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Abstract 

With cancer being the leading cause of death worldwide, increasing economic and social 

resources are being directed by researchers and healthcare professionals to treat the 

disease, or at least provide palliative care to patients that cannot be treated due to 

advanced cancerous growth. While the end goal of all the cancer-related research is its 

cure, current technology is focused on the creation of smart drug delivery systems (DDS) 

that aims to diagnose and treat cancer. For effective design of these systems, 

chemotherapeutic agents are combined with carriers, which evade the immune response, 

to achieve desired drug release amounts and rates through ligand-targeting and external 

release stimuli. This work provides a literature review that aims to lay the groundwork 

for development of the following DDS: Albumin-bound stealth liposomes encapsulated 

in the chemotherapeutic drug, doxorubicin, with ultrasound-triggered drug release for the 

treatment of breast and pancreatic cancer. Experimental work was carried out involving 

the synthesis and characterization of the liposomes, along with nine model fitting 

exercises to determine the best fits for experimental data. Large unilamellar vesicles for 

control and albumin-bound liposomes, with sizes of 86.01 ± 2.97 nm and 86.17 ± 2.956 

nm, respectively, were synthesized. Drug release by 20 kHz pulsed ultrasound release 

was carried out at low intensities with maximum releases of 90.25% at 20% intensity, 

95% at 25% intensity, and 99.7% at 30% intensity for control liposomes, followed by 

78.53%, 88.41%, 96.27% at the respective intensities for albumin-liposomes obtained 

over a period of   3 minutes. Albumin-liposomes were found to be more stable with 

doxorubicin encapsulation as opposed to calcein encapsulation. In addition, model fitting 

revealed the Korsmeyer-Peppas and Higuchi models as the best fits for doxorubicin-

liposomes; while the Korsmeyer-Peppas and Weibull models were found to better predict 

calcein-liposome drug release behavior. Analysis of the release exponents, from 

Korsmeyer-Peppas linear regression, showed that both doxorubicin and calcein 

liposomes exhibited anomalous drug release kinetics. 

 

Keywords: Drug delivery, human serum albumin, breast cancer, cancer treatment, 

liposomes, ligand targeting, ultrasound, doxorubicin liposomes, drug release kinetic 

model fitting    
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Chapter 1: Introduction 

Cancer is defined as the abnormal, unlimited division of cells in the human body 

leading to the formation of cancerous tissues. It is also, the leading cause of death 

worldwide with an unparalleled economic burden due to exorbitant treatment costs. 

Cancer tissues could either be metastatic or benign; where one spreads beyond its base 

organ to the other parts of the body and the other remains confined in its original organ 

tissue. There are different ways to treat cancer; but the main three ways currently are: 

surgery, chemotherapy, and radiation therapy. Each method has its own drawbacks and 

one method alone, usually, is not sufficient to cure metastatic cancers. With current 

cancer patient populations facing harsh side effects from therapy treatments; novel drug 

delivery systems that minimize these side effects to improve patient quality of life are 

currently being developed [1]–[3]. 

 Chemotherapy involves the treatment of cancer using cytotoxic drugs. These 

drugs, on administration, have a negative impact on healthy cells within the body with 

hair loss, nausea, vomiting and diarrhea being commonly reported by patients. 

Researchers then concentrated considerable effort on developing drug delivery systems 

(DDS) that minimized these side effects. The development of targeted techniques 

involves cytotoxic effect only on cancerous cells involving the use of nanocarriers as 

delivery vehicles. Liposomes, small nanovesicles made up of lipids, are currently being 

researched as delivery vehicles along with methods to ensure accumulation of 

chemotherapeutics only at cancerous tissue sites. On achieving desired concentrations of 

drugs at these sites, triggers (such as ultrasound) are applied to the delivery vehicles to 

achieve desired drug release profiles [1], [3]. These drug release profiles are then 

modeled to determine optimal release behavior. 

1.1.Thesis Objectives 

 This work aims to develop a modified method for the synthesis of PEGylated human 

serum albumin (HSA)-liposomes with encapsulated doxorubicin, a chemotherapeutic 

drug; it also, aims to characterize the prepared HSA-liposomes using dynamic light 

scattering (DLS) to determine mean size and polydispersity; to determine HSA 

attachment as a ligand on the liposomes using the Stewart and the BCA 

(bicinchoninic) assay;.to determine percent release of doxorubicin, with optimized 
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release rates,using low-frequency ultrasound as an external trigger, from HSA-bound 

liposomes and only PEGylated liposomes. 

 To model the drug release from the liposomes using nine kinetic models which 

include: zero-order release, first-order release, the Higuchi model, the Korsmeyer-

Peppas model, the Hixson-Crowell model, the Baker-Lonsdale model, the Weilbull 

model, the Hopfenberg model and the Gompertz model. It also, establishes a 

comparison for model fitting encapsulating the model drug, calcein and the 

chemotherapeutic drug, doxorubicin.  

1.2. Summary and Contribution of Work 

1.7 million new cases of breast cancer were diagnosed in the year 2012 alone, and 

breast cancer was given the status of the most common cancer in women worldwide [4]. 

In 2017, the mortality rate for breast cancer was found to about 16% of the total 

incidence rate with 252,710 cases in the US alone; in 2019, the rate remains constant at 

15.7% [5], [6]. In Abu Dhabi, the capital of the United Arab Emirates, breast cancer was 

found to be the most common type of cancer (20.3% of the total cancer patient 

population) with it being the second in causing death related to cancer [7]. Breast cancer 

typically shows no symptoms except a small, painless lump found in the breast tissue at 

the stage of early detection and recent efforts have been focused on raising awareness for 

early diagnosis of patients [5]. Furthermore, pancreatic cancer is the third most common 

cause of death due to cancer followed closely, by mortality rates due to breast cancer [6]. 

Therefore, innovative drug delivery systems are needed to combat the high mortality 

rates and improve the prognosis outlook for existing and future breast and colorectal 

cancer patients. 

Following such alarming statistics, it can be deduced that current state-of-the-art 

therapeutic techniques need to be further developed. As mentioned earlier, the adverse 

side effects of chemotherapy can lead to a reduced quality of life in patients. Current 

technology focuses on the development of drug delivery systems that aim at drug 

retention, avoidance of immune responses to prolong circulation times in blood, active-

targeting for optimal target selectivity, and finally, triggered release to obtain a 

favourable drug release profile. As discussed in the literature review, this work proposes 

the design of a drug delivery system with the use of liposomes as nanocarriers to make 
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use of the EPR effect for drug accumulation by way of passive targeting. It then, aims to 

PEGylate the liposomes to evade immunologic activity and further, actively facilitate the 

accumulation of the DDS at the tumor site by using human serum albumin (HSA) as a 

ligand. As has been discussed, HSA-receptors are overexpressed on the  surface 

metastatic breast and pancreatic cancer cells; therefore, the focus of this research shall be 

these two cancer types. This second modality of active-targeting shall ensure uptake of 

the liposomes by the cells following the process of receptor-mediated endocytosis. In 

addition, the synthesized DDS design shall involve the use of ultrasound to achieve 

superior drug release pharmacokinetics. Figure 1 summarizes the three modalities of 

treatment proposed in this work. Finally, model fitting using nine drug release kinetic 

models was performed; with a comparison between calcein-encapsulated and 

doxorubicin-encapsulated liposomes. 

Following the success of DOXIL
®

, Abraxane
® 

(an albumin-based anticancer 

system) and Myocet, many more nanocarriers are currently under development. 

However, while these may have improved biodistribution and limited cardiotoxicity, they 

have not demonstrated greater efficacy than free DOX. This may be due to decreased 

bioavailability and low penetration of drug into cells due to a sustained release profile 

[8]. This work overcomes this problem by applying US to liposomes at the site of the 

tumor, thus achieving synergy between drug-cell interactions by increasing 

bioavailability. 

Furthermore, there is a two-fold advantage of using HSA-coupled PEG 

liposomes. While adding PEG to the liposomal structure may increase biocompatibility 

and elongate blood circulation times, it inhibits the interaction of liposomes with the 

targeted cancer cells [9]. Therefore, coupling with HSA encourages cell binding, through 

receptor-mediated endocytosis, to the specific cell target while inhibiting binding to other 

healthy cells. 

 Since HSA cell receptors are known to consistently overexpress in breast, 

pancreatic cancer cells; along with the ability of HSA to accumulate in tumor 

interstitium, exploring ligand-based targeting on these types of cancer would be an 

appropriate area to expand on in current literature. 
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Figure 1: Depiction of passive and active targeting along with triggered release 

for design of a superior DDS [10] 

1.3.Thesis Organization 

As the aim of this work is to establish a novel treatment for cancer therapy, a 

background on cancer is crucial. Therefore, Chapter 2 provides an overview of cancer 

and its distinguishing features or ‗hallmarks‘; with a focus on the cellular level. It further 

discusses different modes of cancer treatment along with advantages and disadvantages 

for each. Since this research focuses on chemotherapeutic drug delivery techniques with 

liposomes used as nanocarriers, Chapter 3 discusses the design of liposomes as 

nanocarriers along with brief overviews of polymeric micelles, dendrimers, carbon tubes, 

and gold nanocarriers. It then presents the theory behind the three modalities of drug 

delivery that have been proposed as a part of this work: namely passive targeting, active 

targeting and triggered-release mechanisms; with a primary focus on the enhanced 

permeation and retention effect, ligand-targeting, and ultrasound. Chapter 4 discusses the 

experimental procedures, tests and drug-release modeling behavior as it pertains to this 

work. The results and discussion of the work are presented in Chapter 5 along with a 

comparison between best fit models for doxorubicin-encapsulated and calcein-

encapsulated liposomes. Finally, Chapter 6 presents the summary of the proposed work 

along with future recommendations.  
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Chapter 2: Background 

2.1. Cancer and its Hallmarks 

Cancer, the second leading cause of mortality worldwide, has caused 8.8 million 

deaths in 2015. New cases of cancer are expected to rise by 70%, to about 24 million 

cases, by the year 2035. The economic impact of cancer on the world economy was 

estimated to be US$ 1.6 trillion in the year 2010, with further devastating effects on the 

global economy expected over the next few years [2], [3]. Cancer is a generic term used 

for a host of diseases that share common characteristics, and it refers to the abnormal 

growth of cells and their spread to other parts of the body [11]. Some causes of cancer 

include genetic predisposition, environment-gene factors, and infectious or carcinogenic 

agents [12]. Epidemiology studies have found that the most common fatal cancers were 

cancers of the lung, liver, colorectal, stomach and breast tissues in 2015 [2]. Among 

these, lung, colorectal, and breast cancers account for the largest economic costs globally 

due to death and disability [13]. 

Homeostasis, the maitenance of a relative stable equilibrium by normal 

physiological processes, maitains tissue mass in accordance to the needs of an organism. 

Disturbance in this equilibrium results in either; cell divison exceeding cell death, known 

as hyperplasia or neoplasia; or cell death exceeding cell divison leading to degenration of 

tissue. The spread of cells, if confined locally or within the site of proliferation
1
, is 

referred to as benign, whereas, the spread of cells to surrounding tissues or to distant sites 

(metastasis) is called malignant [12]. Since malignant tissue is known to replicate and 

grow in irregular patterns, it disrupts the basement membrane of the organ tissue and 

infiltrates the lymphatic and blood vessels of the organism. The cells can then travel 

along the lymph nodes, replicate and replace the node thus giving rise to a tumor - 

lymphomas, or they can travel along blood vessels and lodge in a suitable site to form a 

secondary metastatic tumor – with the liver being the most common site for blood-borne 

metastases [11]. 

Since cancer develops due to the multistage mutational events that occur starting 

with a mutation in a single cell, therefore, it has become imperative to treat and 

_____________________________________________________________________ 
1
 Cell proliferation refers to an increase in the number of cells to maintain and replenish lost cells 
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understand it on a cellular level. To this end, the researchers Hanahan and Weinberg 

sought to condense the vast discipline of the biology of these cells into six well-

established features or ‗hallmarks‘ that could provide an organizing principle that would 

enable the scientific community to distinguish between normal tissues and 

cancerous/malignant cells. The distinguishing characteristics of cancer cells were found 

to be: sustaining proliferative signaling regardless of exogenous mitogens
2
, evading 

growth suppressors, resisting apoptosis – also known as programmed cell death, inducing 

angiogenesis (growth of blood vessels from existing vasculature), exhibiting uninhibited 

replicative immortality, and lastly, activating invasion to surrounding tissue and 

metastasizing [14], [15]. Further work led the researchers to further establish two 

emerging hallmarks, the avoidance of immune destruction and deregulation of cellular 

energetics, in a more recent paper [15].To lay the groundwork for further discussion on 

cancer treatments, a short review of related normal cellular processes and of  cancer‘s 

hallmarks shall be presented below. 

The sustaining of proliferative signaling, regardless of exogenous mitogens, refers 

to the ability of cells to produce their own growth-promoting signals, signals that lead to 

entry and progression into the cell division and growth cycle, via production of growth 

factor ligands and expression of their receptors or by stimulating, using signals, normal 

cells to supply the cancer cells with growth factors. This leads to self-sufficiency for 

proliferation as opposed to the dependence of normal cells on growth-promoting signals 

thus disrupting homeostasis – this is known as autocrine proliferative stimulation [15]. 

Examples of this include: the overexpression of PCNA (proliferating cell nuclear antigen) 

in tumor cells and surrounding tumor stroma resulting in autocrine growth factor 

influence observed in breast and gastric cancer and the overexpression of Platelet-derived 

Growth Factors (PDGF) in cancer of the breast, colon, prostrate and brain (glioblastoma) 

[16], [17]. These growth factors are then used as prognostic markers in the 

aforementioned cancers. 

The previous hallmark correlates to the evasion of growth suppressors in that, 

while cells exhibit growth-promoting signals, they are also, given signals to negatively 

_____________________________________________________________________ 
2
 Mitogens are chemicals that encourage cell division through mitosis 
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regulate cell proliferation. The action of the tumor suppressor genes, genes that regulate 

cell growth by preventing excessive growth, is integral to the function normal cells to 

regulate cell proliferation and growth. Retinoblastoma (Rb) and the p53 protein are the 

two most well-known tumor suppressing genes [12]. Genetic mutation of Rb, found in 

cases of lung, breast and prostate cancers, binding of viral proteins such as adenovirus 

E1A, SV40 T antigen and papillomavirus E7 leading to Rb inactivation, and down 

regulation of Rb due to overexpression of CCAAT box binding protein (ICBP90) are 

some mechanisms that cause tumorigenesis [18]. As can be seen from the previous 

example, tumors evade suppression by either mutating the suppressor proteins or by 

inhibiting their activity.  

The lack of conformity of tumor cells to the ‗contact inhibition of locomotion and 

proliferation‘ phenomenon is an idea that further relates to the second hallmark and is a 

defining characteristic of cancer cells. In 1953, the theory of ‗contact inhibition‘ was 

developed by Abercrombie and Heaysman which established that population of normal 

cells suppressed further cell proliferation and tended to form confluent cell ‗monolayers‘, 

which in turn helps to maintain tissue organization structure. The phenomenon of 

inhibition of locomotion stated that when normal cells come in contact with each other, 

they exhibit cell adhesion and further migration outwards is inhibited. This process is 

deregulated in malignant cells, which tend to form multilayers and show no organized 

structures in proliferation, thus leading to uncontrolled expansion even when they come 

in contact with normal cells [19]. Therefore, this deregulation is used as a prognostic 

factor in vivo. 

Apoptosis, a major type of cell death and another hallmark, regulates several 

pathological and physiological processes at the micro level. Triggered by DNA damage, 

it follows two major pathways: 1) Extrinsic – death receptor pathway; 2) 

Intrinsic/Intracellular – mitochondrial pathway. The first involves the binding of death 

receptors such as Fas, tumor necrosis factor I and others to their conjugate ligands on the 

cell surface; whereas, the latter involves the release of apoptogenic factors such as 

cytochrome c, apoptosis-inducing factor (AIF), and others from the intermembrane of the 

mitochondria to the cell‘s cytosol. This then, activates the latent capases, capase-8 and 

capase-9 respectively, which further initiates a proteolytic cascade thus, leading to the 
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degradation and phagocytosis of the remains. To survive, cancer cells evade apoptosis by 

downregulation of proapoptic factors, overexpression of antiapoptotic factors, or 

inhibiting activity of extrinsic ligands in the death pathway. A common example is 

damage in the aforementioned tumor suppression gene, p53, which acts as a sensor to 

DNA damage. Besides apoptosis, other modes of programmed cell death (PCD) have 

gained attention over the years. These include: capase-independent apoptosis, 

programmed necrosis, autophagy, lysosomal cell death, and mitotic catastrophe [20]–

[22].  Resistance to these modes of PCD can also lead evasion of cell death and therefore, 

could be explored further for development of new targeted therapies. 

The uninhibited replicative immortality of tumor cells refers to the ability of 

malignant cells to replicate without restriction. In the early 1960s, Hayflick and 

Moorhead observed that normal human cells undergo replication a specific number of 

times and then reach replicative senescence, state at which a cell enters growth arrest 

[23]. Normal human diploid cells are thought to undergo replication 60-70 times, also 

known as the Hayflick‘s limit. The reason for this, as discovered in the mid-1990s by 

researchers at Geron corporation and Whitehead Institute, was found to be telomeres, 

several thousand repeats of base pairs found at the end of chromosomal DNA, which 

protect the DNA from end-to-end fusions and further dictate replicative ability as they 

erode with each replication [11], [13], [23].  While the enzyme telomerase, which adds 

telomere repeat segments to DNA, is mostly absent in normal cells, it is present at 

significant levels in immortalized cancer cells leading to uninhibited replication [12]. For 

cancer cells to remain viable, however, the above hallmarks are not sufficient. 

Respiration is an integral part of cell viability and therefore, this means that all cells 

require nutrients and oxygen to survive. Removal of wastes from the cell would also 

necessitate the need for a circulatory system within the tumor site. Angiogenesis, the 

formation of neovasculature from pre-existing vasculature, is what helps sustain these 

neoplastic growths. Figure 1 depicts the process of angiogenesis [24]. While angiogenesis 

is a process needed for physiological processes, it is observed to be hyperactive or 

―switched on‖ at tumor sites. The ‗switching on‘ of angiogenesis, for expansion of tumor 

mass, occurs when there is an upregulation of proangiogenic factors and a down-

regulation of antiangiogenic factors. Upregulation of angiogenesic inducers such as the 

vascular endothelial growth factor-A (VEGF-A), a gene that normally aids 
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neovasculature in embryonic and postnatal development, and downregulation of 

angiogenic inhibitors such as thrombospondin-1 (TSP-1) are features of induced 

angiogenesis at invasive tumor sites [14], [25]. 

The final hallmark, which refers to metastasizing, is what causes the majority of 

cancer deaths. The factors that encourage metastasis in invasive cancer cells are: the 

increased production of matrix metalloproteins (MMP) (which are proteolytic enzymes 

that ensure the basement membranes of organs do not hinder cancer progression), the 

absence or mutational inactivation of E-cadherin (a molecule that suppresses metastasis 

and aids in cell-to-cell adhesion), upregulation of angiogenic factors, aggregation and 

motility [11], [14]. In 2003, Fidler described the sequence of pathogenic cancer 

metastasis as the growth and vascularization of a primary neoplasm followed by invasion 

outside the primary location of the tumor leading to detachment of metastatic cells and 

their entry into the lymphatic and blood systems. Therefore, for successful metastasis the  

survival of these cells in the circulatory systems with leakage occurring from the tubes, 

extravasation, and formation and development of micro metastases after the evasion of 

immune defense is necessary [14], [26].  

 

Figure 2: The angiogenic cascade [24] 

The previously mentioned features of cancer cells can be employed to aid in 

understanding the methodologies of cancer therapy treatments, their mechanisms and 

their drawbacks. The following sections shall discuss and develop these treatments, with 
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arguments from literature, to justify the reasoning behind the proposed treatment of 

breast cancer and pancreatic cancer cells, among others, using albumin-mediated receptor 

endocytosis with liposomes as nanocarriers and ultrasound as an external stimulus to 

promote drug release. To this end, chemotherapy, nanocarriers for chemotherapy and 

ultrasound shall be discussed extensively in this literature review. 

2.2. Treatments of Cancer 

Cancer has been recognized as a disease throughout recorded history with 

knowledge of it dating back to the ancient Eygptians, around 1600 BC, with prescribed 

treatments as primitive as animal parts and castor. However, it was not until the 

eighteenth century that oncology, the branch of science that deals with cancerous 

diseases, was formally recognized as a discipline. Oncology and the molecular biology of 

cancer was revolutionized after Francis Crick discovered the structure of the DNA, in 

1953, and oncological practices have witnessed remarkable progress from that time to the 

present [12]. Current state-of-the-art of cancer treatment mainly involves the use of 

combination therapies to achieve superior results as compared to treatments involving the 

use of just one modality of treatment. The determining factor for single or combined 

treatment depends on the stage and type of cancer  [27]. It is important to note that there 

are rapid changes in current treatments due to the development of noncytotoxic and 

targeted therapies to minimize the adverse effects of the administered drugs and also, due 

to the introduction of new imaging technologies such as the positron emission 

tomography (PET) and functional magnetic resonance imaging (FMRI) [12], [28]. 

Treatments modalities in cancer include radiotherapy, chemotherapy, immunotherapy, 

hormonal therapy, thermotherapy, radiofrequency thermal ablation, cryoblation therapy, 

photodynamic therapy, ultrasound-guided therapy, local gene therapy, and the 

modulation of signaling pathways in cancer cells [28]–[30]. This section will briefly 

discuss the main modalities of treatment, with more focus on modalities relevant to this 

work, along with their benefits and adverse effects and present arguments for the efficacy 

of combination therapy simultaneously. 

2.2.1. Surgery.  The role of surgical treatment in oncology has been diminishing 

over the past few decades, especially with the introduction of ultrasound and CT 

scanning for diagnosis and the development of advanced combination therapies for 
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metastatic treatments [28]. Operability and its outcomes are determined by the location, 

type and size of the tumor with increased risk due to age, debilitation due to cancer and 

other diseases, if present [31]. Curative surgery is only performed when the tumor is 

confined to the original anatomic site of formation (solid tumor); with such surgeries 

being performed for ovarian cancer, rectal cancer etc. [30]. The use of surgery alone 

without other modalities of treatment is only limited to cancer in its 1
st
 and 2

nd
 stages 

[31]. While, just a few decades ago, surgeries were performed to remove primary tumors, 

nowadays chemotherapeutic techniques (See Section 2.2.3) are employed to downsize 

metastasis and then, metastasectomies performed to remove metastatic growths. Liver 

metastasectomy in the case of colorectal cancer is such an example. Another role of 

surgery, in oncology, is the removal of organ tissue that is at high risk for developing a 

malignancy. Indication of a prophylactic mastectomy in the case of women with the 

BRCA1 and BRCA2 genes is an example for the case of preventative surgery. Finally, 

reconstructive and palliative
3
 surgeries both play a role in oncology. These surgeries may 

be necessitated by either, the removal of an organ/tissue at the primary tumor site, or for 

example, a gastric obstruction leading to performing a gastric bypass for a patient due to 

distal gastric cancer, respectively [30]–[32]. As mentioned previously, surgery is only 

curative if the tumor is not metastatic and can therefore, only be used in conjunction with 

other modalities in the case of metastases. 

2.2.2. Radiotherapy. Just as surgery is specific to a confined tumor so is 

radiation therapy. Clinical use of the radiation modality was initiated with the pioneers 

Wilhem Conrad Rontgen, who discovered X-rays, in 1895 and Marie Curie, for her 

research in radium. Ionizing radiation, which forms ions and acts as a physical agent, 

deposits energy in the cells it passes through and causes damage; either, directly to 

genetic material or indirectly through free radicals; thus, hindering their ability to 

proliferate and grow. While this modality would have harmful effects on both normal and 

malignant cells, it should be noted that normal cells divide relatively slowly compared to 

cancer cells and thus, have ample time to repair themselves. This differential property is 

employed to deliver as high a dose of radiation as possible without killing normal cells. 

_____________________________________________________________________ 
3
 Approach to providing relief in patients with life-limiting diseases without curing the cause of said 

disease 
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One way this is done is by fractionating the dose of radiation in smaller quantities; 

another is the use of advanced imaging techniques such as 3D conformal radiotherapy
4
, 

intensity modulated radiation therapy (IMRT) and image-guided radiotherapy (IGRT) 

[29], [31]. Radiotherapy is of different types and these include: 1) External beam 

radiation therapy: Primarily used for superficial tumors, it employs the use of protons 

(dosage administration with sharp margins), electrons (administration at a relative depth), 

and photons to administer doses. 2) Stereotactic radiation therapy: It is radiosurgery that 

administers comparatively higher doses of radiation to a small area and thus, is primarily 

used to treat tumors in the central nervous system. While it is advantageous to 

conventional surgery, it poses a higher potential danger to adjacent tissues (in comparison 

with external beam therapy). 3) Brachytherapy: It involves the placement of a radiation 

source near the tumor site and can be placed non-invasively (lung and cervical cancer 

(accessibility due to body cavities) or head, neck and breast cancer (superfluous 

cancers)). 4) Systemic radioactive isotopes: Radioactive isotopes are used to administer 

doses to specific receptors at tumor sites or administered with attachment to a 

monoclonal antibody [29], [30].  

It has been estimated that approximately 50% of all cancer patients receive 

radiotherapy as a form of treatment and 40% of combinative treatments contribute to 

cancer remission [29], [33]. Since radiotherapy is harmful to cells, there are several 

adverse effects such as nausea, vomiting, fatigue, lethargy, dermatitis, esophagitis, 

pneumonitis, leukopenia and others. In addition, breast cancer treatments with 

radiotherapy leads to age-related fibrosis of blood vessels, rhythm disturbances in heart 

muscles, pericardial damage leading to pericarditis, and myocardial damage leading to 

myocarditis [31], [34]–[36]. Furthermore, as a comparison for the effectiveness of single 

modality treatments versus combination, it should be noted that the 5-year survival rate 

for patients treated with radiation alone was found to be 9%; whereas, it was 25% for 

patients treated with radiation in combination with chemotherapy [36]. 

2.2.3. Chemotherapy. Chemotherapy is the use of chemicals to treat malignant 

disease, and the term was coined by the famous chemist, Paul Ehrlich, in the early 1900s. 

_____________________________________________________________________ 
4
 3D CT-based imaging technique that allows for accurate localization of malignancy 
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This led to an era of dynamic development of chemotherapeutics. In 1939, Charles 

Huggins used hormonal therapy to treat men with prostate cancer. Further advancement 

in this field occurred in the 1950s with the introduction of nitrogen mustard to cure 

lymphomas. However, since the remissions were brief, the field faced harsh criticism 

throughout the decade. Failure of surgical and radio therapeutic treatments, with cure 

rates plateauing at 33% and an ever-increasing number of malignant cases, led to 

chemotherapy being taken as a serious mode of treatment. Furthermore, the ―Cell Kill‖ 

hypothesis was also established in this decade. In this hypothesis, it was stated that 

constant fractions of tumor cells were killed for each given dose as opposed to constant 

numbers (relative to the beginning of each treatment). The 1970s saw the rise of the trend 

of adjuvant chemotherapy, use of chemotherapy with local treatments such as surgery 

and radiotherapy, with Lawrence Einhorn‘s group achieving a cure rate of 60%, an 

improvement of the previous rate of 10%, for metastatic testicular cancer. As molecular 

aberrations were discovered, specific molecular targets were introduced leading to the 

age of ‗targeted therapy‘. Combination of active chemotherapeutic regimes with novel-

targeted therapies (administered before surgery) are now, referred to as neoadjuvant 

chemotherapy. With a decline in mortality rates noticed in the last decade, it can be 

concluded that the introduction of chemotherapy to treat cancer shall prove to be a 

defining moment in the fight against cancer [31], [37]. 

The main factors affecting tumor growth include: the number of cells in the 

tumor, the number of cells proliferating at a given time, and the cell cycle time [32]. 

These factors play a crucial role in the determination of the treatment modalities at any 

given stage in cancer. Chemotherapy is most effective when there are a lower number of 

cells present in a tumor, as there is lesser likelihood of development of drug resistance at 

that stage. The Gompertzian growth curve (see Figure 3), which illustrates tumor 

growths, depicts that tumors are clinically detectable in the 10
9
 – 10

11
 range. Since the 

growth in this phase is slow, as seen in the curve, chemotherapy would be less effective 

during this phase. Therefore, resection
5
 or radiotherapy could be used to decrease cell 

numbers before administration of therapeutic drugs [32], [38]. Chemotherapeutic drugs 

hinder tumor growth and destroy malignant cells by the affecting the replication and 

_____________________________________________________________________ 
5
 Removal of a part of the tumor through surgical procedure 
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transcription pathway of nucleotides; and/or the pathways for synthesis of DNA, RNA or 

protein. Table 1 depicts different types of antineoplastic drugs developed in the past few 

decades.  

 

Figure 3: Gompertzian growth curve: depiction of the symtoms and treatments for 

various diagnostic phases [38] 

2.2.3.1 Doxorubicin. Doxorubicin (C27H29NO11), the chemotherapeutic drug of 

choice used in this work, belongs to the family of anthracycline antibiotics [39]. The 

chemical structure of doxorubicin (DOX) is depicted in Figure 4; as can be seen, it is an 

amphiphilic molecule with a molecular weight of 0.6 kDa. It is toxic to cancer cells due 

to two mechanisms: 1) It intercalates, or inserts, itself into DNA thus, disrupting the 

repair of DNA which is mediated by topoisomerase-II, an enzyme; in other words, it 

intercalates between DNA base pairs in the DNA helix thus preventing replication and by 

extension, protein synthesis; 2) It generates oxygen free radicals leading to DNA, protein 

and cellular membrane damage [40], [41]. Side effects of DOX include nausea, vomiting, 

mucositis, diarrhea, alopecia, urine discoloration and cardiomyopathy [42]. It is normally 

given in the form of intravenous injections either at weekly low doses, single high doses 

or via continuous infusion.  
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Table 1: Types of anticancer drugs with examples, their mechanism of action as relating to the hallmarks of cancer, and their adverse side 

effects 

 

3
2
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The in vivo fate of DOX is that more than 50% of an injected dose ends up in the 

bile, while around 5% - 10% ends up in the urine [43]. For maximal efficacy of DOX, 

management of side effects and to manage patient quality of life, dosage forms and 

concentrations have to be managed since it is known to cause cardiomyopathy and 

myelosuppression in patients due to drug-induced free radicals [44]. To combat this 

problem, biocompatible liposomal formulations encapsulating DOX were introduced. 

There are many such formulations currently in clinical use such as DOXIL
®
, Myocet

®
, 

and Evacet™. Further discussion on DOX in liposomes is included in Section 3.1.4. In 

general, cumulative doses of DOX below 350 mg/m
2
 have not shown any incidence of 

congestive heart failure [45]. 

 

Figure 4: Chemical structure of doxorubicin [46] 

A brief discussion on the physical and chemical properties of DOX is imperative 

for this work. Usually, DOX dosage concentrations are administered at 2 mg/mL; 

therefore this is the final concentration used in this work [43]. DOX is more stable at 

acidic pH values ( 4.0-7.5, maximum stability at pH 4.0). In addition, photo-

degradationof DOX, upon exposure to light for sufficient time, is substantial at 

concentrations below 100 µg/mL; however, freshly prepared solutions of DOX above 

concentrations of 500 µg/mL are not noticeably prone to photo-degradation. With regards 

to temperature, a study demonstrated that aqueous solutions of DOX, in glass vials, are 

stable for a period of upto 12 months at temperatures of 4 , 23  and 33  exhibiting 

less than 10% degradation [47]. In addition, DOX stability has been found to be 

compatible with polypropylene, PVC and glass for a period of upto 28 days at 4  [48]. 

Furthermore, the solubility limit of DOX in water is ≤ 60 mM [49]. Due to the inherent 
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fluorescence of DOX, it is commonly used for research purposes; with excitation and 

emission spectra peaks of 480 and 590 nm, respectively (see Figure 5) [50]. Additionally, 

it is important to note that DOX fluorescence self-quenches at high concentrations of 

dissolved DOX and in the case of the formation of DOX aggregates; with more 

fluorescence exhibited in hydrophobic environments [50], [51]. 

 

Figure 5: Absorbance and fluorescence spectra of doxorubicin [52] 

2.2.3.2 Limitations of chemotherapy. Novel drugs are being formulated, not only 

for targeting a specific type of tumor, but also due to the fact that cancer cells become 

easily drug resistant. This can be attributed to their rapid division and thus, faster 

resistance to drug. Some of the mechanisms in literature include: the activation of 

alternate pathways and/or downstream elements; and overexpression of a target when 

exposed to a specific ligand or agent [53]. Since these drugs are either injected 

intravenously (for cytotoxic drugs) or taken orally, they can negatively affect the rapidly-

dividing cells in the human body. Therefore, the most common adverse effects occur to 

hair (alopecia – hair loss), skin, nails, white and red blood cells (WBC and RBC, 

respectively), platelets ( called myelosuppression – decreased bone marrow activity 

leading fewer WBCs, RBCs and platelets),cells lining of the stomach etc. [54], [55]. A 

quick review of Table 1 proves this premise. Additionally, chemotherapeutics exhibit low 

efficacy (low overall ability to kill cancerous cells) as only a small fraction of the injected 

drug reaches the targeted tumor. To decrease these side effects; maintain a balance 
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between aggressive tumor treatments; and avoid cytotoxic effects on healthy cells, new 

novel-targeted therapeutic strategies need to be considered (see Chapter 1). 
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Chapter 3: Nanocarriers and Smart Drug Delivery Systems 

The requirements of nanocarriers for effective drug delivery systems (DDS) are: 

1) Drug retention; 2) Evasion of the immune system; 3) High target selectivity; 4) High 

drug loading capacity and 5) Controlled drug release [56]–[58]. Since nanocarriers can be 

precisely fabricated, they can fulfil these requirements and thus, remedy the limitations 

posed by chemotherapy (as mentioned in Section 2.2.3. Chemotherapy.). Following the 

journey of nanocarriers, administered via intravenous injections or orally, from the 

bloodstream to the targeted cells; yield the factors needed for these nanocarriers to 

achieve the requirements for successful DDS. The nanocarriers should have the ability to 

freely travel through the blood; escape immune responses by the reticuloendothelial 

(RES) cells (phagocytic cells that clean the blood); travel across barrier membranes; 

avoid elimination by renal and splenic filtration; reach the specific tissue domain; and 

finally be endocytosed by the tumor cell [58]–[60]. Factors that influence the previously 

mentioned processes include: size, shape, mechanical flexibility and surface chemistry 

[56], [59], [60]. There are several different classes of nanocarriers which include: 

liposomes, dendrimers, polymeric micelles, solid lipid carriers, gold carriers, magnetic 

carriers, viral carriers, carbon carriers, nanocages, quantum dots, nanogels, albumin 

carriers and polymer conjugated drugs (Figure 6 depicts some of the nanocarriers and 

their structures) [10], [61], [62]. Of these, the sections below shall discuss liposomes, 

polymeric micelles, dendrimers, carbon and gold carriers. Discussion of the specified 

nanocarriers shall include the established requirements of nanocarriers (see beginning of 

this section) and the factors that influence their journey. 

These nanocarriers can be modified (according to need as per target or desired 

period for in vivo circulation) and designed for responsiveness to external and internal 

stimuli to create smart drug delivery systems [59]. 

3.1. Liposomes 

Liposomes can be defined as spherical drug nanocarriers, approximately 50 – 500 

nm which can be created with the use of phospholipids to form a vesicle with lipid 

bilayers [10]. Phospholipids, molecules that contain a phosphate group, are characteristic 

moieties which have a hydrophobic ‗tail‘ and a hydrophilic ‗head‘. Due to this 

phospholipids feature, lipid bilayers vesicles are formed which mimic conventional cell 
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membranes in mammals. There are primarily two regions in liposomes: the hydrophobic 

region between the lipid bilayers and the hydrophilic region encapsulated by the bilayers 

(see Figure 7). Therefore, it can be deduced that hydrophobic and hydrophilic drugs can 

be co-delivered using liposomes [10], [62]–[64]. Furthermore, the encapsulated drug 

would not be subject to degradation and would minimize the side effects of direct IV-

administered agents. This class of nanocarriers was therefore, a major step forward in the 

field of chemotherapeutics. 

 

Figure 6: Classes of nanocarriers [62] 

Liposomes were first described by Alec Bangham in the mid-1960s [57]. Gregory 

Gregoriadis, then established liposomes as drug delivery vehicles [65]. The dual drug 

regions of the liposomes were proven using hydrophobic doxorubicin (DOX) with 

hydrophilic anti-Bc1-2 siRNA [63].While these liposomes were made up of biologically 

inert and biocompatible lipids, there were several problems with this first generation of 

liposomes [64].They had short blood circulation times and eventually, accumulated in the 

liver and spleen during the clean-up process; furthermore, some drug types were 

observed to easily leak out of the liposomes [64]–[66]. Development using passive 

targeting or more specifically, the enhanced permeation and retention effect (EPR) (see 

Section 3.4), which is dependent on the size of the liposomes, was established. The EPR 

effect was shown to apply for liposomes sizes < 400 nm with more dispersive drug 
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release for sizes < 200 nm [67].As research interest in the nanocarriers grew, a range of 

liposome-based drugs were developed. 

3.1.1. Classification, synthesis and characterization. Liposomes can be 

classified into three main branches based on their synthesis method, the number of lipid 

bilayers surrounding a vesicle, and their size. These are further subdivided into reverse 

phase evaporation vesicles (REV), French press vesicles (FPV) and ether-injection 

vesicles (EIV) based on their synthesis method; unilamellar vesicles (ULV) and 

multilamellar vesicles (MLV) based on the number of lipid bilayers; and, large 

unilamellar vesicles (LUV) and small unilamaller vesicles (SUV) based on their size 

[58], [68]. The formation of liposomes is spontaneous upon addition of water/water-

based fluid to an amphiphilic lipid. Therefore, the technique used to synthesize liposomes 

is called hydration. To obtain MLVs, excess amounts of buffer solution are added to 

lipids, and the size of product MLVs is influenced by the time allowed for the hydration 

of the lipid film, the thickness of the lipid film, and the hydration method. In general, the 

size range for MLVs is 500 – 5000 nm. SUVs can then be obtained by sonication using 

either a probe (undesirable as sometimes it may shed metal particles), or a bath (desirable 

as temperature of the bath can be controlled and performed in a sealed container). 

Another method for SUV formation is using extrusion; the passing of liposomes through 

a narrow orifice at high pressure; to get particle sizes between 0.3 µm - 0.5 µm. 

Furthermore, sequential extrusion using small sized polycarbonate membranes on MLVs 

would yield ULVs (with sizes smaller than 100 nm). Finally, LUVs can be formed used 

the REV method and are preferable due to higher drug payloads and relatively higher 

drug to lipid ratios [10], [65], [68]. Therefore, it can be noted that liposomal size can be 

controlled using techniques such as sonication, high-pressure homogenization, 

ultrasonication using a probe and extrusion [69]. 

Techniques for drug loading also include using a pH gradient, a concentration 

gradient to encapsulate anticancer drugs; others include lyophilization and freeze-drying, 

to encapsulate drugs that are not stable in aqueous media. This latter can be done for 

better drug retention. Drug encapsulation concentrations vary from 0.5 µL/µmol for 

MLVs and SUVs to 30.5 µL/µmol for LUVs. Furthermore, physical stability (average 

size, polydispersity, size distribution) of liposomes can be found using dynamic light 
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scattering (DLS), electron microscopy, confocal microscopy, atomic force microscopy 

and other techniques [68], [70]. 

 

Figure 7: A: Conventional 'first' generation liposome structure; B. PEGylated 

'stealth' liposone structure; C. Active-targeting with PEG for targeted delivery to 

tumor sites; D. Theranostic liposome structure used with active-targeting for 

triggered release [71] 

3.1.2. Stealth liposomes and other types.  The elimination of first-generation 

liposomes by the RES cells, found in the liver, spleen, bone marrow, lymph nodes etc., 

occurs due to the immunological process of opsonization. Opsonization is defined as the 

binding of plasma proteins to foreign bodies (in this case liposomes) in order to attract 

specific cell-receptors on macrophages and thus, lead to the phagocytosis of the foreign 

bodies. Studies found these opsonins to be C-reactive protein, fibronectin, complement 

factor C3b, immunoglobulins, and α2-macroglobulin [72]. Therefore, the use of 

polymeric coatings to ‗cover‘ liposomes wereintroduced; of which poly(ethylene glycol) 

chains (PEG) are the most utilized [10], [65], [66], [73]. PEG is a linear or branched 

polyether diol (see Figure 8) that can be modified to change chain length, site of 

attachment on the conjugate protein, and bond types. Molecular weights of PEG below 

20 kDa should be avoided (or the PEGylated liposomes would be filtered by renal 

clearance). PEGylated liposomes exhibit improved pharmacokinetics with sustained drug 

release and less frequent need for drug administration. It should be noted that non-
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PEGylated administered liposomal DDSs have to be administered every 1 or 2 days. 

Renal clearance is avoided in PEGylated nanocarriers for two reasons: 1) Each ethylene 

subunit on a PEG chain associates itself with 2 to 3 water molecules thus creating a 

‗hydrophilic‘ shield around the nanocarrier; 2) Since it makes the carrier highly soluble 

and much larger, it ensures the carrier avoids filtration in the kidneys due to its small 

size. PEGylation can be achieved by adsorption onto the liposomes, addition of PEG 

during liposome synthesis and attaching PEG-derivatives onto liposomes by covalent 

bonding [73]. Doxorubicin, mitomycin, cisplatin, paclitaxel, CKD-602, ganciclovir and 

oxaliplatin are some of agents encapsulated in PEGylated stealth liposomes reported in 

literature [67]. It is also important to note here that there are several liposomal 

formulations already in the market. Myocet, a liposomal drug for metastatic breast 

cancer, and Doxil were two of the first FDA-approved liposomal-based drugs [10], [62]–

[64]. 

 

Figure 8: Chemical structure of linear PEG [73] 

Other forms of surface-modified liposomes include ligand-attached PEGylated 

liposomes for active targeting (see Section 3.5) and stimulus-responsive PEGylated 

liposomes with active targeting (see Section 3.6). Thermosensitive liposomes are an 

example of the last carrier types mentioned above with release of the encapsulated drug, 

from their nanovehicles, achieved at elevated temperatures. Heating to these temperatures 

can be done using ultrasound, microwaves and radiofrequency [10], [64], [67]. 

3.1.3. Advantages of liposomal DDSs.  The main advantages of this class of 

nanocarriers are: extended circulation times, decreased volume distribution, larger 

therapeutic window, higher efficacy, decreased renal clearance, and improved drug 

pharmacokinetics. Furthermore, 2.7-16.7 times greater pharmacokinetic variability, for 

example a wider therapeutic index, is observed in liposomal agents as opposed to non-

liposomal agents [64], [70]. Most importantly, they exhibit low immunologic response, 

are low cost, and have different morphologies [62]. In addition, since they are spherical 

in shape, they travel in a linear motion [57]. Finally, liposomes can also perform as 
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theranostics – diagnosing and treating simultaneously (see Figure 7D). Specific 

comments on liposomal composition and stability can be found in Section 4.1.2. 

3.1.4. Doxorubicin in liposomes. As mentioned earlier, liposomal formulations 

encapsulating DOX are currently already in use and have been successfully integrated 

into clinical practice. However, drugs such as DOXIL
®
, while limiting cardio toxicity and 

improving biodistribution, are also known to cause mucositis and Palmar Plantar 

erythrodysesthesia (PPE) [8]. However, Charrois et al. demonstrated that by managing 

dose schedule, from once per week to once every 2 weeks, managed these adverse effects 

while maintain therapeutic efficacy [44]. 

Tested stability of several liposomal formulations was reported in literature: 

stealth 2% porphyrin-phospholipid liposomes demonstrated less than 5% leakage at a 

storage temperature of 4  over a period of 3 weeks with no significatnchange in size or 

polydispersity; DPPC/Cholesterol/PEG-PE-encapsulating DOX liposomes, similar to the 

ones used in this work, were shown to release   10%  of encapsulated drug after 20 

hours at 37 , with  20% DOX leakage after 2 months of storage at 5 ; and finally, it 

was also, noted in a study by Fritze et al. that liposomes loaded with sulfate salts are not 

prone to leakage in physiological or acidic pH [74]–[77]. The latter is a desirable factor 

for the liposomes in this work, since it means less leakage of DOX from liposomes in 

vivo unless upon the application of US. 

Popular methods to load DOX into liposomes include: transmembrane gradients 

or pH gradients. The use of these involves encapsulation of liposomes with solutions that 

act as a driving force for encapsulation, due to the presence of concentration or pH 

gradients. Fritze et al. measured the solubility of DXR solution in ammonium sulfate 

solution and it was found to be   0.2 mg/mL. As it pertains to this work, this means that 

the precipitation or the self-quenching of fluorescence in the intraliposomal region is 

more likely due to this solubility factor. Studies observing the internalized form of DOX 

have shown that DOX loaded via a pH gradient formed linear fibrous aggregates stacked 

on top of each other in either a linear, curved or U-shaped fashion [49], [78]. This 

deviation from homogeneity in shape could contribute to difference in drug release 

kinetics (See Section 5.5.). Figure 9 and Figure 10 show the stacked fiber bundle 

aggregates, as well as their structure inside liposomes. 
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Figure 9: DOX-citrate fibrous bundles found inside liposomes using confocal light 

microscopy. Similar bundles were also, found for DOX-sulfate aggregates; the bar 

length is 5 µm [49]. See relevancy to this work in Section 4.1.4 

 

Figure 10: Fibrous bundles of DOX inside liposomes (top left and right); hexagonal 

packing arrangement of DOX bundles fibers inside liposomes (bottom) [49], [78] 

3.1.5. Limitations of liposomal drug delivery systems. As with any other 

nanocarrier system, studies have shown that PEGylated liposomes undergo accelerated 

blood clearance, known as the ABC phenomenon, with increasing clearance rates after 

repeated injections. Anti-PEG IgM is produced upon administration of PEGylated 

liposomes, however, higher initial doses of liposomes (> 1  mol phospholipids/kg) have 
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shown decreased anti-PEG IgM production [71]. The presence of red blood cells, 

leukocytes and platelets have an impact on liposome clearance rates in a dose-dependent 

manner, as seen in a study by Constantinescu et al.[79], where it was suggested that 

adsorption of plasma proteins onto the liposomes had a lesser impact on clearance rates. 

Another issue regarding liposomes relates to their blood circulation half-lives; with this 

half-life being between 50 – 80h in humans for PEGylated liposomal doxorubicin [80]. 

With varying half-lives in each patient, individual treatment regimens are necessary for 

patients with large variability in dose scheduling. This is based on problems associated 

with liposomal doxorubicin, as is relevant to this work, such as mucosal toxicity, 

cutaneous toxicity and myelosuppression [81]. A study by Plessis et al. [82] showed that 

increased instability at liposomal storage temperatures of 25  as compared to 4 . In 

general, liposomal dispersions are not thermodynamically stable and are inclined to 

aggregate due to Van der Waals forces. Therefore, stability of liposomal dispersions is 

dependent upon other interactions to increase stability, as is the case for stealth 

liposomes. To decrease the total free energy in the suspension and thereby increase 

stability, reduction in the interfacial area should be lowered. So for increased stability of 

liposomes, increased electrostatic repulsion or other forces such as hydration forces are 

needed[83]. These forces are dependent on the pH and the buffers used. 

3.2. Polymeric Micelles 

Besides liposomes, the most successful class of nanocarriers is polymeric 

micelles. The structure of a micelle comprises of a hydrophobic core and a hydrophilic 

shell [63]. The size range of these spheroidal structures is between 10-200 nm, but 

usually below 50 nm [84], [85]. As discussed earlier, nanocarriers of this size can utilize 

the EPR effect for more effective dissolution. There are two main routes for micelle 

formulation in an aqueous environment:  One is the direct conjugation of the hydrophobic 

drug with a hydrophilic polymer shell; while the other involves loading the drug into a 

single-layered amphiphilic copolymer micelle. Micellar structures self-assembly only 

when dissolved in solvent concentrations which are higher than their critical micelle 

concentration (CMC). Seven clinical trials of polymeric micellar DDS have already been 

conducted, using combinations of different anticancer drugs, to test targeting, multi-drug 

resistance (MDR) and solubility of hydrophobic drugs [62]. It is also, important to note 

that while micelles are highly stable structures, they can only encapsulate hydrophobic 



44 

 

drugs and thus, would not be useful for cases of dual-dosage drug administration 

(hydrophilic and hydrophobic) as compared to liposomes [84]. Talelli et al. proposed the 

theory of the 3C‘s for enhanced micellar pharmacokinetic profiles. The use of core 

crosslinking, covalent drug incorporation and combination with ligands for active 

targeting was found to increase efficacy [85]. 

3.3. Dendrimers, Carbon and Gold Nanocarriers 

Dendrimers are three-dimensional structures made up of branched molecules with 

functional groups on the outer surface of the molecules. Their high functionality, 

spherical structure, biocompatibility, immunogenicity, hydrophilic nature, and multi-

functional cores make them ideal nanocarriers for cancer therapy (see Figure 6) [85]–

[87]. Their structures can be controlled to mimic in vivo biological structures and their 

surface functionality groups can be modifies as per the application. Drug-dendrimer 

conjugates exhibit high drug loading capacity with paclitaxel conjugated to PEG and 

PAMAM (G4) serving as an example [86], [87]. 

 Carbon nanotubes are nanometer-sized structures with axial, hollow monolithic 

structures which make them a good candidate for drug delivery. They can be covalently 

bonded with carboxylic acid (-COOH) groups to enhance their solubility and tailor them 

for drug delivery. Drug release from functional CNTs can be achieved either by 

endocytosis, by attachment and engulfment by the cell membrane, or by passive diffusion 

across the cell plasma membrane. CNTs activate genes that lead to programmed cell 

death. However, a drawback of CNTs is their increased toxicity with smaller sizes due to 

increase in the surface area [88], [89]. 

Gold nanoparticles (GNPs) have been widely used in the field of imaging and 

diagnostics. Their ability to form different geometries, such as spheres, cages, wires, rods 

etc., and their biocompatibility are some of the features exploited for drug delivery. 

Literature shows that 5-nm GNPs have been successfully covalently bonded to cetuximab 

(used as an active targeting agent) and gemcitabine (used as a therapeutic) to target 

pancreatic cancer [90], [91]. 

In the review of the above section, it can be deduced that smart drug delivery 

systems are those that effectively carry anticancer drugs, show minimal release before 
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reaching their target, and show appropriate release at the target site. The rest of this 

chapter shall focus on targeting and drug release mechanisms as relevant mechanisms to 

the use of liposomes as nanocarriers. 

3.4. Passive Targeting and Enhanced Permeability and Retention (EPR) Effect 

It has already been established that tumor cells have their own vasculature for the 

supply of nutrients, oxygen and removal of wastes. Therefore, for a tumor mass to grow 

beyond a size of 2 millimeters, neoangiogenesis needs to occur. Since these vessels have 

to develop fairly quickly, they are usually under-developed and exhibit the following 

signs: absence of smooth-muscle layer cells since these are specialized cells that would 

take time to develop; fenestration in the vessels with pores sizes between 10 – 1000 nm; 

haphazard blood flow direction; little to no lymphatic vessels; and slow return of blood 

back to the circulatory system (see Figure 11) [84], [92]. These last three features can be 

taken together, and the rate at which fluid is leaking into the tumor is more than the fluid 

leaving it. These observations led to the introduction of the enhanced permeability and 

retention (EPR) phenomenon as a drug delivery mechanism. As this is a passive 

phenomenon, this mechanism is often referred to as passive drug targeting in the field of 

drug delivery. The EPR effect can be properly appreciated by the fact that drug-loaded 

nanocarrier concentrations are observed to 10-50 times higher in tumor tissues as 

compared to normal ones. It should also be noted that anti-cancer drugs/loaded 

nanocarriers enter the tumor site by convection rather than diffusion; this is especially 

true for DDSs with high molecular weights. Another contributor to passive targeting is 

the pH of the tumor‘s microenvironment. Since cancer cells require more energy, they 

undergo glycolysis
6
 which produces lactic acid thus, leading to an acidic environment. 

Liposomes are stable at physiological pH (7.4), so they automatically degrade in the 

tumor environment [93]. 

In1986, Matsumura and Maeda used Evans blue dye to visualize accumulation 

due to the EPR effect in tumors found in mice. The researchers also tested the 

accumulation of anticancer protein neocarzinostatin, also known as SMANCS, 

conjugated with a polymer. Both tests demonstrated accumulation and thus, established 

_____________________________________________________________________ 
6
 Oxygen-independent pathway that eventually leads to production of pyruvic acid 
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an inverse relationship between the rate of accumulation to the rate of clearance [92], 

[94]. This led to the first approved nanomedicine, in 1993, for the treatment of 

hepatocellular carcinoma. Currently, drugs such as Doxil and Caelyx are used to treat 

metastatic breast carcinomas and ovarian cancer based on the EPR effect and show 

survival rate improvement [95]. 

 

Figure 11: A. Normal cell vasculature, B. Tumor cell vasculature and nanocarrier 

convection out of vessels [92] 

3.4.1 Factors affecting EPR. For the accumulation of DDSs at the tumor site, the 

nanocarriers should be able to circulate in the blood for long periods.  Factors to be 

considered to take maximum advantage of the EPR effect include the type of cancer, the 

secretion of vessel permeability factors (e.g. VEGF bradykinin, nitric oxide, and 

peroxynitrite) and the microvascular density. These factors should be taken into account 

when designing a nanocarrier. As studies have shown, different cancer types display 

different prognostic markers. Therefore, these factors are all correlated to each other. 

Highly advanced cancers are known to have greater vascular density (due to larger tumor 

sizes and more time given for angiogenesis) and specific tumor types such as renal cell 

carcinomas. Low micovascular density is found in head and neck small cell carcinomas. 

Besides the tumor-dependent factors for optimal EPR effect, there are also design 

considerations to be taken into account for the physical and chemical characteristics of 

the nanocarriers themselves. The optimal size, which should be between 10 – 100 nm, is 

an essential factor to avoid filtration by the kidneys, or uptake by the liver. Minimum 

sizes should not be below 7 nm, and maximum should not be above 400 nm [84], [92], 

[95]. With regards to liposomes, unilamellar vesicles show the most uniform distribution 
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based on the EPR effect [67]. Furthermore, charges on the nanocarriers should either be 

neutral or anionic since cationic nanocarriers would be secreted by the kidneys. Finally, 

the nanocarrier should be able to avoid opsonization by the RES cells to increase 

circulation time (see Section 3.1.2. for liposomal avoidance of opsonization) [84], [92], 

[95].  

Since the above tumor-related factors vary depending on the cancer type; drug 

administration using only the EPR effect is not reliable. Besides this, another challenge is 

the inability of these drugs to penetrate deep into the tumor tissue mass due to 

heterogeneities in its structure. Additionally, there is still an increased likelihood of the 

nanocarriers accumulating in the liver and spleen (as both of these organs have 

fenestrated blood vessels) [10]. Therefore, systems incorporating passive targeting along 

with active targeting were developed.  

3.5. Active Targeting 

The three main criteria of ideal DDSs are: optimal target selectivity, high efficacy 

and ease of travel across cellular membranes [53]. To fulfill these criteria, the design of a 

DDS should involve active targeting. Active targeting involves the use of a target-

specific ligand, attached to a carrier surface, which binds to its receptor; where the 

receptor is specific to the targeted cancer cells [64]. A ligand is more generally, known as 

a signaling molecule. The premise for a cell-surface molecule to be accepted as a receptor 

is that it should have a high affinity to one or only a few substances and be able to 

transmit the binding to its ligand/s to the cell‘s interior. The ligand-receptor interaction 

follows the ―lock-and-key‖ model where a specific active site exhibits a high affinity for 

a certain chemical [96]. Many cancer cells have been shown to overexpress specific 

receptors on their cell-surface as opposed to normal healthy cells. Therefore, a typical 

active targeting technique is the use of ligands or antibodies specific to these receptors. 

To this end, nanocarriers can be conjugated to these ligands or antibodies. The ideal case 

for target-specific delivery would be one where the receptor is expressed exclusively and 

uniformly on tumor cells and is not shed in the circulatory system [10], [67], [93]. 

However, such extreme specificity is a trade-off between cost (due to research into the 

validation of these receptors) and patient population; with increased cost and benefit to 

only a small patient population [53].  



 

Table 2: Ligands, their targets and overexpression in tumors 

Ligand Target receptor Tumor Purpose of ligand/target Reference 

Folate 
Folate-α 

Folate-β 

Breast, Lung, Uterus, Colo-rectum, Ovarian, 

Kidney,Head/neck, Brain/CNS, Gastric, 

Pancreatic, Endocrine, Testicular 

Synthesis of purines and pyrimidines 
[58], [97], 

[99] 

Epidermal growth 

factor (EGF) 

 

Epidermal growth factor 

receptor (EGFR) 

 

Colorectal, nonsmall cell lung cancer, breast, 

squamous cell carcinoma of the ovary, kidney, 

head, pancreas, neck, and prostate 

Cell signaling pathway for growth 

and proliferation 
[97], [99] 

Vascular endothelial 

growth factors 

(VEGF) 

VEGFR-1 and VEGFR-2 Human liver cancer Tumor angiogenesis 
[95], [97], 

[99] 

Arginine-Glycine-

Aspartic Acid 

(RGD) 

αvβ3 Integrin Pancreatic, renal, breast cancers 
Endothelial cell signaling pathway 

for neovascularization 
[97], [99] 

Transferrin Transferrin receptor (TR) 
Ovarian, cervical, hepatocellular, breast cancers, 

leukemia, neuroblastoma, glioblastoma 

Aids in transport of iron for cell 

proliferation 

[95], [97], 

[99], [100] 

Anti-VCAM-1  
Vascular cell adhesion 

molecule-1 (VCAM-1) 

Lung and breast cancer, Hodgkin's disease, B-

cell lymphocytic leukemia, melanomas, renal 

cell carcinoma, gastric cancer, nephroblastoma 

Promotes cell-to-cell adhesion during 

angiogenesis; during inflammation; 

and during cancer 

[97], [99] 

Stearoyl-Gly-Pro-

Leu-Pro-Leu-Arg 

(GPLPLR) 

Membrane type 1 matrix 

metalloproteinase (MT1-

MMP) 

Colon carcinoma 

Plays a role in ECM degradation, 

endothelial cell invasion and 

migration, and neoangiogenesis 

[99], [101] 

4
8
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The drug enters the cytoplasm via receptor-mediated endocytosis. This 

mechanism occurs as the plasma membrane endocytoze the carrier-ligand-receptor 

complex and forms an endosome. As the endosome environment becomes acidic, the 

drug is released from the carrier and passes through the endosome membrane into the 

cytoplasm [93]. Figure 12 shows a representation of this process. Immunogenic responses 

to ligands and high ligand densities should be avoided in designing these DDSs. Certain 

peptides or antibodies could cause immune responses which could be avoided by the 

fragmentation of the peptides/antibodies. Furthermore, if ligand density on the 

nanocarrier is high; then, it would lead to them competing for receptor-binding leading a 

decrease interactions [95]. Some of the ligands used in literature are proteins, transferrin, 

folic acid, enzymes, antibodies, and carbohydrates [10]. There are three different 

mechanisms by which active targeting can be utilized for tumor regression: targeting 

angiogenesis to destroy tumor vasculature; targeting cell proliferation pathways; and 

finally, targeting specific cancer types [97]. Targeting angiogenesis involves using 

proangiogenic factors as ligands, while targeting specific cancers involves drug delivery 

to receptors that are overexpressed on the tumor cells of that cancer. 

Table 2 summarizes some of the ligands, their receptors, targeted cancer types 

and mechanism that have been studied in literature. An example of a successful study 

conducted by Danhier et al. involved paclitaxel-loaded RGD-nanoparticles, on mice, 

resulting in tumor regression and greater survival times. In this study, RGD was used as a 

ligand to bind to Human Umbilical Vein Endothelial cells [98] 

 

Figure 12: Mechanism of receptor-mediated endocytosis for active targeting [93] 
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3.5.1. Albumin as a ligand. Human serum albumin (HSA) is soluble, stable, 

negatively charged protein molecule with a molecular weight of   66 kDa. It is 

comprised of 585 amino acids, and is known as the most abundant plasma protein. 

Hepatocytes synthesize 9 -12 g of albumin per day, with 50% of plasma protein 

concentration being accounted for by albumin. However, it is primarily an extravascular 

protein and thus, can be found in high concentrations in interstitial areas. This 

extravascular albumin has a circulatory half-life of 16 – 18 h and is cleared out by the 

lymphatic system; with plasma circulatory half-life of   19 days. It is eventually, 

catabolized in organs – skin, muscles. Physiological functions of albumin include 

maintaining osmotic pressure and pH of the blood, free radical scavenging, ligand 

binding, drug binding, and anti-oxidant function [102], [103]. The unique function of 

albumin is that it functions as a depot and carries several substances; however, it shows 

more affinity for fatty/hydrophobic substances as it has a hydrophobic core [104], [105]. 

The primary structure of HSA has three homologous domains named I,II and III, with 

each domain having two subdomains named A and B. The structural organization of 

HSA gives it ligand-binding functionality [104]. The structure of HSA is depicted in 

Figure 13. 

Hypoalbuminemia, a condition where albumin serum levels are ≤ 25 g/L, is 

correlated with many chronic illnesses and cancer. During cancerous states, albumin 

levels show a biphasic decrease in albumin levels followed by an overall increase. This 

condition could stem from either a decrease in amino acids, energy supply, increased 

tissue catabolism or impaired liver synthesis [102]. Studies have shown that patients with 

low levels of albumin are reported to show a poor prognosis and therefore, drugs have 

been developed to increase albumin levels. However, there has been criticism that 

hypoalbuminemia is a marker for cancer and not the underlying cause of the disease. It 

has also been shown that the decreased levels correlate to more accumulation within the 

interstitium, leading to decreased albumin levels [106], [107].  

Many albumin-based drugs are currently either in clinical use or undergoing 

clinical trials for cancer treatment. Abraxane®, a popular chemotherapeutic nanoparticle 

formulation, is an example. It has the drug paclitaxel encapsulated with albumin attached 

as a polymer shell. It has been shown to have a desirable pharmacokinetic profile [63]. 
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This formulation is one of many albumin-based products marketed by Celgene. Others 

include ABI-008 and ABI-009; the latter two are currently in clinical trials. MTX-HSA, 

encapsulating the drug methotrexate, and Aldoxorubicin, encapsulating doxorubicin, are 

also albumin-based systems also in clinical trials [103]. 

 

Figure 13: Structure of HSA depicting its three domains and subdomains [103] 

Therefore, based on the current success of these systems, it can be concluded that 

albumin has potential in the field of therapeutics. Consequently, an argument can be 

made for the effective use of HSA as a liposome-bound ligand for active targeting of 

specific human tumors. 

3.5.2. Albumin receptors, their role in cancer, and relevant studies. For 

further analysis, verification and postulation of the above premise; a discussion on 

albumin receptors (HSA-R) is essential. There are eight albumin receptors currently 

reported in literature: three glycoproteins including, albondin/Gp60, Gp30 and Gp18, 

secreted protein, acidic and rich in cysteine called SPARC, heterogeneous nuclear 

ribonucleoproteins (hnRNPs), calreticulin, the neonatal Fc receptor (FcRn), and the 

Megalin/Cubilin complex [103], [108]. Of these cellular receptors, Gp60, SPARC and 

hnRNPs are hypothesized to play a role in cancer. Albondin (Gp60) specifically binds 

albumin, internalizes it, and then transcytosis it across capillaries; thus, enhancing 

capillary permeability. It is expressed on continuous endothelial cells and is known to be 

overexpressed in the human metastatic MDA-MB-453 breast cancer cell line. Upon 

transportation to the interstitial space, it is uptaken into tumor sites by SPARC. The 
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SPARC receptors are known to be overexpressed in neoplastic stromal cells and 

malignant cells [108]. This mechanism is suggested for the increased uptake of nab-

paclitaxel (Abraxane
®

) and a review of clinical data for the drug formulation suggests a 

positive outlook for uptake of albumin by overexpressed SPARC in metastatic pancreatic 

ductal adenocarcinoma, metastatic breast cancer, and lung cancer (see Figure 14) [109].  

 

Figure 14: Proposed mechanism of nab-paclitaxel by Al-Batran et al. [109] 

For the hnRNPs binding albumin, two isoforms of the hnRNP family were 

identified: hnRNP A2/B1 and hnRNP C1/C2. The isoforms hnRNP A2/B1 play a role in 

regulating apoptosis and gives rise to pro-apoptotic regulator, Bci-XS, thus encouraging 

proliferation and metastases in pancreatic cancer. In addition, hnRNP A2/B1 are also 

known to play a role in epithelial-to-mesenchymal transition – a essential phenomenon 

for cancer to acquire metastatic capacity. These isoforms are known to overexpress in 

lung, breast, and liver cancers and also, glioblastomas [110], [111]. Mulnix et al. [112] 

found that the isoforms hnRNP C1/C2 were overexpressed in non-small-cell lung 

carcinomas and melanoma cells. For the case of these isoforms, Park et al. [113] also 

found that they promoted overexpression of miR-21, an miRNA, and thus, metastases in 

gliablastoma multiforme. The human protein atlas also shows expression of these 

isoforms in several other types of cancer such as cancer of the thyroid and colorectal 

cancers [114]. 

Several studies have found that increased expression of calreticulin was an 

indication of tumorigenesis; with calreticulin involved in proliferation, migration and 
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adhesion. Increased levels were found in oral, esophageal, breast, pancreatic, gastric, 

bladder, colon, ovarian, prostrate, and vaginal cancers; along with neuroblastomas [115]–

[117]. This means that albumin binding to any of the mentioned receptors can lead to 

increased uptake of the DDS formulated in this work at the site of tumors – specifically 

in the case of the mentioned cancer types. 

3.6. Trigger Mechanisms 

The final step after the successful design of a nanocarrier is its degradation or 

drug release on reaching its target. Following the nanocarrier specification of little to no 

drug release before reaching the target, stimuli-responsive drug release techniques can be 

applied to ensure high concentrations of the drug within the tumor site [118]. Figure 15 

highlights these drug release strategies. The main advantage of triggered release is two-

fold: it achieves maximal tumor-cell toxicity at the targeted site and avoids release out of 

the tumor microenvironment thus, avoiding adverse drug side effects on healthy human 

cells. As is the case for each step in the design of triggered-release ligand-attached 

PEGylated nanocarriers, criteria for this step shall also, be defined: 1) High biosafety; 2) 

Application-specific drug release profile; 3) tunable biodegradation of nanocarrier [118]. 

Triggered release can be achieved with the addition of a stimuli-responsive group which 

undergoes an energetic transition in response to a stimulus [59]. These stimuli include 

pH, temperature, magnetic, Ultrasound (US), light, electricity and enzymes [58], [59], 

[118]. The stimuli above are a part of a two-set classification system of trigger-release 

mechanism. One is referred to as internal stimuli and the other as external stimuli [59]. 

Of these stimuli, US shall be discussed in detail in this section. 

 

Figure 15: Depiction of different trigger mechanisms for drug-loaded 

nanocarriers [118] 
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3.6.1. Internal stimuli.  These are endogenous release stimuli such as pH, 

temperature and overexpressed glutathione (enzymes). 

3.6.1.1 pH. As mentioned in Section 3.5, the formation of acidic endosomes can 

be exploited to design nanocarriers (NCs) that destabilize at a pH of 6.0 (endosomal pH) 

[84]. Design of such a NC can be achieved by involving an ionizable functional group 

within the chemical structure (typically a polymer) of the NC. On exposure to a specific 

pH, the structure acquires a charge [59]. A study by Wang et al., for a liposomal DDS, 

showed a steady release at a pH of 7.4 and fast release at a pH of 6.9. Furthermore, 

cytotoxicity levels reached 65% with no effects on healthy cells [119]. Further studies 

have shown the effective use of this method on MDR cancer cell lines. Additionally, pH 

sensitive ligands such as poly(l-histidene) and polysulfonamide can be used to tailor NCs 

[84]. 

3.6.1.2 Temperature and enzymes. The strategy for using enzymes as trigger 

mechanisms involves using a harmless pro-drug encapsulated/attached to the carrier and 

then, delivering the enzyme to the tumor site. The enzyme and the pro-drug then react to 

become cytotoxic. It should be noted that current state-of-the-art has not used NCs for 

this method. The other strategy is to design NCs such that it releases the drug when 

exposed to an overexpressed enzyme at the tumor site [84]. An example of this is the 

presence of high levels of glutathione, a reducing agent, causing drug release from an NC 

with disulfide bonds [10]. 

Temperature-based stimuli response can be based on either application of an 

external stimulus or an internal one [120]. Due to rapid metabolism, tumor tissues exhibit 

hyperthermia (around 42  for human ovarian carcinomas). Synthesis of temperature-

sensitive liposomes, made of lipids that can go from gel to a liquid phase at a critical 

temperature, was accomplished for both internal and external stimuli [67]. Furthermore, 

low critical solution temperature (LCST) and upper critical solution temperature (UCST) 

polymers have been developed. Both LCST and UCST polymers operate on the basis of 

solubility behavioral changes in response to altered temperatures [120]. These altered 

temperatures could either be due to hyperthermia or on application of heat (see external 

stimulus section). Temperature based release was the first trigger release mechanism to 

be studied with the use of liposomal methotrexate. The drug release from this was found 
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to be 4 times higher in hyperthermic tumor tissues as opposed to control tumor tissues at 

normal physiological temperatures [67]. 

3.6.2. External stimuli: Magnetic, electric, and light. Magnetic fields are used 

extensively in the field of oncology not only as trigger mechanisms, but also for imaging 

and diagnostics [10]. The use of magnetic and electric fields allows NCs to be directed to 

specific sites [10]. Examples of magnetic liposomes are magnetite (γFe2O3) and 

magnetite (Fe2O4). Magnetic liposomes are used to generate heat in 

hyperthermic/temperature-based therapies to induce cell death [64], [67]. Cell death, by 

apoptosis, occurs between the temperature range 41-46 ; and by necrosis and 

inflammation at higher temperatures. The use of the mentioned principles was then, 

employed to develop the drug, ThermoDox [10].Photo-triggered or light-triggered release 

is performed on the basis of changes to the chemical and physical structures of NCs on 

application of light at certain wavelengths [118]. At this point, it should be mentioned 

that since ultraviolet and visible light are absorbed by the skin, this type of release may 

not always be advantageous [84]. 

3.6.3. External stimuli: Ultrasound. Ultrasound (US) waves are acoustic waves 

in the range 20 kHz to 0.5 GHz, and they are used to diagnose and/or treat patients in 

oncology. US waves have several advantages that make them appealing for use in cancer 

therapy. Compared to radiation-exposing modalities such as computed tomography (CT) 

and fluoroscopy, acoustic waves do not expose patients to radiation. It is easy-to-use, as 

well as the cheapest and the least invasive method of therapy. Additionally, it is also 

portable, and it provides real-time output [84], [121]. However, the main drawback to US 

is its limited penetration range to different organs. There is a trade-off between resolution 

and range. For example, higher frequency (smaller wavelength) waves would give a 

better resolution but a more limited range and, vice versa for low-frequency US [121]. 

Although this is specific to imaging, higher frequencies also translate to higher energy 

transmitted in terms of targeted therapy. However, this issue can be countered by the use 

of endoscopic US. Higher energies mean the elevation of temperatures which is a 

secondary effect of US. Another secondary effect of US is the nucleation phenomenon 

which shall be discussed further in this section [122]. Furthermore, use of US alone is a 

detriment to the health of a patient since it does not specifically target tumor cells. 
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Therefore, this section shall discuss the principles of optimal design of an NC that 

responds to US-triggered drug release. 

3.6.3.1 Theory of US as it applies to targeted delivery and controlled release. 

The entrapment of an air bubble in the bloodstream is widely known for its potential 

fatality. Application of this phenomenon is then used in cancer-targeted drug delivery to 

help in tumor regression. There are two main ways bubbles can be formed in vivo. One 

idea relates to the reduction of pressure below the liquid vapor pressure leading to bubble 

formation; the other relates to the increase of temperature leading to increased vapor 

pressure and decreased gas solubility. Since US is defined as a pressure disturbance in a 

medium, application of US means changes in temperature and pressure [123]. 

Furthermore, the increase in size and oscillatory movement of these bubbles is referred to 

as cavitation. Cavitation is further classified into two types: stable and inertial cavitation. 

As can be expected by the naming, stable cavitational bubbles are sustained bubbles with 

oscillatory movements due to US-applied pressure. Whereas, inertial cavitation bubbles 

rapidly expand and collapse. This then, has major physical, chemical and biological 

ramifications on the microlevel. With collapse leading to shock waves on the level of 

10,000 atm and a core-collapse temperature reaching up to 1000 K, it can easily be 

deduced that this would lead to instability in the medium and in the surrounding 

cell/tissue depending on the size of the bubble. Since the size of the bubble is dependent 

on application of US; the frequency and power density of US are key factors in 

determining the consequences of the applied waves on the designed NC [122], [123]. 

This means that the possibility for obtaining a tailored drug-release profile is high. 

A burst release by inertial cavitation can be obtained by a single high-frequency US 

‗pulse‘  whereas, sustained drug release can be obtained by several low frequency pulses 

applied over time [67]. These pulses can be focused on a small volume of tumor cells 

thus, relating to minimal side effects in healthy cells. Due to these advantages, bubbles or 

modification/enhancements of these bubbles can be used as drug carriers [123]. At this 

point, appreciation of some of the properties of bubbles/NCs (as applicable) is necessary 

to understand different ways in which to release drugs using US. The first is called 

microjetting: It relates to the non-spherical oscillatory behavior exhibited by bubbles that 

are too close to each other for specific concentrations. Non-spherical oscillations may 



57 

 

also be caused by turbulent flow in the medium leading to them collapsing inwards when 

near a relatively motionless surface thus, leading to them travelling at high velocities 

towards that surface. This phenomenon is often referred to as sonoporation and is driven 

by high-frequency US leading to cell puncture in vivo [122], [123]. 

The next phenomenon is also mechanical and involves the use of the US creating 

shear stresses to encourage drug uptake and enhance the EPR effect. Furthermore, 

increasing the force of oscillation could also lead to cellular damage, but this is again a 

tradeoff between the risk of HFUS causing damage to healthy cells as opposed to tumor 

cells. This is called microstreaming. Thermal excitation of the bubble can be used to heat 

tumor tissue for cell death. However, since overheating can be disadvantageous to normal 

cells, the FDA has issued a thermal index that should be followed for optimal delivery. 

The final characteristic phenomenon to induce cytotoxicity is the use of inertial cavitation 

(which produces high pressures at the core) to form cytotoxic chemicals such as 

hydrogen peroxide [123].  

Furthermore, while attempts have been made to establish an all-encompassing 

model for bubble oscillatory behavior and more specifically, for prediction of when 

inertial cavitation will occur, no set criterion has thus far, been established. However, the 

general rule is that theoretically it should occur when (Rmax/Ro)c < (Rmax/Ro); here Rmax is 

the maximal radius; R0 is the resting radius; and (Rmax/Ro)c is the normalized maximal 

radius ratio of when the inertial force function intersects with the pressure function. In 

other words, cavitation occurs when inertial forces control the collapse of the bubble 

[124]. Figure 16 depicts a summary of inertial cavitation and factors affecting it. 

The phenomenon of cavitation works on liposomes in the following way: since 

microbubbles are present naturally within tissues and also, within buffer mediums, the 

use of US is employed to induce cavitational effects on the liposomes thus, enhancing 

their permeability. This has a synergistic effect when applied in vivo in the sense that not 

only does this idea enhance drug bioavailiability by enabling drug diffusion out of the 

liposomes, but also, by increasing permeability into cancerous cellular membranes. 

In general, low-frequency US (LFUS) is defined as frequencies in the range of 20 

kHz – 200 kHz; whereas, high frequency US (HFUS) is generally > 1 MHz. [125]. As a 



58 

 

brief comparison and comment on the parameters that pertain to this work; a discussion 

on HFUS, LFUS, high power intensity, low power intensity, and time of 

release/treatment is essential. For further discussion, a distinction between low and high 

intensities becomes necessary: low-intensity US is classified as < 3 W/cm
2
 and high-

intensity US is classified as ≤ 3 W/cm
2
.
 
In medical diagnostics, HFUS is used at low 

intensities for better image resolutions; however, this decreases the range of penetration 

of tissues. With regards to applicability in this work, the use of endogeneous 

microbubbles can be taken advantage of using higher frequencies at lower intensities. 

Higher intensities at LFUS are known to have hyperthermic effects which ae undesirable 

for the sole reason that they damage healthy as well as, cancerous cells. There is also a 

tradeoff between amount of focus and intensity levels, with higher intensities resulting in 

more focused beams of US and vice versa [125]–[128]. In addition, lower intensities 

induce cavitational effects and are the end goal of this work. The reader should also note 

that LFUS has a larger depth of penetration for tissues as compared to HFUS; this means 

that targeted sites deeper within the body would need optimized frequencies to achieve 

desired effects. This is the case due to attenuation of energy win tissues due to reflection, 

refraction, diffraction and absorbance. 

 

Figure 16: Behavior of bubble for sustained and inertial cavitation [129] 
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In the case of drug release due to LFUS, an important factor is the maintenance of 

the chemical and biological integrity of the encapsulated drugs. It has been shown that 

LFUS does not have an effect on the latter properties of drugs [130]. A study by Fan et 

al. [131] demonstrated increased cellular uptake of DOX due to low intensity US, thus 

verifying that there was no negative impact of US on the cytotoxic action of DOX. A 

recent study by Schoelhammer and Traverso demonstrated the use of LFUS inside the 

gastrointestinal tract of pigs with a 10-fold enhancement in delivery of their target. They 

also emphasized that the treatment time used for US was 1 minute; this was in contrast to 

normal times exposure times of 10 minutes or more, of US therapy, with co-

administration of surfactants [132]. With a larger energy deposition in the stratum 

corneum of the skin required, due to larger attenuation, with US application, it may be 

worth exploring US application inside the body as compared to transdermal drug 

delivery. Another recent study used an ‗Epi Derm‘ skin culture at 20 kHz and pulsed 

cycle of US, for 5 minutes, with significant results. Therefore, successful application of 

LFUS will be determined based on the following parameters: cavitational effects in terms 

of intensities and time for maximal drug release. 

3.6.3.2 In vitro and in vivo studies. Work by Schroeder et al. has been cited in 

several review papers as it drove home the concept of the synergism between US-triggers 

and DDSs (in this case stealth cisplatin encapsulated in nano-sterically stabilized 

liposomes) [129], [133]. In this in vivo study, low-frequency US (LFUS) was applied to 

the abdominal wall of mice with murine lymphoma tumors, and the result was a 

remarkable  70% drug release as opposed to less than 3% release in those not exposed to 

LFUS [129].  Yan et al. [134] studied in vitro and in vivo drug release (using xenografts 

of breast cancer implanted in mice) with paclitaxel-liposome-microbubble complexes and 

HFUS (1 MHz); they concluded that both studies showed decreased angiogenesis and 

increased apoptosis. 

With regards to polymeric micelles or liposomes, multiple pulses of US depict an 

interesting phenomenon. A study conducted by Rosa et al. showed that Dox-encapsulated 

P105 micelles exhibited release while the pulse was ON and self-assembled to re-

encapsulate the drug during the period the pulse was OFF. This was true only for low-

frequency US (applied at 70 Hz) [135]. Further enhancements to liposomes led to the 
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development of echogenic or eLiposomes [136]. These liposomes encapsulate bubbles of 

air along with hydrophilic and hydrophobic drugs and thus, fully utilize the idea of dual-

drug delivery along with desirable physical-chemical-thermal properties of bubbles on 

US-triggered release. Even further enhancement of eLiposomes has led to the successful 

establishment of passive-and-active-targeted stealth eLiposomes [137].  
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Chapter 4: Materials, Experimental Procedure and Modeling 

In this chapter, the materials and the methods employed to synthesize and 

characterize the nanocarriers, verify conjugation with albumin, and test drug release 

using ultrasound shall be presented. A brief discussion on how to model this drug release 

using kinetic models shall then follow. At this point the reader should note that all results 

were taken in triplicates to ensure reproducibility. 

4.1. Synthesis of Nanocarriers 

4.1.1. Materials. For the synthesis of HSA-bound PEGylated liposomes, DPPC 

(1,2-dipalmitoyl-sn-glycero-3-phosphocholine) in its powder form and DSPE-PEG2000 

NH2 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-

2000] (ammonium salt)) were obtained from Avanti Polar Lipids, Inc. (USA). Cholestrol 

(powder form, ≥99%), chloroform, Sephadex® G-100, Sephadex® G-25, cyanuric acid 

(2,4,6-Trichloro-1,3,5-triazine), Human Serum Albumin (HSA,  ≥ 98%), Phosphate 

buffered Saline tablets, Ammonium sulfate salt and Triton X-100 were obtained from 

LABCO, the official Sigma-Aldrich distributor in the United Arab Emirates. Doxorubicin 

Hydrochloride was purchased from Euro Asia‘s. HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffered saline (HBS) solution was prepared using 

sucrose, L-ascorbic acid and HEPES sodium salt (purchased from LABCO). 

Additionally, ammonium ferrothiocyanate was prepared using ammonium thiocyanate 

(NH4SCN) and Iron (III) chloride hexahydrate (FeCl3.6H2O) (obtained from Uni-Chem 

from Beograd, Serbia and VWR International Ltd., USA). All experimental procedures 

conducted during this work used the purchased materials as received and without 

additional purification. 

4.1.2. Justification of current proposed methods. The typical hydration 

method, found in literature, has been modified based on the gel-to-liquid transition 

temperatures, Tc or Tm, of the lipids used in this procedure. Tc is the temperature required 

for the lipid organization to go from a closely packed state (gel phase) to a disordered 

state, liquid-crystalline state (see Figure 17). This is due to steric interactions in the acyl 

chains (of the hydrophobic lipid ‗tail‘) leading to short-range disorder, with bilayer 

organizational structure maintained due to water-hydrophilic ‗head‘ interactions and 

hydrophobic interactions of the acyl chains [138], [139]. Since formation of liposomes 
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during hydration is reliant on the lipids remaining in a liquid-state, temperatures during 

this step are maintained above the lipid with the highest Tc [139]. However, since DPPC 

and DSPE have transition temperatures of 41  and 62  respectively, the addition of 

cholesterol is expected to lower the transition temperature and thus, the temperature used 

in this procedure is 60  [138], [140]–[142]. The aforementioned characteristic is 

dependent on mol % of cholesterol added to the lipids and changes with the degree of 

unsaturation in neighboring lipids and the chemistry of the hydrophobic tail/polar head; 

therefore, the effects of different compositions of lipids on Tm can be explored further 

[142]. It should also be noted that addition of cholesterol enhances loading of DOX ( 8-

fold higher), due to the fact that cholesterol lowers the hydrophobicity of the DPPC 

bilayer, thus, allowing transition of DOX into the liposomes [143]. In addition, 

cholesterol in the bilayer increases membrane stability, reduces drug leakage, and 

decreases interactions of the liposomes with serum proteins. Furthermore, the use of 

DPPC, DSPE-PEG2000-NH2, Cholesterol for the lipid bilayer has been shown to release 

≤8% of DOX inside cells, due to the Tm > 37  [143]. In the context of this work, this 

means that there is very little release in healthy cells, but upon the application of US at 

the site of tumor, optimal amounts of the drug will be released, thus improving drug 

efficacy and minimizing side effects currently experienced in clinical applications. 

 

Figure 17: Gel state and liquid-crystalline state [139] 

For the synthesis of HSA-liposomes, a simple nucleophilic aromatic substitution 

reaction was used with the substitution of the chlorine (attached to a delta positive 

carbon) and available amine groups (lysines) present in abundance in the chemical 
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structure of HSA. For mono-substitution of chlorine, the reaction requires mildly alkaline 

conditions and a temperature of 0  [144]. Mono-substitution of chlorine binds the 

terminal amine on the PEG chains, attached to the liposome, and di-substitution of 

chlorine occurs at room temperature with substitution occurring with any available 

lysines on the HSA structure. This method was adapted from work previously done by 

our research group, where HSA-PEG liposomes encapsulating calcein were synthesized 

[145].The mechanism in Figure 18 depicts the reaction: 

 

Figure 18: Substitution reaction of HSA with DSPE-PEG2000-NH2 

For the purpose of conjugation, it should be noted that half of the PEG-chains on 

DSPE-PEG2000-NH2 are encapsulated within the liposome during self-assembly of the 

liposomes (on hydration). As seen from the reaction above, the PEG to cynauric chloride 

ratio is 1:1 but should be taken as 0.5:1 due to the aforementioned reason.  

4.1.3. Synthesis of ammonium sulfate encapsulated DSPE-PEG2000-NH2 

liposomes. These liposomes were synthesized as control liposomes and used a modified 

version of the lipid-film hydration method as mentioned in literature [138], [146]. DPPC, 

DSPE-PEG2000-NH2, and cholesterol were added at molar ratios of 65:5:30, respectively. 

The lipid film was formed by dissolving 3 µmol of DSPE-PEG2000-NH2; 39 µmol of 

DPPC, and 18 µmol of cholesterol in 4 mL of chloroform in a round-bottomed flask. The 

chloroform was then evaporated at 50   in a rotary evaporator (Stuart rotary evaporator 

RE300, speed = 8) for 15 minutes under vacuum. At this point, a greasy-lipid film could 

be observed on the walls of the flask. For hydration, a 165 µM solution of ammonium 
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sulfate salt solution was prepared in 2 mL of distilled water to create a pH gradient for 

DOX encapsulation (with the pH being   5.5). This solution was then added to the lipid 

film and evaporated at 60  , temperature greater than Tc for lipids, for 50 minutes. The 

solution was then sonicated for 2 minutes 50 seconds (maintained at temperature of 60   

during and between the former and proceeding steps) in a 40-kHz sonication bath at a 

half-wave output (3L ultrasonic cleaner, Agar Scientific Ltd.). The batch was then 

extruded 30 times using an Avanti® Mini-extruder from Avanti Polar Lipids, Inc., 

Alabaster, AL, USA, with 0.2 µm pore-size Whatman polycarbonate filters. Finally, a 

single gel-filtration column (prepared with 1.5 g Sephadex-G25 and equilibrated with 10 

mL HBS; HBS was prepared with 15 mM HEPES salt, 0.26 mM sucrose and 5 mM L-

ascorbic acid) was used to change the extra-vesicular pH to 7.4. This was done by 

centrifuging the column twice at 1000 rpm for 2 minutes; once, to remove the excess 

buffer from the gel, and then, to remove external ammonium sulfate.  

4.1.4. Loading of DOX into DSPE-PEG2000- NH2 liposomes. For high DOX 

encapsulation, remote loading via a modified pH gradient method was used [147]. 

Ammonium sulfate salt was chosen as it was known to give high encapsulation 

efficiencies of DOX, along with exhibiting <2% leakage of DOX from the liposomes 

[76], [148]. DOX loading achieved through this method is illustrated in Figure 19. First, 

the liposomal solution was placed in a water bath at 60  and then incubated with 200 µL 

(16 mg/mL stock solution) of DOX solution was added to give a drug-to-lipid ratio of 

1:25 (w/w). This was done for a period of 40 minutes with gentle stirring. To avoid 

photodegradation of DOX, all samples after this step were covered in aluminum foil. 

After this, the solution was passed through a single gel-filtration column (prepared with 

1.5 g Sephadex-G25 and equilibrated with 10 mL borate buffered saline (BBS) to remove 

excess DOX from the solution; the same protocol was followed for this step as the one 

mentioned in Section 4.1.3.). From Figure 19, it can be seen that due to reprotonation of 

neutral DOX by NH4
+
, the neutral DOX is no longer in the intravesicular area which 

therefore maintains the concentration gradient. This gradient acts as a driving force, 

between the neutral HEPES buffer in the extravesicular area and the acidic ammonium 

sulfate in the intra-liposomal region, until almost all the DOX is encapsulated. 

Furthermore, the reprotonated DOX inside the liposome interacts with sulfate anions to 

form a DOX-sulfate salt precipitate.  
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Figure 19: Remote loading of DOX using a transmembrane pH gradient 

4.1.5. Synthesis of DSPE-PEG2000-ClC3N3- HSA (targeted) liposomes. The 

initial synthesis of the DSPE-PEG2000-HSA liposomes follows the steps outlined in 

Sections 4.1.3 and 4.1.4. The use of BBS creates a slightly basic environment (pH 8.5) 

to set up the conditions for the proposed reaction in Section 4.1.2. The conjugation of 

HSA to the liposomes was achieved using the following procedure: 1) Preparation of 

HSA solution of desired concentration; 2) Attachment of cyanuric chloride to PEG and 

then, 3) attachment of cyanuric chloride to HSA. Initially, 10 mg of HSA was dissolved 

in 1 mL of BBS with 75 µL taken from the solution, as needed, to obtain a 0.38 mg/mL 

concentration of HSA solution. Steps 1 and 2 were conducted at 0  (placed in an ice 

bath). To achieve the attachment of HSA to the PEGylated liposomes with cyanuric 

chloride as a coupling agent, 10 mg of cyanuric chloride was dissolved in 1 mL of 

industrial-grade acetone. From this solution, 27.6 µL was taken and added to 0.5 mL 

deionized water. The prepared DSPE-PEG2000-NH2 liposomes, loaded with DOX, were 

then added dropwise to the solution and stirred for 3 hours. After this, 75 µL of the 

prepared HSA solution was added dropwise to the stirred solution and left overnight at 

room temperature. To ensure the resulting solutions match physiological pH and to 

remove any unattached protein from said solutions; the HSA-liposomes were run through 

a double gel-filtration column (using 1 g of Sephadex G-100 in 20 mL of HBS). It is 

important to note that loose protein could induce an immune response in vitro/in vivo 

testing and thus, should be eliminated.  

4.1.6. Synthesis of DSPE-PEG2000-NH2 (control) liposomes. For uniformity of 

results and to eliminate mismatch in further testing techniques, the procedure in Section 
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4.1.5. is followed for the control liposomes as well without the addition of cyanuric 

chloride to the solution.  

4.2. Characterization of DSPE-PEG2000-NH2 and DSPE-PEG2000-ClC3N3-HSA 

Liposomes using Dynamic Light Scattering 

Dynamic light scattering (DLS) was used to classify the synthesized liposomes by 

measuring their hydrodynamic radius, polydispersity, and size distribution. The 

DynaPro® NanoStar™ (Wyatt Technology Corp., Santa Barbara, CA, USA), operated 

with the software DYNAMICS, was used to measure samples at room temperature by 

loading 15 µL of the sample diluted in 1 mL PBS into a cuvette. DLS is based on the 

principle of measuring fluctuations in scattered light intensity due to Brownian motion; 

which occurs due to collusion of the liposomes with surrounding fluid particles in the 

sample solution [149]. Since the aim of this work is to synthesize large unilamellar 

vesicles with a low polydispersity %, the criteria for a successful batch of liposomes was 

set to be 80 – 100 nm as the mean size; with a polydispersity of ≤ 20% taken to mean the 

sample is monodisperse. 

4.3. Assay Protocol for Lipid and Protein Quantitation for Verification of HSA-

Conjugation to PEGylated Liposomes 

4.3.1. Test for lipid quantitation. A modification of the original Stewart assay 

was adopted for analysis of DPPC present in the samples. First, a calibration curve was 

prepared by dissolving solid DPPC in chloroform and the absorbance measured at 485 

nm for varying concentrations (0.0025 – 0.025 mg/mL). The absorbance was taken at 485 

nm since the peak for DPPC is known to occur at that wavelength [150], [151].  

The procedure followed for each batch of control liposomes is as follows: HBS 

was evaporated from 50 µL of the synthesized DSPE-PEG2000-NH2 liposomes (in a 250 

mL round-bottomed flask) by setting the rotary evaporator at 45  for 15 minutes (speed 

= 8). After this, 1 mL of chloroform was dissolved in the flask and sonicated for 10 

minutes at room temperature. The same procedure was repeated for the DSPE-PEG2000-

PLG liposomes. The samples were then prepared using the synthesized liposomes, 

chloroform (CHCl3), and Ammonium Ferrothiocyanate (FTC). The following table 

shows the quantities taken: 
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Table 3: Quantities for Stewart protocol sample preparation 

No. of samples 

prepared 

Control liposomes/ HSA-

liposomes (µL) 
Chloroform (µL) FTC (µL) 

2 75 1925 2000 

2 125 1875 2000 

2 200 1800 2000 

2 (Blank sample) - 2000 2000 

The above samples were mixed vigorously for 20 seconds on a vortexer and then 

centrifuged at 1000 rpm for 10 minutes each. Following this, a clear biphasic system was 

seen in the sample tubes. The explanation for this is that FTC is immiscible in 

chloroform, but forms a complex with DPPC. This complex is soluble in chloroform and 

for this reason; the phase seen at the top of the sample contains FTC while the phase at 

the bottom contains the DPPC-chloroform complex [150]. Figure 20 shows an illustration 

of the obtained sample. Therefore, the top phase was discarded using a glass pipette and 

the DPPC-chloroform complex was loaded into a quartz glass cuvette. The absorbance 

spectrum for each sample was measured using the Evolution™ 60S UV-Visible 

Spectrophotometer (ThermoFisher Scientific) with the software VISIONlite. 

 

Figure 20: Illustration of a sample obtained from Stewart Assay 

The resulting absorbance spectra measured from samples at 485 nm was used to 

obtain the DPPC concentrations from the calibration curve. Since two samples, for 
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control and HSA liposomes, were prepared with 75, 125, and 200 µL each, calculations 

were performed to obtain an average of the resulting concentrations in both types of 

liposomes. The Stewart assay was used in this work to quantify the phospholipids (in this 

case, DPPC) present in the synthesized batches of control liposomes and HSA-liposomes 

and calculations were performed to determine the ratio of control liposomes to HSA-

liposomes synthesized for each prepared batch.  

4.3.2. Test to verify HSA conjugation: Bicinchoninic assay (BCA). The 

QuantiPro
TM

 BCA assay kit was purchased from Sigma-Aldrich and the protocol 

followed for this assay also required the preparation of a calibration curve for subsequent 

calculations. For the calibration curve, 7 mL of BCA reagent was prepared; with 3.5 mL 

QA reagent, 3.5 mL QB reagent and 140 µL of QC reagent (copper (II) sulfate). 

Therefore, the standard preparation of the aforementioned solution involves 25 parts QA, 

25 parts QB, and 1 part QC reagent. This solution was then mixed until there was 

uniformity in color. Six samples were then prepared with a total volume of 2 mL, where 

the concentrations of the HSA-solution and PBS buffer were varied (with both adding up 

to 1 mL), and the BCA reagent was kept constant at 1 mL. These samples were then, 

loaded in eppendorf tubes and maintained at 60  (in a water bath) for the development 

of the colored-complex. This purple-blue complex is formed when BCA reagent interacts 

with Cu
1+

 in alkaline environments. The Cu
1+

 is formed on reduction of Cu
2+

 (formed 

from the Cu
2+

- protein complex on addition of BCA reagent) and thus, the amount of 

reduction is an indicator in protein present in a solution [111]. Following development of 

the colored-complex, the samples were allowed to cool to room temperature and then 

used to measure the absorbance at 562 nm for each sample and a calibration curve of 

absorbance versus HSA-concentration was obtained.  

Quantification of HSA to analyze conjugation was then achieved using the 

following protocol: 7 mL of BCA reagent was prepared, after which, seven samples were 

prepared and maintained at 60   in a water bath. The seven samples (total volume of 2 

mL) prepared were: a blank with equal parts PBS and BCA reagent solution; 200 µL of 

control liposomes with 800 µL of PBS and 1000 µL of BCA reagent; two samples with 

100 µL of control liposomes, 900 µL of PBS and 1000 µL of BCA reagent; 200 µL of 

HSA liposomes with 800 µL of PBS and 1000 µL of BCA reagent; and two samples with 
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100 µL of HSA liposomes, 900 µL of PBS and 1000 µL of BCA reagent. These samples 

were allowed to cool to room temperature and then centrifuged until the suspended 

liposomes settled on the walls of the tubes.  

The absorption spectra of the samples were then measured at 562 nm and 

calculations performed using the calibration curve to obtain the concentration of HSA 

present in each sample. Averaged concentration values were calculated for both control 

and HSA-liposomes; and then, recalculated using the ratio calculated from the Stewart 

assay. If the recalculated values depicted a higher concentration of HSA in the HSA-

liposomes as compared to the control liposomes, successful conjugation could be 

concluded from the results.  

4.4. Low Frequency Ultrasound Release Studies (Online) 

Since doxorubicin is known to have an excitation wavelength of 590 nm, the 

following studies were conducted with measurements taken over the range of 488-591 

nm. On application of US, DOX is released from the liposomes to its surroundings and 

this corresponds to an increase in fluorescence. Therefore, triggered drug release of DOX 

was studied at 20-kHz low frequency ultrasound (LFUS). A QuantaMaster QM 30 

Phosphorescence Spectrofluorometer (Photon Technology International, Edison NJ, 

USA) was used to monitor fluorescence changes and drug-release studied using the 20-

kHZ ultrasonic probe (model VC130PB, Sonics &amp; Materials Inc., Newtown, CT). 

Preparation of samples involved dilution of 75 μL of liposomes in 3 mL of PBS and 

measurements were taken in a fluorescence cuvette by the spectrofluorometer. The 

protocol for taking readings involved 70 seconds of fluorescence recording without 

sonication to generate a baseline. Pulsed sonication was then initiated with 20 second on, 

10 second off cycles until a plateau is reached (a total of 5 minutes). At this point, 50μL 

of Triton X-100 (Tx100) was added to the sample to lyse the liposomes and release 100% 

of the encapsulated DOX; with readings taken for 20 seconds after this addition. The 

addition of Triton X-100, a surfactant, is assumed to release all drug encapsulated within 

the liposomes. These studies were conducted at three power settings: 20%, 25%, 30% 

with corresponding power density values of 7.46, 9.85, 17.31 mW/cm2 respectively with 

three replicates of samples taken at each power density value (the aforementioned 

settings and their corresponding values are used interchangeably throughout the 
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following sections). The DOX release profile was then calculated using the following 

equation: 

                          
    

         
  (1) 

Where F is the fluorescence intensity at the time (t) the reading is taken, Fo is the 

average of the baseline reading and FTx100 is the average of the maximum fluorescence 

after addition of Trition X-100 [138]. 

4.5. Drug-Release Kinetics: Data fitting to Mathematical Models 

Drug release rate is dependent on the following factors: diffusion out of the 

carrier, the tumor environment (or environment of released site), particle size and 

polydispersity of the drug, and whether the drug is hydrophilic or hydrophobic in nature 

[85]. After the design of drug delivery system has been accomplished, the next step is to 

model the drug release profile to ensure it matches the pre-set criteria as per the 

application. Models are essential to the determination of how much and how often the 

drug will be administered; along with identifying the need for the optimization of current 

techniques. Experimental release data can be used from this work to fit pre-established 

drug release models. The main aim of such modeling exercises is to decrease the need for 

bio-studies and simulate release profiles to test for variations in DDS formulations; and 

also to identify the ideal conditions required for optimal drug efficacy in vivo. 

Furthermore, since there are no reliable or accurate models for liposomal formulations as 

of yet, there is a need to model the release profiles to help monitor release.  

There are two kinds of models for modeling drug release: mechanistic and semi-

empirical or empirical. Mechanistic are based on theories for physical, biological or 

chemical phenomenon while, semi-empirical or empirical are based on observations. The 

latter can be used to compare different release profiles based on a specific parameter, in 

this case, it will be cumulative release fraction; whereas, mechanistic relations can be 

used to draw conclusions about the drug release mechanism from liposomes [152]. All 

these models incorporate three main mechanisms of transport: namely, diffusion, 

dissolution and erosion [153]. This section shall discuss the models that shall be used in 

this work for data fitting, the assumptions of each model, and the meaning of each model. 
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4.5.1. Zero-order and first-order models. Drugs in their original form display a 

first order release profile or what is also known as ―burst release‖. This is characterized 

by a steady decrease in the concentration of the drug within the human body. It is a non-

ideal profile considering that anticancer drugs are toxic to healthy cells and thus, would 

result in extremely adverse side effects in the patients. Zero-order release is deemed to be 

an ideal pharmacokinetic curve with a steady rate of drug release over time (also known 

as sustained release). Figure 21 shows a graph of release profile for sustained release 

(zero-order) and controlled release (first-order) [59].  

 

Figure 21: Controlled and sustained release drug release profiles [59] 

The first order model is used to describe the phenomenon of dissolution for solid 

particles of a drug in a liquid medium. It is based on the Noyes-Whitney law and is 

expressed by the following relation: 

 
       

  
           (2) 

where    is the proportionality constant for the first order model and      is the 

cumulative fraction released at time t [154]. Linearizing this model, we get the following 

relation: 

                       (3) 
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Therefore, normalized drug release data can be fitted to the above model to 

determine whether this model is a good fit for the synthesized DDS; with the slope of the 

plot giving the    values. The zero-order model based on sustained release, which means 

the same amount of drug is released per unit time, is described by the equation: 

          (4) 

here,    refers to the zero-order proportionality constant or the apparent dissolution rate 

constant [155] 

4.5.2. Higuchi model. This model is a popular model in the scientific community 

and is used to model drug release from a wide variety of matrix/polymer systems in 

contemporary literature [154]–[157]. The model operates on the idea of a ‗moving 

boundary‘ problem where the inner boundary is assumed to contain the drug at insoluble 

concentrations and the outer boundary consists of dissolved particles but at a higher 

concentration than the surrounding medium (which acts as a sink). Therefore, the outer 

boundary follows drug release kinetics from the matrix using Fick‘s law; whereas, the 

inner boundary keeps decreasing/moving inward due to the undissolved drug moving into 

the outer boundary/dissolvable region [156]. Figure 22 illustrates this idea. This model is 

based on a pseudo-steady state analysis and makes the following assumptions: 

 The resistance to mass transfer in the surrounding medium is negligible. 

 The rate of dissolution from the inner boundary to the outer boundary is much faster 

(in this case DOX contained in the intravesicular region of the liposomes) than the 

diffusion of the drug into the surrounding medium (the extravesicular PBS). A further 

comment on this assumption, as it pertains to this work, is that the ideal case for 

release is where there is a drug suspension in the inner boundary, or drug reservoir, 

which exceeds its solubility in the reservoir it is in. Therefore, the dissolved drug in 

the outer boundary remains constant which, by extension, translates to a constant 

flux. However, the initial flux would resemble a ‗burst release‘ and the end would be 

a depleted release. 

 The drug is homogeneously distributed throughout the matrix. 

 The drug particles are much smaller than the size of the system. 
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 Drug diffusion is one-dimensional and edge effects are negligible, i.e. thickness of 

the bilayer is small compared to its surface area. 

 The changes in size, with regards to the matrix, due to dissolution of the drug or 

swelling is negligible [154], [156], [157]. 

 

Figure 22: Schematic representation of Higuchi‘s model with h denoting the 

distance between the inner and outer boundary; with drastic changes in drug 

concentrations after h = 0; and note that the flux between h follows Fick‘s law 

[155] 

The following relation was developed by Higuchi based on Figure 22 : 

       √            (5) 

where    is the fraction of drug released at time t, D is the diffusion constant, C is the 

initial concentration of drug,    is the solubility of the drug in the outer boundary. This 

expression can be generalized to give: 

           
    (6) 

A linearized plot of the equation above can be formed by plotting CFR vs. √ . 

4.5.3. Korsmeyer-Peppas model. In 1983, Korsmeyer and coworkers, developed 

a semi-empirical model for a polymer matrix which incorporated the geometric factors of 

a polymer, or in this case a DDS, to model release kinetics and also introduced the 

release exponent, which could be used as an indication of the release mechanism from the 

system. The following equation represents this relation: 

            (7) 
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where    is the fractional drug released, a is the release rate constant of drug dependent 

upon the structural/geometric properties of a system, and n is the release exponent that is 

used for interpretation of which kind of release mechanism is dominant [155], [158]. 

Table 4 shows a classification of release mechanisms based on the release exponents. 

This model is based on two main states of the DDS:  a non-swollen or dense phase, and a 

swollen state. The swollen state occurs when the system comes in contact with the 

surrounding medium with either: Fick‘s law coming into play with the surrounding 

medium diffusion into system creating a ‗swollen front‘ thus increasing mobility of 

macromolecules; or change in the colloidal behavior of the liposomes due to hydration 

affects leading to a change in volume of the system. This last is based on the extended 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [158], [159]. Therefore, the value 

of n is depicted in whichever of the aforementioned phenomenon dominates.  Figure 23 

depicts the general concept of the idea based on polymer chains, as originally stated by 

Korsmeyer-Peppas. For linearization of            (7), a plot of CFR vs. √     

can be used.  

Table 4: Dominant release mechanisms at the corresponding n values; table 

adapted from Costa et al.[155] 

Release exponent (n) Drug release mechanism 

0.5 Fickian diffusion 

0.5 < n < 1.0 Anomalous 

1.0 Case-II transport 

>1.0 Super Case-II transport 

4.5.4. Weibull model. The Weibull model is an empirical equation which was 

adapted to the drug release process by Langenbucher. It is expressed as: 

         *
       

  

  
+ (8) 

where m is the drug fraction at time t,    refers to the time scale of the process,    is the 

time lag before the release begins, and b is the shape parameter. If     = 1, the shape of 

the curve is exponential; if    > 1, the shape of the curve is sigmoid; or    < 1, the shape 
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is parabolic. The equation can be linearized and fitted to release data in this work by 

using the form: 

    [        ]                    (9) 

  

Figure 23: a. General schematic illustration of the original Korsmeyer-peppas model; 

b. Liquid-concentration position profile of the system [152], [158] 

This model assumes that factors affecting release rates are only mass dependent 

[155], [159]. This model has received criticism for not incorporating any parameter that 

relates to the intrinsic rate at which the drug dissolves and also, that it cannot characterize 

the drug kinetics. However, Kosmidis and Argyrakis demonstrated that the parameters in 

the equation are dependent on the surface/geometric characteristics based on fractal 

kinetics as well as homogeneous, Euclidean kinetics. They argued that diffusion kinetics 
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varies considerably in the case of fractal/disordered media as opposed to relations based 

on homogenous devices and would apply to the entire release profile. In contrast, the 

power law or Korsmeyer-Peppas equation applies more to the initial stage of drug 

release. Furthermore, the release gained from this is also in agreement with fractal 

kinetics [160], [161]. 

4.5.5. Hixson-Crowell model.The basis of this model depends on the 

proportionality of the particle surface area to the cubic root of its volume [155]. It is 

written as: 

   
 

 ⁄    
 

 ⁄      (10) 

where    is the initial concentration of drug in the liposomes,    is the remaining 

amount left in the liposomes, and    is the surface-volume relation constant. This relation 

is applied to formulations which exhibit dissolution parallel to the plane of the 

formulation and operate on the assumption that the initial geometric form is maintained 

throughout. One of the other assumptions this model makes is that there is no stagnation 

in the surrounding medium [155]. 

4.5.6. Baker-Lonsdale model. This model was developed from Higuchi‘s model 

and is used to describe drug kinetics from a spherical matrix. It is described by the 

relation: 

 
 

 
[  (  

  

  
)
 

 ⁄

]  
  

  
 

      

     
   (11) 

In the equation above,    is amount of drug released at time t,   is the total 

amount of drug encapsulated,    is diffusion constant,     is the solubility of the drug in 

the matrix, or inner phase in this case,    si the radius of the spherical particle and    is 

the initial concentration of drug encapsulated. For data fitting, the following equation was 

used: 

 
 

 
*         

 
 ⁄ +          (12) 
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4.5.7. Hopefenberg model. This is also a semi-empirical model that was 

developed for surface eroding polymer matrices     here erosion refers to cleavage of 

polymer chains or material loss form the modeled system. The release rate is expected to 

be dependent on the surface area of the device, as a function of time. All chemical or 

physical processes are assumed to combine and exhibit a zero-order release profile. It is 

important to note that the model does not incorporate edge effects. The equation is 

written as: 

 
  

  
   *  

   

    
+
 

 (13) 

where    is the amount of drug dissolved at time t,    is maximum amount of drug 

dissolved,    is the erosion rate constant,    is the initial drug concentration,    is the 

initial radius of a sphere, or of a cylinder, or 
 

 
 thickness of a slab [152], [155]. For fitting 

of the data in this work, the following equation was used with the assumption of n=3 for 

a sphere: 

 [         ]
 

 ⁄       (14) 

where     represents 
  

    
. It is important to note that this model does not account for 

resistances internal or external to the matrix. 

4.5.8. Gompertz model. This model is based on the exponential model with an 

initial steep release of the drug and then, converging decrease to a maximal drug release. 

A characteristic Gompertzian curve is depicted in Figure 3. It is modeled on the equation: 

         
[           ]

  (15) 

Here   is the amount of drug released at time t,      is the maximum drug 

release, α is the parameter describing the steepness of the curve or how rapid the drug 

release is over time, and β is the time at which growth rate of the curve is at a maximum. 

Drug release kinetics exhibited by this kind of release mechanism would mean that the 

liposomes would function as drug depots barring the initial rapid release [155], [162] 

                             (16) 
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4.6. Statistical Analysis 

Several statistical analyses were carried out for analysis of data to draw 

conclusions. A t-test assuming unequal variances were carried out for characterization 

tests, along with the drug release profiles obtained at all intensities. For fitting of 

experimental data to mathematical models, linear regression analysis was carried out 

along with a two-factor ANOVA used for analysis of parameters obtained from the 

models. The null hypotheses used for the latter are as follows: 

 The null hypothesis to test interaction between control and HSA liposomes was: the 

differences in parameter values between intensities are consistent for liposome type 

(i.e., control and HSA). In other words, it means that systemic differences between 

intensities are the same for each liposome type, and systemic differences between 

liposome types are the same at each intensity; or that the interactions are not 

significant. 

 The second null hypothesis is that there is no difference in parameter values due to 

intensities, and that, differences in parameter values are random. 

 The third null hypothesis is that there is no difference in parameter values due to 

liposome type (control or HSA) and that differences in parameters values are random. 

All results with p < 0.05 were considered statistically significant. 
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Chapter 5: Results and Discussion 

The following chapter shall present the results obtained from work done in line 

with the objectives of this work with discussion based on the methods presented in 

Chapter 4. DLS results obtained for the control liposomes and the synthesized HSA-

liposomes shall be presented, followed by results for lipid and protein quantification, 

drug-release profiles using LFUS and then, finally the results from drug-release models.  

Furthermore, a comparison on the release models obtained from HSA-calcein 

encapsulated liposomes from the LFUS drug-release profiles previously obtained by our 

group was carried out with HSA-DOX encapsulated liposomes [145]. 

5.1. Characterization using DLS Measurements 

Based on the method in Section 4.2, DLS tests showed that the control liposomes 

had an average hydrodynamic radius of 86.01 ± 2.97 nm with % polydispersity of 12.41 

± 2.732; and the radius of HSA liposomes was found to be 86.17 ± 2.956 nm with a % 

polydispersity of 12.90 ± 2.446. Since both the HSA and control liposomes were <200 

nm in size, they can be classified as LUVs (see Section 3.1.1.) and thus, fulfill the aim of 

this work. Liposomes (LUVs) such as Doxil®, Marqibo® and Ambisome®, which have 

sizes between 80-100 nm, are already in clinical use and have shown in vivo stability and 

prolonged blood circulation times due to their size thus, enhancing the EPR effect [163]. 

This effect, in vivo, is expected of the liposomal formulation in this work. Furthermore, 

since % polydispersity is less than 20%, the synthesized liposome samples are concluded 

to be monodisperse [164]. 

Statistical analysis of the radii and %polydispersity, using a Welch‘s t-test, proved 

that there was no difference in size (p=0.9140); thus, proving both non-targeted and 

targeted liposomes were unilamellar and uniform in size. This analysis is in agreement 

with the work previously done by our group using calcein for encapsulation [145], [165]. 

5.2. Lipid Quantitation 

The absorbance spectra and the resulting HSA-to-control batch ratios, for DPPC 

concentration, are depicted in Figure 24. The ratios of DPPC concentrations for HSA-to-

control, for 3 batches, were found to be 0.9529, 0.8141 and 0.9839, respectively. This 
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result demonstrated that both types of liposomes were comparable (p= 0.6957) and had 

similar quantities of DPPC present. 

 

Figure 24: Calibration curve for DPPC concentrations (top) and batch-wise lipid 

ratios for HSA-bound and control batches for three independent liposome batches 

(bottom) 

5.3. Verification of HSA Conjugation 

The BCA assay was done according to the method mentioned in Section 4.3.2. 

The resulting absorbance spectra were used to plot the absorbance (at 562 nm) versus 

HSA concentration to use as the calibration curve. The HSA concentration, in each 

prepared liposome sample, was found using its absorbance from the spectrophotometer. 

The calculated values for protein (HSA) present in each sample, after incorporating the 

lipid ratios for HSA:control liposomes from Section 5.2, were determined and are 

depicted in Figure 25. Since higher ratios of protein content were found in all 3 batches 

of HSA as compared to the control batches; it was concluded that HSA had been 

successfully attached to the PEGylated liposomes. 
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Figure 25: A. Calibration curve for absorbance at 562 nm versus HSA concentration 

(mg/mL). B. Average concentrations of protein content present in the synthesized 

control and HSA liposomes along with HSA:Control protein content ratios 

(average±standard deviation) 

5.4. Low Frequency Ultrasound Drug Release Studies 

For the LFUS DOX release studies, it is important to note that the encapsulated 

DOX inside the liposomes is in its self-quenched, concentrated form and thus, does not 

emit any fluorescence (See Figure 19). Upon release of DOX from liposomes, it 

transforms from a self-quenched to fluorescent non-quenched state and thus, fluorescence 

intensities are used as an indication of DOX leakage from the liposomes. For all results in 

the following sections, the fluorescence for DOX was measured for three batches, with 

readings taken in triplicates at each power density measurement, to obtain drug release 

profiles upon US application. Relevant terminologies in this section are intensity – which 

refers to the fluorescence intensity of DOX as measured by the spectrofluorometer; and 

cumulative release fraction – which refers to the normalized intensities of DOX.  

Statistical analyses in this section are based on the data, readings taken by the 

spectrofluorometer, obtained from the drug release profiles upon LFUS application. 
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5.4.1. LFUS with DSPE-PEG2000-NH2 (control liposomes).  The normalized 

averaged release profiles for DOX release are shown in Figure 26. The studies were 

conducted over a time-span of  5.3 minutes (with a total of 160 seconds for the on 

pulses). It can be noticed that the rate of release increased with increasing power densities 

and was found to be statistically significant for all release profiles: p = 0.02151 for 20% 

and 25%, p =            for 25% and 30% . Furthermore, as evidenced by the release 

profiles, the drug release plateaus faster with increasing power densities. At 300s, the 

Triton X-100, a surfactant, was added to lyse the liposomes and release all remaining 

drug inside the solution. From the plateau preceding addition of Triton X-100, it was 

found that 90.25% ± 0.024% of the total encapsulated DOX was released at 20%, while 

95% ± 0.018% and 99.7% ± 0.022%  was the maximum amount released for 25% and 

30%, respectively. This release was in agreement with a study previously conducted by 

our group [166]. A phenomenon to note in the release profiles is the steep increase in 

fluorescence when the US pulse is on which then, stops when the US pulse is off. This 

can be referred to DOX release from the liposomes during the on phase caused by the 

shear forces and cavitation effects caused when the US is applied; thus causing a 

perturbation in the liposomal membranes; and the regain of membrane rigidity of the 

liposomes due to hydrophobic and hydrophilic interactions [1].  

 

Figure 26: Trends for normalized release profiles of fluorescence intensities for 

control liposomes at 7.46 mW/cm
2
, 9.85 mW/cm

2
, and 17.31 mW/cm

2
 

A comparative analysis of the first 4 pulses was carried out in order to further 

analyze the percent of drug release upon US application (see Figure 27, Figure 28, and 

Table 5). It should be noted that these pulse-wise differences were taken when the LFUS 
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was in the off phase between the cycles. The DOX release between the intensities for 

each pulse was found to be statistically significant across all 3 power densities; however, 

the only exception to this was the 1
st
 pulse between 25% and 30%. A general trend of 

increasing drug release was found with increasing the number of pulses (i.e. insonation 

time) across all power densities; with the difference in drug release becoming more 

pronounced, at the same time point, during the experiments. This translates to less time of 

LFUS application needed for maximal release at 30% power density. Therefore, it can be 

concluded that increasing power densities does have an impact with more drug being 

released at higher power inputs for the same amount of time. Furthermore, maximum 

release for all power densities was found to be much higher than literature, a 70% 

maximum release upon 6 minutes of continuous insonation, whereas, even with the 

lowest power density this work demonstrated  ≥ 90%  only after 3 minutes of insonation 

[167]. 

 

Figure 27: Fraction % of drug release at the first four US pulses 

Table 5: Heat map of the statistical analysis between the first four pulses of drug 

release for non-targeted liposomes upon application of US at 20 kHz 

Statistical analysis of DOX release for the first four pulses and maximum release at different 

power densities for the control liposomes (p-values) 

Power Density 1st pulse 2nd pulse 3rd pulse 4th pulse Maximum 

20% and 25% 0.0001146 1.1414E-18 2.83052E-36 1.77903E-54 0.0204092 

25% and 30% 0.0434146 8.65209E-10 3.58733E-26 2.77745E-43 0.3788408 

      

p≥0.05 0.04≤p≤0.05 0.03≤p≤0.04 0.02≤p≤0.03 0.01≤p≤0.02 p<0.01 
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Figure 28: Graphical representation of pulse-wise and maximum encapsulated drug 

release fractions for the non-targeted liposomes at 20 kHz 

5.4.2. LFUS with DSPE-PEG2000- ClC3N3- HSA liposomes. The normalized 

release profiles for the targeted liposomes can be seen in Figure 29. The same trend was 

observed for the targeted liposomes as the non-targeted liposomes. All three averaged 

release profiles exhibited increased drug release rates with increasing power densities 

(20% and 25%: p = 0.02151; 25% and 30%: p = 3.908     ). The maximum release 

obtained before addition of Triton X-100 was found to be 78.53% ± 0.022% for 20%, 

88.41% ± 0.019% for 25%, 96.27% ± 0.022% for 30%.  

 

Figure 29: Trends for normalized release profiles of fluorescence intensities for HSA 

(targeted) liposomes at 7.46 mW/cm
2
, 9.85 mW/cm

2
, and 17.31 mW/cm

2
 

A pulse-wise comparison of the first four pulses reveals a linear trend for each 

pulse vs. power density for the targeted liposomes with each pulse demonstrating a larger 
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amount of drug released (see Figure 30 and Figure 31). In the case of the targeted 

liposomes as well, a steep increase in fluorescence was noticed in the on phase and no 

increase noted in the off phase; thus, it can be hypothesized that the liposomes 

demonstrated permeability due to cavitation or mechanical streaming effects upon LFUS 

application, causing sonoporation, and then, the liposomes regained their structure during 

the off-phase [168]. 

 

Figure 30: Pulse-wise fraction released in % for targeted-liposomes for the first 4 

LFUS pulses 

 

Figure 31: Comparison of the CFR for the first 4 pulses along with the maximum drug 

released after lysing the liposomes 

A further comment on the difference between DOX released between each power 

density is that while there is no significant difference between the total amounts of DOX 

0

10

20

30

40

50

60

70

7.46 9.85 17.31

Fr
ac

ti
o

n
 r

e
le

as
e

d
 in

 %
 

US Power densities 

1st pulse

2nd pulse

3rd pulse

4th pulse

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20

C
FR

 

US Power densities 

1st pulse

2nd pulse

3rd pulse

4th pulse

Maximum



86 

 

encapsulated, there is significant difference between the amounts released between each 

pulse and each power density. This result can be seen in Table 6. 

Table 6: Heat map of the pulse-wise p-values demonstrating statistical significance 

between amounts of drugs released 

Statistical analysis of DOX release for the first four pulses and maximum release at different 

power densities for the HSA liposomes (p-values) 

Power Density 1st pulse 2nd pulse 3rd pulse 4th pulse Maximum 

20% and 25% 0.008833 8.921E-10 1.477E-21 2.1081E-35 0.3361 

25% and 30% 0.001629 1.870E-14 1.105E-30 1.660E-42 0.2312 

20% and 30% 5.474E-08 9.692E-32 2.564E-56 8.997E-79 0.8873 

      

p≥0.05 0.04≤p≤0.05 0.03≤p≤0.04 0.02≤p≤0.03 0.01≤p≤0.02 p<0.01 

5.4.3. Comparison between LFUS-triggered DOX release profiles for DSPE-

PEG2000-NH2 (non-targeted) and DSPE-PEG2000- ClC3N3- HSA (targeted) liposomes. 

This section investigates the effect of LFUS on DOX release profiles from both the non-

targeted and HSA liposomes, as well as, conducts a comparative study of the first four 

LFUS pulses in terms of CFR and fluorescence intensities. The averaged release profiles 

for both can be seen in Figure 32. A Welch‘s two-tailed t-test performed on both types of 

liposomes for each power density established the following: there was no difference (p = 

0.7941) for HSA and control at 20% power density; but, there was a difference between 

HSA and control release profiles for 25% and 30% power densities (p= 0.01021and p = 

0.04760). To further establish the aforementioned results, statistical analysis of the total 

DOX release revealed no significant difference between the control and HSA 

liposomes(see Table 7). As can be noted from previous sections, the control liposomes 

are more sonosensitive or ‗leakier‘ than the HSA liposomes at power densities higher 

than 7.46 mW/cm
2
. 

A study by Foggia et al. [169] showed that the interaction effects of albumin on 

liposomal bilayers was only proved to be on their external surfaces and that there was no 

expected penetration into the hydrophobic core. The same study proved that not only 

were there electrostatic interactions between the protein and liposomes, but that there was 

a hydrophobic element of interaction as well, thus decreasing membrane permeability. 

Another study also, investigated the hydrophobic interaction of albumin on DPPC [170]. 

As mentioned by Yadav et al. [171], the adsorption of long, bulky molecules on the 
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surface of liposomes leads to stable dispersions due to the presence of electrosteric 

interactions. Therefore, this could mean less absorption of ultrasonic energy. Another 

recent study used the idea of HSA providing colloidal stability for targeted delivery 

[172]. Using all the aforementioned arguments, it can be hypothesized that the HSA 

liposomes exhibited less sonosensitivity due to decreased membrane permeability and 

increased interactions in the outer liposomal structure. 

The above hypothesis, which can be explored further, would prove advantageous 

in terms of less DOX leakage experienced in vivo, in addition to less cytotoxicity for 

healthy cells and cardiotoxicity, until the nanocarriers reach the site of the tumor. The 

difference in DOX release based on CFR and difference in fluorescence intensities was 

investigated on a pulse-wise basis. Figure 33, Figure 34, and Table 7 present this 

comparative analysis. To establish a complete comparison, a t-test was carried out for 

maximum drug released for both CFR and fluorescence intensities. It can be concluded 

that there was no difference for both types of liposome for 20% power density. The same 

was observed  for DOX released for the first two pulses at 25% and 30%. However, it can 

be seen that from the 3
rd

 pulse onwards, the percent of drug released is different; with the 

control liposomes releasing more drug than the HSA liposomes. An interesting point to 

note is that continuous insonation over a period of time could produce collapse cavitation 

events even at lower intensities thus, increasing the likelihood of higher drug release and 

this can be an explanation for the statistically significant difference in drug release from 

the third pulse onwards [173]. At this point it should be mentioned that for the duration of 

these studies, liposome size is not expected to vary at these power densities or this US 

frequency, as higher frequencies are expected to decrease the size significantly as 

opposed to weak insonation [174]. Therefore, it can be suggested that the reason for no 

difference at 20% and upto the 2
nd

 pulse was that the interactions, mentioned earlier, play 

a larger role in preventing collapse cavitation events than stable cavitation events (See 

Section 5.4.3. for cavitation analysis). However, a lower trend is noticeable for all HSA 

release profiles. These results are in agreement with the work previously conducted by 

our group [165]. 

 



 

 

Figure 32: Normalized cumulative drug release profiles for 20-kHz LFUS using three different power densities

8
8
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Figure 33: Pulse-wise comparison for both non-targeted and targeted liposomes in 

terms of CFR at each power density 

 

Figure 34: Pulse-wise comparison for both non-targeted and targeted liposomes in 

terms of fluorescence intensity differences for each power density 

Table 7: Heat map of the pulse-wise differences in significance for CFR and 

fluorescence intensities: A comparison of control and HSA liposomes 

Statistical difference between CFR values, control versus HSA liposomes, for the first four pulses 

and maximum release(p-values) 

CFR 

Power Density 1st pulse 2nd pulse 3rd pulse 4th pulse Maximum 

20% 0.5660 0.1936 0.5846 0.4022 0.8431 

25% 0.3846 0.02290 1.217E-06 7.745E-13 0.08295 

30% 0.7642 0.5061 5.588E-05 2.426E-15 0.07113 

Fluorescence Intensities 

Power Density 1st pulse 2nd pulse 3rd pulse 4th pulse Maximum 

20% 0.5178 0.5311 0.8904 0.1116 0.3314 

25% 0.01870 0.3389 0.01982 0.005272 0.4317 

30% 0.5481 0.1964 0.02018 0.01916 0.3317 

      

p≥0.05 0.04≤p≤0.05 0.03≤p≤0.04 0.02≤p≤0.03 0.01≤p≤0.02 p<0.01 
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5.4.4. Mechanical index (MI) and cavitation.  This section presents a brief 

overview of calculations performed and a short discussion to help estimate which 

cavitation events are dominant in the above system. The mechanical index, which is an 

indication of different expected cavitation events, was calculated as follows: 

    
    

√ 
 (17) 

where      is the estimated peak rarefactional pressure (in MPa) and f is the central 

frequency (in MHz) [175]. As the experiments were performed in PBS, the acoustic 

impedance of water (1.5 MPa.s/m),      , was taken as an estimate to calculate     : 

     √         

Here I relates to the power density (average power per unit cross-sectional area). 

The above assumption is reasonable based on the values of acoustic impedance obtained 

by Muhannad et al. which were 1.541 MPa in PBS and other media [176]. 

     √     
   

 
  (

  

   
)  

           

  
 

Based on the above, the following values were calculated for MI: 

Power density (mW/cm
2
) MI 

7.46 0.11 

9.85 0.12 

17.31 0.16 

The above values indicate the occurrence of stable cavitation effects in the media 

since it is below the threshold for collapse cavitation (MI < 0.3) [175]. However, it has 

been argued that collapse cavitation events may be occurring to a lesser extent even 

under this threshold [173], [177]. 

As mentioned previously, the release profile backs the hypothesis of cavitation-

driven release from liposomes as can be seen in Figure 35. There is an increase in 
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intensity and therefore, DOX is released when the US is on; whereas, DOX intensity 

immediately stops increasing when US is switched off. This demonstrates that the 

percentage of drug released in the extra-vesicular environment remains constant in the 

absence of US and that since there is no time lag between when the US is switched off 

and the amount of drug released, it can be said that the drug release is triggered by the 

cavitation process. 

 

Figure 35: Release profile for control liposomes for the 1
st
 pulse cycle of LFUS (A). 

Release profile for HSA liposomes for the 1
st
 pulse cycle of LFUS (B) 

5.4.5. Comparison of drug release between DOX-encapsulated liposomes and 

calcein-encapsulated liposomes. As mentioned earlier, work done previously by our 

group involved the formulation of HSA and control liposomes encapsulating calcein 

[145]. Calcein (C30H26N2O13) is a model drug  used in preliminary studies due to the fact 

that it is a fluorescent molecule which can be detected in small amounts; it is known to 

have an excitation wavelength at 495 nm and an emission wavelength at 525 nm [178]. 

To establish a comparison, the characterization of the calcein liposomes is compared to 

the liposomal characterization in this work. The liposomal size encapsulating calcein was 

84.46 ± 0.97 nm with a polydispersity index of 7.21 ± 1.42 for control liposomes and 

84.86 ± 1.81 with a polydispersity index of 9.68 ± 0.94 [145]. This size is only 2 nm 

smaller than the ones synthesized in this work, therefore, the effect of liposomal size on 

drug release profiles is not expected to contribute to the variation in the comparison 

assumed. However, the lipid concentration of the liposomes used in this work was higher 

(30 µmol/mL) than the concentrations for calcein-encapsulated liposomes (20 µmol/mL). 

In addition, drug cargo also has an affect on the stability and drug release kinetics of 

liposomes and therefore, may lead to variations in release kinetics [179].Furthermore, the 

percentage (%) of the encapsulated drug along with variations in the concentrations of 

drug solutions added (25 mM for calcein was used compared to 165 mM of DOX was 
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used in this work) means that investigating the release profiles by using model-dependent 

and model-independent methods will give a better insight into variations in the drug 

release profiles and the mechanisms involved.  This comparison will shed some light on 

whether preliminary studies using calcein can be a sound indicator of future release 

studies using different drug formulations..  

 

Figure 36: Comparison of trends for the normalized release profiles of calcein-

encapsulated and DOX-encapsulated liposomes at 20 kHz: Trend for the control 

liposomes for DOX and calcein (A). Trend for the HSA liposomes for DOX and 

calcein (B) 

However, a brief analysis of the comparison between the release profiles would 

still be advantageous for arguments presented in the next section. Figure 36 depicts the 

trends for both types of liposomes. It can be observed that calcein liposomes plateaued at 

a faster rate than the DOX liposomes, with DOX liposomes exhibiting more maximum 

release before the addition of Triton X-100 than calcein liposomes (maximum release of 

69.69% ± 0.0078% for 20%, 78.94% ± 0.0074% for 25%, and 88% ± 0.0081% for 30%). 

It can also, be noted that with increasing intensities all liposomes types plateaued faster. 

This is in agreement with the discussion presented in Sections 5.4.1. and 5.4.2. 

Furthermore, more percentage of drug was released from the control-DOX liposomes as 
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compared to the control-calcein liposomes. In contrast, the opposite was true for the HSA 

bound liposomes. An interesting observation is that the difference in the release profiles 

for both targeted and non-targeted increases with increasing intensities.  

5.5. Drug Release Kinetics 

Model-dependent methods were utilized in this work for further analysis of data. 

Nine kinetic models, both mechanistic and empirical, were used for model fitting of the 

control and HSA-bound liposomes for further insight into the drug release mechanisms 

for each liposome type. These models were zero-order, first-order, Higuchi, Korsmeyer-

Peppas, Weibull, Hixson-Crowell, Baker Lonsdale, Hopfenberg and Gompertz models. 

For fitting of data, the off-cycles between the US on pulses were disregarded in order to 

obtain an overview based solely on variations due to cavitation effects and then, 

regression analysis was performed. This study is important since the release kinetics of 

drugs encapsulated in liposomes is not yet established [154]. This may be due to variance 

in bilayer composition, liposome morphology, preparation techniques, and also due to the 

fact that liposomes exhibit a large surface area to volume ratio [180]. Liposomes, in 

general, can be expected to behave as a ‗reservoir-type‘ device with non-degradable 

coating [153]. These devices would be expected to release drug based on the lipid bilayer 

as a drug release rate-controlling mechanism (unaffected by concentration gradients). 

However, with the integration of LFUS, which increases lipid bilayer permeability by 

sonoporation and other mechanical effects, the extravesicular concentration gradients 

could come into play and thus, Fickian-driven diffusion might be expected to occur. Due 

to the integration of materials with diverse physical and chemical properties and with 

multiple factors affecting variation, it would be reasonable to expect the overall kinetics 

to be described by more than one mathematical model. The following section will present 

arguments in order to hypothesize which release mechanisms are dominant. Furthermore 

in this section, comparative statistical analyses were conducted based on the parameter 

values obtained from each batch (a total of 3 batches were used) and each US intensity 

(7.46 mW/cm
2
, 9.85 mW/cm

2
, and 17.31 mW/cm

2
). These parameter values were 

obtained from linear regression of data obtained from the LFUS studies. Data for the 

calcein-encapsulated LFUS drug release profiles was obtained from the published work, 

Ultrasonically controlled albumin-conjugated liposomes for breast cancer therapy, with 

permission [145]. 
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5.5.1. Doxorubicin liposomes. 

5.5.1.1 Release kinetics model fitting for control-DOX liposomes.  The 

linearized plots for the nine models, at 25% intensity for Batch #1 of control-DOX 

liposomes, are presented in Figure 37. Plots for other intensities and batches can be found 

in Appendix A. These plots were obtained to determine the parameters based on each 

model and also, establish how well the models fit the data. A high R
2
 can be taken to 

mean that the model has sufficiently taken account of most variability within the system. 

This can then be used to suggest the underlying mechanism by which the encapsulated 

drug is released during LFUS application. Table 8 summarizes the R
2 
values obtained for 

batch-wise regression analyses at all intensities. 

For the control liposomes, Higuchi and Korsmeyer-Peppas were found to be the 

best fitting models; with the Hixson-Crowell and Hopefenberg models exhibiting slightly 

less fits. Since the least fitting models were the first-order model and the Gompertz 

model, a brief discussion of the underlying assumptions can suggest why these models 

did not provide a good fit. From Section 4.5.1., it has been pointed out that the first-order 

model exhibits sustained release in the temporal domain. Since DOX is known to form 

hexagonal fiber bundle precipitates inside the liposomes, the intravesicular aqueous 

region of the liposomes will have a central precipitate region (see Figure 10). Zhigaltsev 

et al.conducted in vitro studies on liposomes that established that liposomal drug release 

exhibits zero-order release in the presence of a precipitate. They further mentioned that 

release profiles would be biphasic with a rapid release followed by a slower linear phase 

after equilibrium is established [181]. The zero-order model presented in this section 

demonstrates adherence to the aforementioned biphasic profile. In physical terms, this 

means that the diffusion of DOX outside the liposomes, in the protonated or neutral form, 

is slower than the dissolution rate of the DOX precipitate within the saturated DOX 

suspension present inside the liposomes. Furthermore, the Gompertz type of release 

mechanism is based on the delivery of drug over an extended period of time. This work 

utilizes the idea of drug release upon exposure to a stimulus and therefore, drug release is 

not expected to exhibit a depot delivery mechanism  as would be the case for the 

Gompertz model. 

In terms of the Higuchi model, the above discussion would make sense based on 

the assumption of an inner boundary (for the DOX precipitate) and an outer boundary 
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(saturated suspension in the aqueous phase of liposome). Therefore, the outer boundary 

would follow a diffusion based mechanism on the application of LFUS and thus, 

enhanced permeability in the lipid membrane. A further comment on the assumption, as 

mentioned in Section 4.5.2., is Higuchi‘s model assumes the system does not swell. 

However, the goodness of fit for the Korsmeyer-Peppas model and analysis of the release 

exponent, n 0.8, reveals that the prevalent mechanism for drug release is anomalous. 

This means that drug release is associated with Fickian diffusion, as well as, relaxational 

release relating to a swelling-based system [182], [183]. Since the application of US 

might lead to pores in the liposomal membrane, it can be suggested that the packing of 

the hexagonal fiber bundle structure might decrease due to diffusion of water within the 

liposomes causing a swollen region within the liposomes. At this point, it should also be 

mentioned that sulfate causes DOX aggregates at concentrations a 100 times below the 

solubility limit and therefore, stacked bundles are more likely, than not, to occur in this 

formulation [49]. 

5.5.1.2 Release kinetics model fitting for HSA-DOX liposomes. Linearized plots 

for batch #1 at 25% intensity for HSA-liposomes are presented in Figure 38. Plots for all 

other batches and intensities can be found in Appendix B. An analysis of the goodness of 

fits for the targeted liposomes leads to the conclusion that Higuchi and Korsmeyer-

Peppas exhibit the best fits. In the case of targeted liposomes, the Hopfenberg and 

Hixson-Crowell models also demonstrate best fit (see Table 8). Since the release 

exponent is n 0.8 for the targeted liposomes as well as the non-targeted liposomes and 

based on arguments in the previous section, it can be said that the drug release form 

HSA-liposomes follows non-Fickian diffusion. In this case, however, there is also a role 

of other factors affecting drug release. Since the physicochemical properties, i.e. the 

shape of the liposomes, are not expected to change; therefore, the basis of the Hixson-

Crowell model would seem to be well-maitained [159], [184]. Due to the interaction 

between the lipid polar groups, change in the initial geometric form of the liposomes is 

not expected. However, since the Hopfenberg-theory is an erosion-based theory and the 

application of US on PEGylated liposomes is known to cause structural deformation 

leading to the formation of smaller structures such as micelles, it can be suggested that 

the Hopfenberg model follows the drug release mechanism based on this phenomenon 

[130]. 



 

 

Figure 37: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 25% intensity (Batch #1) 
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Table 8: Summary of R
2
 values obtained from model fitting for each individual batch 

Liposome type Batch # Zero Order First Order Higuchi Korsmeyer-Peppas Hixson-Crowell Baker Lonsdale Weibull Hopfenberg Gompertz 

Control 

Batch #1 97.94% 76.56% 97.91% 97.54% 98.09% 91.86% 96.28% 98.09% 81.51% 

Batch #2 98.34% 78.02% 98.10% 98.69% 98.86% 93.11% 97.08% 98.86% 81.94% 

Batch #3 98.49% 80.99% 96.55% 96.47% 97.73% 89.87% 95.03% 97.73% 82.76% 

Batch #1 96.47% 75.01% 98.33% 98.59% 94.64% 90.03% 95.23% 94.64% 69.30% 

Batch #2 95.83% 73.73% 98.33% 98.45% 97.00% 93.09% 95.42% 97.00% 67.67% 

Batch #3 98.22% 78.26% 97.69% 97.59% 95.34% 88.25% 93.71% 95.34% 67.74% 

Batch #1 89.26% 69.90% 96.24% 97.01% 94.50% 93.16% 94.80% 94.50% 71.60% 

Batch #2 90.63% 71.18% 96.71% 96.94% 96.53% 95.02% 94.14% 96.53% 66.63% 

Batch #3 98.03% 79.60% 97.16% 96.36% 93.98% 87.28% 91.39% 93.98% 61.77% 

Average 95.91% 75.92% 97.45% 97.52% 96.30% 91.30% 94.79% 96.30% 72.32% 

HSA 

Batch #1 98.01% 79.91% 96.18% 96.13% 97.73% 91.01% 94.96% 97.73% 83.63% 

Batch #2 97.10% 79.59% 96.96% 96.13% 97.43% 91.93% 94.69% 97.43% 82.86% 

Batch #3 97.39% 75.39% 98.70% 97.68% 99.04% 94.73% 96.96% 99.04% 84.13% 

Batch #1 97.51% 80.95% 96.98% 95.93% 97.19% 90.88% 93.44% 97.19% 77.57% 

Batch #2 95.93% 74.83% 97.86% 96.98% 96.99% 92.00% 95.67% 96.99% 79.92% 

Batch #3 97.05% 75.13% 98.82% 98.81% 98.70% 94.13% 97.09% 98.70% 79.57% 

Batch #1 95.10% 73.41% 97.65% 97.47% 95.10% 91.05% 94.21% 95.10% 62.48% 

Batch #2 95.29% 73.95% 97.52% 96.91% 96.10% 91.51% 94.80% 96.10% 73.05% 

Batch #3 92.75% 68.27% 98.32% 98.19% 97.55% 95.47% 97.18% 97.55% 72.09% 

Average 96.24% 75.71% 97.67% 97.14% 97.31% 92.52% 95.44% 97.31% 77.26% 

Total average 96.07% 75.82% 97.56% 97.33% 96.81% 91.91% 95.12% 96.81% 74.79% 
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Figure 38: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 25% intensity (Batch #1)
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For the case of both non-targeted and targeted liposomes, the goodness of fit 

based on the Higuchi model is supported by work previously done by our group  - using 

liposomes encapsulating doxorubicin [166]. The following section shall discuss the 

parameters for the best fit models with a comparison of both types of liposomes. 

5.5.1.3 Parameters for best fit models for control and HSA DOX liposomes: n, 

a,   ,   ,    . This section shall analyze each parameter separately and present the 

conclusion drawn from each. The values of the parameters for each batch, and at each 

corresponding power density, are presented in Table 9. A two-factor ANOVA test was 

performed on all obtained values to analyze the effect of each variation on the 

parameters; this test was done using the liposome type (HSA or control) and intensity 

level (7.46 mW/cm
2
, 9.85 mW/cm

2
, and 17.31 mW/cm

2
) as independent factors. For this 

purpose, three null hypotheses were used to draw conclusions (see Section 4.6.). The 

ANOVA tests for all five parameters are presented in Table 10. 

The parameter, n, as it relates to the Korsmeyer-Peppas model is representative of 

the dominant drug release mechanism of the DDS. Analysis of the p-values from the 

ANOVA test tells us that the differences in n, or the release exponent which signifies the 

drug release mechanism, between the intensities are consistent for control and HSA-

liposomes. It also tells us that there are no variations in parameter values due to power 

intensities or liposome type. Since the value of n is  0.8 for all variations, it can be 

concluded that the drug release mechanism for both control and HSA-liposomes, at all 

power intensities, is due to non-Fickian or anomalous transport where both diffusion-

driven and dissolution-driven drug transport phenomenon come into play. 

From the Korsmeyer-Peppas model, the value of a can also be found. This 

parameter is representative of the release rate based on the structural/geometric 

characteristics of a DDS. With regards to the results from ANOVA, it can be seen that 

the differences between intensities are consistent for both liposome types. However, there 

are no variations in release rate due to geometry/structure of the liposomes for the 

targeted or non-targeted liposomes. While there are no significant variations in release 

rate constant due to changes in structure or due to increasing power densities, an 

increasing trend can be seen between them that may be due to formation of smaller lipid 

structures or micelles upon US application. 



 

Table 9: Values of parameters for best fit models of DOX liposomes for each batch: n, a, KH, Ks, KHf 

Control 

Intensity Batch # n a KH Ks KHf 

20% 

Batch#1 0.7847 0.01697 0.0822 0.00303 0.00303 

Batch#2 0.8187 0.01445 0.0847 0.00310 0.0031 

Batch#3 0.775 0.01446 0.0712 0.00233 0.00233 

Average ± standard deviation 0.7928±0.01874 0.01529±0.001186 0.0793±0.00586 0.00282±0.000348 0.00282±0.000349 

25% 

Batch#1 0.7601 0.02254 0.0939 0.00427 0.00427 

Batch#2 0.8091 0.01871 0.0992 0.00477 0.00477 

Batch#3 0.7931 0.01799 0.0938 0.00410 0.0041 

Average ± standard deviation 0.7874±0.02040 0.01975±0.001997 0.0956±0.00252 0.00438±0.000284 0.00438±0.000285 

30% 

Batch#1 0.7167 0.03768 0.0954 0.00488 0.00488 

Batch#2 0.8383 0.03312 0.1066 0.00609 0.00609 

Batch#3 0.6791 0.01569 0.1034 0.00504 0.00504 

Average ± standard deviation 0.7447±0.06794 0.02883±0.009476 0.1018±0.00471 0.00534±0.000537 0.00534±0.000538 

HSA 

Intensity Batch # n a KH Ks KHf 

20% 

Batch#1 0.7789 0.01331 0.0671 0.00209 0.00209 

Batch#2 0.7379 0.01861 0.0739 0.00248 0.00248 

Batch#3 0.7844 0.0169 0.0811 0.0029 0.0029 

Average ± standard deviation 0.7671±0.02075 0.01627±0.002209 0.0740±0.00572 0.00249±0.00031 0.00249±0.00032 

25% 

Batch#1 0.769 0.01793 0.0856 0.0032 0.0032 

Batch#2 0.7521 0.02121 0.0854 0.00331 0.00331 

Batch#3 0.7677 0.02027 0.0884 0.00356 0.00356 

Average ± standard deviation 0.7629±0.007679 0.01980±0.001379 0.0864±0.00137 0.00336±0.000151 0.00336±0.000152 

30% 

Batch#1 0.8043 0.01953 0.1002 0.00487 0.00487 

Batch#2 0.8012 0.01771 0.0975 0.0043 0.0043 

Batch#3 0.7453 0.0271 0.0983 0.00473 0.00473 

Average ± standard deviation 0.7836±0.02711 0.02145±0.004066 0.09867±0.00113 0.00463±0.000243 0.00463±0.000244 

1
0
0
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Table 10: Two-factor ANOVA analysis for obtained parameter values 

N 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 6.44E-05 1 6.44E-05 0.03899 0.8467 4.7472 

Power Densities 0.0007877 2 0.000394 0.23844 0.7915 3.8852 

Interaction 0.004097 2 0.002048 1.24019 0.3238 3.8852 

Within 0.01982 12 0.001651 

   

       Total 0.024770 17         

       

A 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 6.85E-05 1 6.85E-05 2.31401 0.154117 4.747225 

Power Densities 0.000218 2 0.000109 3.685258 0.056525 3.885294 

Interaction 6.07E-05 2 3.04E-05 1.024947 0.388194 3.885294 

Within 0.000355 12 2.96E-05 

   

       Total 0.000703 17         

       KH 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 0.000155 1 0.000155 6.29606 0.027448 4.747225 

Power Densities 0.001688 2 0.000844 34.18303 1.11E-05 3.885294 

Interaction 2.8E-05 2 1.4E-05 0.566315 0.582073 3.885294 

Within 0.000296 12 2.47E-05 

   

       Total 0.002168 17         

       Ks 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 2.11E-06 1 2.11E-06 12.28036 0.004347 4.747225 

Power Densities 1.63E-05 2 8.15E-06 47.51026 1.99E-06 3.885294 

Interaction 3.62E-07 2 1.81E-07 1.055504 0.378216 3.885294 

Within 2.06E-06 12 1.71E-07 

   

       Total 2.08E-05 17         

       KHf 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 2.1E-06 1 2.1E-06 12.26528 0.004364 4.747225 

Power Densities 1.63E-05 2 8.15E-06 47.46937 2E-06 3.885294 

Interaction 3.62E-07 2 1.81E-07 1.054784 0.378447 3.885294 

Within 2.06E-06 12 1.72E-07 

   

       Total 2.08E-05 17         
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The ANOVA analysis for Higuchi, Hixson-Crowell and Hopefenberg reveals that 

the constants,   ,   , and    , show consistent differences between intensities for 

control and HSA. Additionally, the conclusion can be drawn that the diffusion-driven 

variation in control and HSA-liposomes are due to increasing intensities. This supports 

the prior argument which refers to increasing disorder in the lipid bilayer leading to more 

permeability with increasing intensities. Diffusion rate is also seen to vary with the type 

of liposome. One reason for this could be that HSA and DOX form very stable 

complexes due to hydrophobic and hydrophilic interactions which could lead to 

decreased sonosensitivity [185]. An advantage of this, in vivo, is that the small 

concentrations of DOX that might leak out of the liposomes during blood circulation will 

be bound by HSA thus, inhibiting the release of DOX into the bloodstream thereby, 

further restricting cardiotoxicity. The adherence of the liposomes to the Higuchi model 

also, signifies that the inner and outer boundary layers, as mentioned in Section 5.5.1.1., 

are a contributing factor to diffusion driven release. With reference to     and    , 

variability due to liposomal type and power intensities are found as well. This implies 

that the surface-volume relationship for liposomes changes due to increased mechanical 

effects and liposomal type. The same is also true for the erosion constant. 

5.5.2. Calcein-liposomes. The following section presents the results for model-

fititng of calcein-loaded liposomes using experimental data from work previously done 

by our group [145]. 

5.5.2.1 Release kinetics model fitting for control-calcein liposomes. Data 

obtained from the release profiles reported in the work, as mentioned earlier, were 

linearized and fitted following the same method as used in Section 5.5.1. Figure 39 shows 

sample plots for the experimental data with the fitted plots at 25% intensity, batch 1, for 

control-calcein liposomes. Plots for other batches at all intensities are included in 

Appendix C. Linear regression analyses were performed on each batch at all intensities to 

obtain the correlation coefficients for all nine mathematical models. The results are 

summarized in Table 11.  

 



 

 

Figure 39: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 25% intensity (Batch #1) 
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Figure 40: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 25% intensity (Batch #1) 
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Table 11: Summary of R
2
 values obtained from model fitting for each individual batch 

Liposome type Batch # Zero Order First Order Higuchi Korsmeyer-Peppas Hixson-Crowell Baker Lonsdale Weibull Hopfenberg Gompertz 

Control 

 

Batch #1 97.30% 71.65% 98.80% 99.10% 99.44% 97.18% 99.40% 99.44% 90.33% 

Batch #2 98.66% 75.31% 98.24% 99.38% 99.62% 95.63% 99.11% 99.62% 89.57% 

Batch #3 98.56% 76.40% 97.84% 99.01% 99.41% 95.05% 98.31% 99.41% 87.99% 

Batch #1 92.45% 64.11% 98.36% 97.75% 97.52% 98.87% 99.50% 97.52% 92.63% 

Batch #2 95.13% 70.69% 98.45% 98.72% 98.31% 97.84% 99.01% 98.31% 90.09% 

Batch #3 95.52% 71.33% 98.46% 99.04% 98.91% 97.68% 99.11% 98.91% 88.35% 

Batch #1 86.03% 58.42% 95.71% 95.71% 94.56% 97.22% 99.17% 94.56% 92.14% 

Batch #2 87.34% 63.08% 96.03% 96.99% 94.80% 97.11% 98.85% 94.80% 90.92% 

Batch #3 89.62% 65.41% 96.94% 97.47% 97.13% 97.94% 98.90% 97.13% 87.95% 

Average 93.42% 68.49% 97.65% 98.13% 97.74% 97.17% 99.04% 97.74% 90.00% 

HSA 

 

Batch #1 96.23% 70.07% 98.66% 98.88% 98.93% 97.76% 99.52% 98.80% 91.25% 

Batch #2 97.25% 74.59% 98.24% 99.40% 99.00% 96.20% 98.94% 98.93% 87.91% 

Batch #3 98.28% 76.44% 97.79% 98.45% 96.24% 94.37% 98.05% 99.00% 86.66% 

Batch #1 90.39% 63.23% 97.45% 97.11% 94.96% 98.39% 99.15% 96.23% 92.54% 

Batch #2 89.26% 65.13% 96.24% 97.80% 98.80% 96.38% 98.88% 94.96% 89.76% 

Batch #3 91.03% 67.40% 97.14% 98.11% 96.59% 97.70% 98.97% 96.59% 89.47% 

Batch #1 82.51% 62.45% 93.79% 95.85% 90.93% 95.00% 98.03% 90.93% 92.76% 

Batch #2 79.11% 57.33% 91.05% 94.74% 87.30% 91.42% 97.38% 87.30% 92.47% 

Batch #3 82.71% 59.85% 93.44% 95.62% 94.96% 96.45% 98.62% 94.96% 84.51% 

Average 89.64% 66.28% 95.98% 97.33% 95.30% 95.96% 98.62% 95.30% 89.70% 

Total Average 91.52% 67.38% 96.81% 97.73% 96.52% 96.57% 98.82% 96.52% 89.85% 

 

1
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While the Higuchi, Hixson-Crowell, Baker Lonsdale and Hopfenberg models 

showed relatively good fits for the calcein liposomes, the best fitting models were found 

to be Korsmeyer-Peppas and Weibull. This means that more than one constant is needed 

to characterize the release profiles for calcein release from the liposomes. Observing the 

adherence of the Weibull model to the calcein release, it can be suggested that the release 

profile depends on the fractal morphologies of the DDS. The release of the Weibull 

model follows a biphasic pattern with an initial faster release rate followed by a slower 

release rate. Since the release provides a good fit for Higuchi, it can be suggested that this 

could be due to two factors: the depletion of the concentration gradient between the 

intravesicular region of the liposome and the bulk medium, and the change in the fractal 

morphology, over time, of the liposomes due to destruction, re-self-assembly or the 

formation of micelles and other small assemblies due to increasing mechanical effects. 

5.5.2.2 Release kinetics model fitting for HSA-calcein liposomes. Figure 40 

shows the linearized plots of all nine models along with regression analysis for batch 1 at 

25% intensity for HSA-coupled liposomes. Plots for other intensities and other batches 

can be found in Appendix D. It can be noted, that in contrast to the control liposomes, the 

best fit models were found to be only Korsmeyer-Peppas and Weibull. The correlation 

coefficient values for HSA-bound liposomes can be found in Table 11. A comment on 

the relatively lower fit of the HSA liposomes to the Baker Lonsdale and Hixson-Crowell 

models could be due the attached protein on the liposomes. Since the Baker Lonsdale 

model assumes a spherical particle and Hixson-Crowell is based on the proportionality of 

the surface area of the particle to its volume, it could explain the slightly lower 

correlation coefficents. However, adherence to the Weibull model demonstrates the 

dependence on fractal morphology of the system. Therefore, this is in agreement with the 

results obtained for the control-calcein liposomes. 

At this point in the discussion it should also be reiterated that the Weibull model 

has been shown to fit the entirety of the experimental data, whereas, Korsmeyer-Peppas 

is used for the initial 60% release. Therefore, this may be one of the reasons contributing 

to the slightly better fit of the Weibull model.  
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5.5.2.3 Parameters for best fit models for control-calcein and HSA-calcein 

liposomes: n, a,   ,   . Table 12 and Table 13 show the parameter values, obtained 

from fitting to the Korsmeyer-Peppas model and the Weibull model, and the two-factor 

ANOVA analyses for each corresponding parameter; this test was done using the 

liposome type (HSA or control) and intensity level (7.46 mW/cm
2
, 9.85 mW/cm

2
, and 

17.31 mW/cm
2
) as independent factors. Analysis of the release exponent, n, reveals that 

there the systematic differences between intensities is consistent with the type of 

liposomes. Furthermore, variability in the release exponent and therefore, the drug 

release mechanism stems from power densities. A decreasing trend of the release 

exponent was noted with increasing power densities. This can be explained by the fact 

that increasing intensities lead to more permeability or destruction of liposomes thus, 

driving the effect of anomalous transport towards diffusion-driven. This trend is more 

noticeable for the ligand-attached liposomes than for the control with significant 

variability noted based on liposome type. However, all values of n are within the range of 

anomalous drug transport.  

In terms of dependency of the release rate based on structural/geometric 

characteristics, a, it can be noted that variability stems from both differences in liposome 

type and intensities. For this case, an increasing trend can be noted for both liposomes 

with increasing intensities. 

Due to the adherence of the data to the Weibull model, it can be said that the 

release was dependent on fractal morphology. However, analysis of ANOVA and 

parameter values of bw report that differences between intensities and liposome type were 

consistent, but no significant variability due to intensities or liposome type were found. In 

addition, since bw  1 the shape of the curve is parabolic. This means that with increasing 

aw, the peak of the parabolic curve will decrease, in order to maintain an area of 1 under 

the curve  thus decreasing drug release rates. This can be noted with reference to the 

parameter values and ANOVA analysis which shows that the highest values for aw were 

at the lowest intensity thus, proving lower maximal rates of release[186], [187]. This is to 

be expected, due to increased sonoporosity, and is in agreement with the discussion 

carried out previously. In addition, it should be noted that the variability for aw stemmed 

both from liposome carrier type and from the different power intensities. 
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Table 12: Values of parameters obtained from the best fit models of calcein liposomes 

for each batch: n, a, bw, aw. 

Control 

Intensity Batch # n a bw aw 

20% 

Batch#1 0.8692 0.010032 1.0254 139.0913 

Batch#2 0.8529 0.009504 0.9857 139.8621 

Batch#3 0.8678 0.009061 1.0085 150.0376 

Average ± standard 

deviation 
0.8633±0.007376 0.009533±0.000397 1.007±0.01627 143.0±4.988 

25% 

Batch#1 0.8351 0.01407 1.027 105.6331 

Batch#2 0.8164 0.01407 0.9921 102.5888 

Batch#3 0.8445 0.013095 1.0453 117.6793 

Average ± standard 

deviation 
0.830±0.01168 0.01375±0.00046 1.021±0.002207 108.6±6.516 

30% 

Batch#1 0.7653 0.02341 1.0254 72.36024 

Batch#2 0.7470 0.024547 0.9922 66.35903 

Batch#3 0.7850 0.021004 1.0607 85.01587 

Average ± standard 

deviation 
0.7658±0.01552 0.02299±0.001477 1.0261±0.02797 74.58±7.776 

HSA 

Intensity Batch # n a bw aw 

20% 

Batch#1 0.8760 0.009904 1.0376 143.4498 

Batch#2 0.8210 0.013035 0.9906 110.357 

Batch#3 0.8240 0.012017 0.9830 117.8148 

Average ± standard 

deviation 
0.8403±0.02525 0.01170±0.001304 1.004±0.02425 123.9±14.17 

25% 

Batch#1 0.7927 0.019068 1.0053 86.99614 

Batch#2 0.7866 0.019059 1.0283 85.07462 

Batch#3 0.8016 0.017286 1.0146 84.13951 

Average ± standard 

deviation 
0.7936±0.006159 0.01847±0.008380 1.016±0.009447 85.40±1.189 

30% 

Batch#1 0.6007 0.048462 0.8265 27.37159 

Batch#2 0.7138 0.02993 0.9587 52.48075 

Batch#3 0.7141 0.033045 1.0794 64.59516 

Average ± standard 

deviation 
0.6762±0.05339 0.03715±0.008102 0.9549±0.1033 48.15±15.50 

5.5.3. Comparative analysis of DOX and calcein liposomes. For comparison 

between results obtained in Sections 5.5.1. and 5.5.2., the parameters obtained from the 

common best fit model, the Korsmeyer-Peppas model, were used to comment on the 

significance of results. Since there were three independent variables affecting the two 

parameters, n and a, a three-way ANOVA test was performed using MATLAB. Here the 

three independent factors correspond to the type of drug encapsulated (calcein or DOX), 

the liposome type (HSA or control), and the intensity levels (this test was done using the 

liposome type (HSA or control) and intensity level (7.46 mW/cm
2
, 9.85 mW/cm

2
, and 
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17.31 mW/cm
2
). The results of the three-way ANOVA for the release exponent, n, 

showed that the interaction was not significant (p=0.0745). Therefore, separate two-factor 

ANOVA tests were carried out using different combinations to determine the effect of the 

different type of drug/drug model encapsulated inside the liposomes. These results are 

presented in Table 14. 

Table 13: Two-factor ANOVA analysis for obtained parameter values: n, a, bw, aw 

n 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 0.01139 1 0.01139 11.5085 0.00534 4.74723 

Power Densities 0.05414 2 0.02707 27.3644 3.4E-05 3.88529 

Interaction 0.00365 2 0.00182 1.84325 0.20041 3.88529 

Within 0.01187 12 0.00099 
   

       

Total 0.08105 17         

       

a 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 0.00022 1 0.00022 12.4968 0.00411 4.74723 

Power Densities 0.00121 2 0.0006 34.2475 1.1E-05 3.88529 

Interaction 0.00012 2 6E-05 3.40929 0.06723 3.88529 

Within 0.00021 12 1.8E-05 
   

       

Total 0.00176 17         

       

bw 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 0.00315 1 0.00315 0.98027 0.34168 4.74723 

Power Densities 0.0024 2 0.0012 0.373 0.69638 3.88529 

Interaction 0.00451 2 0.00226 0.70098 0.51532 3.88529 

Within 0.03862 12 0.00322 
   

       

Total 0.04869 17         

       

aw 

Source of Variation SS df MS F P-value F crit 

Control vs. HSA 2365.52 1 2365.52 16.588 0.00155 4.74723 

Power Densities 15583.6 2 7791.78 54.639 9.4E-07 3.88529 

Interaction 40.2408 2 20.1204 0.14109 0.86983 3.88529 

Within 1711.26 12 142.605 
   

Total 19700.6 17         
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Table 14: Two-way ANOVA analysis for comparison of DOX and calcein 

liposomes for the parameter n 

N 

Effect of Drug type on n, based on liposome type regardless of intensity 

levels (drug type and liposome type considered as independent factors) 

 
Source of Variation SS df MS F P-value F crit 

Calcein/DOX 0.004402 1 0.004402 1.49276 0.230713 4.149097 

Control and HSA 0.00658 1 0.00658 2.231148 0.145049 4.149097 

Interaction 0.00487 1 0.00487 1.651245 0.208013 4.149097 

Within 0.094372 32 0.002949 

   

       
Total 0.110224 35         

Effect of drug type on n, based on intensities for control liposomes (drug 

type and intensity levels considered as independent factors) 

 
Source of Variation SS df MS F P-value F crit 

Calcein/DOX 0.009266 1 0.009266 6.373954 0.026679 4.747225 

Intensity 0.017214 2 0.008607 5.920416 0.016261 3.885294 

Interaction 0.001834 2 0.000917 0.630858 0.548895 3.885294 

Within 0.017445 12 0.001454 

   

       
Total 0.045759 17         

Effect of drug type on n, based on intensities for HSA liposomes (drug 

type and intensity levels considered as independent factors) 

 
Source of Variation SS df MS F P-value F crit 

Calcein/DOX 5.89E-06 1 5.89E-06 0.004963 0.944996 4.747225 

Intensity 0.016867 2 0.008433 7.101762 0.009224 3.885294 

Interaction 0.026762 2 0.013381 11.26814 0.00176 3.885294 

Within 0.01425 12 0.001188 

   

       
Total 0.057885 17         

The three two-factor ANOVA tests conducted on n values were based on the 

following independent variables: liposome type and encapsulated drug type regardless of 

intensity levels, intensity levels and encapsulated drug type only for control liposomes, 

and intensity levels and encapsulated drug type only for HSA liposomes. It can be 

concluded from the results that since the interaction level at different intensities and drug 

types was not significant, variability in the n values occurred due to increasing intensity 

levels and also, due to drug type. This is important to note as it explains the different 

trends in the release profiles obtained for both calcein-encapsulated and DOX-

encapsulated liposomes. It signifies that comparisons based off of release profiles as 

obtained from LFUS are better compared using model-dependent methods as drug release 

mechanisms or release rates tend to vary based on drug type. Furthermore, ignoring all 
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intensity levels, it can be concluded that since interactions and p-values lead to 

acceptance of the null hypotheses, variability in n does not stem from type of liposome or 

drug type. In addition, the interaction between drug type and intensities is significant and 

therefore, the effect on n due to the targeted liposomes is not conclusive. However, it 

should be noted that all values of n, for control-calcein, control-DOX, HSA-calcein, and 

HSA-DOX liposomes are indicative of anomalous drug release mechanism. Therefore, it 

can be concluded that regardless of type of the encapsulated drugs used here (calcein or 

DOX), modeling may be used as a predictor of future studies. 

A three-way ANOVA test was also performed for the parameter a for all 4 types 

of liposomes with drug type, liposome type, and intensity levels functioning as the 

independent variables. The results revealed that the three-way interaction was significant 

(p = 0.0376). The reason for this was that there is a difference in the two-way interaction 

liposome types (see Table 15). It can be seen that while there is no significant variability 

due to drug type or liposome type (for all intensity levels), there is a variability due to 

drug type, on a, based on intensities for control liposomes. This further establishes the 

previously mentioned fact that variations in release profile and release rates, due to 

structural/geometric characteristics, are based on encapsulated drug. A further comment 

on the reasoning behind this is that the formation of DOX aggregates inside the liposome 

causes the morphology to assume a more ‗oval‘ or elongated structure [78], [188]. 

Therefore, it can be concluded that there are several factors influencing drug release rates 

and mechanisms including shape, liposome types and US intensity levels. 

One final observation that might add to this comparison is that previous work 

done by our group involving calcein-encapsulated liposomes, with RGD, transferrin, or 

lactose attached as ligands, all exhibited adherence to the Weibull model thus, suggesting 

that calcein-encapsulated liposomes exhibit release rates dependent on fractal 

morphologies [189]–[191]. It should, however, be noted that the best fits for these 

liposomes follow adherence to a combination of models. 
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Table 15: Two-way ANOVA analysis for comparison of DOX and calcein 

liposomes for the parameter a 

A 

Effect of Drug type on a, based on liposome type regardless of intensity levels 

Source of Variation SS df MS F P-value F crit 

Calcein/DOX 1.54E-05 1 1.54E-05 0.222231 0.640544 4.149097 

Control and HSA 5.37E-05 1 5.37E-05 0.772774 0.385914 4.149097 

Interaction 0.000187 1 0.000187 2.690724 0.110729 4.149097 

Within 0.002224 32 6.95E-05 

   

       
Total 0.00248 35         

Effect of drug type on a, based on intensities for control liposomes 

Source of Variation SS df MS F P-value F crit 

Calcein/DOX 0.000155 1 0.000155 6.342585 0.026986 4.747225 

Intensity 0.00057 2 0.000285 11.65806 0.001539 3.885294 

Interaction 4.49E-08 2 2.25E-08 0.000919 0.999082 3.885294 

Within 0.000293 12 2.44E-05 

   

       
Total 0.001018 17         

Effect of drug type on a, based on intensities for HSA liposomes 

Source of Variation SS df MS F P-value F crit 

Calcein/DOX 4.75E-05 1 4.75E-05 2.079024 0.174921 4.747225 

Intensity 0.00073 2 0.000365 15.98469 0.000413 3.885294 

Interaction 0.000357 2 0.000178 7.812905 0.006717 3.885294 

Within 0.000274 12 2.28E-05 

   

       
Total 0.001409 17         
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Chapter 6: Conclusion and Recommendations 

The fight against cancer has seen much advancement for more effective 

administration of chemotherapy in the treatment of cancer. Current state-of-the-art 

therapy focuses on increasing efficacy by packaging and administering the drug only at 

the tumor site. The need for this is not only to limit side effects, such as cardiotoxicity, 

but also to achieve optimal drug pharmacokinetic behavior in order to limit development 

of multi-drug resistance by the cancer cells. Therefore, to improve patient quality of life 

and increase their chances of survival, novel drug delivery systems are being developed. 

In view of the previously mentioned factors, this work was aimed towards developing a 

biocompatible liposome-based system encapsulating the chemotherapeutic drug 

Doxorubicin. The surfaces of these liposomes were conjugated to human serum albumin 

ligands for specificity to breast and pancreatic cancer. Ultrasound was then used as a 

triggering mechanism in order to achieve superior drug release kinetics by utilizing the 

synergistic effects ultrasound with targeted-liposomes. 

More specifically, this work synthesized albumin-positive and albumin-negative 

liposomes and tested their drug release rates in order to better understand the effects of 

the addition of albumin to the lipid-based nanocarriers in terms of drug release kinetics. 

Characterization based on size measurements showed that both types of liposomes could 

be classified as LUVs with a uniform size distribution. Online low-frequency ultrasound 

studies, at 20 kHz, were carried out on both liposome types at three increasing power 

densities. It was concluded that the albumin-positive liposomes were more stable and less 

sonosensitive than the control liposomes. However, both showed increased drug release 

rates with increasing intensities thus suggesting mechanical effects on the liposomal 

membrane such as cavitation. For further insight into the drug release kinetics, data 

fitting to experimental data was performed based on nine kinetic models namely zero-

order, first-order, Higuchi, Korsmeyer-Peppas, Weibull, Hixson-Crowell, Baker 

Lonsdale, Hopefenberg and Gompertz models. The Higuchi and Korsmeyer-Peppas 

models were found to be the best fits with the conclusion that the drug release mechanism 

from the liposomes followed anomalous transport. In addition, drug release kinetics were 

also analyzed based on the same liposomal system from previous work done by the 

group, which encapsulated the model drug, calcein, instead of Doxorubicin, with the 

Korsmeyer-Peppas and Weibull model proving to be the best fits. Since the release 
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kinetics from the latter system also demonstrated anomalous drug release mechanism, it 

was concluded that preliminary studies encapsulating model drugs, instead of actual 

chemotherapeutic drugs, could prove to be useful in optimizing synthesis, 

characterization and drug release kinetics of novel systems.  

While this work has made progress in proving the advantage of using the 

previously described systems towards achieving the goals mentioned in the beginning of 

this chapter, further work is still needed to translate this to clinical practice. Since high-

frequency ultrasound (HFUS) is more commonly used in medical applications, due to its 

ability to achieve smaller areas of focus, studies involving HFUS should be performed on 

the formulated liposomes. Further work could also involve in vitro cell studies on cancer 

and healthy cell lines to test the biocompatibility and efficacy of these liposomes. In 

addition, work on stability of these liposomes, along with optimization of the current 

techniques for achieving even better drug release kinetics could be performed. Finally, an 

artificial neural network can be developed that enables the user to  achieve optimal drug 

release profiles while taking into account individual factors such as tumor drug-

resistance, as well as varying physical and chemical differences in the nanocarriers. This 

would then seek to maintain the optimal pharmacokinetics by optimizing one of the 

variable input factors (i.e. providing data for setting the ultrasound frequency or 

intensity). 
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Appendix 

Appendix A: Plots for Model Fitting of Control-Doxorubicin Liposomes for 

Batch 1, 2 and 3 at all Intensities 
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Figure 42: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 20% intensity (Batch #2) 
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Figure 43: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 20% intensity (Batch #3) 
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Figure 44: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 25% intensity (Batch #1) 
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Figure 45: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 25% intensity (Batch #3) 
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Figure 46: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 30% intensity (Batch #1) 
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Figure 47: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 30% intensity (Batch #2) 
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Figure 48: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-DOX liposomes at 30% intensity (Batch #3)
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Appendix B: Plots for Model Fitting of HSA-Doxorubicin Liposomes for Batch 

1, 2 and 3 at all Intensities 
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Figure 50: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 20% intensity (Batch #2) 
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Figure 51: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 20% intensity (Batch #3) 
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Figure 52: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 25% intensity (Batch #2) 
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Figure 53: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 25% intensity (Batch #3) 
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Figure 54: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 30% intensity (Batch #1) 
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Figure 55: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 30% intensity (Batch #2) 
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Figure 56: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-DOX liposomes at 30% intensity (Batch #3)
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Appendix C:  Plots for Model Fitting of Control-Calcein Liposomes for Batch 1, 

2 and 3 at all Intensities 
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Figure 58: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 20% intensity (Batch #2) 
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Figure 59: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 20% intensity (Batch #3) 
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Figure 60: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 25% intensity (Batch #2) 
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Figure 61: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 25% intensity (Batch #3) 
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Figure 62: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 30% intensity (Batch #1) 
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Figure 63: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 30% intensity (Batch #2) 
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Figure 64: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for control-calcein liposomes at 30% intensity (Batch #3)
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Appendix D: Plots for Model Fitting of HSA-Calcein Liposomes for Batch 1, 2 

and 3 at all Intensities 
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Figure 66: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 20% intensity (Batch #2) 
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Figure 67: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 20% intensity (Batch #3) 
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Figure 68: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 25% intensity (Batch #2) 
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Figure 69: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 25% intensity (Batch #3) 
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Figure 70: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 30% intensity (Batch #1) 
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Figure 71: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 30% intensity (Batch #2) 
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Figure 72: Plots for model-fitting for zero-order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Baker Lonsdale, Weibull, 

Hopfenberg, and Gompertz models for HSA-calcein liposomes at 30% intensity (Batch #3)
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