (f) are taken at their optimal gain (70, 38, and 31 dB respectively) to 

avoid saturation. The microbubble concentration is 0.1‰. 

 

A comparison of the microbubble backscatter intensity as a function of MI with and 

without the gain adjustment method is made in Fig. 4-5. The measured intensity with the 

2D gain fixed at 80 dB is shown with the solid line, while the dashed line presents the 

results after the gain adjustment method was applied. A logarithmic scale was used in this 

plot in order to better accommodate the large dynamic range of the intensities obtained. 

With a fixed 2D gain of 80 dB, signal saturation begins as early as MI 0.3 and the signal 

becomes completely saturated at MI>0.5 where further increase in pressure does not result 

in any increase in backscatter intensity. When the proposed 2D gain adjustment method is 

applied however, saturation is eliminated and the true microbubble response to increasing 

amplitude can be obtained.  

Figure 4-6 shows the backscattered intensity as a function of MI for microbubble 

concentrations 0.1‰, 0.05‰, and 0.01‰. The 2D gain adjustment method used with 

reference to 80 dB. Figure 4-6(a) displays the entire MI range (0.05≤MI≤2.1), while Figs. 

4-6(b, c) zoom into 0<MI≤ 0.5 and 0<MI≤0.15 respectively. With saturation now removed, 

a quadratic increase of backscattered signal intensity with MI is observed.  

 

 

(d) (e) (f)

(a) (b) (c)
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Figure 4-5: Contrast microbubble intensity as a function of MI. Measurements with 2D Gain fixed 

at 80 dB (solid line) compared to corrected values using the 2D Gain adjustment method (dashed 

line) for microbubble concentration of 0.1‰. 

 

 

 

 

Figure 4-6: (a) Bubble backscattered signal intensity as a function of MI for 3 different 

concentrations. All values are adjusted to a reference 2D Gain of 80 dB. (b, c) Zoom into a smaller 

range of MIs, 0 ≤ MI ≤ 0.5 and 0 ≤ MI ≤ 0.15 respectively. 
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The backscattered intensity as a function of concentration for three different MIs 

(0.1, 1.0 and 2.1) is shown in Fig. 4-7. At MI=0.1, an almost linear relationship is 

observed, confirming previously published results [21]. There is some deviation from 

linearity at higher concentrations (not shown here). As the pressure increases however 

[Fig. 4-7 (b, c)], the deviation from linearity occurs at a lower concentrations.  

 

Figure 4-7:  Intensity as a function of microbubble concentration for 3 different MIs. (a) MI=0.1, 

(b) MI=1.0 and (c) MI=2.1, adjusted to a reference 2D Gain of 80 dB. 

  

To be able to isolate the effect of acoustic shadowing, the analysis of the signal 

from the vessel was repeated by placing two ROIs one at the top and one at the bottom of 

the tube as seen in Fig. 4-8 (a-d). The backscattered intensity as a function of MI for the 

two ROIs is shown in Figs. 4-7(e-h) for microbubble concentrations 0.01‰, 0.05‰, 0.1‰, 

and 0.3‰ respectively. The solid lines represent the top ROIs and the dashed lines the 

bottom ROIs. At low MIs we observe that the signal intensities from the two regions are 

very similar. As the pressure increases the backscatter intensity from the top region 

becomes significantly greater than the backscatter intensity from the bottom region. This 

difference is greater as the concentration increases and it is observed at a lower MI. At 

concentration 0.3‰, the deviation is observed as low as MI 0.15 while for concentration 

0.01‰ there is no difference and two lines coincide though the entire MI range.   

A comparison between tissue nonlinear echoes resulting from nonlinear 

propagation and microbubble backscattered nonlinear signal as a function of MI is shown 

in Fig. 4-9.  The ROIs which were used to extract the signal for this plot (one in tissue and 

one in the phantom vessel) were placed at the same image depth. The dashed line shows 

the tissue and the solid line the microbubble signal intensity. Both the tissue and bubble 

signals increase with MI.  The difference between the bubble and tissue signals (in dB), 

CTR, is shown in dashed line. Surprisingly, higher CTRs are observed with increasing MI. 
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Figure 4-8: Images taken at MI=2.1 of the flow tube (a-d) and bubble backscattered signal intensity 

as a function of mechanical index (e-h) from 2 ROIs; one at the top and one at the bottom of the 

flow tube. All intensity plots are adjusted to a reference 2D Gain 

 

 

 

 

Figure 4-9: Tissue (dotted line) and contrast microbubbles (solid line) backscattered signal intensity 

at the second harmonic as a function of MI. The reference 2D Gain is 54 dB and the concentration 

0.05‰. Contrast to tissue ratio (CTR), calculated as the difference in dB between microbubbles 

and tissue intensity is shown in dashed line. 
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4.4 Discussion 

In this work, a diagnostic ultrasound scanner was used to accurately measure 

microbubble backscattering produced with large range of MIs (0.05-2.1).  Despite the fact 

that this is a relatively simple task, it has not been addressed in the past and one of the 

main obstacles was signal saturation often present in diagnostic ultrasound scanners. The 

question of how the microbubbles behave as the MI is increased (even above the FDA 

imaging limit) was addressed.  It was observed that up to acoustic pressures of 2.6 MPa, 

the backscattered intensity from microbubbles increased quadratically, in agreement with 

previously  published results [45]. Specifically, in the work of Shi and Forsberg [45], the 

measured second harmonic of the backscattered signal as a function of acoustic pressure in 

double logarithmic scale could be fitted to curves with slopes of 1.8-1.9. Those results 

were in good agreement with theoretical predictions [46, 47] showing that the second 

harmonic bubble response amplitude is proportional to the square of the acoustic 

amplitude. Also in agreement with the above results, Sboros et al. [48] reported a linear 

increase in normalized scattering (with respect to the linear scattering from blood 

mimicking fluid particles) with increasing acoustic pressure. 

A key factor in being able to accurately record backscattered signals at very high 

pressures was the 2D gain adjustment procedure. Knowledge of bubble response to a range 

of acoustic pressures is important when studying therapeutic applications of microbubbles 

and ultrasound such as sonoporation, sonothrombolysis, and gene transfection. The 

amplitude of bubble oscillations is important when considering the various sonoporation 

hypothesis relying on phenomena such as microjet formation and cell membrane disruption 

[49]. 

As seen in Fig. 4-7, with increasing MI there is a deviation from linearity in the 

intensity—concentration relationship. Since signal saturation was limited with the method 

of continuously adjusting the analog gain and accounting for it in the quantification 

software, the only other cause of this deviation from linearity is acoustic shadowing. It was 

confirmed from the results of Fig. 4-8 that acoustic shadowing was indeed present, as the 

signal from the top ROI increased quadratically while the signal from the bottom ROI 

plateaued at a certain value. As expected, acoustic shadowing increased with 

concentration. Additionally, according to the results of Fig. 4-7, shadowing also increases 

with increasing MI which is in agreement with previously published results [50].   
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Nonlinear propagation in tissue takes place as the transmitted pressure increases 

[51, 52].  The tissue harmonics are mixed with the microbubble harmonics at the higher 

MIs.  The careful and accurate measurement of CTR has revealed that there is not an 

optimal MI at which microbubbles may be imaged, contrary to previous perception [14]. 

The low MI is chosen today in order to avoid bubble destruction, but microbubbles may be 

imaged equally well at larger MIs also. According to our results in Fig. 4-9, the general 

trend is that CTR increases with MI even at higher than diagnostic imaging MIs.  For 

example, in drug delivery applications at MIs that cause bubble destruction, good triggered 

images (in order to allow for microbubble replenishment in the imaging plane) with 

nonlinear techniques (e.g. harmonic imaging) may be formed by simply thresholding the 

tissue signals due to nonlinear propagation. Based on our results, the only benefit of using 

a low MI is for enabling real-time imaging but it does not offer any increased CTR 

compared to using high MI. 

An interesting outcome of our results is that both tissue and microbubble nonlinear 

signals continue to increase in the range of MIs considered. The tissue nonlinear signal 

from Fig. 4-9 is compared with a theoretical prediction based on the KZK equation [53] in 

Fig. 4-10. Propagation in a tissue like medium of a sound beam from a circular focused 

source was simulated. The excellent agreement of the measurement with theoretical 

predictions suggests once more that our method of adjusting the 2D gain to avoid signal 

saturation enables the true representation of the tissue response.   

Nonlinear propagation can affect microbubble excitation pulses since at high 

pressures the propagated pulse gets distorted and also contains harmonic components in 

addition to the fundamental frequency. A change of the excitation pulse to include 

harmonic components has an impact on the microbubble response and has been briefly 

addressed before [54, 55], but it must be revisited again now when large amplitude pulses 

are used in therapeutic applications of ultrasound and microbubbles.  
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Figure 4-10: Theoretical prediction (dashed line) and measurements (solid line) of second harmonic 

echoes from tissue as a function of increasing amplitude. 

 

4.5 Conclusion 

A method for accurately and continuously adjusting the receive gain of ultrasound 

scanners and accounting for it in the quantification software in order to effectively limit 

signal saturation was developed. A quadratic relationship of backscattered pressure with 

acoustic excitation pressures for up to MI=2.1 was measured in a flow phantom. Contrast 

microbubbles produced higher responses with higher pressures without reaching any 

plateau. The intensity of the microbubbles echoes increased with concentration both at low 

MI, as previously measured, but also at high MIs. The contrast to tissue ratio was measured 

and found to increase with MI for all the range of MIs considered, thus allowing for 

imaging approaches in therapeutic procedures that use MIs above the bubble destruction 

threshold. 
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5  

In vitro localized release of 

thermosensitive liposomes with 

ultrasound induced hyperthermia 

Localized drug delivery with ultrasound induced hyperthermia can enhance the therapeutic 

index of chemotherapeutic drugs by improving the efficacy and reducing systemic toxicity. 

A novel in vitro method for the activation of drug loaded thermosensitive liposomes is 

presented. In particular, a dual compartment, acoustically transparent container is used 

where thermosensitive liposomes suspended in cell culture medium are immersed in a 

thermally absorptive medium, glycerol.  Ultrasound induced hyperthermia is first applied 

in the glycerol which in turn heats the culture medium by thermal conduction. The method 

approximately mimics the in vivo scenario of thermosensitive liposomes collected in the 

interstitial spaces of tumors where ultrasound induces hyperthermia in the tumor tissue 

which in turn heats the thermosensitive liposomes by conduction and induces the release of 

the encapsulated drug. The acoustic conditions for the desired hyperthermia are derived 

theoretically and validated experimentally. An 80% release of doxorubicin from 

thermosensitive liposomes is achieved.  
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5.1 Introduction 

Increasing the therapeutic index (the ratio of the average toxic dose to the average 

therapeutic dose) of anti-cancer pharmaceuticals is one of the main challenges in cancer 

therapy today. Conventional cancer treatment procedures using chemotherapy drugs, such 

as the widely used anthracycline doxorubicin, are limited mainly due to the severe and 

undesired side effects. Liposomes were initially designed as possible drug carriers for 

reduced systemic exposure. Nowadays, liposomal formulations of doxorubicin (Doxil®, 

Caelyx ®) are used in the clinic and have shown the ability to reduce cytotoxicity in 

healthy tissue compared to their unencapsulated counterpart [1, 2].  In addition, increased 

accumulation of the drug loaded liposomes was observed in tumors, mainly due to the 

enhanced permeability and retention (EPR) effect [1, 3-6]. A major drawback however was 

the limited bioavailability of the drug within the tumor. Despite the higher concentrations 

of liposomal drug present, the passive drug release from the liposomes is slow resulting in 

reduced drug effectiveness [7, 8]. 

Over the past 30 years, technological advances have resulted in the development of 

a variety of liposomes that can be triggered to release their payload following an external 

stimulus [9]. The use of mild hyperthermia as a stimulus for the activation of 

thermosensitive liposomes (TSLs) was first proposed in 1978 by Yatvin et al. [10] and has 

gained significant momentum over the last decade [11]. Furthermore, hyperthermia has 

also been known to increase the liposomal accumulation in tumors. In their review, Kong 

and Dewhirst [12] identify over 100 reports where tumors treated with hyperthermia 

exhibited increased drug accumulation as well as improved efficacy for a variety of drugs. 

Finally, pre-clinical studies have shown that hyperthermia may augment the potency of 

several chemotherapeutic agents [13, 14] in addition to itself being directly cytotoxic [15].  

Thermosensitive liposomes remain stable for a long time in circulation under 

physiological temperatures and are able to quickly release their encapsulated content (e.g. 

doxorubicin) when heated near their phase transition temperature (Tm), where the liposome 

membrane changes from a gel to a liquid crystalline phase [8, 10, 12, 16-20]. Several 

sources of hyperthermia have been considered over the years, including superficial heating 

with water baths [8, 16, 19, 21-24], microwave radiation [25-27], infra-red radiation [28], 

and heating with invasive catheters [29-31]. Lately, the use of ultrasound as an external 

energy source to trigger drug release from thermosensitive liposomes is becoming 

increasingly more popular [32-34]. Briefly, focused ultrasound is used to non-invasively 

induce local hyperthermia with millimeter accuracy in a selected region of interest. Recent 

advances in electronic and mechanical ultrasound beam steering have enabled the uniform 
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heating of larger targets such as a tumor deep inside the human body while maintaining 

physiological temperatures in the surrounding tissue and along the path of ultrasound 

propagation [35-41]. The combined benefits of ultrasound, hyperthermia and drug loaded 

thermosensitive liposomes pose a very attractive localized drug delivery approach and 

show great potential in increasing the therapeutic index in cancer treatment. 

Whereas more and more reports of in vivo studies with ultrasound as a source of 

hyperthermia are being published [32, 42-47], reports for in vitro work are scarce. In vitro 

work is a logical precursor to in vivo work since is allows simplifications of the system 

under study, offers a more predictable and controlled environment and is usually both time 

and cost efficient when compared to in vivo work. To our knowledge, no known in vitro 

drug delivery studies have been reported for the release of drug loaded thermosensitive 

liposomes where ultrasound is used as the source of hyperthermia. One of the main 

obstacles of ultrasound induced hyperthermia for drug delivery is finding an appropriate 

medium in which the experiments are to be carried out. An ideal medium should be 

biocompatible, it should not interact with liposomes in any way that may potentially 

compromise their stability and thermal properties, and it should have a high ultrasound 

thermoviscous absorption coefficient so that it may be heated with ultrasound energy. Cell 

culture media nearly satisfy all of the above criteria but have a very low thermoviscous 

absorption coefficient and are thus unable to be heated with ultrasound. Several other 

media (e.g. blood, serum, oils, glycerol, gels, etc) have been tested by the authors but 

finding a biocompatible, inert and high absorption coefficient medium has not been 

possible thus far.  

In this work, an in vitro method for the controlled release of thermosensitive 

liposomes with ultrasound-induced hyperthermia is presented. The need for an “ideal” 

medium is overcome by the design of a dual compartment holder where the sample 

(suspension of TSLs in cell culture medium) is placed in an acoustically transparent holder 

which is immersed in glycerol. Hyperthermia is induced in the glycerol by a focused 

transducer and then heat is transferred to the sample via thermal conduction thus activating 

the drug loaded TSL. The proposed method resembles the in vivo scenario where 

ultrasound induces hyperthermia in the tumor tissue and the TSL (accumulated in the 

tumor interstitial spaces) are heated by thermal conduction. Theoretical predictions with 

the modified Pennes Bioheat equation [48] were first used to calculate the acoustic 

conditions needed for the desired temperature elevation. The theoretical predictions were 

then validated with measurements of the induced temperature elevation with fine wire 
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thermocouple in glycerol. In vitro activation of TSLs and doxorubicin release with the 

derived ultrasound conditions were evaluated.  

 

5.2 Materials and Methods 

 

5.2.1 Experimental Setup 

A schematic of the experimental setup designed to implement the thermal 

conduction method is shown in Fig. 5-1. A 10x10x30 mm plastic cuvette (Fisher Scientific 

SAS, Illkirch, France) was filled with 99% glycerol (Sigma-Aldrich, Munich, Germany) 

that has high thermoviscous absorption coefficient α0 = 3.6 Νp/m at 1 MHz, where the 

frequency dependence of absorption is described with:       

,* 2faa o             (5.1) 

Acoustically transparent Mylar windows were opened on all four cuvette walls to 

allow free propagation of ultrasound and avoid heating of the plastic walls. The TSL were 

suspended in cell culture medium, OptiMEM® (Gibco-Invitrogen, Carlsbad, CA) and 

placed in a cylindrical holder (outer diameter 3 mm) entirely made out of the same Mylar 

sheet. The sample holder was then immersed in the glycerol and a custom made single 

element focused transducer with center frequency 1.1 MHz, 51 mm diameter and 52 mm 

focus (radius of curvature) was used to induce hyperthermia in the glycerol. The transducer 

was placed in such a way so that the maximum pressure [1.7 mm before the focus (see Fig. 

5-2a)] would be exactly halfway between the sample holder (with the OptiMEM and 

TSLs) and the cuvette wall (filled with glycerol). This provided the maximum heating 

effect. A focused transducer was used in order to ensure that a high enough pressure would 

result for the required temperature elevation. The TSL solution reached the desired 

temperature via thermal conduction that occurred fairly quickly (2-3 minutes) due to the 

small volume of the sample holder (> 0.5 ml). All experiments were carried out in a 37 °C 

water bath.  
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Figure 0-1: Ultrasound exposure setup with focused transducer and double compartment, the outer 

filled with glycerol and the inner filled with cell medium (OptiMEM®). Dotted lines represent 

Mylar acoustic windows on the cuvette (outer compartment with dimensions 10x10x30 mm) and 

sample holder (inner compartment with 3 mm diameter) walls. The sample holder is placed at the 

focus of the transducer. 

 

Prior to the experiments, detailed characterization of the ultrasound field produced 

by the transducer was carried out. Propagation curves (variation of the acoustic pressure 

along the source axis) and beam patterns (distribution of the acoustic pressure on the 

transverse axis) at various fixed positions from the face of the source were measured using 

a calibrated 0.4 mm element membrane hydrophone (Precision Acoustics Ltd, Dorchester, 

UK). These were compared to the theoretical predictions (linear theory with the Rayleigh 

integral). A motorized 3-axis micro-positioning system (Newport, Irvine, California) was 

used to control the movement of the receiver along the linear (x,y,z) axis and a manual 

360° rotation stage controlled the motion along the rotation axis, θ. The pressure at the 

focus as a function of input voltage was also measured using the calibrated membrane 

hydrophone.  

5.2.2 Numerical simulation of temperature elevation 

Numerical predictions of the ultrasound-induced temperature elevation were 

performed using a modified Pennes bio-heat transfer equation [48]. The bioheat equation 

calculates for the temperature distribution in tissue produced by ultrasound exposure taking 

into consideration perfusion and metabolic heat sources. During in vitro work, metabolic 

activity and perfusion are not present and therefore the corresponding terms may be 

neglected. The pressure field of the transducer was calculated with the Rayleigh Integral  

                          
,

2
);,,( 000 dS

R

eeucjk
tzyxp

S

jkRtj







 

              (5.2) 
Chri

sto
ph

oro
s M

an
na

ris



5 – In vitro localized release of thermosensitive liposomes with US-induced hyperthermia 

95 

where, 
222 z)'yy()'xx(R  , for a planar source. For a circular focused source 

spherical coordinates are used and the surface R is transformed in to a curved interface Rf 

according to the radius of curvature. 

The 3D volume pressure data was then imported in the bioheat equation and the 

predicted temperature distribution with respect to time and space was calculated. For the 

simulations, we assumed propagation in glycerol with density of 1258 kgm
-3

, specific heat 

capacity of 2381 Jkg
-1

K
-1

, thermal diffusivity of 0.95 e
-7

m
2
s

-1
, thermoviscous absorption 

coefficient of 3.6 Npm
-1

MHz
-2

 and speed of sound of 1935 ms
-1

. Cooling due to streaming 

was not considered. 

The objective of this work was to develop an in vitro method for the activation of 

thermosensitive liposomes using ultrasound induced hyperthermia and not experimentally 

verify the bioheat equation for the current setup. Temperature predictions were used in 

order to provide an estimate of the ultrasound conditions needed to produce the desired 

temperature elevation. Increased heating due to nonlinear propagation [49, 50]  was also 

neglected as the acoustic amplitude used for a temperature elevation of 5-8°C is relatively 

small. According to the works of Bessanova et al. [51, 52] who investigated the influence 

of the nonlinear and diffraction effects on the amplification factors of focused ultrasound 

systems and the resulting effect on wave intensity and heat deposition, neglecting 

nonlinearity for the ultrasound settings used in our experiments was a valid assumption. 

5.2.3 Temperature measurements  

Temperature measurements were taken with a 50 μm K-type fine wire 

thermocouple. The transducer-thermocouple setup was immersed in a glycerol bath in the 

absence of the dual compartment setup and the thermocouple junction was first aligned 

with the focus of the transducer by maximizing the reflected echo in a pulse-echo system 

using a Ritec diplexer (RDX-6, Warwick, RI, USA). The final alignment was done by 

scanning the x, y and z planes for the point of maximum temperature elevation for a given 

ultrasound setting (0.5 MPa, 500 cycles, 45 % duty cycle for 4-5 seconds). Temperature 

readings were taken every 0.1 mm in the radial directions and 0.2 mm in the axial 

direction. For each step, the temperature was allowed to return to its ambient value before 

the next reading was taken. Once the alignment was complete, the temperature elevation as 

a function of pressure was captured with the fine wire thermocouple and recorded using a 

digital thermometer datalogger (TECPEL-DTM 318, Taipei, Taiwan). The ultrasound 

parameters used were 1.1 MHz frequency and 45% duty cycle and the heating time was 30 

seconds with temperature recordings taken at a rate of 1 Hz. 
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The small diameter of the thermocouple (compared to the wavelength) allows for 

more accurate temperature readings but it is however still susceptible to the thermoviscous 

artifact [53, 54]. While this artifact is lessened when bare fine wire thermocouples are used 

[55], several authors have shown that it is still significant [56-58].  

 Temperature measurements as a function of time inside the sample holder were 

recorded in order to determine which ultrasound parameters are needed to induce  a 

temperature elevation of 5-8 degrees as well as the rate of heating of the samples due to 

thermal conduction. In order to avoid any temperature measurement errors due to 

thermoviscous artifact, the thermocouple was fixed in the sample holder as far away from 

the ultrasound field as possible (about 6 mm away from the focus while the beam width is 

2 mm [see Fig. 5-2b]). The produced acoustic streaming was effectively stirring the 

mixture during the 15-minute ultrasound application in order to produce a spatially 

uniform temperature.  

5.2.4 Preparation of doxorubicin loaded thermosensitive liposomes: 

Thermosensitive liposomes are prepared via the lipid film re-hydration method. 

Briefly, dipalmitoylphosphatidylcholine (DPPC), hydrogenated soybean 

phosphatidylcholine (HSPC), cholesterol (Chol) and distearylphosphatidylethanolamine-

[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) are solubilized in chloroform in 

the molar ratio 100:33:27:7 (DPPC:HSPC:Chol:DSPE-PEG). The solvent is then 

evaporated under a nitrogen flow. Hydration of the lipid film is performed at 55 °C with 

5mL of ammonium hydrogen phosphate 300 mM at pH 5 (pH was adjusted with HCl), so 

that the final lipid concentration is 20 mM. Freeze-thaw cycles are performed 6 times, by 

successively plunging the sample into liquid nitrogen and into a water bath regulated at 55 

°C. Liposomes were then extruded at 55 °C five times through a 0.45 µm-sized and ten 

times through a 0.22 µm-sized polyvinylidene fluoride (PVDF) membrane filter at 55 °C. 

Their hydrodynamic diameter was measured by Dynamic Light Scattering (Zetasizer Nano 

ZS, Malvern) at 190 nm with a size distribution dispersity index of 0.17. The external 

buffer is then exchanged by dialysis in Hepes Buffer Saline (HEPES 25 mM, NaCl 140 

mM, pH 7.4) with a 50 kDa dialysis membrane cutoff and a dialysis factor of 

400*400*400. Doxorubicin was added to the liposomes solutions at a drug-to-lipid ratio of 

0.1:1 (wt:wt) and incubated overnight at 37 °C [59-61]. Non-encapsulated doxorubicin was 

eliminated by size-exclusion chromatography on a Sephadex G50 column. The 

doxorubicin concentration of the purified doxorubicin-loaded liposomes was assayed by 
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UV-visible spectroscopy (Cary 100 Scan, Varian) against a calibration curve and was 

measured to be 194 µg/mL. The absorbance of doxorubicin was read at 485 nm. 

5.2.5 Activation protocol 

The TSL were diluted in fresh OptiMEM® medium to give a final doxorubicin 

concentration of 3 μg/mL. For each experiment, 0.5 ml of the TSL solution was used and 

each experiment was repeated three times. In order to ensure maximum drug release from 

the TSL (and following release mechanism experiments not shown here), experiment 

duration was 15 minutes. The experiments were divided in the following groups:  

a) OptiMEM® alone (No TSL). This group is included to show the fluorescence of the 

cell medium itself. The text in the parenthesis denotes the label used in Figs. 5-6 

and 5-7 and this applies to all groups described here. 

b) OptiMEM® exposed to ultrasound [No TSL+US(Q)]. This group was included to 

check if ultrasound exposure alters the parameters of the cell medium when 

compared with the group above. The notation US(Q) denotes that the ultrasound 

applied is depositing heat and causes the desired hyperthermia. 

c) TSL alone (TSL). This is the negative control group. 

d) TSL exposed to ultrasound but without heating [TSL+US(noQ)]. By replacing the 

glycerol in the cuvette with water allows the same ultrasound exposure to be 

applied to the samples but without any induced heating since water has very low 

absorption. This is done to check if ultrasound alone (as mechanical energy) 

induces any release from the TSL. The notation US(noQ) denotes that the 

ultrasound applied is not depositing any heat. 

e) TSL exposed to ultrasound and causing hyperthermia [TSL+US(Q)]. This is the 

group where the TSL are activated by ultrasound induced hyperthermia with the 

following acoustic conditions: 1.1 MHz, 500 cycles, 45% duty cycle, and 1.6 MPa. 

f) TSL exposed to ultrasound and causing hyperthermia at higher pressure than group 

(v) [TSL+US*(Q)]. This group is very similar to (v) except that a higher acoustic 

pressure, 2.6 MPa, was used to see the effect of increased hyperthermia on TSL 

activation. 

g) TSL in Nonidet P-40 (Sigma-Aldrich, St. Louis, MO, USA) solution 

(TSL+Nonidet). This group is the positive control since Nonidet P-40 detergent 

dissolves the liposomes causing 100 % release. 
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5.2.6 Release of Doxorubicin from TSLs 

Doxorubicin is a naturally fluorescent molecule whose fluorescence is quenched 

when in the liposomal form. Therefore the fluorescence intensity of a doxorubicin 

containing medium is proportional to the extraliposomal doxorubicin or in this case the 

doxorubicin released from the TSL [62]. After the activation protocol was followed, 150 μl 

of solution was transferred to polystyrene 96-wells plate (Iwaki, Tokyo, Japan) and the 

fluorescence intensity was measured in a VICTOR™ X4 Multilabel Plate Reader (Perkin 

Elmer, Waltham MA, USA) at room temperature. The excitation, λex and emission, λem 

wavelengths were 485 nm and 580 nm respectively. Each measurement was repeated three 

times and the results are presented as mean ± standard error. The % release of doxorubicin 

from the liposomes was evaluated according to the following equation [62]: 

,
II

II
 leaseRe%

negpos

negexp






      (5.3) 

where Iexp is the intensity of the fluorescence after the application of hyperthermia, Ineg is 

the intensity of the fluorescence of the negative control, and Ipos is the intensity of the 

fluorescence after the addition of Nonidet P-40 (positive control).  

 

5.3 Results 

5.3.1 Focused ultrasound field 

Measurements of the acoustic pressure of the ultrasound transducer are shown in 

Fig. 5-2 (solid line). The acoustic measurements are compared with theoretical predictions 

based on the Rayleigh integral (dashed lines in Fig. 5-2). The propagation curve (pressure 

as a function of axial distance) is shown in Fig. 5-2 (a) and the beam pattern (pressure as a 

function of radial distance) at the focus of the transducer (z=52 mm) in Fig. 5-2 (b). Good 

agreement is found between theory and experiment suggesting that our transducer is 

behaving like a typical piston source. This enables us to use the theoretical prediction for 

the calculation of the full 3D field instead of taking acoustic measurements. In addition, the 

focal dimensions  (-6 dB down points) was calculated at 14 mm in the axial, and 2 mm in 

the transverse direction. 
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Figure 5-2: The acoustic pressure field [(a) axial and (b) transverse] of the transducer used for 

ultrasound induced hyperthermia. Solid lines are measurements and dashed lines are theoretical 

predictions from the Rayleigh Integral. 

 

5.3.2 Numerical simulations and measurements of ultrasound induced temperature 

elevation 

The pressure distribution field of our transducer calculated with the Rayleigh 

integral is shown in Fig. 5-3 (a). The acoustic pressure at the focus was 1.6 MPa, the 

frequency was 1.1 MHz and the duty cycle was 45% while a heating time of 20 sec was 

considered. Figures 5-3 (b) and (c) show the predicted temperature distributions for water 

and glycerol respectively (plotted in logarithmic scale). The predictions presented here are 

for free field (not for the dual compartment setup). It is evident from our results that water 

(or water-based media such as OptiMEM®) that has a low absorption coefficient does not 

heat up with ultrasound whereas higher absorption media such as glycerol may reach the 

desired temperature elevation with the given ultrasound parameters. As expected, the 

extent of the heated area closely resembles the extent of the pressure field. In Fig. 5-4, the 

predicted temperature elevation as a function of pressure (at the focus) is shown for various 

media. The results for water are shown in dash-dot line with solid squares, for olive oil in 

dashed line with open circles, and for 99% glycerol in dotted line with solid triangles. 

Heating of water using ultrasound is practically impossible whereas high absorption media 

(olive oil, glycerol) can be heated. According to these predictions, 1.6 MPa pressure at the 

focus is required to induce a 5 °C temperature rise in glycerol whereas 2.0 MPa would 

induce an 8 °C hyperthermia.  

The theoretical predictions were compared to experimental measurements of 

ultrasound induced hyperthermia (after 20 sec exposure, 1 MHz frequency, 500 cycles, and 

45% duty cycle) obtained with a 50 μm fine-wire thermocouple also shown in Fig. 5-4 
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(solid line with cross-hair markers). In order to compare the results with the theoretical 

predictions the experiments were carried out in a glycerol bath and the thermocouple was 

placed exactly at the focus of the transducer. At the lower acoustic pressures, the measured 

temperature is higher than the predicted value and this may be attributed to the 

thermoviscous heating artifact causing the thermocouple to record a higher value. At 

higher pressures (and overall intensities) there is increased acoustic streaming which 

causes cooling and reduction of the measured temperature. As a result, the predicted values 

become higher than the measured values (streaming is not taken into consideration in our 

heat transfer model). From Fig. 5-4, we confirm that a pressure of 1.6 MPa at the focus is 

adequate to raise the temperature in glycerol from 37 °C to 43 °C required for the thermal 

activation of the TSLs. 

 

Figure 5-3: (a) Contour plot of the axial pressure distribution [plane (r=0, z)]. Predicted 

temperature elevation after 20 sec of ultrasound exposure in water (b), and glycerol(c). 
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Figure 5-4: Predictions of temperature elevation as a function of pressure at focus for different 

media and comparison with measured values in glycerol. Ultrasound conditions: 1.1 MHz, 500 

cycles, duty cycle= 45%, ultrasound exposure duration=20 sec. 

The temperature elevation as a function of time inside the sample holder using the 

above ultrasound settings (1.6 MPa, 45 % DC) is shown in Fig. 5-5. While the target 

temperature is successfully reached, the rate of heating is slow requiring 2-3 minutes to 

reach 43 °C (ΔT= 6 °C) and about 6 minutes pass before equilibrium at 45 °C (ΔT= 8 °C) 

is reached.  

 

Figure 5-5: Temperature elevation of OptiMEM® in the sample holder due to thermal conduction 

from the glycerol. Ultrasound conditions: p=1.6 MPa, f=1.1 MHz, 500 cycles, 45% DC. 
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5.3.3 Doxorubicin release from TSL 

TSL activation (mean fluorescence intensity) induced in the different experiment 

groups are shown in Fig. 5-6. Ultrasound alone does not affect the medium fluorescence 

since the natural fluorescent intensity of the medium remains the same before and after 

ultrasound sonication [No TSL≈No TSL+US(Q)]. Here we note that the background 

fluorescence of other media such as olive oil when insonified changes and thus it is not 

possible to quantify the drug release based on fluorescence alone. 

Furthermore, ultrasound alone without hyperthermia does not influence the TSL or 

cause any release [TSL≈TSL+US(noQ)]. The higher intensity observed compared to the No 

TSL group is due to the quenched fluorescence of the liposomal doxorubicin.  

When hyperthermia is induced with ultrasound [TSL+US(Q)], a significant amount 

of TSL activation is observed [about 80% of that of the positive control group 

(TSL+Nonidet)]. Further increasing the pressure to 2.6 MPa (group TSL+US*(Q)] which 

would correspond to temperatures above 50 °C does not show any increase in fluorescence.  

 

Figure 5-6: Mean fluorescence intensity (in arbitrary units) measurements of the different groups. 

 

Chri
sto

ph
oro

s M
an

na
ris



5 – In vitro localized release of thermosensitive liposomes with US-induced hyperthermia 

103 

5.4 Discussion 

An in vitro method for the controlled release of thermosensitive liposomes using 

ultrasound-induced temperature elevation was presented. The heating-by-conduction 

approach mimics the in vivo scenario of TSL in the interstitial tumor space where 

ultrasound induces hyperthermia in the tumor tissue and then by conduction the TSL are 

heated and activated to release their payload. Furthermore, it offers an in vitro method of 

TSL activation that eliminates the need for an ideal medium (biocompatible, inert with 

liposomes, high absorption coefficient) which is required for a single compartment in vitro 

setup and which has not been found yet. The proposed setup may be used to study the cell 

drug uptake by suspending cells together with the TSL in the culture medium. The 

secondary heating approach is also applicable to setups of seeded cells (e.g. heating in 

OptiCell™ chambers immersed in glycerol). Experimental setups with TSLs suspended 

tissue mimicking gel phantoms have also been used to study drug release (de Smet et al. 

2011). However, the preparation of the gels as well as the analysis and quantification of the 

results is time demanding. In addition, accuracy may be compromised as cells and TSLs 

must be incorporated in the liquid gel before it solidifies. This of course may lead to cell 

death and premature activation of the TSL which will affect the results. 

The choice of the focused transducers was to ensure the acoustic pressures required 

for 5-8° C temperature elevation without having a very strong power amplifier. However, 

in retrospect we have found out that we could have reached these temperatures even with 

unfocused transducers. The one clear advantage of the focused transducers is that the 

heated area is small and can easily be controlled and directed to a specific area. In addition, 

with our set-up and specific parameters, there is streaming that actually mixes the fluid and 

causes a more spatially uniform temperature. 

A significant 80% doxorubicin release from the TSL is achieved with the proposed 

method. In Fig. 5-7 the % DOX release is shown for four of the groups: TSL+US(noQ), 

TSL+US(Q), TSL+US*(Q), TSL+Nonidet. It is evident that the mechanical action of 

ultrasound alone is not inducing any TSL release. However, further improvements to the 

set-up and conditions may further increase drug release.  
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Figure 5-7: Percent Induced doxorubicin release from thermosensitive liposomes. Values 

calculated with equation (3). 

 

Figure 5-5 shows the temperature evolution of the OptiMEM® in the sample holder 

with the proposed method. It takes about 300 seconds for the desired temperature to be 

reached whereas it is much faster when a heated water bath is used (data not shown here). 

One reason for the longer heating time is that focused transducers heat only a small area 

(see Fig. 5-3) and it takes much longer for the whole volume to heat up. It is possible to 

produce larger and more uniform heating areas with the use of flat or lightly focused 

transducers (currently under investigation) or even the nearfield of a focused transducer 

[63].   

Methods of efficient mixing of the heated glycerol may also improve the uniformity 

of the heating. In the present work mixing is achieved due to acoustic streaming [64, 65]. 

Acoustic streaming has been shown to efficiently mix solutions in containers [66]. The 

ultrasound parameters considered here induce  acoustic streaming [67] in both the glycerol 

and the cell medium. However, since both the cuvette and the inside cylindrical holder are 

small, the induced streaming   causes a spatially uniform temperature elevation.  

Often in ultrasound-induced thermal ablation applications (high intensity focused 

ultrasound—HIFU) nonlinear sound propagation plays an important role [50]. According 

to Bessanova et al. [51, 52] for the parameters used in this work, nonlinear wave 

propagation and the resulting effect on wave intensity and heat deposition is very small and 

was thus not included in our model.  
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5.5 Conclusion 

A method for in vitro activation of thermosensitive liposomes with ultrasound 

induced hyperthermia has been developed. The use of ultrasound-induced hyperthermia 

offers the advantage of activation of localized delivery of drugs from thermosensitive 

liposomes. The method overcomes the problem of cell culture media such as OptiMEM® 

not being able to heat by ultrasound. This is achieved by using another thermally 

absorptive medium such as glycerol to heat by ultrasound which in turn heats the cell 

culture medium by conduction. The acoustic conditions for ultrasound induced 

hyperthermia and activation of TSL were first derived from theoretical models and then 

confirmed with pressure and temperature measurements. With the proposed method, 80% 

of the TSL were activated with 15 min exposure of 1.1 MHz, 1.6 MPa, 500 cycles, 45% 

duty cycle ultrasound.  
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6.1 Summary 

Image-guided ultrasound-enhanced drug delivery has gained increased attention 

over the past few years both in the clinic and in research. In particular, ultrasound energy is 

used as the facilitator in localized drug delivery applications while ultrasound imaging is 

the method of choice for tracking drug loaded carriers in circulation. This work was 

motivated by the need for a better understanding of the underlying mechanisms involved in 

both pressure and temperature activation approaches used in ultrasound-enhanced drug 

delivery. The physical acoustics and bubble dynamics related with the use of ultrasound in 

pressure activation with UCA were investigated in Chapters 2-4. The mechanisms of 

interaction between ultrasound, tissue and blood for the temperature activation of drug-

loaded thermosensitive liposomes were explored in Chapter 5.  

The response of microbubbles to ultrasound was investigated with specifically 

designed experiments in Chapter 2 using two in vitro set-ups: (a) a set-up with the 

microbubbles suspended in a large enclosure of deionized water; and (b) one with the 

microbubbles enclosed in a micron-sized cellulose tube. Experiments covered a wide range 

of ultrasonic pulse settings found in literature, claiming to be optimal for drug delivery.  

Previous knowledge of the destruction characteristics of microbubbles was 

confirmed in both setups. At MIs<0.1, the microbubbles remained intact and kept 

oscillating for the duration of the pulse while at higher MIs disruption of the microbubbles 

and diffusion of the gas occurred. Bubble oscillations from very few even single 

microbubbles could be observed at various pressure and intensity settings due to the high 

receive sensitivity of a single element transducer that was used as a receiver (Fig. 3-1). 

Typical dilute bubble concentrations of 0.005‰ – 0.04‰, which correspond to roughly 1-8 

bubbles/μL were utilized. The observation volume was 16 μL justifying that the detected 

signal originated from a few or even single microbubbles. The ability to observe the 

response to ultrasound from individual microbubbles is important as high microbubble 

concentrations involve complications such as multiple scatter and bubble–bubble 

interactions [1] which affect the behaviour of the microbubbles in the presence of the 

ultrasound field. In addition, in the microcirculation it is more likely to have concentrations 

closer to the ones mentioned above. The nonlinear (harmonic) content of the microbubble 

response was also accurately obtained following careful calibration of the frequency 

response of the receiver (see Ch.2 - Appendix).  

Acoustic streaming (movement of the medium in the direction of propagation of 

ultrasound) in the microbubble suspensions resulted in bubble movement and thus not 
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allowing the observation of a bubble response to long pulses. An oscillating microbubble 

“pushed” out of the observation zone (due to acoustic streaming) produced a decrease in 

the detected signal that may be misinterpreted as a disrupted microbubble gradually 

diffusing. Bubble response investigation to long pulses is difficult (if not impossible) in 

analogous experimental setups with microbubbles in suspension, as they do not remain 

within the observation point for the duration of the pulse.  

Acoustic streaming was successully eliminated by allowing the microbubbles to 

flow in a 200-μm acoustically transparent cellulose capillary. This set-up resulted in a 

more accurate observation and measurement of the bubble response to longer ultrasound 

pulses suggested for use in therapeutic applications.  In addition, the capillary setup better 

mimics the in vivo geometry of microbubbles in the microcirculation. An important 

observation was that at MI>0.4, microbubbles were destroyed and any bubble activity 

disappeared within 100 cycles or 100 μs (at 1 MHz) irrespective of the pulse length (Fig. 3-

8). Theory predicts that a gas-filled micron-sized bubble requires 10-100 ms to diffuse to 

the surrounding medium [2]. Destruction and breakage of the bubble into several smaller 

bubbles however (as is the case with long high MI pulses) greatly influences and 

accelerates the diffusion process. With the microbubbles destroyed and the gas diffused, 

any bubble related bioeffects associated with enhanced drug delivery (e.g. cavitation and 

microstreaming), probably cease to be in effect during the remaining several hundred 

cycles!  

Based on the observed bubble behavior two options for drug delivery were 

suggested: (a) a long pulse (100-1000 cycles) at low amplitude, MI<0.1 for a prolonged 

stable nonlinear oscillation; and (b) a shorter, 100 cycle pulse at high amplitude, MI>0.4, 

for a destructive highly nonlinear oscillation. Longer than 100 cycles pulses at high 

amplitude do not produce any added benefit in terms of the bubble oscillation. The 

influence of other biological factors should be carefully considered by drug delivery 

reports suggesting that pulses with thousands of cycles are more effective in delivering the 

drugs. Ultrasound-induced hyperthermia for example has been previously shown to 

enhance drug delivery as discussed in chapter 5. A single 20000 cycle, 2 MPa burst would 

result in a temperature rise of 0.2 degrees in tissue. For a continuous 1 MHz, 0.5 MPa 

wave, a temperature rise of 2 degrees Celsius is expected within 3 seconds. These are 

significant changes and should be taken into consideration. Transient opening of pores on 

vessel walls (extravasation) and on cell membranes (sonoporation) occur either due to 

microstreaming from cavitating microbubbles or due to massaging of the membrane from 

oscillating microbubbles [3]. Acoustic streaming which occurs during long pulses could 
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potentially “push” the drug through these micropores resulting in increased uptake of the 

drug. 

Chapter 3 reported on the therapeutic efficacy of novel DOX liposome-loaded 

microbubbles [4] following ultrasound enhanced drug delivery on human glioblastoma 

cells. A synergistic effect between ultrasound and DOX liposome-loaded microbubbles was 

demonstrated. A much higher glioblastoma cell death was induced with the above 

combination compared to treatment with free DOX or DOX liposome-loaded microbubbles 

alone (Fig. 3-6). We have also demonstrated that the enhanced therapeutic efficiency is 

associated with (i) an ultrasound-triggered release of DOX from the DOX liposome-loaded 

microbubbles (Fig. 3-8) and (ii) an enhanced uptake of free DOX by the cells (Fig. 3-7) 

confirming the hypothesis that sonoporation improves the cellular uptake of free DOX [5, 

6]. The ability to track the drug loaded agents in vivo using real time imaging is essential in 

localized drug delivery applications, thus the imaging and destruction properties of the 

DOX liposome-loaded microbubbles were also evaluated. Ideally, the drug carrier should 

be able to be tracked in vivo using low mechanical index (MI) imaging and once at the 

desired location, high MI ultrasound may be used to trigger the drug release on site. 

Experiments with a commercial ultrasound scanner showed that real time non-destructive 

imaging is possible with these DOX liposome-loaded microbubbles which qualify as a 

hybrid imaging/therapeutic agent to be used in targeted drug delivery under ultrasound 

imaging guidance.  

In Chapter 4 we considered the use of a diagnostic ultrasound scanner as both a 

therapy and imaging device. Specifically, we have considered the accurate measurement of 

microbubble oscillations and evaluated possible imaging approaches under these 

conditions. 

Signal saturation was limited by continuously adjusting the scanner’s 2D analog 

gain and accounting for it in the quantification software. This simple and yet crucial 

improvement on bubble response measurement under high MIs may have considerable 

impact on drug delivery approaches such as sonoporation which seems to depend on 

bubble response to ultrasound. Acoustic pressures equivalent with MIs up to 2.1 (which is 

higher than the allowed diagnostic limit) were considered while various concentrations, 

were used. A quadratic relationship of backscattered pressure with acoustic excitation 

pressures was observed while the CTR was found to increase with MI, contrary to previous 

perception [15]. This allows for imaging approaches in therapeutic procedures where the 

MI used is greater than the bubble destruction threshold.  
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In vitro localized drug release from DOX-loaded thermosensitive liposomes was 

presented in Chapter 5. Numerical simulations of the ultrasound induced temperature 

elevation were carried out using a code solving the modified Pennes Bioheat equation [7]. 

The theoretical predictions acted as a guide for selecting the acoustic parameters needed to 

produce the desired temperature elevation as well as to design specific pulsing schemes in 

order to maintain constant heating over prolonged periods. The predictions were validated 

with measurements of the induced hyperthermia with fine a wire thermocouple and a good 

agreement was found. 

One of the main obstacles encountered in the work of Chapter 5 was finding an 

appropriate medium to perform the experiments. An ideal medium should be 

biocompatible, it should not interact with liposomes in any way that may potentially 

compromise their stability and it should have a high ultrasound thermoviscous absorption 

coefficient so that it may be heated with ultrasound energy. Such a medium does not exist 

and explains why most temperature activation studies are done in vivo while reports for in 

vitro work are scarce. The need for an “ideal” medium was overcome by the design of a 

dual compartment holder where the sample (TSLs suspended in cell culture medium) was 

placed in an acoustically transparent holder immersed in glycerol which is a thermoviscous 

medium. Hyperthermia was induced in the glycerol by ultrasound and then heat was 

transferred to the sample via thermal conduction thus activating the drug loaded TSL. The 

proposed method, which to the best of our knowledge may be the first of its kind, 

resembles the in vivo scenario where ultrasound induces hyperthermia in the tumor tissue 

and the TSL (accumulated in the tumor interstitial spaces) are heated by thermal 

conduction (Fig. 6-1).  

A significant 80% doxorubicin release from the TSL was achieved. Further 

improvements to the set-up and conditions used are needed to decrease activation times 

and further increase drug release.  Flat or lightly focused transducers, able to produce 

hyperthermia in a much wider area, will significantly decrease the time required for the 

whole compartment to reach the desired temperature elevation. The current set-up and 

future modified ones may be used to quickly and accurately investigate the release 

dynamics of new thermosensitive agents as well as their therapeutic effectiveness on cell 

cultures. Tissue mimicking gel phantoms populated with small capillaries or even small 

tumor models perfused with TSL in solution may use the same ideas developed here 

offering a more realistic in vitro model with all its apparent benefits.  

Last but not least, the importance of the detailed geometric shape (diffraction 

pattern) of the focused sound field and its possible influence on the drug delivery 
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applications was considered throughout this work. We have showed that the expected 

temperature elevation strongly depends on the special pressure distribution (Fig. 5-3) and 

should be taken into consideration during temperature activation approaches. Similarly, 

pressure activation studies should carefully consider the effect of the diffraction pattern on 

different microbubbles in the acoustic field before coming to conclusions. As the field 

varies in amplitude, different bubbles in the field experience a different acoustic pressure 

(Fig. 6-2). Bubble related bioeffects such as inertial cavitation, micro-streaming and 

sonoporation as well as localized increases in stress and temperature are highly dependent 

on the applied pressure field intensity and the type of bubble oscillation.  

 

 

Figure 6-1: Effect of diffraction pattern on UCA response. (a) the axial plane of a 1 MHz 

transmitter (calculated with the KZK equation). Four MI ranges shown: 0-0.1 (white), 0.1-0.2 

(yellow), 0.2-0.5 (blue), and 0.5-1.0 (red). In (b-d) – high frame rate images of bubble oscillations 

acquired by the Brandaris-128 high frame rate camera [8]; (b) 0.05<MI<0.1; stable linear 

oscillation observed,  (c) 0.1<MI<0.2; nonlinear oscillations, (d) violent oscillations and 

destruction 
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6.2 List of Original Contributions 

 This thesis offered imaging contributions in the area of image-guided drug delivery 

and specifically, considered the properties of drug carrying microbubbles and 

developed imaging methods for such carriers.  A method that eliminates signal 

saturation was developed and this allowed to accurately measuring the contrast to 

tissue ratio with increasing MI, which was not done in the past.  

 

 Another important finding is that the tissue nonlinearity dependence with acoustic 

pressure is actually very similar to that of microbubbles (contrary to the current 

understanding) and thus the contrast to tissue ratio is constant across all acoustic 

pressures. This finding allows the imaging of drug carrying microbubbles equally 

effectively at both low non-destructive MI’s and high destructive MI’s. 

 

 The current work elucidated the role of acoustic streaming in set-ups with freely 

suspended microbubbles and pointed out the limitations of this set-up in an effort to 

avoid reaching possible false explanations of the bubble responses to long pulses when 

studying ultrasound enhanced drug delivery. 

 

 Expanded the overall understanding of bubble response to long ultrasonic pulses in a 

capillary tube set-up that closely mimics the in vivo case. A very important finding is 

that all microbubbles are completely diffused (disappear) in about 100 ms irrespective 

of the acoustic pulse duration. Thus, the successful use of longer pulses in previously 

published in vivo works suggests that the drug delivery enhancement is also due to the 

interaction of ultrasound with the cells themselves after an interaction of microbubbles 

with ultrasound and the cells was preceded.   

 

 Optimal ultrasound parameters for both low and high amplitude excitations were 

derived and suggested for future use in preclinical and clinical work. 

 

 Methods and techniques were developed for effective drug delivery of Dox-liposome 

loaded microbubbles. A 4-fold decrease of cell viability compared to free or 

encapsulated Dox was measured in in vitro experiments with cancer cells. The 

ultrasound enhancement techniques developed here both enhance Doxorubicin release 

from liposomes and Doxorubicin internalization into the cancer cells which are 
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directly related to the enhanced therapeutic efficacy observed with the current 

technique. 

 

 A novel method and set-up for in vitro activation of thermosensitive liposomes with 

focused ultrasound was developed, tested, and validated. This unique set-up, which 

resembles the in vivo case of liposomes in the tumor interstitial spaces, consists of a 

dual compartment where the cells and liposomes are in one compartment and heated 

with conduction from a thermally absorbing fluid in a second compartment that is 

heated by focused ultrasound. Using this in vitro setup, a significant 80% release of 

doxorubicin from TSLs was achieved. 
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6.3 Conclusion 

More than 100 years ago, Paul Ehrlich [9] envisioned that synthetic compounds 

could be made to selectively target and destroy disease causing microorganisms but not 

damage anything else in the patient's body. He termed these drugs ‘magic bullets’ inspiring 

generations of scientists to devise new methods and therapeutics in the fight against cancer. 

Image-guided ultrasound-enhanced drug delivery shows great potential in fulfilling Dr. 

Ehrlich’s vision. A complete understanding of the underlying mechanisms will offer more 

control of the associated bioeffects and will allow increased efficiency in drug delivery. 

From the studies performed in this thesis, some answers were offered and some new 

important questions were raised. Nevertheless, steps have been taken forward and methods 

have been developed that will act as a stepping stone for further studies attempting to 

further advance the state of the art in ultrasound enhanced drug delivery. 
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