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Abstract 

This thesis focuses on the study of liposomes; nanoparticles that can act as anticancer 

drug carriers, in combination with ultrasound applied as a drug trigger, with the 

objective of reducing the side effects caused by traditional chemotherapy. For the 

purpose of this thesis, PEGylated (containing poly-ethylene glycol)  and non-

PEGylated liposomes were used to encapsulate calcein and then release this model drug 

when 20- and 40-kHz ultrasound were applied at different acoustic power densities. 

Fluorescence techniques were used to measure the percent calcein release from these 

liposomes at different pH values (5.2 and 7.4). The release experiments were done 

offline (discontinuous) and also online (continuous measurements), where the latter 

was conducted to allow the modeling of the results.  The size of the synthesized 

liposomes was determined by Dynamic Light Scattering, and found to be similar for 

both types of liposomes. The release results obtained offline showed that the release 

from non-PEGylated liposomes is higher at pH 7.4 than at pH 5.2, for all used power 

intensities. The release from PEGylated liposomes is similar at both pH’s, except for 

the highest power intensity, where the release at pH 7.4 is significantly higher. 

Comparing the release from non-PEGylated and PEGylated liposomes at the same pH, 

it was observed that, at pH 5.2, there are no significant differences, but at pH 7.4 the 

release from non-PEGylated liposomes seems to be significantly higher. However, the 

results obtained from the online experiments showed no significant differences between 

both types of liposomes at pH 7.4. Finally, models of the release from non-PEGylated 

and PEGylated liposomes were built using artificial neural network (ANN). 

 

Search Terms: PEGylated liposomes, non-PEGylated liposomes, Low-Frequency-

Ultrasound, calcein, fluorometry, Dynamic Light Scattering, artificial neural network.
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Chapter 1: Introduction  

Cancer is a complex disease that involves a remarkable growth of cells that is 

neither uniform nor controlled. This abnormal growth, known as a malignant tumor, 

invades adjacent tissues and organs, and, if not treated, leads to the patient’s death [1]. 

Huge efforts have been made and enormous research has been conducted in the area of 

cancer treatment. Those treatments include surgery, chemotherapy, radiation therapy, 

immunotherapy, hyperthermia, photodynamic therapy and lasers [2]. Each of these 

modalities may be used alone or may be combined, depending on the type and stage of 

cancer being treated.  

The main downside of conventional anticancer drugs is that they affect both 

normal and tumor cells. Thus, patients with cancer receiving chemotherapy usually 

experience undesirable and sometimes potentially life-threatening side effects that limit 

their treatment [3]. Current research in chemotherapy includes developing ways to 

target drug release so it interferes with tumor growth and spread, particularly by using 

nanocarriers which are required to be safe, stable, not producing excessive immune 

reactions, able to biodegrade and have adequate biocompatibility [4], [5]. Additionally, 

researchers study trigger mechanisms that release the chemotherapeutic agents from the 

drug carriers when they reach the target tumor site. One of these triggers is ultrasound 

(US), which should be used with a certain frequency, intensity and pulsing rate to reach 

the desired depth within the time of exposure, otherwise it will not attain the desired 

therapeutic effect [6]. This thesis presents a combined approach in cancer treatment, 

i.e., using ultrasonic triggered release of a well-known carrier: the liposome. 

Liposomes are microscopic vesicular structures of phospholipid bilayers 

enclosing an aqueous compartment [5] as shown in Figure 1.1. It has been found that 

encapsulating drugs in liposomes affect drug pharmacokinetics and bio-distribution and 

thus reduce undesirable side effects and improve therapeutic effectiveness due to the 

enhanced permeation and retention (EPR) effect, which refers to the ability of 

liposomes to accumulate in the defective vasculature of tumors. They can then release 

the enclosed cytotoxic agents to tumor tissues [7]. 
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Figure 1.1. Schematic depicting the structure of liposomes [5]. 

Liposomes can also be modified by coating the surface with polyethylene glycol 

(PEG) chains. This surface modification leads to higher uptake into solid tumors by a 

process called passive targeting and causes an improvement in drug circulation times 

[8]. Liposomes can also be conjugated with targeting ligands to achieve the active 

targeting of a particular tumor tissue. This active targeting is meant to provide more 

accuracy in drug accumulation in the target cancer site, thus increasing the therapeutic 

effects while reducing the side effects [9].  

Ultrasound has been an effective tool used for diagnostic purposes for the last 

three decades. More recent studies are proposing the use of US in targeting or 

controlling drug release from nanocarriers due to their acoustic and/or thermal energy 

which, at lower power densities, causes no harm to the healthy tissues, adding to their 

non-invasive nature, which enables them to penetrate deeply into internal diseased 

tissue without any need for further surgery. Additionally, the well-understood physical 

nature of US waves makes it reasonable to think of it as a good triggering system [10]. 

The objectives of this thesis are as follows: 

1. To develop a modified method for the synthesis of PEGylated and non-PEGylated 

liposomes, encapsulating the model drug calcein. 

2. To determine the size of the synthesized liposomes. 
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3. To measure the LFUS-triggered percent release of calcein from both types of 

liposomes (at different pH and different power densities), using fluorescence 

techniques (fluorometry). 

4. To study the LFUS-triggered dynamics of calcein release from both types of 

liposomes (at different power densities), by continuous (on-line) measurements of 

fluorescence.  

5. To model the dynamics of the acoustic release from liposomes using ANN models. 

In the next chapters, a thorough literature review will be presented, followed by 

stating the objectives of this thesis. Afterwards, experimental procedures will be 

detailed, results will be presented and explained. Lastly, an artificial neural network 

(ANN) model that represents the dynamics of release using this combined approach 

will be built and discussed. 
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Chapter 2: Literature Review 

2.1. Drug Delivery Systems (DDS) and Nano-Technology 

The growing demand for the development of new drug delivery systems (DDS) 

has increased due to the need to reduce undesired side effects caused by drug agents 

that affect both infected and healthy tissues, adding to the fact that this uncontrolled 

release leads to the consumption of more medications, which is neither economic nor 

beneficial [11]. As a result, nanotherapy and nanocarriers have been introduced 

utilizing current advances in nanotechnology, and have been used as new, “smart” 

DDSs which can be targeted towards certain sites and organs and triggered to release 

the drug whenever needed [12], [13]. Such DDSs include solid lipid nanoparticles, 

liposomes, niosomes, micelles, archaeosomes, dendrimers and other carrier systems 

[12], [13], [14]. 

Liposomes are considered among the best known and developed nanocarriers. 

They have proven themselves as one of the most promising DDSs, not only because 

their structure is similar to biological membranes, but also for the possibility of using 

them in a variety of applications by utilizing their different composition, colloidal 

behavior, surface charge and methods of preparation [15]. Also, when loaded with 

drugs, they have shown synergistic effects and a capability to hold materials with 

different solubilities, whether they were hydrophilic, hydrophobic or a combination of 

both [16]. These and other characteristics have formed the basis of scientific and 

industrial applications of liposomes and are the reason why they have been selected as 

the focus of this thesis, inspecting their use in chemotherapy and investigating the 

release of the drug from their core using acoustic power. 

2.2. Liposomes 

Liposomes are small spherical vesicles that enclose aqueous compartments and 

have polar hydrophilic heads attached to long, nonpolar, hydrophobic tails. They are 

basically made of phospholipids and other lipids, and may also contain other molecules 

including carbohydrates and proteins [17]. Liposomes can be loaded with a variety of 

bioactive agents, including drugs, peptides, vaccines, plasmid DNA, antisense 

oligonucleotides or ribozymes, cosmetics and nutraceuticals [15]. Their structure varies 

in size, with the smallest being about 20 nm in diameter and the largest reaching up to 
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1 μm or more. According to their size and the number of lipid bilayers, liposomes are 

classified into multilamellar vesicles (MLVs), in which fluid compartments separate 

the multi-lipid bilayers and their external shell diameter ranges from 1-5 μm, and 

unilamellar vesicles (ULVs) that have a single fluid core with an external diameter of 

50-250 nm. These ULVs are further divided into small unilamellar vesicles (SUVs), 

with a diameter range of 50-100 nm, and large unilamellar vesicles (LUVs), having 

diameters of 100-250 nm [8], [18]. This classification is illustrated in Figure 2.1. 

Encapsulation of drugs in liposomes depends on the drug solubility in such a 

way that the water-soluble agents are carried in the internal hydrophilic aqueous core, 

lipid-soluble agents are carried in the hydrophobic membrane, and peptides and small 

proteins are carried in the lipid-aqueous interface. The solute itself is either contained 

in the aqueous compartment if it is a polar solute, or in the lipid bilayers if it is lipophilic 

or amphiphilic. Generally speaking, ULVs are the most adequate type of liposomes to 

be used in chemotherapy as the size of their inner aqueous compartment is large 

compared to their whole structure, which allows these liposomes to carry a higher 

concentration of both hydrophobic and hydrophilic therapeutic agents [18].  

2.2.1. Liposome modifications and drug targeting. 

As mentioned previously, liposomes have higher therapeutic efficiency at low 

dosage compared to traditional delivery systems and can accumulate preferentially in 

tumors because of the EPR effect. This effect allows drugs transported inside liposomes 

to remain in tumor tissues for extended periods, thus reducing cytoxicity and unwanted 

side effects that may adversely affect the function of healthy organs including the heart 

and kidneys [19].  

Liposomes can be modified in a number of ways that enhance their bio-

distribution and uptake and enable them to become more efficient [20]. In non-ligand 

forms, also known as “passively targeted liposomes”, modifications basically aim to 

prolong the circulation half-life, increase extravasation and penetration into the desired 

location and reduce the negative side effects through the suitable selection of 

formulation parameters which include lipid components, particle size [21], cholesterol 

content [22], surface charge [23], lipid membrane fluidity [24] and steric stabilization 

[25], [26]. One example is provided by “stealth liposomes”, which have a prolonged 

half-life in blood circulation due to the modification of their surface with polymers 
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including PEG [4]. PEG creates a steric barrier that delays the mononuclear phagocyte 

system (MPS) from recognizing these liposomes and thus clearing them from the blood 

stream [15]. The second type of modification conjugates site-directing moieties, 

“ligands”, to the lipid vesicles and this process is known as “active targeting of 

liposomes”. Ligands; including antibodies, sugar residues, apoproteins and hormones, 

have the ability to recognize certain receptor sites (e.g., in tumors), leading the 

liposomes towards them, thus significantly increasing the  therapeutic effects while 

considerably reducing the side effects [27]. Examples of actively targeted liposomes 

include immunoliposomes, which have enhanced binding properties to the targeted 

receptors due to the conjugation of specific antibodies or antibody fragments to their 

surface. Immunoliposomes are used in many therapeutic applications, and cancer-

specific immunoliposomal targeting is currently a major  research area [28]. “Stealth” 

liposomes may also be actively targeted if they have a ligand attached to their surface.  

Studies on liposomal DDS showed that the rate of drug release from these 

carriers needs to be optimized in order to achieve maximum efficiency. Early release 

from the carrier will prevent the chemotherapeutic agent from reaching the desired site, 

thus no therapeutic effect will be observed. On the other hand, if the release rate is slow, 

the drug will never reach the concentration needed to generate the desired therapeutic 

effect [9]. This was the motive behind developing a third type of targeting called 

“triggered targeting”.  

In triggered targeting, one or several stimuli are used to ensure that the drug is 

released when certain conditions are reached or maintained. Stimuli include 

temperature, pressure, pH, or an external energy field including electric and magnetic 

fields, US (Sec. 2.3.1), light and neutron beams [29], [30], [31], [32], [4]. 

2.2.2. Liposomes as therapeutic agent carriers. 

The main drawback of the use of traditional drug carriers in chemotherapy is 

that most of the anti-neoplastic agents are tremendously toxic and their dosage must be 

restricted to minimize their adverse effects. 

One of the most widely used drugs in cancer treatment that is based on the idea 

of suppressing tumor growth is the chemotherapeutic agent Doxorubicin (Dox). Dox 

has high antitumor activity against numerous types of cancers, specially breast and 

ovarian cancer [33], [34] and hematological malignancies [35]. 
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Figure 2.1. Classification of liposomes concerning the size and number of lamellae [8]. 

It is also considered among the most efficacious agents in AIDS-Related 

Kaposi’s sarcoma [36]. However, one of the main drawbacks of using Dox is its high 

cardiotoxicity, due to the damage it causes to the heart muscle. It was found that 

encapsulation of antitumor drugs in liposomes alters the pharmacokinetics and 

distribution of these agents, thus reducing their cytotoxicity [37]. Therefore it makes 

sense to consider sequestering Dox inside liposomes in a concentration and counterion-

dependent manner [9] as they do not accumulate in the heart [38], [39]. Numerous in 

vivo and in vitro studies have showed that liposomal delivery systems actually reduce 

cardiotoxicity and side effects and allow for the agent’s extravasation [40], [41], [42]. 

Figure 2.2 shows an example of such studies [16], in which the encapsulation of Dox 

and another anticancer drug named epirubicin in stealth liposomes led to a decrease in 

the size of solid colon tumor in laboratory mice (red curve) compared to the size when 

the animals were not treated (gray curve) or the drug was not encapsulated (blue curve). 

However, it is important to emphasize here that the results presented below might not 

occur with all types of cancer, and that is why continuous efforts are made to produce 

liposomes that are able to avoid macrophages and other parts of the immune system so 

that this DDS can be utilized in the treatment of a wide variety of cancers [16]. 
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In this thesis, examples of the use of liposomes as therapeutic agent carriers will 

be given, namely the use of PEGylated and non-PEGylated liposomes encapsulating 

calcein, a model drug, when the release is triggered by the application of US. Thus, we 

will start by defining what US is. 

 
Figure 2.2. Comparison of tumor size growth using chemotherapy with free drug, 

liposome encapsulated drug, or no drug (saline control) [43].  

2.3. Ultrasound  

Ultrasound waves are pressure waves that have frequencies higher than the 

audible range of humans (typically higher than 20 kHz). These waves are produced 

using piezoelectric transducers that convert the applied voltage wave forms into 

mechanical forms. US is widely used in the medical field, and it can to be used for 

diagnostic (1-20 MHz) and therapeutic (0.7-3 MHz) purposes [44], [45]. US can also 

be classified into low- and high-intensity ultrasonic waves, according to the power 

densities employed [46].  
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US technology is generally regarded as safe and cost effective, being broadly 

applied in the biomedical area because of its non-invasive nature. Ultrasonic devices 

used in the medical field are composed of a generator that delivers a high-frequency 

alternating current. Using a transducer, this electric current is then converted into 

mechanical (acoustic) vibrations [47]. Research has shown that as the frequency is 

lowered, transdermal transport and cell penetration are enhanced [48]. Additionally, it 

has been shown that, for medical purposes, the use of pulsed US is more favorable than 

continuous waves (CW), since the former causes less negative biological interactions 

with healthy cells and tissues not intended for treatment [49]. 

US can be targeted to and/or focused toward certain cells and tissues because it 

can be focused, reflected and refracted, and propagated through a medium. It has the 

ability to penetrate deeply into the body and increase the permeability of cell 

membranes, thus increasing the penetration of drugs and drug carriers due to the 

thermal (hyperthermia) and non-thermal effects it causes when interacting with 

biological systems [6], [50], [51], [52], [53].  

The hyperthermia induced by US is associated with the absorption of acoustic 

energy by fluids or tissues, and occurs due to an increase in power density when the US 

beam is focused on a target tissue (for reviews see [54], [55], [56], [57], [58], [59]).  In 

targeted drug delivery strategies, hyperthermia has the added therapeutic effects of 

heating the drug carriers, the drugs, and/or the treated tissues [60], where its effect 

becomes more significant as the frequency and intensity of US increase [45]. 

Additionally, hyperthermia induced by the application of US is used in the medical field 

as an adjuvant in cancer chemotherapy [55], [56], [58], [61], [62] and in physical 

therapy for warming tissues [54]. 

The non-thermal effects of US are usually related to oscillating or cavitating 

bubbles and, to a lesser extent, to non-cavitating effects (e.g., radiation pressure, 

radiation torque, and acoustic streaming) [59].  

Acoustic cavitation is the interaction of acoustic waves with gas bubbles, as 

described by Leighton [57]. As US excites gas bubbles, the latter oscillate in response 

to the surrounding oscillating pressure. When the acoustic amplitude (pressure) is low 

and the pre-existing bubbles in the liquid medium have radii that are comparable in size 

to the wavelengths, the bubbles will be exposed to a periodic set of compressions and 

expansions with relatively small changes in size. These interactions can be considered 

as a linear oscillator that has a natural resonance frequency. When the sizes of the 
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bubbles become considerably different, the bubbles that have a natural resonance 

similar to the frequency of the US field will undergo maximum oscillations. This state 

is called stable or non-inertial cavitation. During this period, the bubbles will 

accumulate dissolved gas from the liquid medium and their sizes will increase. 

Additionally, the oscillation will cause the fluid to flow around the bubble – a process 

called microstreaming, with velocities and shear rates that are proportional to the 

oscillation amplitude [45], [63], [64], [65]. As the acoustic pressure increases or as the 

size of the bubble approaches the resonance size, the oscillations become non-linear, 

and eventually result in the total collapse of the bubble, a process called inertial, 

transient or collapse cavitation. The collapse of the bubble results in small bubbles 

which serve as new cavitation nuclei, which grow in size and eventually also collapse, 

causing shock waves. The shock waves create pressures of about 100 atm in magnitude 

and increase the local temperature significantly, leading to the generation of free 

radicals [66], [67], [68]. Taken together, these processes produce considerable stress on 

cells, leading eventually to the damage of the cell membrane and other organelles. 

Additionally, the collapse of the bubble may be asymmetrical if occurring near a blood 

vessel wall, a large cell, a semi-rigid vesicle, or other solid surfaces, ejecting a liquid 

jet at sonic speeds capable of making pores on their the surface [66], [69], [70], [71].  

It has been stated that, at high amplitudes, the associated shear forces can cause the 

lysis of red blood cells [72] and shear open liposomes [64].  

Concerning drug delivery, the biological effects associated with cavitating 

bubbles may increase drug interaction with the cells by physically shearing the cell 

membrane, which allows the direct entrance of the drug into the cytosol by simple 

diffusion, and/or through the up-regulation of stress response pathways [72], [73], [74], 

[75]. 

Until recently, the non-cavitating effects were not considered to be widely 

involved in the drug delivery process, except for increasing the convection and transport 

of the drug towards or into the cell. This effect was thought to be caused by the fluid or 

particle motion induced by acoustic streaming or radiation pressure [59]. Recently, 

however, Oerlemans et al. [76] argued that the release of calcein from liposomes during 

sonication using high-intensity focused US (HIFU), is not due to hyperthermia or 

transient cavitation, but rather is due to the high shear forces generated as the shock 

wave propagates through the medium.  
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Other beneficial aspects of US use in medicine include the improvement of the 

efficacy of thrombolytic drugs, the enhancement of the antitumor activity of anti-

neoplastic drugs (especially for ovarian cancer) and an increase in transdermal drug 

delivery and gene therapy [67], [77],  [44], [78]. 

2.3.1. Ultrasound as a trigger mechanism for drug release from liposomes. 

The echogenic properties of US-induced liposomal drug release are not inherent 

but rather owed to the use of specific preparation methods (e.g., freeze-drying), the 

incorporation of gas bubbles into liposomal membranes or the direct formation of such 

cavities in the inner aqueous compartments of liposomes when they are prepared (i.e., 

the incorporation of nanoemulsions that can vaporize into the inner compartments of 

liposomes, thus making them responsive to US) [79], [70], [80], [81], [82]. These 

echogenic or bubble liposomes are called “acoustically-active liposomes (AAL)” [83]. 

The bubbles are considered efficient contrast agents as they have the ability to 

effectively reflect sound and thus allow for drug release and penetration. The transient 

cavities formed in the lipid bilayer are either hydrophobic in nature as shown in part 

(A) of Figure 2.3 or hydrophilic as shown in part (B), with a higher probability of the 

gas bubble being formed in the hydrophobic region [46].  

Recently, a new type of echogenic liposomes, developed at Brigham Young 

University, were described [82], [83], [84]. These liposomes, called eLiposomes, 

contain a liquid emulsion of perfluorocarbons (PFC). The authors suggest that US can 

break open the eLiposomes by decreasing the local pressure below the vapor pressure 

of the PFC emulsion, thus allowing it to boil to a gas phase. Advantages of the 

eLiposomes include the fact that they are small enough to extravasate in tumors and are 

responsive to low-intensity US. Recently, Lin et al. [85] reviewed the acoustic droplet 

vaporization phenomenon, with emphasis on how it relates to drug release from carriers 

using HIFU. Nevertheless, more research in the area of PFCs is needed in order to 

improve their design and tune the parameters that affect their performance as activable 

drug delivery carriers [86].  

As mentioned previously, US can induce either thermal or non-thermal effects 

in liposomes, and these DDSs can be designed in order to respond to an increase in 

temperature, mechanical effects, or both [46]. Drug release induced by low-frequency 

US (LFUS) is mainly associated with mechanical effects including transient cavitation, 

whereas high-frequency US (HFUS) is mainly associated with thermal effects. 
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Ultrasound-induced hyperthermia can also be used as a strategy to release drugs when 

they are encapsulated in temperature-sensitive liposomes (for a recent review see [87]). 

 
Figure 2.3. Formation of transient cavities in the liposomal membrane, induced by  US 

[46]. (A) Hydrophobic transient cavitation. (B) Hydrophilic transient cavitation. 

The lipid bilayer of most liposomes can undergo a transition from a solid-

ordered (SO) phase to a liquid-disordered (LD) phase, and vice-versa, and this 

transition occurs at a temperature which is dependent on the molecular structure of the 

phospholipids present in the bilayer [46]. An intermediate liquid ordered (LO) phase 

can also occur if cholesterol, or other membrane-active sterol, are present in the bilayer 

[88]. Liposomes undergoing phase transitions are more permeable than in any other 

phase due to defects in the bilayer packing. Similarly, liposomes in the LD phase are 

more permeable than in the LO and SO phases [89]. This temperature-dependent phase 

transition was used to explore the concept of thermal control of drug delivery using 

temperature-sensitive liposomes (TSL), as first reported by Yatvin and co-workers [90]. 

Hence, the lipid composition of the liposomes determines their temperature-related 

behaviour, and therefore their permeability, which is directly related to the drug loading 

stability and drug release rate [91].   

Ultimately, it can be said that the key factor in achieving the desired release is 

the good control and optimization of a number of parameters including frequency of 
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US, sonication and pulse durations, electrical field power density, position of transducer 

adding to lipid properties and characteristics of gas bubbles formed [92]. 

In the next sections, the in vitro and in vivo work conducted using liposomes in 

conjunction with US as a DDS will be reviewed, in addition to the preclinical and 

clinical studies available in this area. 

2.4. In vitro Liposomal Drug Release and Modeling Studies 

The research group of Barenholz studied the efficiency of LFUS- (20 kHz) and 

HFUS- (1 and 3 MHz) triggered release of Dox from PEGylated liposomes, a drug 

commercialized under the names: Doxil®, Caelyx™ and LipoDox®. They observed 

that, after 30 min of exposure to LFUS, 85% of Dox was released in saline solution, 

while 61% was released in human plasma. These percentages sharply decreased to 58% 

and 5%, respectively, when 1-MHz HFUS was used. A further decrease in release 

occurred when 3-MHz US was applied. These differences in the rate and amount of 

release as the frequency increased were hypothesized to occur due to cavitation, 

whereas the differences between the release in saline and human-plasma can be 

explained by the fact that plasma proteins absorb some of the acoustic energy, thus 

reducing the number of cavitation events. 

Lin and Thomas [93] performed calcein release studies to access the 

susceptibility of PEGylated liposomes to LFUS (20 kHz). They observed that these 

liposomes, similar to the control phosphatidylcholine (PC) liposomes, did not respond 

to US below a threshold intensity of 2 W/cm2. However, above this threshold, the 

PEGylated liposomes were 10-fold more sensitive to US, showing a higher 

permeabilization of the liposomal membrane. The researchers concluded that PEG-

lipids and other similar lipids significantly enhance the ability of LFUS to permeabilize 

100 nm unilamellar liposomes, possibly due to the formation of pores in the liposomal 

membrane (nanoporation), membrane destabilization, or both.   

Similar results were obtained by Chen and Wu [94] using HIFU of 1 MHz (CW) 

and 900 W/cm2. They observed the release of approximately 21% of the encapsulated 

fluorescent agent fluorescein from 150-200 nm liposomes, when US was applied for a 

mere 10 s, whereas the percentage release increased to 70% when sonicating for 60 s. 

The group suggested that inertial cavitation induced by HIFU led to the rupture of the 
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membrane of large (>100 nm diameter) liposomes, while it created pore-like defects in 

the membranes of smaller (<100 nm diameter) ones. 

Huang et al. [81] observed the release of calcein from echogenic liposomes 

composed of PC, phosphatidylethanolamine and phosphatidylglycerol, by applying 1-

MHz US, at a power density of 2 W/cm2, for 10 s. The liposomes were prepared by 

freeze-drying in the presence of mannitol, which was essential for improving the 

encapsulation efficiency (15% under these conditions). Furthermore, the results have 

also shown that the inclusion of diheptanolyphosphatidylcholine in the liposomes 

increased their sensitivity to US, leading to a more efficient drug release.  

Dromi and co-workers [95] studied pulsed-HIFU as a source of hyperthermia to 

trigger the release of Dox from low temperature sensitive liposomes (LTSL; 

ThermoDox (Celsion Corp.)). The in vitro results showed that the HIFU-induced 

hyperthermia caused the release of 50% of the Dox encapsulated in LTSL, but did not 

cause drug release from non-thermosensitive liposomes. 

Schroeder and co-workers [96] studied the effect of 20-kHz LFUS on the release 

rates of three different drugs (i.e. Dox, methylpredinisolone hemisuccinate, and 

cisplatin) encapsulated in PEGylated liposomes. It was observed that, for all three 

formulations, a short exposure (< 3 min) to both pulsed or CW US released nearly 80% 

of the encapsulated drug. A linear relationship between LFUS power density and the 

amount of drug release was also reported. An intensity threshold of about 1.3 W/cm2 

was recorded and an increase in release percentage and rate was observed above this 

threshold, supporting the hypothesis of transient cavitation effects. The authors 

proposed the transient formation of pore-like defects in the liposomal membrane as the 

main mechanism behind the observed release. 

Several research groups performed in vitro studies to evaluate the effect of the 

liposomal lipid composition on their sonosensitivity [97], [98], [22], [93], [99], [46]. 

Evjen et al. [98] evaluated the sonosensitivity and serum stability of several types of 

Dox encapsulating-liposomes, composed of different percentages of DSPE (1,2-

distearoyl-sn-glycero-3-phosphoethanolamine), DSPC (1,2-distearoyl-sn-glycero-3-

phosphocholine), DSPE-PEG2000 ((-N-(methoxy(polyethylene glycol)-2000), and 

cholesterol. The study showed that DSPE had the largest impact on the liposomal 

sonosensitivity, with an optimal formulation releasing 70% of Dox after 6 min of 

exposure to 40-kHz US, representing a 7-fold increase relative to standard PEGylated 

liposomal Dox (Doxil®). The results also showed that intermediate levels of DSPE 



26 

 

combined with high levels of cholesterol similarly promoted the sensitivity of the 

liposomes to US. Additionally, the inclusion of high levels of cholesterol enhanced the 

stability of the liposomal formulation in serum. 

The same group [100], [97] subsequently developed liposomes containing 

DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), the unsaturated analogue of 

DSPE, as the main component and compared their performance with HSPC 

(hydrogenated soy L--phosphatidylcholine)-based liposomes. In contrast to the latter, 

it was observed that the liposomal size, size distribution and structure of the DOPE-

based liposomes significantly changed after applying US. This indicated that the drug 

release was caused by a different mechanism in each case, due to the differences in 

membrane composition. Moreover, it was found that the DOPE-liposomal formulation 

showed a 30% increase in US-induced Dox release in vitro (at 40 kHz), when compared 

to the previously described DSPE formulation [98], corresponding to a 9-fold 

improvement when compared to PEGylated liposomal Dox (Doxil®). Furthermore, 

while DSPE-based liposomes showed a decrease in sonosensitivity in serum, the 

DOPE-based ones still showed the same release properties.  

The eLiposomes described previously (Sec. 2.3.1) were used to study the in 

vitro release of calcein upon exposure to 20-kHz US [82]. Calcein was encapsulated in 

eLiposomes containing different size droplets of perfluorohexane (PFC6) or 

perfluoropentane (PFC5) emulsions. It was observed that the eLiposomes released 3- to 

5-times more calcein upon exposure to US, when compared to control liposomal 

samples, and that this release increased with the US intensity and exposure time. The 

calcein release was higher when the liposomes contained 400-nm emulsion droplets, 

compared to the 100-nm ones, and when PFC5 was used, compared to PFC6. Hence, the 

authors suggested that the ideal drug delivery eLiposome system consists of liposomes 

with large PFC5 emulsion droplets, but these may not be small enough to extravasate at 

the tumor site. The same research group also investigated the ultrasonic parameters 

needed to change the phase (from liquid to gas) in these nanoemulsions [101]. More 

recently, a model was developed to account for the heat, mass and momentum transfer 

effects responsible for the phase change in PFC5 nanoemulsions, in order to better 

understand the release phenomenon from eLiposomes [84], [85]. The model showed 

that the maximum bubble size and collapse velocity increased with increasing 

temperature, droplet size, US amplitude and vapor pressure [85]. 
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Javadi and co-workers [83] developed two new methods to prepare eLiposomes, 

namely the one-step method and the ultra-method. They prepared these eLiposomes 

with PFC5 or PFC6 nanoemulsions, with a folate ligand, and loaded them with calcein. 

Images obtained by cryo-transmission electron microscopy (cryoTEM) provided 

evidence that eLiposomes could be formed using any of the two new methods, which 

are faster and less laborious than the original two-step method described by Lattin et 

al. [82]. 

The development of a new type of thermosensitive liposomes was recently 

described by Ninomiya and co-workers [102]. These liposomes are modified with the 

thermosensitive copolymer (TSP) N-isopropylmethacrylamide (NIPMAM) and N-

isopropylacrylamide (NIPAM), named poly(NIPMAM-co-NIPAM), which makes 

them sensitive to temperature. Calcein release was observed when these liposomes were 

exposed to 1-MHz US at 0.5 W/cm2 for 120 s.  

2.5. In Vitro Cellular Studies 

After confirming the role of US as a trigger for the release of drugs from 

liposomes, several studies explored the effect of combining liposome-encapsulated 

drugs and US systems in cell cultures, in vitro. 

The study by Schroeder and co-workers [96], described in the previous section, 

also considered the in vitro effect of 20-kHz LFUS on the cellular uptake and toxicity 

of cisplatin encapsulated in PEGylated liposomes, by sensitive C26 murine colon 

adenocarcinoma cells. Aliquots of LFUS-released cisplatin were added to the cells and 

the observed cytotoxicity was proportional to the liposome irradiation time. 

Furthermore, the cytotoxicity of the released cisplatin was equal to that of a similar 

concentration of the non-irradiated free drug, indicating that the LFUS did not have an 

effect in the drug’s biological activity. 

Microbubbles have been widely used as contrast agents in diagnostic US [103]. 

More recently, their use in combination with US, in gene and drug delivery, has been 

investigated [104]. However, microbubbles have several disadvantages as DDSs: they 

are generally unstable, hence they have short circulation times in vivo [105], they are 

too large (1-6 µm diameter) for extravascular applications [106], they have a very 

limited drug loading capacity [105], and their surface is not easily modified with 

functional molecules to allow targeted delivery [107]. Recently, researchers have been 
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investigating the possibility of using microbubbles [108] and nanobubbles (300-700 nm 

diameter [109]) in combination with liposomes for non-invasive targeted drug delivery 

under image guidance.  

Lentacker et al. [110] compared the US-induced delivery of Dox-containing 

liposomes and Dox-liposome-containing microbubbles. The latter was prepared by 

attaching biotinylated Dox-containing liposomes to the surface of a biotinylated lipid 

microbubble containing perfluorobutane (PFC4), with the aid of an avidin molecule. In 

vitro studies using a melanoma BLM cell line showed that when this microbubble-

liposome system was exposed to 1-MHz US, there was a 2-fold increase in cell death 

as compared to regular liposomes. This was due to an enhanced cellular uptake of the 

Dox released from the system by the action of US, followed by an accumulation of Dox 

in the nuclei of the cancer cells. When regular liposome-encapsulated Dox was used, 

the drug was distributed in the cytoplasm and nucleus of the cells. The authors 

hypothesized that the increased cellular uptake was caused by the sonoporation of the 

cellular membrane, due to the implosion of the microbubbles under the action of US. 

The microbubble-liposome-US system appears to be promising in enhancing the in vivo 

efficacy of Doxil®, while at the same time causing fewer side effects.  

The same group [108] also developed similar microbubbles but with Dox-

containing liposomes coupled to the microbubble surface by covalent thiol-maleimide 

linkages. They used 1.7-MHz US with a mechanical index of 0.2 and showed that the 

microbubbles scattered enough signal to be imaged in real time and be used in vivo. 

Their in vitro studies in human glioblastoma (U-87 MG) cells showed a 4-fold decrease 

in cell viability when the microbubble system was used in conjunction with 1-MHz US 

and pressures up to 600 kPa, when compared to the controls: free Dox or non-insonated 

Dox-loaded liposome-microbubbles. The cell viability results are correlated to an 

increase of encapsulated Dox triggered by US as well as an enhanced uptake of Dox by 

the cancer cells. 

Ueno and co-workers [107] developed AAL with perfluoropropane (PFC3) gas, 

as a carrier for Dox and studied their effect in a murine osteosarcoma cell line (LM8), 

when used in conjunction with 1-MHz US, with a power density of 0.5 W/cm2, and a 

duty cycle of 50% for a 10 sec cycle duration. By comparison with controls (non-treated 

cells, cells treated with Dox alone, cells treated with Dox and AAL, and cells treated 

with Dox and US), it was observed that the effect of Dox was significantly enhanced 

when cells were treated with AAL and US. Since an in vitro EPR effect is highly 
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unexpected, these results are mainly explained by an increased drug uptake induced by 

cavitation and sonoporation.  

Javadi et al. [83], [84] used the folated eLiposomes with PFC5 nanoemulsions 

described previously to study the delivery of calcein to HeLa cells upon application of 

20-kHz US, with a power density of 1 W/cm2, for 2 s. Confocal microscopy images 

showed that both the surface folate ligand and the nanoemulsions were required to 

deliver a significant amount of calcein to the cytosol of the cells. The same authors [84] 

obtained similar results when using eLiposomes carrying a model green fluorescent 

protein (GFP) plasmid, observing that plasmid transfection of HeLa cells was greatly 

enhanced by the application of low-frequency-low-intensity US. 

Afadzi and co-workers [111] studied the effect of 300-kHz US and 

microbubbles on the cellular uptake of Dox-containing DEPC (1,2-dierucoyl-sn-

glycero-3-phosphocholine)-liposomes and FITC (fluorescein-isothiocyanate)-dextran 

by HeLa cells. Their study tried to unravel the mechanism behind the uptake, whether 

it was sonoporation or endocytosis. The results showed an increase in the cellular 

uptake of liposomes and dextran when US was combined with microbubbles, 

suggesting an extracellular disruption of liposomes followed by drug uptake. 

Experiments using endocytosis-inhibitors evidenced that endocytosis is a part of the 

uptake mechanism, and that sonoporation is also a part of the process. 

Recently, Yan et al. [112] reported the use of Paclitaxel-liposomes conjugated 

to microbubbles (using the strong biotin/avidin interactions). The results showed an 

increase, both in vitro and in vivo, of drug release when 1-MHz US was applied. This 

increase was statistically significant when compared to release without US or release 

in the absence of microbubbles. Histological studies showed an increased inhibition of 

tumor angiogenesis and proliferation when using the complexed microbubbles. 

The group of Endo-Takahashi [113] succeeded in encapsulating a bubble-

contrast agent in a PEG-modified stealth liposomal formulation. Upon HFUS 

application, pDNA and siRNA delivery was demonstrated. The group concluded that 

such AAL can serve as both; gene delivery carriers as well as diagnostic probes.  
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2.6. In Vivo Studies Using Animal Models and Clinical Trials 

There are limited in vivo studies reporting the effect of US triggering on Doxil®. 

However, a number of researchers have conducted in vivo preclinical and clinical trials 

that utilize liposomes without US as an effective Dox DDS. 

Papahadjopoulos and co-workers [43] described the use of stealth (PEGylated) 

liposomes and studied the pharmacokinetics and therapeutic efficiency of encapsulated 

Dox and epirubicin in mice models with lymphomas and colon carcinomas. Their 

results showed a marked increase in the therapeutic effects of both drugs, since there 

was a decrease in the size of the tumors in laboratory mice treated with the new 

formulation when compared to the tumor size of non-treated animals or animals treated 

with the free form of the drugs. Additionally, they observed a significant decrease in 

the uptake of the agents by other tissues including the liver and spleen, with the drugs 

accumulating preferentially in the tumor tissues.  

Several other studies were performed using Doxil® in various rodent tumors 

and human xenografts in immunodeficient mice and dogs, all of which reported 

evidences of increased efficacy and circulation half-life of Doxil® in comparison with 

free and non-PEGylated liposomal Dox [108], [114], [115], [110], [116]. Further 

studies [117], [118] on rabbit and dog models, implanted with murine and human 

xenograft tumors and treated with Caelyx™, reported the advantage of using Dox 

encapsulated in stealth liposomes to reduce the drug cardiotoxicity. These studies, 

although not utilizing US, emphasized the use of liposomes as effective drug delivery 

vehicles. 

The effect of sonicating Doxil® when used as a DDS in murine models was 

reported by Yuh et al. [119].  The group studied the effect of pulsed 1.5-MHz HFUS as 

a Doxil® release trigger in mice bearing a murine squamous carcinoma (SCC7 cell 

line), then compared their results with a second group of mice treated with Dox alone, 

and a third control group of untreated animals. The researchers observed an increased 

concentration of Dox in tumors and higher extravasation of dextran–fluorescein 

isothyocyanate in the vasculature of malignant tissue when US was applied. Although 

not conclusive, this work suggested hyperthermia and/or cavitation as the possible 

mechanisms behind these US-induced results. 

Myhr and Moan [120] studied the effect of the application of LFUS (20 kHz) 

on a group of 144 Balb/c nude mice inoculated with a human colon tumor cell line 
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(WiDr) to release Dox encapsulated in PEGylated liposomes (Caelyx™) at different 

Dox concentrations (3 and 6 mg/kg). The experiments reported, for the first time, the 

non-hyperthermic effect of US on the drug release, and revealed the synergistic and 

tumor-selective effects of the combination of US and Caelyx™.  Furthermore, it was 

observed that these synergistic effects were more significant when low drug 

concentrations were used.  

The effect of pulsed HIFU was studied by the group of Frenkel et al. [121], who 

administered Doxil® to female syngeneic Balb/c mice inoculated with a murine 

mammary adenocarcinoma cell line (JC) and female C3H mice inoculated with a 

murine squamous cell carcinoma line (SCC7). The researchers used 1-MHz pulsed US, 

at a spatial average power density of 124 W/cm2, and observed that sonication showed 

a safe behavior on the overall health of the mice, and had the ability to harm irradiated 

cancer cells. However, the Doxil®/US combination failed to improve Dox uptake by 

tumors. 

Different results were obtained by the same group [95] when performing in vivo 

studies with the LTSL described in the previous section. The researchers used a murine 

mammary adenocarcinoma (JC) female BALB/c mice model to study the combination 

of LTSL with non-invasive and non-destructive 1-MHz HFUS, and observed delayed 

tumor growth caused by an enhanced delivery of Dox. No increase in Dox 

concentration in the tumors was observed when using pulsed-HIFU combined with 

either Doxil® or free Dox, emphasizing the importance of hyperthermia and LTSL in 

the process. 

To complement the previously described in vitro work, Ueno et al. [107] studied 

the in vivo effects of a combination of Dox, AAL and US in osteosarcoma-bearing mice 

models (C3H female mice with LM8 tumors). The mice were divided into eight groups: 

(i) untreated mice; (ii) free Dox (1 mg/kg); (iii) Dox (1 mg/kg) + AAL + US; (iv) free 

Dox (5 mg/kg); (v) free Dox (1 mg/kg) + US; (vi) AAL alone; (vii) US alone; and (viii) 

AAL + US. Ultrasound was used three times in non-consecutive days, in groups (iii), 

(v), (vii) and (viii) with a frequency of 2 MHz, a power density of 2 W/cm2, a 50% duty 

cycle, a burst rate of 2 Hz, and a cycle duration of 60 s. The results showed that the 

group treated using the combination of Doxil® and US (group (iii)) had the highest 

survival, drug uptake and tumor regression rates, despite utilizing the lowest Dox 

concentration (1 mg/kg, which is 5 times lower than the concentration used in group 

(iv)).  No difference was observed between the hepatic Dox concentrations in groups 
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(iii) and (v), indicating a decrease in the drug uptake by the reticular endothelial system. 

This was attributed to the preparation method of the drug delivery carriers, by which 

liposomes and Dox were simply mixed instead of Dox being sealed inside the 

liposomes.  

The group of Pitt and co-workers [122] used a different approach to study the 

release and delivery of Dox from PC:cholesterol:DSPE-PEG2000:alpha-tocopherol 

stealth liposomes. They applied 15 min of low-frequency (20 kHz), low-intensity US, 

to one of the hind legs of rats with bilateral intradermal DHD/K12/TRb metastatic 

colorectal tumors, after injecting their tail vein with encapsulated Dox. The therapy was 

repeated weekly and lasted for 4 weeks. The study reported a statistically significant 

regression of tumor size in insonated tumors when compared with the non-insonated 

tumors of the same rat. Treat and co-workers [123] used magnetic resonance image 

(MRI)-guided focused US (~1.6 MHz) to permeabilize the blood-brain barrier (BBB) 

and the blood-tumor barrier (BTB) in normal male Sprague-Dawley rats, and allow the 

delivery of Doxil®. It was observed that the Dox concentration in targeted rats’ brain 

cells reached the therapeutic levels needed to treat human tumors whereas the 

concentrations in the non-targeted tissues remained low, resulting in a reduction in the 

unwanted side effects. These results were especially promising, since several potential 

drugs for brain chemotherapy (including Dox) are not able to cross the BBB. Further 

research on the kinetics of the BBB disruption and the factors affecting its permeability 

were discussed by Nhan et al. [124].   

Similarly, in a recent work, Aryal et al. [125] conducted experiments on glioma-

bearing rats that were divided into four groups: (i) a group treated with Doxil® and 

exposed to 700-kHz focused US; (ii) a group treated with Doxil® alone; (iii) a group 

irradiated without Dox or liposomes; and (iv) a non-treated control group. The main 

challenge facing their experiments was to design a DDS that is capable of crossing the 

BBB. Results showed a considerable increase in survival rates and a statistically 

significant regression in tumor size in the first group when compared to the others, 

which indicated a successful temporal disruption of the BBB by the multiple exposures 

of the focused US. Unfortunately, the treatment had several side effects including the 

damage of adjacent brain tissue, skin toxicity, and an extensive intratumoral 

haemorrhage in one of the rats treated with Dox combined with US.  

The two previously mentioned studies indicate that the combination of Doxil® 

and US is promising in the treatment of glioma, although further research should be 
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conducted in the area of central nervous system malignancies, in order to obtain better 

results and to diminish the side effects. 

The group of Evjen [126] used liposomes synthesized using DOPE, in 

conjunction with 1.1-MHz US, to show the acoustic enhancement effect in vivo, in 

athymic nude Balb/c mice inoculated with human prostate tumor cells (22Rv1). The 

liposomes encapsulated a near-infrared fluorochrome, and the results showed that the 

DOPE-based liposomes had enhanced sonosensitivity when compared to the HSPC 

liposomes. 

Rizzitelli and co-workers [127] loaded liposomes with a paramagnetic drug and 

used (1) pulsed low-intensity non-focused US to release the agent from these carriers 

and increase its accumulation in vivo, on mice with syngeneic B16 melanoma, and (2) 

MRI to trace the location of this magnetically sensitive molecule. The group reported a 

35% increase in the magnetic signal upon a 1.5-MHz US exposure for 2 min. 

2.7. Preclinical and Clinical Studies 

Several liposomal formulations are either in clinical trials or already being 

clinically used for the treatment of various types of cancer (see [128], [129], [5] for 

reviews).  However, to the best of our knowledge, no clinical trials were ever conducted 

to test the effects of US in cancer chemotherapy using nanocarriers. A phase II clinical 

trial denominated MRI Guided High Intensity Focused Ultrasound (HIFU) and 

ThermoDox for Palliation of Painful Bone Metastases is described at the 

ClinicalTrials.gov website (http://clinicaltrials.gov/ct2/show/study/NCT01640847), 

but has not yet been scheduled to begin. The following are examples of preclinical or 

clinical studies using Doxil® (without using US). 

The use of PEGylated liposomes as Dox carriers has been used efficiently in the 

treatment of breast [130], ovarian [131], colon [132], bladder [133], pancreas [134], 

and lung [36] cancers as well as in lymphomas [135], myelomas and sarcomas [36]. As 

mentioned previously, the system is also capable of crossing the BBB that restricts the 

delivery of the majority of antitumor drugs to the central nervous system and hinders 

their transport into brain tumors [136].  

Examples of clinical trials include the study of Harrington et al. [137], who 

conducted a phase II trial on Caelyx™ administered to 20 treatment-naïve patients with 

squamous cell cancer of the head and neck (SCCHN). They found Caelyx® to be 

http://clinicaltrials.gov/ct2/show/study/NCT01640847
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appreciably active against SCCHN, especially if used in conjunction with radical 

radiotherapy. The reported side effects were minimal.  

Perez and co-workers [130] studied the effect of Doxil® on a group of 40 

patients with metastatic breast cancer. The study reported remarkable progress in 

survival rates and a significant decrease in drug systemic toxicity when compared to 

cases treated with free Dox. A Doxil® dosage of 40-45 mg/m2 every four weeks was 

recommended and well-tolerated by the patients. 

Several research groups inspected the use of Doxil®/Caelyx™/LipoDox® as a 

DDS in phase II clinical trials conducted on advanced cases of patients’ ovarian cancer 

refractory to platinum and Paclitaxel [131], [138], [139], [140], [141], [142]. All these 

clinical trials reported high efficacy, improved safety profiles and patients’ tolerance of 

liposome-encapsulated Dox activity against ovarian cancer.  
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Chapter 3: Experimental Procedures 

The physical and physico-chemical characteristics required, along with the 

desired application of the liposomes determine the materials used and procedures 

followed in their preparation. Nevertheless, all liposomal membranes are basically 

formed using bilayer-forming lipids, including phosphatidylcholine (DPPC, 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine, is an example of this lipid family) and 

phosphatidylethanolamine (DOPE is an example of this lipid family) [19]. Cholesterol 

is added to the phospholipid in certain ratios in order to facilitate the clearance and 

biodistribution of liposomes, minimize membrane defects and permeabilization (thus, 

drug leakage), and increase liposomal stability as it dries the lipid/water interface [143], 

[144]. Finally, if used, the targeting moieties are added.  

The PEGylated liposomes used in this work were prepared using the 

amphiphilic PEG derivative, para-nitrophenylcarbonyl-PEG-para-nitrophenylcarbonyl 

(pNP-PEG-pNP); a group that allows the subsequent attachment of protein ligands to 

the liposomes. The first step in the procedure was the synthesis of the pNP-PEG-pNP, 

from which DOPE-PEG-pNP could be synthesized and finally added to the lipid-

cholesterol solution, forming the main body of liposomes. This particular PEG 

derivative group attaches to the liposome via its phospholipid residue (DOPE) and, as 

mentioned, the water-exposed pNP group can be used in a reaction to bind a variety of 

amino group-containing ligands and form stable and non-toxic bonds, making them a 

convenient tool for protein attachment to the distal ends of liposome-grafted PEG 

chains [145].  

For the purpose of this thesis, three different protocols have been tested in order 

to find the best one for synthesizing PEGylated liposomes for the purpose of the 

subsequent release experiments. 

In the first approach, a chloroform-solution of egg yolk (phosphatidylcholine, 

PC), cholesterol and DOPE-PEG-pNP was first prepared, and a solution of Dox in a 

phosphate-buffered saline (PBS) buffer (pH 7.4) was added to the lipidic film after 

evaporation. The solution was sonicated, centrifuged and washed, followed by 

extrusion and a final cleanup step using Shepadex PD-10 desalting spin-columns. No 

release results were obtained following this method, and it was discontinued as it was 

not economically feasible due to the use of Dox; a very expensive drug which is mainly 
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used in in vitro experiments with cell cultures. Accordingly, and for practical reasons, 

two types of fluorescent markers have been investigated for use in the synthesis 

experiments, namely calcein and 5(6)-carboxyfluorescein (CF). After conducting a set 

of preliminary experiments, we decided to use calcein as the model drug due to the 

relative ease of dissolving the agent in the lipid solution, after adjusting the buffer pH. 

In the second approach, PEGylated liposomes were first synthesized in a 

tris(hydroxymethyl)aminomethane (Tris-HCl) buffer solution (pH 8.5) before the 

attachment of the DOPE-PEG-pNP. The main problem with this approach was the 

quick hydrolysis of the amphiphilic PEG derivative in the alkaline buffer and the 

probability that the buffer readily reacted with the pNP group, affecting the selectivity 

of the formation of liposomes. 

Thus, a third approach, modified from the one originally proposed by Torchilin 

et al. [145], was implemented. The modifications were introduced to minimize the 

problems of the hydrolysis and side-reactions of the pNP and the calcein solubility at 

neutral and basic pH. Thus, it was decided to perform all the synthesis in a PBS buffer, 

pH 7.4, after increasing the relative concentration of the DOPE-PEG-PNP in order to 

slow down the hydrolysis of the pNP group. This last protocol is described in the 

following sections. 

Concerning the synthesis of the non-PEGylated liposomes, two protocols were 

followed. In the first one, three different concentrations of CF were used (30 µM, 1 

mM and 2 mM) in order to find the best concentration that allows CF to self-quench. 

This method was discontinued as CF was only slightly soluble in water and also 

because calcein is usually used as a model drug in most of the studies related to drug 

release from nanoparticles (examples of such studies can be found in [4], [17], [96], 

[146] and [147]). The second protocol that uses calcein as an agent is described in 

Sec.3.2. 

  

3.1. Synthesis of PEGylated Liposomes: DPPC-Cholesterol-(DOPE-PEG-pNP) 

Liposomes with Calcein 

3.1.1. Synthesis of pNP-PEG-pNP. 

The synthesis of pNP-PEG-pNP was done by reacting PEG2000 with two molar 

equivalents of 4-nitrophenyl chloroformate (p-NPC) in the presence of 



37 

 

dichloromethane and pyridine to produce pNP-PEG-pNP, a compound with a 

molecular weight of ~ 2400 g/mol, as shown in Figure 3.1. 

 
Figure 3.1. Synthesis of pNP-PEG-pNP. The synthesis was done by the reaction of PEG 

with p-NPC in the presence of pyridine. 

The reaction was done by adding 2 mmol of PEG2000-diol (HO-PEG-OH) 

(Sigma-Aldrich Chemie GmbH, Munich, Germany) to 50 ml of dichloromethane 

(PanReac AppliChem, Barcelona, Spain) in a round bottom flask, and then stirring 

continuously while adding 0.8 ml of pyridine (Scharlau Chemie, Barcelona, Spain). The 

flask was put on ice before adding, drop wise, a solution of 8 mmol p-NPC (Sigma-

Aldrich Chemie GmbH, Munich, Germany) in 20 ml of dichloromethane. The mixture 

was purged with argon, removed from the ice and incubated for over 20 h at room 

temperature with stirring. Subsequently the pNP-PEG-pNP was isolated by 

precipitation with cold diethyl ether and dried overnight in a desiccator. 

3.1.2. Synthesis of DOPE-PEG-pNP. 

To synthesize the DOPE-PEG-pNP, the produced PEG-(pNP)2 reacts with one 

molar equivalent of DOPE in dry chloroform in the presence of triethylamine (TEA) 

(Figure 3.2), as described by Torchilin et al. [148]. 
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Figure 3.2. Synthesis of DOPE-PEG-pNP. The compound was synthesized by reaction 

of pNP-PEG-pNP with DOPE in the presence of TEA. 

The protocol we used was modified from the one described by Torchilin and 

co-workers [148]. The pNP-PEG-pNP was dissolved in 32.2 mol of DOPE (Sigma-

Aldrich Chemie GmbH, Munich, Germany or Avanti Polar Lipids, Inc., Alabaster, AL, 

USA) in chloroform, in a round bottom flask, followed by the addition of 80 l pure 

TEA (99% concentration), and 5 ml chloroform. The mixture was incubated overnight 

at room temperature, with stirring, under an argon atmosphere. The chloroform was 

then removed in a rotary evaporator, and 2 ml of a 0.01 M HCl-0.15 M NaCl were 

added to hydrate the lipid residue. The solution was sonicated in a sonicator bath (Elma 

D-78224, Melrose Park, IL, USA) (40 kHz, 100% power) for 10 min and the micelles 

were separated from the unbound PEG and released pNP, using Sephadex G-25 PD-10 

desalting columns (GE Healthcare Life Sciences, Pittsburgh, PA, USA). The solution 

was evaporated in a rotary evaporator at high speed under vacuum for 2 h, and the 

DOPE-PEG-pNP was extracted 4 times with chloroform. The salt residues were 

precipitated on ice and removed by centrifugation and the DOPE-PEG-pNP was stored 

at -20°C as a chloroform solution, with a concentration of 8.4 mM. 
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3.1.3. Synthesis of DPPC-cholesterol-(DOPE-PEG-pNP) liposomes with calcein. 

To produce PEGylated liposomes, the DOPE-PEG-pNP synthesized as 

described in Sec. 3.1.2., was reacted with DPPC and cholesterol with a molar ratio of 

68:30:2 DPPC-Chol-(DOPE-PEG-pNP). Calcein at a self-quenching concentration 

(~30 mM) was subsequently encapsulated in the liposomes. The general scheme of 

reactions is shown in Figure 3.3. 

 
Figure 3.3. Schematic of the reaction for the production of PEGylated liposomes. 

In a round bottom flask, 20 mg of DPPC (Avanti Polar Lipids, Inc., Alabaster, 

AL, USA) and 4.8 mg of cholesterol (AlfaAesar, Ward Hill, MA, USA) were dissolved 

in 2 ml of chloroform. A solution of DOPE-PEG-pNP in chloroform (200 l of 8.4 

mM) was added and the mixture was evaporated in a rotary evaporator until a film 

formed on the walls of the flask and no more liquid could be seen. The film was 

hydrated by adding 2 ml of a 30 mM calcein solution in a 0.1 M sodium citrate buffer 

pH 5.2 (with the pH of the final solution adjusted to 5.2 with 1 M NaOH).  The hydrated 

film was sonicated for 13 min in the sonicator bath (40 kHz, 100% power). The 

liposome solution was then extruded using the Avanti Mini-extruder with 0.2 m 

polycarbonate filters (Avanti Polar Lipids, Inc., Alabaster, AL, USA). The extruded 

liposomes were washed 3 times with a sodium citrate buffer (pH 5.2), resuspended in 
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2 ml of the same buffer and cleaned using Sephadex G-25 PD-10 desalting columns. 

The liposome solution was stored at 4C until use. 

3.2.Synthesis of non-PEGylated Liposomes: (DPPC-Cholesterol-DOPE) Liposomes 

with Calcein 

This procedure is identical to the one described in Sec. 3.1.3 for PEGylated 

liposomes, but uses DOPE (Sigma-Aldrich Chemie GmbH, Munich, Germany or 

Avanti Polar Lipids, Inc., Alabaster, AL, USA) instead of DOPE-PEG-pNP, keeping 

the same molar ratio, 68:30:2 DPPC:cholesterol:DOPE. 

3.3.Determination of Liposome Size by Dynamic Light Scattering (DLS) 

Measurements 

The size of the liposomes was determined using the DynaPro® NanoStar™ 

Dynamic Light Scattering instrument (Wyatt Technology Corp., Santa Barbara, CA, 

USA). The samples were appropriately diluted and filtered using 0.45 m nylon syringe 

filters (Whatman Puradisc, Sigma-Aldrich Co. St. Louis, MO, USA). 

Dynamic light scattering autocorrelation data was obtained and analyzed using 

the software Dynamics7 – Static, Dynamic, and Phase Analysis Light Scattering, with 

both cumulant and regularization fits.  

The method of cumulant fits is often used when the data is assumed to have a 

unimodel distribution, i.e., all the particles are assumed to have the same (average) size. 

Since this is not the case, and because all the species present in the sample needed to 

be determined, regularization analysis was chosen as the data analysis method 

(Sec.4.1). 

3.4.Offline Release Experiments 

As mentioned before, the model drug, calcein, was used to simulate the in vitro 

Dox release from liposomes using US as a trigger. Calcein is a fluorescence molecule 

with an excitation wavelength of around 495 nm and a maximum emission at 515 nm 

(Figure 3.4). Calcein inside the liposomes is at a concentration of about 30 mM, hence 

self-quenched. When applying US, calcein is released to the surrounding medium and 

gets diluted, hence the self-quenching is relieved, with a concomitant increase in the 

fluorescence intensity. This was recorded using Cary Eclipse Fluorescence 
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Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), which was also 

used for all offline assays. 

 
Figure 3.4. Excitation and emission scans for liposomes encapsulating calcein. (A) 

Excitation spectrum with a peak at 495 nm; (B) emission spectrum with a peak at 515 nm.  

Several controls were done, including the determination of the excitation and 

emission wavelengths (respectively 494 nm and 515 nm, as mentioned), the stability of 

calcein at different pHs, and the determination of the concentration of detergent Triton 

X100 (Tx100) to be used to completely lyse the liposomes after the insonation 

treatment, allowing the calculation of the 100% release. 

The basic setup of the release experiments were as follows: 

 the liposome sample was diluted in either 0.1 M citrate buffer (pH 5.2) or PBS (pH 

7.4) to give an initial fluorescence of 15 – 30 (a.u.) 
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 the initial fluorescence (baseline) of an aliquot of the diluted sample was recorded 

for 30 sec using a plastic fluorescence cuvette, and the aliquot was then returned to the 

sample tube 

 the sample tube was placed inside a cold water bath to cool the sample during the 

offline sonication 

 Sonication was done at: 

 20 kHz, using Ultrasonic probe (model VC130PB, Sonics & Materials 

Inc., Newtown, CT) at 4 different power densities for a total sonication 

time of 10 min (divided into 5 sonication periods, each with 20 sec on, 

10 sec off),  

 40 kHz, using a sonicator bath (Elma D-78224, Melrose Park, IL, USA) 

for the same total sonication time (divided into 5 periods, using 

continuous waves) 

 aliquots were collected after each US exposure time, fluorescence was measured, 

and the aliquot was returned to the sample tube 

 after the total exposure time, 2% (w/v) Tx100 was added to the sample to a final 

concentration of 0.48 mM to lyse any remaining liposomes, and a final fluorescence 

level that represents 100% release was measured [70], [71] 

 a final sonication period of 5 min, at 20 kHz and 40% amplitude was applied in some 

cases, after the addition of Tx100, as will be explained in Sec. 4.2. 

 the fluorescence percentage release was normalized using (1), where Ft is the 

measured fluorescence intensity in the sample after a given insonation duration (t), F0 

is the initial fluorescence before insonation (baseline) and Fmax is the maximum 

fluorescence intensity.  

% 𝐷𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝐹𝑡−𝐹0

𝐹𝑚𝑎𝑥−𝐹0
𝑥100 

Percent release was obtained following three different methods. In Method 1, 

Fmax is the fluorescence level measured after the addition of Tx100 at the end of the 

sonication exposure time. In Method 2, Fmax is the fluorescence recorded after an 

additional 5 min sonication period at 20 kHz and 40% power following the previous 

addition of Tx100; in order to make sure that all the liposomes are lysed and there is no 

 (1) 
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aggregation of calcein caused by its release in the acidic buffer; i.e., when using 0.1 M 

sodium citrate pH 5.2 [149].  A third method - Method 3 - was sometimes used as a 

confirmation test. In this, Fmax was calculated as the average release from four replicate 

liposome samples diluted as the ones used for sonication, to which Tx100 was directly 

added, without sonication treatment. The normalization issues are discussed in detail in 

Sec. 4.2.  

3.5.Online (Continuous Measurement) Release Experiments 

After determining the best conditions to conduct release experiments (described 

in the previous section), continuous fluorescence determinations were performed. The 

procedure was similar to the one described in Sec. 3.4, except that the fluorescence was 

measured continuously during the sonication process. For this, a QuantaMaster QM 30 

Phosphorescence/Fluorescence Spectrofluorometer (Photon Technology International, 

Edison NJ, USA) was used. The sample dilution was made directly in the fluorescence 

cuvette, which was placed in the sample chamber inside the spectrofluorometer. The 

20-kHz Ultrasonic probe (model VC130PB, Sonics & Materials Inc., Newtown, CT, 

USA) was introduced through the opening in the top cover of the fluorometer and 

immersed inside the sample in the cuvette, in a way that it did not block the path of the 

emitted light path (2 mm above the bottom of the cuvette). The initial fluorescence was 

recorded and the US treatment was initiated 60 sec afterwards. Sonication was done at 

3 different power settings (20%, 25% and 30%) for a total sonication time of 10 min 

(20 sec on, 10 sec off). Finally 2% (w/v) Tx100 was added to a final concentration of 

0.48 mM to lyse any remaining liposomes, and the final fluorescence level that 

represents 100% release was measured (Method 1) [70], [71]. Fluorescence release was 

normalized using  (1). 

3.6. Statistical Analysis 

Means and standard deviations were calculated in Excel 2010. Pairwise 

comparisons were performed using two-tailed t-tests with the assumption of equal 

variances of the two samples. Two values were considered significantly different when 

p<0.05 (unless otherwise stated). 
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3.7. Modeling 

The online data obtained was first fitted to a linear function just to indicate the 

increasing release with sonication over time. An ANN model was then designed to 

capture the pattern of the system from the collected data, and then predict its behavior 

under each power setting used. The ANN model was simulated using MATLAB, which 

uses the Levenberg-Marquardt back-propagation optimization algorithm [150]. The 

main merit of using this technique is that it is a very simple and powerful modeling tool 

which does not require information about the mechanisms involved. Instead, it only 

requires the input (the time in our case) and output data (release) for the process to be 

identified [151], and thus can be used to train the neurons and then validate and test the 

model. The obtained model is presented in Sec. 4.4.5. 
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Chapter 4: Results and Discussion 

Liposomes synthesized following the protocols described earlier in Chapter 1: 

were used in a set of experiments, tests and measurements. In addition to the sizing 

measurements presented in Sec. 4.1, several experimental controls have been conducted 

and are presented in Sec. 4.2. The normalization issue mentioned earlier in Sec. 3.4 is 

explained in detail in the same Sec. 4.2. The summary of offline and online release 

results from both PEGylated and non-PEGylated liposomes (at pH 5.2 and pH 7.4) 

followed by a comparison of release obtained in each case are shown in Secs. 4.3 

and 4.4, respectively. Finally, an ANN model of the online release is presented in 

Sec. 4.4.5. 

4.1. Determination of Liposome Sizes by DLS Measurements 

Following the procedure described in Sec. 3.3, the sizes of both; the PEGylated 

and non-PEGylated liposomes were determined by DLS measurements as shown in 

Figure 4.1, where results are averagestandard deviation of 10 batches of PEGylated 

liposomes and 3 batches of non-PEGylated liposomes (in both cases, at least two 

technical replicates were made for each batch). 

The average radii of the PEGylated and non-PEGylated liposomes were 

130.124.28 nm and 131.461.16 nm, respectively, which indicates that both of them 

are LUVs, with average diameters of 260.24 and 262.92 nm. A statistical two-tailed t-

test with the assumption of equal variances of the two samples was conducted to 

compare the sizes of both liposomes. It was found that the differences in size were not 

significant (p>0.3).  

4.2. Preliminary Release Experiments and Controls 

Two types of controls have been investigated in the course of this thesis. One 

was conducted using different concentrations of calcein in both citrate buffer (pH 5.2) 

and PBS (pH 7.4), as will be discussed in Sec. 4.2.1. This control was done in order to 

check whether the pH of the buffer solution would have any effect on the fluorescence 

level during release experiments due to the aggregation affect [149]. The other control 

investigated the effect of using different concentrations of Tx100 in order to make sure 

that the amount used is enough to completely lyse liposomes (Sec. 4.2).  
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Figure 4.1. Average radius of PEGylated and non-PEGylated liposomes.  

4.2.1. Stability of calcein solutions at different pHs. 

In this control, calcein solutions with concentrations ranging between 0.5 and 5 

M were prepared in PBS (pH 7.4; an addition of NaOH drop-wise till complete 

solubilization was required) or sodium citrate buffer (pH 5.2). The fluorescence of each 

solution was measured for 2 h, using the excitation and emission wavelengths described 

previously in Sec. 3.4. 

It was observed that calcein is more stable in citrate buffer (pH 5.2) than in PBS 

(pH 7.4), and that this stability increases as the concentration of calcein increases, as 

shown in Figure 4.2, where the graph shows the percentage decrease in fluorescence when 

calcein is incubated in each buffer. 

Accordingly, subsequent calcein solutions encapsulated in liposomes will be 

prepared in a 0.1 M sodium citrate buffer, pH 5.2. 

 Moreover, when liposomes are to be used for the attachment of proteins (results 

not obtained in this work), they should be kept in the same buffer (pH 5.2) to avoid the 

hydrolysis of the pNP group at neutral and basic pHs.  

To check if there is any interference of the buffer with the fluorescence of 

calcein, solutions of different concentrations were prepared and the initial fluorescence 

was determined. As can be seen in Figure 4.3, which shows the initial fluorescence of 

calcein solutions of increasing concentrations (prepared in PBS pH 7.4 or in citrate pH 5.2), 

the fluorescence is directly proportional to the concentration of the calcein solution 

(r=0.9978, pH 7.4; r=0.9988, pH 5.2).  

Batch no. 
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Figure 4.2. Stability of calcein solutions (0.5 – 3 M) at different pH (5.2 and 7.4).  

Additionally, the increase in fluorescence with calcein solutions is higher at pH 

7.4 than at pH 5.2, a result similar to the one described by Garg and Kokkoli and 

explained by calcein aggregation in the acidic pH [149]. These results emphasize the 

importance of the pH in the release experiments. Thus, it was essential to check the 

behavior of calcein when released, under sonication, to either of these buffers, as will 

be presented in the following section.  

It should be mentioned that no effect of pH on liposomes [152], [149] was 

observed in this work; in other words, the fluorescence signal recorded from a 

liposomal control was stable in both buffer solutions (pH = 7.4 and pH = 5.2) even after 

one hour of incubation. This confirms that these liposomes are not pH-sensitive and 

that all the release observed is only induced by US. A representative graph of this 

control is shown in Figure 4.4, where the control was incubated for one hour in PBS or 

citrate buffer and the fluorescence signal was recorded. It should be mentioned that these are 

only representative results; no replicates were made. 

 
Figure 4.3. Initial fluorescence as a function of calcein concentration in two different 

buffers.  
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Figure 4.4. Changes in the fluorescence of solutions of PEGylated liposomes over time. 
  

4.2.2. Calculation of total release by the addition of Tx100. 

Different ratios of Tx100 to the total lipid solutions were reported and used in 

release protocols found in the literature (see [126], [153], [154], [155], [147]). For this 

reason, different concentrations of the detergent were tested to make sure that the final 

concentration was enough to totally disrupt the liposomes. The critical micellar 

concentration (CMC) (the concentration at which liposomes are reduced into micelles 

and thus all the encapsulated calcein is released [156]) of Tx100 is about 0.24 mM [93] 

(0.2 – 0.9 mM according to Sigma-Aldrich website).  

Solutions of Tx100 with different concentrations were prepared and added to 

the PEGylated liposomal solutions (liposomes in 0.1 M sodium citrate buffer at pH 5.2) 

at final concentrations of 0.48 mM, 0.96 mM, 1.92 mM, 3.8 mM and 48 mM. The initial 

fluorescence of the liposome solution (F0) was determined before the addition of 

Tx100, whereas the final fluorescence (Ft) was measured after vortexing the sample 

with Tx100, and was compared to the initial fluorescence of the liposome sample. When 

any of the concentrations was added to a liposome sample, it was observed that the 

increase in fluorescence (Ft-F0) was similar in all the cases (Samples 1 to 5 in 

Figure 4.5). This result was expected since all the concentrations used were higher than 

the described CMC of Tx100. In all the subsequent experiments, the total release was 

obtained by adding Tx100 to a final concentration of 0.48 mM. Additionally, it was 

observed that, in all cases, the release was much lower than that observed when Tx100 

was added to an insonated sample (Tx100 was added to a final concentration of 0.48 
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mM after insonating the sample with pulsed-20-kHz US at 40% amplitude for 10 min, 

as in Sample 6 in Figure 4.5).  

Afterwards, we tested if the US intensity (20 kHz, at power settings 20%, 23%, 

26%, 30% and 40%) would affect the Ft obtained after the addition of Tx100 (0.48 mM 

final concentration) to the insonated liposome samples (samples were in a 0.1 M sodium 

citrate buffer of pH 5.2). The first sample was not sonicated, whereas Samples 2 to 6 were 

sonicated at 20 kHz with increasing power settings (23 to 40%) prior to the addition of Tx100. 

After vortexing, the fluorescence (Ft) was measured and compared to the initial fluorescence 

(F0) of the liposome samples. Again, the results showed that the release obtained when 

Tx100 is added to the non-insonated samples is much lower than when added after 

insonation, and that there seems to be no difference in release when the intensity was 

increased, although the increase in fluorescence was slightly higher when the sample 

was treated with 40% amplitude (Figure 4.6).  

Figure 4.5. Effect of Tx100 final concentration on the release of calcein from 

PEGylated liposome samples at pH 5.2.  

One possible reason for the difference in the fluorescence intensity after the 

addition of Tx100 with and without US is the self-quenching and aggregation of calcein 

in the acidic pH [149]. Applying US could break this aggregation at the micro level, 

which will result in dequenching, thus recording increased fluorescence levels of 

calcein. These results emphasize that release experiments should be performed using 
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the 7.4 pH buffer to avoid this aggregation issue, adding to the fact that this pH is the 

one at which cellular assays will be performed in subsequent studies.  

The previously described results show how important it is to choose the proper 

buffer solution whether for the synthesis of liposomes or for subsequent release 

experiments. Based on that, and as explained earlier, it was decided to use citrate buffer 

(pH 5.2) to dilute the calcein being encapsulated in the inner compartments of the 

liposomes, and PBS (pH 7.4) for release experiments. Nevertheless, the results of 

release at pH 5.2 will be shown and compared with release at pH 7.4.  

 

Figure 4.6. Effect of the addition of Tx100 (0.48 mM) to PEGylated liposome samples 

(pH 5.2) non-insonated and insonated with 20-kHz US at different power densities.  

These preliminary results indicated that the calculation of total release by the 

addition of Tx100 may be lower than expected. Hence, as described in Sec. 3.4, the 

results obtained after sonicating the samples were normalized using one (or more) of 

the three mentioned methods used to calculate the reference value of (Fmax – F0) used 

in  (1) (Method 1 – addition of Tx100 (final concentration 0.48 mM) to the liposome solution 

after sonication for a total time of 10 min; Method 2 – addition of Tx100 (same final 



51 

 

concentration) to the liposome solution after sonication for a total time of 10 min, followed by 

5 min pulsed sonication at 20 kHz 40%; Method 3 – addition of Tx100 (same final 

concentration) to a non-sonicated sample of liposomes). Figure 4.7 and Figure 4.8 show the 

differences in the values of the normalized temporal release time for the indicated 

frequencies and power amplitudes, obtained when these methods were applied at pH 5.2 

and 7.4. In Figure 4.7, the results for the 20 kHz are averagestandard deviation of 6 

measurements (2 different batches), and for 40 kHz, the results are averagestandard deviation 

of 5 measurements (2 different batches). Moreover, in Figure 4.8 and for 20 kHz, Methods 1 

and 3, the results are averagestandard deviation of 6 batches of liposomes (for each, 3 technical 

replicates were performed for each condition), whereas for Method 2, the results are 

averagestandard deviation of 2 batches of liposomes (for each, 3 technical replicates were 

performed for each condition). For 40 kHz, the results are averagestandard deviation of 2 

batches of liposomes (for each, 2 technical duplicates were performed for each condition). 

The three different methods gave statistically similar results (t-test is not shown) 

when sonicating at 20 kHz at pH 5.2, where, with Method 1, a lower Ft was obtained, 

hence higher normalized release (Figure 4.7). Although these methods do not 

necessarily give identical percentages of release, the differences between them are not 

significant (p>0.05), hence Ft will be calculated by Method 1, i.e., the addition of Tx100 

at the end of the insonation, unless another method is mentioned. At 40-kHz US, the 

problem is the lack of reproducibility, as will be discussed in Sec. 4.2.3.  

Similar results were also obtained when the release was performed at pH 7.4 

(Figure 4.8). Although some differences can be observed, these are not statistically 

significant (p>0.05). Also in this case the normalization was done by adding Tx100 at 

the end of sonication, unless otherwise stated. 

4.2.3. Release at 40 kHz. 

The experiments at 40-kHz were performed using a sonicator bath, as described 

in Sec. 3.4. As can be observed in Figure 4.7 and Figure 4.8, the standard deviations 

(and accordingly the error bars) associated with the data obtained using this frequency 

were very high.  By plotting technical replicates, it is possible to observe that these are 

not reproducible, which means that there is an irregular pattern of sonication in the bath 

due to the presence of the random hotspots which cause the release to differ from one 

replicate to another. This was confirmed by measurements of power density using a 

BRÜEL & KJAER Type 8103 Hydrophone (Nærum, Denmark). Thus, experiments at 



52 

 

40-kHz were discontinued until acquiring a 40-kHz probe. Some results obtained at 40 

kHz are still shown for comparison purposes.  

 

Figure 4.7. Comparison between three methods to calculate total release (Ft) from non-

PEGylated liposomes, at pH 5.2, using Tx100.  
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Figure 4.8. Comparison between three methods to calculate total release (Ft) from 

PEGylated liposomes at pH 7.4 using Tx100.  

4.3. Offline Release Experiments 

The release data presented in this section were collected using the CaryEclipse 

Fluorescence Spectrophotometer, as described in Sec. 3.4. A BRÜEL & 

KJAER Type 8103 Hydrophone (Nærum, Denmark) was used to record the waveform 

output of the 20-kHz Ultrasonic probe and the 40-kHz sonicator bath in order to use the 

obtained data in calculating the corresponding root-mean-square values of their 

voltages (VRMS) and then convert them to the corresponding average intensities [157]. 

 The average power densities corresponding to the 20%, 25%, 30% and 40% 

instrument power settings provided by the probe were equivalent to 6.08, 6.97, 11.83, 
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and 17.14 W/cm2 respectively, whereas the value corresponding to the 100% amplitude 

provided by the sonication bath was 4.51 W/cm2. Once again, the value obtained for 

the 40-kHz US bath cannot be trusted due to the presence of random hotspots as was 

described in the previous section.  

It should be mentioned that the cavitation threshold when the LFUS is used was 

found to be ∼1.2 W/cm2 [158]. This would mean that the release obtained at the 20-

kHz US was basically due to the cavitation effects of US. The obtained waveforms 

confirm these observations as well. Nevertheless, it is also possible that the release is 

also induced by hyperthermia and the mechanical collisions of the particles inside the 

liposomes.  

4.3.1. Non-PEGylated liposomes. 

These liposomes were synthesized according to the method described in 

Sec. 3.2. The detailed procedure of release experiments was described in Sec. 3.4. 

Replicates were obtained and the results are presented in the following sections.  

4.3.1.1. Release at pH 5.2. 

In this section, a summary of release experiments carried out at pH 5.2, using a 

0.1 M sodium citrate buffer, is presented. The obtained results are shown in Figure 4.9 

and Figure 4.10. 

Figure 4.9 shows the temporal release curves at pH 5.2, for a total insonation 

time of 10 min, at 20 kHz (different power densities) and 40 kHz (100% power 

amplitude). The total release was obtained by the addition of Tx100 to a final concentration 

of 0.48 mM, after the total insonation time (Method 1). It should be mentioned that the results 

are average ± standard deviation of 3 measurements (1 liposome batch). 

In general, for each intensity at 20 kHz the percentage release increases with the 

insonation time as expected, since liposomes do not re-form between US pulses as 

happens with micelles [70], [53]. In some cases, the curves overlap and it is difficult to 

unravel whether there are differences or not.  

To assess the significance of the differences between amplitude settings along 

time, t-tests were performed between each pair of power settings at each time point. 

The results obtained are depicted as a heat-map in Table 4.1. The two-tailed t-tests were 

performed in Microsoft Excel 2010, with the assumption of equal variances of the two samples. 
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The results compare the differences between the calcein release obtained at any two power 

settings (both at 20 kHz frequency), in a 0.1 M sodium citrate pH 5.2 buffer. The legend of the 

heat-map (generated in Excel 2010) shows the significance of the difference (considered 

significant only if p<0.05). 

 

 

Figure 4.9. Release curves of calcein from non-PEGylated liposomes at pH 5.2, with 

pulsed 20-kHz (20, 25, 30 and 40% power settings) or continuous 40-kHz (100%) US.  

The results show that, for a 20-kHz frequency, the percentage of release using 

either 20% or 25% power settings is similar at every time point (p>0.05). The same 

situation is observed when releasing using either 25 or 30% power settings. In contrast, 

most of the significant differences occurred when the 40% power was used and 

compared to other densities. For instance, differences between the 20% and 40% are 

statistically significant from the start of the sonication until a total of 5 min. The release 

at 40% was also significantly higher (p<0.05) than when using a 25% amplitude, as the 

differences started after the third minute of insonation and continued till the end of the 

total insonation. Also, the differences in release became more obvious when comparing 

the results of the 40 and 30% power amplitudes, as they started to be significant just 

after the second minute of US treatment, and the differences proceeded till the end of 

the exposure time. However, comparing the release at 20 and 30% power settings, the 
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differences were only obvious between the second and third minute of sonication, with 

the latter found to be able to release more calcein (p<0.05). It should be noted that the 

significance results, summarized in Table 4.1, should be taken carefully, since the 

release results were obtained with only one batch of liposomes (3 technical replicates).  

The average final releases that were obtained at 20 kHz and 20%, 25% and 30% 

power amplitudes are illustrated in Figure 4.10. Samples were sonicated for a total time 

of 10 min, using the indicated frequencies and power settings.  Results in dark grey 

were obtained using Method 1 (addition of Tx100 final concentration 0.48 mM, to the 

liposome solution after sonication for a total time of 10 min), whereas the results shown 

in light grey were obtained using Method 2 (addition of Tx100 final concentration 0.48 

mM, to the liposome solution after sonication for a total time of 10 min, followed by 5 

min pulsed sonication at 20 kHz 40%). The results are average±standard deviation of 3 

measurements (1 liposome batch). 

The graph clearly shows that the maximum final release (87.215.36 %) was 

obtained when using 20-kHz US at 40% power, whereas the minimum release 

(51.6110.97 %) was achieved when the 40-kHz US was used. This came in accordance 

with the known fact that, as the frequency decreases, the inertial cavitation, and thus 

the mechanical index (MI; the peak negative pressure of the US wave divided by the 

square root of the center frequency of the wave) increases, which leads to an increase 

in the rate of release (taking the intensity into consideration) [158], [159], [160]. The 

final releases obtained for 20-kHz US at 25% and 30% were very similar: 74.644.73% 

and 74.502.48%, respectively.  

The results obtained at 40-kHz US are very irreproducible, as mentioned 

previously. In any case, when comparing the results of total release for 40 kHz after 10 

min obtained for 40 kHz, with the ones obtained for 20 kHz at any intensity, the 

percentage release was always lower (p<0.05) for 40 kHz, as expected [158], [160]. 

The data was also normalized using Method 2 (Tx100+US), and a comparison between 

the final releases obtained in each case is shown in Figure 4.10. Also in this case, the 

only significant difference (p<0.05) between the normalization methods is seen for the 

lower power density obtained at 20%, possibly due to calcein aggregation in the acidic 

medium [149]. 
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Table 4.1. Heat-map of the significance of the differences between the temporal 

releases of calcein from non-PEGylated liposomes, triggered by 20-kHz US at different 

power settings, at pH 5.2.  

 

4.3.1.2. Release at pH 7.4. 

A PBS buffer (pH 7.4) was used in the course of the experiments presented in 

this section. Release was performed at 20 and 40 kHz, at the same power settings 

described in Sec. 4.3.1.1.  

Release curves of 10 min sonication at 20 kHz (different power amplitudes) and 

40 kHz were obtained and are shown in Figure 4.11. Samples were sonicated for a total 

time of 10 min, using the frequencies and power settings indicated in the legend. Total 

release was obtained by the addition of Tx100 to a final concentration of 0.48 mM, after 

the total insonation time. The results shown are average±standard deviation of 9 

measurements (3 liposome batches) for release at 20 kHz, and 2 measurements (1 batch) 

for release at 40 kHz.  

All the curves show an increase in fluorescence as the total insonation time 

increases, as was also observed when the release was conducted at pH 5.2 (Figure 4.9).  

The maximum final release achieved (101.548.76 %) was obtained at 20 kHz and 40% 

power (Figure 4.12), where the samples were sonicated for a total time of 10 min, using 

the indicated frequencies and power settings, and the results shown are average ± 

standard deviation of 9 measurements (3 batches) for release at 20 kHz, and 2 

measurements (1 batch) for release at 40 kHz. 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 and 25% 0.1190238 0.36301645 0.6672477 0.982589195

20 and 30% 0.3117581 0.04271835 0.0003707 0.1249677 0.996608089

20 and 40% 0.0472739 0.00019387 1.0092E-05 0.00667284 0.076808226

25 and 30% 0.527478 0.14065436 0.14991998 0.965819782

25 and 40% 0.2357735 0.0074481 0.00864403 0.038054985

30 and 40% 0.1430823 0.0013138 5.8491E-05 0.01180268 0.02038973

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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Figure 4.10. Total release of calcein from non-PEGylated liposomes at pH 5.2 after 10 

min insonation.  

 

Figure 4.11. Release curves of calcein from non-PEGylated liposomes at pH 7.4, with 

pulsed 20-kHz (20, 25, 30 and 40% amplitudes) or 40-kHz (100%) US.  

The minimum release (30.9018.14 %) was achieved when the 40-kHz US was 

used, similar to what happened when the release was performed at pH 5.2. Moreover, 
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the effect of the random hotspots in the 40-kHz bath caused a huge variation in the 

replicates: the final release of the first replicate was 18.08% while it was 43.73% for 

the second one.  In any case, when comparing the results of total release for 40 kHz 

after 10 min of sonication with the ones obtained for 20 kHz at any intensity, the 

percentage release was always significantly lower (p<3.1X10-5) for 40 kHz. Also in this 

case, a statistical t-test (2-tailed, assuming equal variance) was conducted to assess the 

differences between releases at different power amplitudes along time, for 20-kHz US. 

The results shown in Table 4.2 compare the differences between the calcein release 

obtained at any two power settings (both at 20 kHz frequency), in a PBS buffer (pH 

7.4). The legend of the heat-map (generated in Excel 2010, with the assumption of equal 

variances of the two samples) shows the significance of the difference (considered 

significant only if p<0.05).  

Compared with the release at pH 5.2 (Table 4.1), the differences between release 

at different power settings are more pronounced at pH 7.4. It should be mentioned that 

the two-tailed t-tests were performed in Microsoft Excel 2010, with the assumption of 

equal variances of the two samples. The results shown compare the differences between 

the calcein release obtained at any two power settings (both at 20 kHz frequency), in a 

PBS buffer (pH 7.4). The legend of the heat-map (generated in Excel 2010) shows the 

significance of the difference (considered significant only if p<0.05).  

Table 4.2. Heat-map of the differences between the temporal release of calcein from 

non-PEGylated liposomes, triggered by 20-kHz US at different power amplitudes, at 

pH 7.4.  

 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 and 25% 4.228E-05 3.299E-07 4.607E-07 0.00011688 0.08691379

20 and 30% 2.666E-09 1.28E-10 7.327E-13 1.7247E-05 0.32131797

20 and 40% 1.076E-13 5.385E-17 5.039E-14 2.653E-09 0.00298644

25 and 30% 0.073185 0.386675 0.9025071 0.29831793 0.25841276

25 and 40% 1.756E-08 4.248E-08 5.158E-07 0.00017317 0.19339498

30 and 40% 4.5E-09 1.48E-09 5.439E-10 4.0597E-07 0.00689784

p0.05 0.04p<0.050.03p<0.040.02p<0.030.01p<0.02 P<0.01
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The release at neutral pH does not present the problem of possible calcein 

aggregation [149]; hence the release was normalized by the addition of Tx100 at the 

end of the sonication course (Method 1).  

4.3.1.3. Comparison between releases from non-PEGylated liposomes at 

different pHs. 

A comparison between the final release of calcein from the non-PEGylated 

liposomes at pH 5.2 and pH 7.4 is shown in Figure 4.13, where the samples were 

sonicated at 20 kHz and: (A) 20%, (B) 25%, (C) 30% and (D) 40% power amplitudes. 

The data was normalized by the direct addition of Tx100 (final concentration 0.48 mM), 

after the total insonation time. It should be mentioned that the results shown are average 

± standard deviation of 3 measurements (1 liposome batch) for release at pH 5.2, and 9 

measurements (3 liposome batches) for release at pH 7.4  

The release at pH 5.2 is significantly lower (p<0.05) than the one obtained at 

pH 7.4 for all the power amplitudes, and for all the time points (Table 4.3). This can be 

explained by the aggregation of the released calcein at acidic pH, which will decrease 

its fluorescence [149]. It should be mentioned that the two-tailed t-tests were performed 

in Microsoft Excel 2010, with the assumption of equal variances of the two samples. 

The results compare the differences between the calcein release obtained at each power 

and time point, at two different pHs: 0.1 M sodium citrate pH 5.2 and PBS pH 7.4. The 

legend of the heat-map (generated in Excel 2010) shows the significance of the 

differences (considered significant only if p<0.05).  

Histograms of the total release after 10 min of insonation were plotted (Figure 

4.14), where the samples were sonicated for 10 minutes at 20 kHz, with power settings 

indicated in the graph. Data was normalized by the direct addition of Tx100 (final 

concentration 0.48 mM), after the total insonation time, and the results shown (the ones 

in dark grey were obtained at pH 5.2 and in light gray at pH 7.4) are average ± standard 

deviation of 3 measurements (1 liposome batch) for release at pH 5.2, and 9 

measurements (3 liposome batches) for release at pH 7.4.  

It can be observed that the total release is significantly higher (p<0.05) at pH 

7.4 than at pH 5.2 for all power densities of the 20-kHz US. 
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Figure 4.12. Total release of calcein from non-PEGylated liposomes at pH 7.4, after 10 

min insonation.  

 
Figure 4.13. Comparison of release curves of calcein from non-PEGylated liposomes 

at pH 5.2 (0.1 M sodium citrate buffer) and pH 7.4 (PBS).  
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Table 4.3. Heat-map of the significance of the differences between the releases of 

calcein from non-PEGylated liposomes, triggered by 20-kHz US at the different 

indicated power amplitudes, at two different pHs: pH 5.2 and pH 7.4.   

 

4.3.2. PEGylated liposomes. 

The PEGylated liposomes were synthesized according to the method described 

in Sec. 3.2. The detailed procedure of release experiments was described in Sec. 3.4.  

Replicates were obtained and are indicated for each experiment. 

4.3.2.1. Release at pH 5.2. 

The buffer solution that was used to dilute the liposomal samples for all release 

replicates presented in this section was a 0.1 M sodium citrate buffer (pH 5.2). The 

obtained results are shown in the figures below. 

The release curves at pH 5.2 for a total of 10 min sonication at 20 and 40 kHz at different 

power amplitudes are shown in Figure 4.15, where samples were sonicated for a total 

time of 10 min, using the frequencies and power settings as indicated in the legend. 

Total calcein release was obtained by the direct addition of Tx100 to a final 

concentration of 0.48 mM at the end of the sonication period (Method 1). The results 

are average±standard deviation of 6 measurements (4 liposome batches) for release at 

20 kHz and 4 measurements (3 liposome batches) for release at 40 kHz.  

As seen in Figure 4.15, and similarly to what was obtained for non-PEGylated 

liposomes (shown in Figure 4.9), the release increases with the insonation time for each 

US condition used. In this case, however, the releases obtained at 20 and 25% power 

settings and at 30 and 40% power are very similar (almost superimposed release curves 

in the graph in Figure 4.15). Again, to assess the significance of the differences in 

release at 20-kHz US, a two-tailed t-test with the assumption of equal variances of the 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 1.604E-05 1.126E-06 1.717E-08 0.0003001 0.0375437

25 0.0001482 9.59E-06 8.036E-06 0.0041074

30 1.433E-06 1.429E-07 6.352E-07 3.146E-06 0.0006107

40 1.488E-06 3.654E-09 5.55E-06 1.633E-05 0.0254717

p0.05 0.04p<0.050.03p<0.040.02p<0.030.01p<0.02 P<0.01
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two samples was performed in Microsoft Excel 2010, and the results are summarized in 

the heat-map shown in Table 4.4, where these results compare the differences between the 

calcein release obtained at any two power settings (both at 20 kHz frequency), in a 0.1 M 

sodium citrate pH 5.2 buffer. The legend of the heat-map (generated in Excel 2010) shows the 

significance of the differences (considered significant only if p<0.05).  

 
Figure 4.14. Comparison of fluorescence level achieved after 10 min insonation for the 

non-PEGylated liposomes released at pH 5.2 (0.1 M sodium citrate buffer) and pH 7.4 

(PBS). 

The t-test confirmed that there are no significant differences (p>0.05) in the 

release when using 20% and 25% power settings, and also when using 30% and 40% 

power amplitudes (first and last rows in Table 4.4). The most significant differences 

(p<0.03) are between the 25% and 30% curves, after 3 and 5 min of sonication. Some 

other significant differences (p<0.05) were also found between power amplitudes 20 

and 30%, 20 and 40% and 25 and 40%.  

 
Figure 4.15. Release curves of calcein from PEGylated liposomes at pH 5.2, with 

pulsed 20-kHz (20, 25, 30 and 40% power settings) or continuous 40-kHz (100%) US. 
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The graph in Figure 4.16 depicts the final average % release that was obtained 

after 10 min total insonation, using the indicated frequencies and power settings. The 

results are average±standard deviation of 6 measurements (3 liposome batches) for 

release at 20 kHz and 3 measurements (2 liposome batches) for release at 40 kHz. 

As can be observed at 20-kHz 20% power settings, the percentage release 

(71.4815.09 %) was slightly lower than the one obtained at 25% (75.969.49 %), 

which was also lower than the release at 30% (81.817.87 %). The highest release was 

obtained using the 40% power settings (88.305.82%). The total percentage release 

after 10 min insonation obtained at 40-kHz and 100% US was only 45.903.97 %, 

which is significantly lower (p<0.04) than any release obtained at 20-kHz US for any 

power setting.  

For comparison purposes, the data obtained was also normalized using Method 

2 (Tx100+US) and Method 3 (Tx100 controls), but no significant differences (p<0.05) 

could be observed, as expected. 

Table 4.4. Heat-map of the significance of the differences between the temporal release 

of calcein from PEGylated liposomes, triggered by 20-kHz US at different power 

settings, at pH 5.2.  

 

4.3.2.2. Release at pH 7.4. 

All experiments presented in this section were done at pH 7.4, in a PBS buffer, 

where a total of 18 measurements (6 different liposome batches) were done at 20 kHz 

(at different power densities) and 5 measurements from 2 different liposome batches 

were released using the 40-kHz sonication bath. The obtained results are shown in the 

next figures.  

Figure 4.17 shows the average release curves of PEGylated liposomes at 20 and 

40 kHz at different power settings, with a total insonation time of 10 min, using the 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 and 25% 0.74550319 0.61146001 0.91724464 0.88835405 0.579861

20 and 30% 0.23743121 0.04000258 0.04232204 0.03311828 0.2025846

20 and 40% 0.07172229 0.02024775 0.04137167 0.04606746 0.0443584

25 and 30% 0.20375771 0.15454208 0.01614404 0.00842372 0.3202903

25 and 40% 0.07487934 0.07246532 0.03238368 0.02873552 0.0382119

30 and 40% 0.5212902 0.35405695 0.5495431 0.81579567 0.1762309

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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frequencies and power amplitudes indicated in the legend. Total calcein release was obtained 

with the direct addition of Tx100 to a final concentration of 0.48 mM, after the total 

insonation time (Method 1). The results are average±standard deviation of 18 measurements (6 

liposome batches) for release at 20 kHz and 5 measurements (2 liposome batches) for release 

at 40 kHz. 

 
Figure 4.16. Final percentage of calcein release (after a total of 10 min insonation) from 

PEGylated liposomes at pH 5.2.  

 
Figure 4.17. Release curves of calcein from PEGylated liposomes at pH 7.4, with 

pulsed 20-kHz (20, 25, 30 and 40% power settings) or continuous 40-kHz (100%) US.  

As expected, the level of release at 20 kHz and 40% power settings was the 

highest at all the data points, whereas at 40 kHz (100%) the obtained release was the 

lowest. In this case, the release curves are distinguished from each other at all the data 

points, and the differences are significant (p<0.05), except for the points of initial and 

final release obtained at 25 and 30% power settings (Table 4.5). In this table, the two-
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tailed t-tests were performed in Microsoft Excel 2010, with the assumption of equal 

variances of the two samples. The results compare the differences between the calcein 

release obtained at any two power settings (both at 20 kHz frequency), in a 0.1 M 

sodium citrate pH 5.2 buffer. The legend of the heat-map (generated in Excel 2010) 

shows the significance of the differences (considered significant only if p<0.05). 

A comparison between the total percentage releases after 10 min insonation is 

shown in Figure 4.18, using the indicated frequencies and amplitude settings. The 

results are average±standard deviation of 18 measurements (6 liposome batches) for 

release at 20 kHz and 5 measurements (2 liposome batches) for release at 40 kHz. 

Table 4.5. Heat-map of the significance of the differences between the temporal release 

of calcein from PEGylated liposomes, triggered by 20-kHz US at different power 

settings, at pH 7.4.  

 

The final releases obtained at 20 kHz and 20%, 25%, 30% and 40% amplitudes 

were 70.736.60%, 75.308.80%, 83.576.03 % and 94.916.17% respectively, while 

at 40 kHz (100% power settings) the release was 17.7920.32 %, which, despite the 

very high standard deviation (due to the random hotspots as discussed previously), is 

still significantly lower (p<5x10-9) than any value obtained at 20 kHz. All the 

differences between total % release at the different power amplitudes and frequencies 

are significant (p<0.0022), except for 20-kHz 25% and 20-kHz-30% (p>0.05). 

4.3.2.3. Release comparison of PEGylated liposomes at different pHs. 

As done for the non-PEGylated liposomes, a comparison between the final 

release at pH 5.2 and pH 7.4 was conducted for the PEGylated ones. The release curves 

for each power setting ((A) 20%, (B) 25%, (C) 30% and (D) 40%) at 20-kHz US are 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 and 25% 0.01059246 0.00093194 0.01255178 0.00423999 0.00211605

20 and 30% 8.503E-05 4.99324E-07 1.4116E-06 8.1617E-07 1.3326E-05

20 and 40% 7.1817E-11 4.70066E-13 3.8572E-12 1.3752E-12 1.7788E-10

25 and 30% 0.09383389 0.008384628 0.01329752 0.00979878 0.21966646

25 and 40% 4.7725E-08 7.96839E-10 9.6066E-09 3.8615E-09 1.4285E-05

30 and 40% 6.0303E-06 3.15434E-06 3.1312E-06 3.3847E-06 8.8989E-05

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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shown in Figure 4.19. The data was normalized by the direct addition of Tx100 (final 

concentration 0.48 mM), after the total insonation time. The results are 

average±standard deviation of 4 measurements (3 batches) released at pH 5.2 and 18 

measurements (6 batches) released at pH 7.4.  

The release at pH 5.2 is not significantly different (p>0.05) than the one 

obtained at pH 7.4 for most of the time points, at 20%, 25% and 30% power amplitudes 

(Table 4.6). Only at 40% power, the release at pH 7.4 was significantly higher 

(p<0.001) than at pH 5.2, except for the last time point. This result is different from 

what was oberved with non-PEGylated liposomes (Figure 4.13, Table 4.3), where the 

differences where significant for most of the time points. This can be an indicator that 

calcein does not aggregate when released to an acidic solution when PEG-head groups 

(which significantly enhance the leakage rates) are attached to the liposomes [99]. 

 

Figure 4.18. Final percentage of calcein release (after a total of 10 min insonation) from 

PEGylated liposomes at pH 7.4.  

It should be mentioned that the two-tailed t-tests were performed in Microsoft 

Excel 2010, with the assumption of equal variances of the two samples. The results 

compared the differences between the calcein release obtained at each power and each 

time point, at two different pHs (0.1 M sodium citrate pH 5.2 and PBS pH 7.4). The 

legend of the heat-map (generated in Excel 2010) shows the significance of the 

differences (considered significant only if p<0.05).  
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Figure 4.19. Comparison of calcein release curves from PEGylated liposomes released 

at pH 5.2 (0.1 M sodium citrate buffer) and pH 7.4 (PBS).  

Table 4.6. Heat-map of the significance of the differences between the release of calcein 

from PEGylated liposomes, triggered by 20-kHz US at the different indicated power 

amplitudes, at two different pHs (pH 5.2 and pH 7.4).  

 

The histograms of the total release after 10 min of insonation are shown in 

Figure 4.20, where samples were sonicated at 20 kHz, with the power amplitudes 

indicated in the graph. The data was normalized by the direct addition of Tx100 (final 

concentration 0.48 mM), after the total insonation time. The results are 

average±standard deviation of 5 measurements (3 liposome batches) released at pH 5.2 

and 18 measurements (6 liposome batches) released at pH 7.4. The results in dark grey 

were obtained at pH 5.2 and the ones in light grey concern pH 7.4. The histograms show 

clearly that there are no significant differences (p>0.1) between release at pH 5.2 and 

pH 7.4. 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 0.51659906 0.43918848 0.6448386 0.65191174 0.51623639

25 0.14093915 0.04377878 0.05386505 0.01853249 0.39044921

30 0.23507488 0.04198826 0.12904475 0.2301305 0.73947216

40 0.00053002 0.00021408 0.00036494 0.0001601 0.13268949

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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4.3.3. Comparison between PEGylated and non-PEGylated liposomes. 

Finally, we compared the release from non-PEGylated and PEGylated 

liposomes upon insonation with pulsed 20-kHz US at different power settings and at 

pH 5.2 and 7.4.  

A comparison between the temporal release curves at pH 5.2 is shown in 

Figure 4.21, where samples were sonicated at 20 kHz at: (A) 20%, (B) 25%, (C) 30% 

and (D) 40% amplitudes. The data was normalized by the direct addition of Tx100 

(final concentration 0.48 mM), after the total insonation time. The results are 

average±standard deviation of 3 measurements (1 batch) for the non-PEGylated 

liposomes and 6 measurements (3 batches) for the PEGylated liposomes. 

 

Figure 4.20. Comparison of the final percentage of release (after a total of 10 min 

insonation) for the PEGylated liposomes released at pH 5.2 (0.1 M sodium citrate 

buffer) and pH 7.4 (PBS).  

The levels of calcein release obtained from non-PEGylated and PEGylated 

liposomes at pH 5.2 are very similar, as can be observed from the almost superimposed 

curves shown in Figure 4.21. At 30% power settings, the release from PEGylated 

liposomes is slightly (but significantly, p<0.05) higher than that from non-PEGylated 

ones at some data points (Table 4.7).  
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Figure 4.21. Comparison of calcein release curves at pH 5.2 (0.1 M sodium citrate 

buffer) from non-PEGylated and PEGylated liposomes.  

However, further replicates would have to be performed to best assess this 

significance. For the release from non-PEGylated liposomes at this pH, the results 

concern triplicates of only one batch of liposomes. 

It should be mentioned that the two-tailed t-tests were performed in Microsoft 

Excel 2010, with the assumption of equal variances of the two samples. The results 

shown compare the differences between the calcein release in 0.1 M sodium citrate pH 

5.2, obtained at each power and time point, from non-PEGylated and PEGylated 

liposomes. The legend of the heat-map (generated in Excel 2010) shows the 

significance of the differences (considered significant only if p<0.05). 
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Table 4.7. Heat-map of the significance of the differences between the temporal release 

of calcein from non-PEGylated and PEGylated liposomes, triggered by 20-kHz US at 

the indicated different power amplitudes, at pH 5.2.  

 

The final release (after 10 min total insonation time) at pH 5.2 is very similar 

for non-PEGylated and PEGylated liposomes (Figure 4.22). The samples used in the 

comparison were sonicated at 20 kHz at the power settings indicated in the graph. The 

data was normalized by the direct addition of Tx100 (final concentration 0.48 mM), 

after the total insonation time. The results are average±standard deviation of 3 

measurements (1 batch) for the non-PEGylated liposomes and 6 measurements (3 

batches) for the PEGylated liposomes. The results in dark grey concern the non-

PEGylated liposomes and those in light grey represent the PEGylated liposomes. As 

can be seen in the last column of Table 4.7, none of the differences is significant 

(p>0.1).  

The results obtained at pH 7.4 are different. It was observed that the release 

from the non-PEGylated liposomes is significantly higher (p<0.03) than when 

sonicating PEGylated liposomes (Figure 4.23, Table 4.8).  

In Figure 4.23, samples were sonicated at 20 kHz at: (A) 20%, (B) 25%, (C) 

30% and (D) 40%. The data was normalized by the direct addition of Tx100 (final 

concentration 0.48 mM), after the total insonation time. The results are 

average±standard deviation of 9 measurements (3 batches) for the non-PEGylated 

liposomes and 18 measurements (6 batches) for the PEGylated liposomes. On the other 

hand, the two-tailed t-tests (Table 4.8) were performed in Microsoft Excel 2010, with 

the assumption of equal variances of the two samples. The results compare the 

differences between the calcein release in a PBS buffer (pH 7.4), obtained at each power 

and time point, for non-PEGylated and PEGylated liposomes. The legend of the heat-

map (generated in Excel 2010) shows the significance of the differences (considered 

significant only if p<0.05). 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 0.17743366 0.74110193 0.39398245 0.86645296 0.75630617

25 0.72407044 0.68066886 0.49839802 0.83374555

30 0.17710016 0.0762868 0.02343265 0.00324183 0.18004415

40 0.65061361 0.7618276 0.57407908 0.84189992 0.80097705

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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The above conclusion does not align with the findings of Lin and Thomas [161] 

who reported that the release from PEGylated liposomes is higher than that of non-

PEGylated ones at this pH. This difference in findings and possible reasons were 

discussed in Sec. 4.4.4. 

 

Figure 4.22. Comparison of the final percentage of calcein release (after a total of 10 

min insonation) from non-PEGylated and PEGylated liposomes at pH 5.2.  

Figure 4.24 compares the final release of calcein, after 10 min insonation, for 

non-PEGylated and PEgylated liposomes. The samples were sonicated at 20 kHz at the 

power amplitudes indicated in the graph. The data was normalized by the direct addition 

of Tx100 (final concentration 0.48 mM) after the total insonation time. The results are 

average±standard deviation of: 9 measurements (3 batches) for the non-PEGylated 

liposomes and 18 measurements (6 batches) for the PEGylated liposomes.  The results 

in dark grey concern the non-PEGylated liposomes and those in light grey represent the 

PEGylated liposomes.  It was found that the final release from non-PEGylated 

liposomes is always significantly higher (p<0.003) than from the PEGylated ones, 

except for at a power setting of 40%.  

Table 4.8. Heat-map of the significance of the differences between the temporal release 

of calcein from non-PEGylated and PEGylated liposomes, triggered by 20-kHz US at 

the indicated different power settings, at pH 7.4.  

 

Insonation Insonation time (min)

power (%) 1 2 3 5 10

20 0.00018049 0.00051643 0.00374275 0.0016245 0.00276923

25 1.3349E-05 1.1498E-07 9.3222E-06 5.1922E-06 0.00070733

30 3.764E-05 7.2122E-05 0.00039203 0.00240129 0.01359803

40 0.00545037 0.00283723 0.02489616 0.01712322 0.10573697

p0.05 0.04p<0.05 0.03p<0.04 0.02p<0.03 0.01p<0.02 P<0.01
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Figure 4.23. Comparison of calcein release curves at pH 7.4 (PBS buffer) from non-

PEGylated and PEGylated liposomes. 

4.4. Online Release Experiments 

The results obtained in the previous sections, when experiments were done 

offline, allowed us to tune the parameters to be used when doing the online release. 

Hence, experiments were conducted using the 20-kHz probe at 20, 25 and 30% power 

settings, using a 20 sec on – 10 sec off pulsed cycle, for a total time of 10 min. The total 

release after the insonation treatment was obtained by adding Tx100 to a final 

concentration of 0.48 mM and recording the fluorescence. Data was not obtained at 

40% power, since this overheats the cuvette, hence not allowing for correct 

fluorescence measurements. Concerning the 40-kHz US frequency, experiments could 

not be conducted online, since a probe at this frequency was not available.  

All results presented were recorded using a QuantaMaster QM 30 

Phosphorescence/Fluorescence Spectrofluorometer (Photon Technology International, 

Edison NJ, USA), which allows the insertion of the probe into the cuvette chamber, 

hence making possible the continuous recording of the fluorescence. 
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Figure 4.24. Comparison of the final percentage of release (after a total of 10 min 

insonation) from non-PEGylated and PEGylated liposomes at pH 7.4.  

4.4.1. Preliminary experiments. 

A preliminary experiment was first conducted using PEGylated liposomes to 

see the general pattern of the release curves when using 20-kH at 20, 25 and 30% power 

amplitudes, at pH 5.2 (Figure 4.25). 

Although the data shown in the graph (results are one measurement at each 

frequency for 1 batch of liposomes) is not normalized, it clearly shows that as the power 

density of the applied US increases, the release also increases, and that no changes 

occur when US is on the off-period. A more detailed curve that shows the first 3 min of 

release at 20% power and better displays the on-off pulses of US is shown in 

Figure 4.26.  

 
Figure 4.25. Online (continuous) release curves of calcein from PEGylated liposomes, 

triggered by 20-kHz pulsed US (20 sec on 10 sec off at 20, 25 and 30% power settings). 
The un-normalized data is from PEGylated liposomes released at pH 5.2.  
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Based on the settings used in the preliminary experiment, replicates of the online 

experiment were obtained from both non-PEGylated and PEGylated liposomes, 

released at pH 7.4, as will be explained in the following sections.  

 
Figure 4.26. Detailed online release curve at 20-kHz US and 20% power.  

4.4.2. Online release results of non-PEGylated liposomes at pH 7.4. 

Due to the problems with the release experiments done at pH 5.2, as was 

discussed in the previous sections, we have decided to focus the online experiments on 

the release at pH 7.4, also because this will be the pH used when in vitro cellular assays 

will be performed. 

Figure 4.27 shows the fluorescence levels of calcein released from non-

PEGylated liposomes at pH 7.4 using the 20-kHz probe for 10 min total sonication at 

different power amplitudes as described in the figure. Then, total release was obtained 

by the addition of Tx100 to a final concentration of 0.48 mM at the end of the sonication 

period. The results are average±standard deviation for 3 measurements (3 different 

liposome batches) at each power (only the first 5 min of each curve are shown). The 

lighter color zones around each line are the error bars associated with each 

measurement. 

As can be observed, and similar to the results obtained offline (Sec. 4.3.1.2), as 

the power increases, the release also increases. The error bars for each curve are 

indicated by the color zones that surround each curve. The initial rates of release at 

different power settings, calculated from the first 3 min after US was turned on, were 

also plotted (Figure 4.28), whereas the total release was obtained by the addition of 

Tx100 (final concentration 0.48 mM) at the end of the sonication treatment. The results 

presented are averagestandard deviation of 3 different batches (each with only one 
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measurement), and they show that the rate of release at 20% is significantly lower than 

at 25% (p<0.04) and 30% (p<0.005), while there is no significant difference (p>0.2) 

between the initial rate of release at 25% and 30%.  

 
Figure 4.27. Online (continuous) release curves from non-PEGylated liposomes, 

triggered by 20-kHz pulsed US (20 sec on 10 sec off) at 20%, 25%, and 30% power 

settings.  

 

Figure 4.28. Comparison of the initial rates of release of calcein from non-PEGylated 

liposomes, triggered by 20-kHz pulsed US (20 sec on 10 sec off) at different power 

amplitudes (20%, 25% and 30%).  

The maximum releases (normalized by Method 1) for each power were also 

plotted (Figure 4.29), and the values obtained for 20, 25 and 30% power settings were 
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60.18±5.01%, 66.82±5.07% and 70.91±5.12%, respectively (results are 

averagestandard deviation of 3 different batches (each with only one measurement)). 

These values are not significantly different (p>0.06) from each other. 

 
Figure 4.29. Maximum calcein release from non-PEGylated liposomes at pH 7.4, 

triggered by 20-kHz pulsed US (20 sec on, 10 sec off) at different power settings (20%, 

25% and 30%).  

4.4.3. Online release results for PEGylated liposomes at pH 7.4. 

The temporal release from PEGylated liposomes at pH 7.4 are shown in 

Figure 4.30 using the 20-kHz probe for 10 min sonication at different power amplitudes 

as described in the figure (only the first 5 min of sonication are shown). Total calcein 

release was obtained with the direct addition of Tx100 to a final concentration of 0.48 

mM at the end of the sonication period. The results are average±standard deviation for 

6 measurements (6 different batches) at each power. The lighter colored zones around 

each line are the error bars associated with each measurement.  

Also in this case, the results show that the release increases with increasing 

power intensities, similar to what was observed for the offline results and the online 

results obtained with non-PEGylated liposomes. The error bars are wider when 

compared with Figure 4.27, possibly because in this case more liposome batches were 

used.  
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Figure 4.30. Online (continuous) release curves from PEGylated liposomes, triggered 

by 20-kHz pulsed US (20 sec on 10 sec off) at 20%, 25%, and 30% power amplitudes.  

The initial rates of release at different power settings, calculated from the first 

3 min after US was turned on, were also plotted (Figure 4.31). Total release was 

obtained by the addition of Tx100 (final concentration 0.48 mM) at the end of the 

sonication treatment, and the results presented are averagestandard deviation of 6 

different batches (each with only one measurement). The results show that the rate of 

release at 20% is significantly lower than at 25% (p<0.03) and 30% (p<2x10-5) and that 

the release rate at 25% is also significantly lower (p<0.002) than the initial rate 

measured at 30%.  

The maximum releases obtained after the total insonation time, normalized 

using Method 1, are shown in Figure 4.32. Once again, and similar to the case of the 

non-PEGylated liposomes, the values increase with increasing power intensities: 

60.52±8.51%, 70.93±6.64% and 84.70±12.82%, for 20%, 25% and 30%, respectively, 

where the results are averagestandard deviation of 6 different batches (each with only 

one measurement). The differences between these values are all significant (p<0.05). 
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Figure 4.31. Comparison of the initial rates of release of calcein from PEGylated 

liposomes, triggered by 20-kHz pulsed US (20 sec on 10 sec off) at different power 

amplitudes (20%, 25% and 30%).  

 
Figure 4.32. Maximum calcein release from PEGylated liposomes, triggered by 20-

kHz pulsed US (20 sec on, 10 sec off) at different power settings (20%, 25% and 30%).  

4.4.4. Comparison of online results of release from non-PEGylated and PEGylated 

liposomes at pH 7.4. 

Finally, we compared the online results obtained for non-PEGylated (Sec. 4.4.2) 

and PEGylated liposomes (Sec. 4.4.3).  
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First, the initial rates of release at pH 7.4 and different power amplitudes, 

calculated from the first 3 min after US was turned on, for non-PEGylated (dark grey) 

and PEGylated (light grey) liposomes, were compared (Figure 4.33). The total release 

was obtained by the addition of Tx100 (final concentration 0.48 mM) at the end of the 

sonication treatment, and the results shown are averagestandard deviation of 3 

different batches (1 measurement each) for non-PEGylated and 6 different batches (1 

measurement each) for PEGylated liposomes. No significant differences (p>0.1) were 

observed. 

 
Figure 4.33. Comparison of the initial rates of release of calcein from non-PEGylated 

and PEGylated liposomes, triggered by 20-kHz pulsed US (20 sec on 10 sec off) at 

different power amplitudes (20%, 25% and 30%).  

The maximum releases of calcein from non-PEGylated and PEGylated 

liposomes, obtained at pH 7.4 (PBS buffer) and normalized by the total release obtained 

by the addition of Tx100 (final concentration 0.48 mM) at the end of the sonication 

treatment, were also compared (Figure 4.34). The results are averagestandard 

deviation of 3 different batches (1 measurement each for non-PEGylated) and 6 

different batches (1 measurement each for PEGylated liposomes). Also in this case, 

there are no significant differences (p>0.2) between the results obtained for the two 

types of liposomes at each power amplitude. This finding is not in agreement with the 
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observations of Lin and Thomas [161] who found that the release obtained from 

PEGylated liposomes is significantly higher than that obtained from non-PEGylated 

liposomes. This might come as a result of using different methods for the synthesis of 

the liposomes, with different compositions and types of lipids used. Another factor that 

also might affect our findings is the number of replicates made at each sonication 

condition and the variability between batches prepared. This factor indeed can also be 

the reason behind getting such insignificant differences online while having significant 

differences offline. 

 
Figure 4.34. Comparison between the maximum calcein releases from non-PEGylated 

and PEGylated liposomes, triggered by 20-kHz pulsed US (20 sec on, 10 sec off) at 

different power settings (20%, 25% and 30%).  

4.4.5. Modeling of the online release results. 

To calculate the initial release rates shown in the previous sections, we used the 

first 3 min of the release curves, and a linear function was adjusted to each one of the 

curves. Although the release is fairly linear with time (as exemplified in Figure 4.35), 

it is clear that the release curves are composed of pulses of release, as evidenced in 

Figure 4.26.  Hence, the dynamic release of calcein from liposomes was modeled using 

an artificial neural network.  
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Figure 4.35. Linear models for the online data. 

Using the data in Figure 4.35 after smoothing with MATLAB, an ANN model 

that was composed of a feed-forward ANN with one hidden layer with 15 neurons and 

one output layer was built as shown in Figure 4.36. 

Figure 4.36. The structure of the ANN model. 

The data sets of the input (time) and the output (release at 20 kHz) were divided 

into three subsets, with 80% used for training, 10% for validation and another 10% for 

testing. The total number of data points was 14405. 

Regression and fitting plots obtained when running the simulation are shown in 

Figure 4.37 and Figure 4.38, respectively. The model gave a very good fitting to the 

original data, where the regression was almost equal to 1, and the error histograms 

(Figure 4.39) showed a natural (Gaussian) distribution, which means that all the errors 

were random and the data was well-fitted to the model (so that the ANN can be used as 

a modeling tool). The models for release at 25% and 30% were conducted similarly 

(data not shown).  
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As a continuation of this work, it is recommended to test the predictive 

capabilities of these models by varying different parameters (e.g., power density, pulse 

duration, and concentration) and finding the deviations between the model predictions 

and the experimental data. Then, a dynamic neuro-model predictive control (NN-MPC) 

can be designed in order to predict, control and even optimize the behavior of the 

system. 

 
Figure 4.37. ANN fitting plot. 

 
Figure 4.38. ANN regression plots. 
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Figure 4.39.  ANN error histogram. 
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Chapter 5: Conclusion 

Several drug delivery systems have been investigated to reduce the side effects 

of chemotherapy by encapsulating the therapeutic agent in a nanosized carrier until it 

reaches the tumor site. Many of these particles are designed to be responsive to the 

mechanical and thermal perturbations delivered by ultrasound. Once the nanoparticle 

reaches the desired location, ultrasound is applied to release the chemotherapy drug 

only in the vicinity of the targeted (cancer) site, thus avoiding any detrimental 

interaction with healthy cells in the body. Studies using liposomes have shown 

promising results in this area, and this thesis came as a continuation of these efforts. 

This work proposed a modified method to synthesize echogenic PEGylated and 

non-PEGylated liposomes that encapsulate the model drug calcein, so as to be used later 

as carriers of Doxorubicin. The size of these liposomes was determined, which 

indicated that they are LUV’s. Then, offline release experiments at pH 5.2 (sodium 

citrate buffer) and 7.4 (PBS) using 20- and 40-kHz US at different amplitudes were 

conducted in order to find the optimum conditions for the online release experiments. 

Release behavior was studied offline and online for both types of liposomes at both 

pHs. It was observed that, at acidic pHs, the release from both types of liposomes was 

not significantly different, whether the experiment was conducted offline or online. 

Similarly, no significant differences could be observed in the online release from both 

types of liposomes at pH 7.4. However, the offline experiments conducted at this same 

pH showed significantly higher levels of release when the non-PEGylated liposomes 

were used. In all cases, the release was not due to the effect of pH on the liposomes, 

since we verified that the ones we have synthesized were not pH-sensitive (unlike 

calcein). Finally, the dynamics of the acoustic release from liposomes was modeled 

using an artificial neural network (ANN), which can be used to design a neuro-model 

predictive control (NN-MPC) that can dynamically control the system.  

As a continuation of this work, it is recommended to further investigate the 

potentials of enhancing the targeting properties of these liposomes using proteins as 

ligands. Moreover, it is known that only HFUS is used for diagnostic applications on 

human beings as it has less energy delivered per time, when compared to the LFUS, 

and thus can be tolerated by living tissues and cells [60]. Accordingly, it is highly 

recommended to consider investigating other techniques that can induce release from 
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liposomes when triggered with HFUS (e.g. the encapsulation of nanoemulsions in 

liposomes). 
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