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ABSTRACT  

 

Combretastatin A4 phosphate (CA4P) is a potent vascular disrupting agent utilized in the 

treatment of cancer. The observed rapid vascular shutdown post administration as well as 

its potency at 1/10
th

 of the established maximum tolerated dose (MTD) have made it one 

of the most prevalent tubulin binding agents. CA4P is currently involved in 19 clinical 

trials. Unfortunately, as is the case with most forms of chemotherapy, the off target 

effects associated with its use can be prohibitive for a large percentage of cancer patients. 

The advantages associated with the liposomal encapsulation of chemotherapeutic agents 

have been established for over 20 years and are shown to decrease off target effects 

whilst increasing stability, bioavailability, and circulation time. Liposomes comprised of 

conventional phospholipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC), are usually stabilized by the incorporation of cholesterol. However, the addition 

of cholesterol to liposomal formulations is concerning due to the capability of cholesterol 

to form oxysterol molecules and exacerbate other preexisting conditions such as 

hypertension or cardiovascular disease. With this study we aim to enhance the usage of 

CA4P through liposomal encapsulation in order to reduce some of the associated off 

target effects and increase bioavailability and overall efficacy. We also aimed to enhance 

the stability of our lipid vesicles through the incorporation of bipolar tetraether lipids 

isolated from the thermoacidophilic archaea S. acidocaldarius.  The polar lipid fraction E 

(PLFE) lipids studied here have previously been shown to generate highly stable lipid 

vesicles. The liposomal formulation studied here included the encapsulation of the anti-

cancer drug CA4P in PLFE liposomes. With this work we characterized our liposomes to 
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optimize their drug loading, membrane stability, size, colloidal stability, and membrane 

surface charge. We also identified a photochemical isomerization reaction occurring in 

our CA4P samples and then proceeded to characterize the fluorescence and aggregation 

behavior of our CA4P isoforms. From our studies of CA4P in solution we observed a red 

shift in the excitation spectra of CA4P with increasing concentrations. This bathochromic 

shift is characteristic with the formation of j-aggregates. The CA4P concentrations with 

the most dramatic red shift corresponded exactly with the drug concentrations associated 

with self-quenching behavior. From these studies we determined the effects of increased 

CA4P concentration on fluorescence intensity, drug aggregation and how these 

phenomena can be utilized and exploited to maximize liposomal drug loading and 

decrease rate constants of drug leakage and cytotoxicity. The end goal of liposomal 

chemotherapeutic formulations is a stable, controlled release of as much encapsulated 

drug as possible. With the thorough understanding of our membrane system, drug 

fluorescence and CA4P aggregation behavior; we can maximize our encapsulated drug 

loading as well as create a stable liposomal formulation with a predictable CA4P release.  
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CHAPTER I 

INTRODUCTION 

 

Tumor Vasculature 

After tumors grow past 2-3mm
3
 in size, their continued proliferation becomes dependent 

on neovascularization, the formation of new blood vessels (Akerman et. al., 2013). 

Angiogenesis is an integral part of tumorigenesis (Cai et. al., 2010). Tumor blood vessels 

are unlike non-cancerous blood vessels, capillaries or, arteries in size, shape and 

branching patterns. All components of tumor vessel walls are irregular with larger vessels 

composed of just an endothelium and basement membrane (Foley et. al., 2012). The 

leaky and hemorrhagic nature of tumor blood vessels is considered partly due to the 

overproduction of vascular endothelial growth factor (VEGF) (Kirwan et. al., 2004). 

Tumor blood vessels are also thought to lack a strong pericyte layer, with perivascular 

cells becoming loosely associated or less abundant (Zhao et. al., 2008). The vessel 

density throughout a tumor is not homogenous. The tumor periphery has a higher 

concentration of blood vessels than the tumor core (Tozer et. al., 2005). Tumor blood 

vessels also experience irregular blood flow, with blood moving slowly or oscillating, 

leading to dysfunctional capillaries (Thorpe et. al., 2004). 

 

Targeting Tumor Vasculature 

In order to maintain tumor growth and function, cancerous regions need to develop their 

own blood supply (Hua et. al., 2003). Tumors develop their own new blood vessels 

through the process of neovascularization (Allen et. al., 2013). Attacking the blood 

supply of a tumor has been shown to decrease tumor volume (Attard et. al., 2006). Two 
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families of anti-cancer drugs exist which target the blood supply of tumors. Anti-

angiogenesis agents attempt to hinder tumor growth by preventing neovascularization 

(Eichler et. al., 2006). The second class of drugs is vascular disrupting agents (VDA) and 

they attempt to destroy existing vasculature. CA4P is one of the most prevalent VDA 

drugs currently available (Ding et. al., 2011). 

 

CA4P 

CA4P is a water-soluble prodrug currently under clinical trials for cancer therapy. After 

administration, CA4P can be taken up by cells and hydrolyzed by intracellular phosphatases 

to combretastatin A4 (CA4), the pharmaceutically active form of the drug. CA4 

accumulates in tumor tissue and binds β-tubulin, hence inhibiting microtubule assembly in 

blood vessel endothelial cells and generating a massive blood vessel collapse, resulting in 

nutrient deprivation in the developing tumor and eventually tumor necrosis (Dong et. al., 

2005). CA4P is able to induce vascular shutdown within tumors at doses less than one-tenth 

of the maximum tolerated dose (Dark et al., 1997). 

 

CA4P Mechanism of Action 

CA4P selectively induces vascular shutdown in tumor tissue. Although, CA4P functions 

as a tubulin binding agent; it is thought that its primary efficacy comes from its effects on 

the three dimensional shape of cancer cells rather than its anti-mitotic effects. Previous 

studies have shown that CA4P dramatically disrupts the three dimensional structure of 

newly formed endothelial cells with little to no effect on quiescent cells (Galbraith et. al., 

2001). Quiescent or more mature endothelial cells have a fully developed actin 
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cytoskeleton which can maintain cell shape and structure despite tubulin 

depolymerization (Chaplin et. al., 1999). Mature endothelial cells also have smooth 

muscle and pericyte support that newly formed endothelial cells lack. The lack of smooth 

muscle support leads to the vulnerability of newly formed endothelial cells against the 

effects of CA4P on cell to cell contacts mediated by the vascular endothelial (VE)-

cadherin/β-catenin complex (Vincent et. al., 2005). Characteristics of the tumor 

vasculature such as high interstitial fluid pressure, heterogeneous blood flow distribution, 

pro-coagulant status and vessel tortuosity are also thought to factor into the efficacy of 

CA4P (Siemann et. al., 2009). 

 

 

 

 

Figure 1: Chemical structure of the anti-cancer drug combretastatin A4 disodium 

Phosphate (CA4P) 
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Isomerization  

Conformational isomerization occurs in molecules that are allotted degrees of rotational 

freedom through the presence of unsaturated bonds (Kumar et. al., 2013). With this work, 

we studied the isomerization of CA4P from its cis isoform to its trans isomer.  In order to 

increase the clinical efficacy of this anti-vascular agent, and to expand on its usage via 

liposomal delivery, it is important to further characterize the advantages of each isoform. 

 

Fluorescence of CA4 and CA4P 

The intrinsic fluorescence of CA4P is utilized throughout this study. Both the cis and 

trans isomers of CA4P exhibit fluorescence behavior, however the trans isomer has a 

significantly larger quantum yield. The emission maximum of CA4P fluorescence is 

~400 nm when the molecule is excited at 328 nm in Tris buffer (50mM Tris, 10mM 

EDTA, 0.02%NaN3, pH 7.2).  

 

A wide variety of imaging techniques have been utilized to assess the effectiveness of 

CA4P against tumor tissue. These studies include the evaluation of vascular shutdown in 

both animal and human tumor models post CA4P administration through a myriad of 

techniques including; positron emission tomography (PET) (Anderson et. al., 2003), 

dynamic contrast enhanced (DCE) MRI in combination with the paramagnetic contrast 

agent, Gd-DTPA (Maxwell et. al., 2002), fluorescence lifetime measurements utilizing 

two photon excitation (Bisby et. al., 2012), 
19

F MRI of tumor oxygenation using 

hexafluorobenzene (Zhao et. al., 2005), 
1
H MRI of tumor oxygenation using 

hexamethyldisiloxane (Mason et. al., 2010), interstitial fluid pressure (IFP) (Ley et. al., 
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2007), near infrared spectroscopy (Zhao et. al., 2011), and intra vital microscopy (Tozer 

et. al., 2001). Although this wide array of imaging techniques is useful for the further 

elaboration of CA4P pharmacokinetics in vivo and the analysis of CA4P efficacy against 

tumor growth; there is a noticeable gap in the literature regarding the intrinsic chemical 

and fluorescent properties of the drug itself. A thorough understanding of the chemical 

nature of CA4P including fluorescence and aggregation behavior is necessary in order to 

optimize the study and utilization of this drug.  

 

CA4P Aggregation 

The self‐association of particles, primarily dye molecules either in solution or at the 

solid‐liquid interface is a frequently encountered phenomenon which is due to the strong 

intermolecular van der Waals‐like attractive forces between multiple particles. 

Aggregates in solution exhibit distinct changes in their absorption and excitation spectra 

as compared to their monomeric forms (Saijo et. al., 1998).  From these spectral shifts, 

various aggregation patterns have been proposed. With this work we examined the 

bathrochromically shifted J‐aggregation patterns of CA4P in water soluble buffer. J and 

H aggregates are defined by the stacking orientation they assume. With H-aggregates 

aligning in a parallel way (plane‐to plane stacking) to form a sandwich‐type arrangement 

and J-aggregates stacking in a head‐to‐tail arrangement (Saijo et. al., 1998).  

 

Self aggregation of certain drugs has been linked to a decrease in therapeutic efficacy. 

This decrease in efficacy is especially pronounced in cases of liposomal drug 

formulations where self-aggregation can lead to an alteration in drug release kinetics and 
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a decrease in bioavalability (Chowdhary et. al., 2003). Drugs such as Doxorubicin and 

Verteporfin are well studied liposomal drugs which have a higher therapeutic efficacy in 

their monomeric forms (Hsin et. al., 2011) (Barenholz 2012). Although, the study of drug 

aggregation is vital for the overall efficacy of a drug formulation, especially in the case of 

liposomal drugs, no previous work has examined the effect of CA4P aggregation on its 

efficacy as a chemotherapeutic agent.  

 

Liposomal Drugs 

Liposomes are one of the most prevalent nano-carriers for the delivery of biologically 

active substances (Bulacu et. al., 2012). Their widespread use is also due to their ability 

to encapsulate both hydrophilic and hydrophobic drugs. Among the many benefits of 

liposomal delivery compared with free drug administration, is reduced cardiac toxicity 

with maintained efficacy (Tan et. al., 2013). Liposomes comprised of conventional 

phospholipids face challenges in drug delivery due to their poor stability and limited drug 

loading. Additionally, the abrupt destruction of conventional liposomes in the presence of 

serum components results in a burst release of entrapped chemotherapeutic drugs. In an 

effort to improve liposomal efficiency and overcome some of these disadvantages, 

polyethylene glycol (PEG) was incorporated into some liposomal formulations. 

PEGylated liposomes displayed an increase in drug retention and blood-circulation time 

(May et. al., 2013). Doxil/Caelyx is a notable example of the success of PEGylated 

liposomes. Doxorubicin (Dox) is an anthracycline, chemotherapeutic agent. The 

incorporation of PEG into the lipid membrane of Dox liposomes improved its safety 

profile by reducing side effects related to cardiac toxicity (Zhang et. al., 2013). 
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Although, PEGylated liposomal drug formulations do appear to improve on the 

accumulation of liposomes at the tumor site; slow and incomplete drug release could still 

lead to low drug bioavailability within the tumor tissue thereby decreasing the therapeutic 

activity (Siemann et. al., 2004). Additionally, without a more controlled release of the 

encapsulated drug; toxic side effects, such as palmar–plantar erythrodysesthesia are 

thought to occur, resulting from unwanted drug distribution to the skin during the 

prolonged circulation of liposomal Dox (Rossi et. al., 2013). Therefore, improvements to 

the formulation of liposomal drugs are still needed. It is thought that altering the 

liposome composition with different stabilizing agents could improve on the observed 

effects of PEG by increasing membrane stability, retention and circulation times, and 

decreasing immune responses (Ramos-Cabrer et. al., 2013). 

 

Liposomal CA4P 

Liposomal CA4P was previously employed in an animal model study of breast cancer 

(Pattillo et. al., 2009). Unilamellar vesicles, which were composed of hydrogenated soy 

phosphatidylcholine, cholesterol, and distearoyl-L-α-phosphatidylethanolamine-N-

[methoxy(polyethylene glycol)-2000] (molar ratio: 50:45:5), containing encapsulated 

CA4P were studied against murine mammary tumors. It was demonstrated that targeting 

anti-E-selectin conjugated immunoliposomes (IL) loaded with CA4P to MCa-4 

mammary tumors in mice treated with therapeutic doses of ionizing radiation (IR) 

resulted in a significant delay in tumor growth when compared with other treatment 

groups such as free CA4P, tumor irradiation alone, liposomal CA4P alone, and empty 
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liposomes (Pattillo et. al., 2009). Radiation was used to upregulate expression of 

endothelial cell adhesion molecules (e.g., E-selectin), which provided a means for 

targeting drugs to irradiated tissue. While this approach is very promising, the overall 

efficacy of the liposomal CA4P remains somewhat low. The combination treatment with 

IR and IL still allowed the retention of a viable tumor rim and resulted in the increase in 

tumor size over time, although the rate was reduced significantly (Pattillo et. al., 2009). 

 

Previous work involving liposomal CA4P against mammary tumors saw success via a 

reduction in tumor volume. That reduction in tumor volume was however only temporary 

and required the additional use of radiation therapy (Pattillo et. al., 2005). Additionally, 

treatments of free CA4P need continual IV administration over a prolonged period of 

time in order to see significant reductions in tumor growth. And once CA4P 

administration is stopped, patients usually experience a relapse in tumor growth 

(Edelman et. al., 2009).  

 

The added stability and increased blood retention time afforded through the use of bipolar 

tetraether liposomes, could circumvent some of the problems, CA4P administration 

currently faces. With further study of the aggregation behaviors of CA4P and their effects 

of drug leakage and cytotoxicity rate, a liposomal formulation with controlled release 

rates of CA4P could be possible. The next steps in the advancement of liposomal 

chemotherapy drugs could involve the stability of PLFE liposomes, along with a 

thorough understanding of the release kinetics of entrapped CA4P.  
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PLFE 

PLFE is a mixture of GDNT (glycerol dialkylcalditol tetraether) and GDGT (glycerol 

dialkyglycerol tetraether) (Figure 2) (Lo et. al., 1990) (Chang et. al., 1991). The GDNT 

component (~90% of total PLFE) contains phospho-myo-inositol on the glycerol end and 

α-glucose on the calditol end, whereas the GDGT component (~10% of total PLFE) has 

phospho-myo-inositol attached to one glycerol and α-D-galactosyl-D-glucose to the other 

glycerol skeleton. The nonpolar regions of these lipids consist of a pair of 40-carbon 

biphytanyl chains, each of which is made of isoprene units and contains up to four 

cyclopentane rings (DeRosa et. al., 1983). The number of cyclopentane rings increases 

with increasing growth temperature (Uda et. al., 2001) and with increasing pH in growth 

media (Shimada et. al., 2008). The dibiphytanyl chains are linked to either two glycerol 

(in the case of GDGT), or one glycerol and one calditol (in the case of GDNT) moieties 

via tetraether bonds, forming a macrocyclic molecule. 

 

PLFE lipids are tetraethers, which are chemically more stable than diester lipids. Ester-

linked phospholipids may be hydrolyzed by water during long-term storage, whereas the 

tetraether-linked PLFE is not prone to hydrolysis. In addition, PLFE lipids do not have C=C 

double bonds in the hydrocarbon chains; thus, PLFE lipids are also stable against auto-

oxidation. These properties suggested that if PLFE lipids were used to make model 

membranes (such as liposomes and planar membranes), the membranes would be more 

chemically stable compared to those made of diester lipids. 
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Figure 2.    Illustrations of the molecular structures of the bipolar tetraether lipids 

in the polar lipid fraction E (PLFE) isolated from S. acidocaldarius. PLFE contains 

(a) GDGT (or caldarchaeol) and (b) GDNT (or calditolglycerocaldarchaeol). The 

number of cyclopentane rings in each biphytanyl chain can vary from 0 to 4.The 

different head groups of GDNT and GDGT are presented at the bottom.GDG(N)T-

0 and GDG(N)T-4 contain 0 and 4 cyclopentane rings per molecule, respectively. 
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Advantage of PLFE over Cholesterol 

The advantages of using liposomal drugs as opposed to free drugs are well-documented 

in the literature (Tan et. al., 2010) and include the ability to selectively deliver liposomes 

to the desired site in the body, thus reducing the potential side effects and increasing the 

therapeutic efficacy. To date, there are more than 20 liposomal anticancer drugs on the 

market or under clinical trials. About 75% of them include cholesterol as a major 

component (Chang et. al., 2012). Cholesterol is used as a membrane stabilizer. However, 

the use of cholesterol in drug carriers draws some serious concerns because cholesterol is 

prone to oxidation to generate a number of oxysterols which may be detrimental, and 

because cholesterol may exacerbate a number of biomedical problems such as strokes, 

hypertension, and cardiovascular diseases. In addition, cholesterol affects membrane 

physical properties in a very complicated manner. A recent biophysical study, showed 

that the leakage and cytotoxicity of the liposomal anti-vascular drug combretastatin A4 

disodium phosphate (CA4P) varies with the cholesterol content in the liposomal 

membrane in an alternating manner (Venegas et. al., 2012). At critical cholesterol mole 

fractions (e.g., 20.0, 22.2, 25.0, 33.3, 40.0 and 50 mol%) for sterol superlattice formation 

(Cr), CA4P can be released from the liposomes more readily than at non-critical 

cholesterol mole fractions, due to the increased domain boundaries between superlattice 

and non-superlattice regions, which consequently results in increased cytotoxicity at Cr 

(Venegas et. al., 2012). Taking into consideration these complications and problems with 

cholesterol, a new membrane stabilizer for liposomal drugs is in demand. 
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PLFE Liposomes 

Indeed, previous studies have shown that PLFE lipids can form extraordinarily stable 

unilamellar (~60-800 nm in diameter), multilamellar, and giant unilamellar (~10-150 µm) 

vesicles (Bagatolli et. al., 2000) (Kanichay et. al., 2003) as well as planar membranes (Ren 

et. al., 2014). PLFE lipids in the liposomal membranes span the entire lamellar structure, 

forming a monomolecular thick membrane (Elferink et. al., 1992), which contrasts to the 

bilayer structure formed by diester (or diether) lipids. Compared to liposomes made of 

diester or diether lipids, PLFE liposomes exhibit unusual membrane physical properties 

(Chong et. al., 2012). PLFE liposomes exhibit low proton permeability and dye leakage 

(Komatsu et. al., 1998), high stability against autoclaving and fusogenic compounds 

(Brown et. al., 2009), tight and rigid membrane packing (Bagatolli et. al., 2000), low 

enthalpy and volume changes associated with the phase transitions (Chong et. al., 2005), 

low isothermal/adiabatic compressibility and low relative volume fluctuations (Chong et. 

al., 2010).  
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Statement of Goals 

The goal of this work is to increase the efficacy of a successful anti-cancer drug by 

utilizing liposomal encapsulation in order to increase the stability and circulation time of 

the drug whilst also decreasing detrimental off-target side effects. To this end, we 

characterized a liposomal formulation utilizing the chemotherapeutic agent 

combretastatin A4 phosphate (CA4P) in liposomes comprised of bipolar tetraether lipids 

isolated from the thermoacidophilic archaea bacteria S. acidocaldarius. In order to 

optimize our liposomal drug formulation, we assessed the behavior of CA4P in solution 

as well as in a model membrane system and then optimized the liposomal formulation 

through alterations in POPC and PLFE content.  

 

1.) Characterized the drug as a small molecule and fluorophore:  

a. Determine fluorescence and photochemical properties of the drug in order 

to exploit its intrinsic fluorescence for drug leakage assays 

b. Determine the effects of drug concentration on the aggregation of CA4P in 

solution 

 

2.) Assess how alterations in initial drug concentration and liposome size affect 

leakage out of 100% PLFE liposomes in order to maximize drug loading and 

control leakage of CA4P out of our liposomal formulation. 

a. Entrap CA4P in various initial concentrations and determine how initial 

drug concentration affects leakage and cytotoxicity against MCF-7 breast 

cancer cells.  
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b. Determine how liposome size affects the leakage of CA4P out of 100% 

PLFE liposomes and the resulting effects on cytotoxicity.  

 

3.) Further optimize our liposomal formulation by determining the most efficient 

molar ratio of POPC:PLFE lipids in order to decrease the rate constant of CA4P 

leakage out of liposomes and increase the efficacy against MCF-7 breast cancer 

cells.  

 

a. Determine the effects of increasing PLFE content on the rate constant of 

drug leakage. 

b. Assess how PLFE alters the colloidal stability and membrane surface 

charge of liposomes by measuring the effects on zetapotential. 
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CHAPTER II 

MATERIALS AND METHODS 

 

PLFE 

PLFE lipids, which were provided by others in the laboratory, were isolatedfrom 

Sulfolobus acidocaldarius (strain DSM639 from acid hot spring, ATCC, Rockville, MD) 

grown aerobically and heterotrophically at 69°C, pH 2.5, using the method of Lo and 

Chang. Dried cells from S. acidocaldarius were soxhlet-extracted with 

chloroform/methanol (1:1, v/v) for 24 hours. The crude lipids were then fractionated by 

reversed-phase column chromatography using C-18 PrepSep columns (Fisher Scientific, 

Fair Lawn, NJ) eluted first with methanol:water (1:1, v/v) (filtrate A) and then with 

chloroform:methanol:water (0.8:2:0.8, v/v/v) (filtrate B). Filtrate B was further separated 

by thin-layer chromatography (TLC) eluted with chloroform:methanol:water (65:25:4, 

v/v/v). The PLFE fraction (Rf ≈ 0.2) was scraped from silica TLC plates and eluted with 

chloroform:methanol:water (1:2:0.8, v/v/v). Finally, PLFE was purified by cold methanol 

precipitation two to three times (Chong et. al., 1998). 

 

Vesicle Formation 

Liposomes were composed of varying molar ratios of PLFE and POPC (1-palmitoyl-2-

oleoyl-L-α-phosphatidylcholine) or POPC and cholesterol, to a final lipid concentration 

of 200 μM. In order to do this, lipids were removed in the appropriate proportions from 

stock solutions in either chloroform/methanol/water (for PLFE) or chloroform (for the 

other lipids), respectively, and combined in round bottom culture tubes. The 
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concentrations of PLFE and POPC in stock solutions were determined based on the 

phosphate assay (Bartlett et. al, 1959).  The solvents were then evaporated from the tubes 

by flushing with nitrogen gas, and the samples were placed under a vacuum overnight in 

order to remove any remnants of organic solvents. Next, the lipids were resuspended in 

Tris buffer (50 mM Tris, 10 mM EDTA, 0.02% NaN3, pH=7.2). Multilamellar vesicles 

were generated via vortexing at 65°C (for PLFE/POPC) or at 40
o
C (for 

POPC/cholesterol), for 2-3 min, and then flushed with argon gas. The samples were then 

extruded 10 times through two stacked 200-nm Nucleopore polycarbonate membranes 

under N2 gas pressure (Lipex Biomembranes, Vancouver, Canada). Following extrusion 

vesicles had a typical size between 170-195 nm in diameter, unless the effects of vesicle 

size were being examined in which case average vesicle size ranged from 60-220 nm. 

Samples were then flushed again with argon and stored in a low vacuum chamber to 

prevent lipid oxidation. 

 

Vesicle Size 

Liposome size was determined, before and after extrusion, by a Malvern Zetasizer HS-

1000 spectrometer (Worcs, UK; light source: 10 mW He-Ne laser at 633 nm). The 

software CONTIN was used to estimate the hydrodynamic diameter of the vesicles. 
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Zetapotential 

Zetapotential measurements were obtained using a Malvern Zetasizer Nano (ZS model) 

at 25°C and 37°C. Data was gathered in subsets of 100 runs and analyzed on the Malvern 

Zetasizer and Origin software.  

 

CA4P Photoactivation 

Photoactivation was determined by exposing CA4P suspended in Tris buffer to light from 

a xenon arc lamp (ISS K2 spectrofluorometer) at λex = 328 nm and monitoring the 

fluorescent behavior of the drug at λem = 400 nm. Buffer alone was used as a control and 

exhibited no fluorescent properties under experimental conditions. 

 

1
H-NMR 

1
H-NMR was performed on a Bruker Avance-III 500 (courtesy of Dr. Dalton and Dr. 

Debrosse, Temple Chemistry Department) at 500 MHz using 10mg of CA4P dissolved 

into 0.93mL of D2O (24.4mM CA4P). Trans CA4P was created by exposing the sample 

to continuous light exposure from a xenon arc lamp (ISS K2 spectrofluorometer) at λex = 

328 nm for three days. 

 

Variation of CA4P Concentration in Solution 

CA4P dilutions were made two ways; directly from a concentrated stock solution or via 

serial dilution. The 10 mM stock solution was made from a powdered stock of cis CA4P 

(generously donated from Dr. Mohammed Kiani, Mechanical Engineering Department) 

which was suspended in Tris buffer and photoactivated as described above. 
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HPLC Measurements 

HPLC analysis of CA4P was performed on a Waters Breeze
® 

system using a C-18 

reverse phase column (Waters
® 

39x150 mm). The solvent system, which flowed at a rate 

of 0.5 ml/min, was a gradient of 75:25 acetonitrile and water (solvent A) and 5 mM 

KH2PO4 plus 5 mM H3PO4 (solvent B). The gradient increased from 40:60% of solvents 

A:B respectively to 85:15% A:B, over the course of 11 minutes. Absorbance data was 

collected at 300 nm (Waters
® 

2487 dual wavelength detector). 

 

Fluorescence Measurements: Emission and Excitation Spectra and Self-Quenching 

Excitation and emission spectra as well as self quenching, which was assessed by 

examining the fluorescence intensity of different concentrations of both cis and trans 

CA4P at an excitation of 328nm and an emission of 400nm, were taken on an ISS K2 

spectrofluorometer at 25°C and 37°C under constant stirring. 

 

Drug Leakage Assay 

Liposomal trans-CA4P was entrapped in PLFE/POPC or POPC/Cholesterol vesicles at a 

self-quenching concentration (5 mM). A Sephadex G-50 size exclusion column was used 

to separate free trans-CA4P from liposomes containing entrapped CA4P. An elution 

profile was gathered to determine the fractions within which liposomal CA4P eluted, and 

those fractions were used for all subsequent leakage and cytotoxicity assays. Leakage of 

the entrapped trans-CA4P from vesicles was monitored by measuring the increase of 

trans-CA4P fluorescence intensity (F.I.) due to the relief of self-quenching. The samples 

were excited at 328 nm, and the fluorescence intensity at 400 nm (I) was recorded as a 
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function of time on an SLM 8000 spectrofluorometer. At the end of each leakage 

experiment, the sample was mixed with TDM (n-tetradecyl-β-D-maltoside, Anatrace, 

Maumee, OH), with the final concentration of TDM in the cuvette equal to 100 μM, for 

20 min to release all the entrapped CA4P, providing the maximal fluorescence intensity 

(Iinf). The normalized fluorescence intensity F (= I/Iinf) was then fitted to the equation: 

F=A+B(1- e
-kt

), where k is the rate of leakage, t is time, and A and B are constants. 

 

Tissue Culture 

Human MCF-7 breast cancer cells (ATCC) were cultured in T-75 flasks at 37°C with 5% 

CO2 in Dulbecco's modification of Eagle's medium (DMEM 1x, with 4.5g/L glucose, L-

glutamine and sodium pyruvate) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. Cell medium was replaced every two days. When ~80% 

confluency was reached, cells were detached using 0.25% trypsin-EDTA, rinsed with 

growth medium, and collected after centrifugation at 1000rpm for 5 min at 25°C. Cells 

were counted for experimental use by a hemocytometer. 

 

Cytotoxicity Measurements 

MCF-7 cells (1 × 10
5 

cells/well) were seeded in a 96-well plate in complete medium 

(DMEM plus 10% FBS, 100 unit/ml penicillin and 100 μg/ml streptomycin) for > 12h, 

until the cells adhered to the walls of the microplate wells. After the MCF-7 cells were 

treated with liposomal CA4P for the desired time period at 37°C, the dead cells (floating 

in the growth medium) were removed. Each treatment was performed in eight replicate 

wells, and compared against a standard curve created in parallel. Prior to collection, 

media was removed and the plates were frozen at -80°C for one hour before processing. 
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The cell proliferation assay was performed to determine the number of cells remaining 

alive (defined as those still attached to the well). The assay was performed at room 

temperature (~25°C) using the CyQuant kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. Fluorescence intensities at 530 nm were measured on a 

Spectra Max M5 microplate reader (courtesy of Dr.Yuri Persidsky, Dept of Pathology 

and Dr. Servio Ramirez, Dept of Physiology) with excitation at 485 nm. 

 

Fluorescence Microscopy 

MCF-7 cell death was visualized via a Nikon Eclipse TE-2000U fluorescence microscope 

(courtesy of Dr. Ana Gamero, Temple Biochemistry Department) using a live/dead cell 

imaging kit (Molecular Probes, Eugene, OR). Images were analyzed using image-J 

software. 
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CHAPTER III 

RESULTS 

 

Overview 

There are currently over 20 liposomal anti-cancer formulations on the market or in 

clinical trials; however, vesicle stability inhibits their progress towards widespread 

clinical application (Ali et. al, 2009). This work improves on the stability of liposomal 

formulations through the incorporation of archaeal lipids, specifically polar lipid fraction 

E (PLFE) lipids isolated from the archaea Sulfolobus acidocaldarius. The fluorescent 

anti-cancer drug, combretastatin A4 disodium phosphate (CA4P), was used as the drug 

model for my work due to its previous success in liposomal formulations (Pattillo et. al, 

2005). 

 

Before assessing liposomal CA4P stability, I characterized the fluorescent properties of 

CA4P in (vesicle free) aqueous solution. CA4P in buffer was observed to undergo a 

photon-induced cis-to-trans isomerization reaction when the sample was excited at 328 

nm. The trans isomer of CA4P shows a five-fold increase in fluorescence quantum yield. 

In addition, CA4P fluorescence intensity exhibits a biphasic change with increasing drug 

concentration, which can be interpreted as a result of concentration-induced self-

quenching. The trans isoform has a lower self-quenching critical concentration Cq (200 

µM) than the cis isoform (230 µM). Moreover, a red shift in the excitation maximum of 

free trans-CA4P in buffer (from 323 nm to 347 nm at 25°C) occurs as the drug 

concentration increases from 100 µM to 1 mM. The cis-isoform shows a similar red shift 
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(Chong et. al., unpublished results). This red shift could be attributed to the formation of 

J-aggregates (discussed later) as the drug concentration approaches or exceeds the critical 

quenching concentration Cq. 

 

The second part of my thesis is to address the question as to how the J-aggregate 

formation affects trans-CA4P behaviors in liposomes. Using various initial trans-CA4P 

concentrations, I compared trans-CA4P leakage from liposomes made of conventional 

diester lipids with that from liposomes made of archaeal PLFE. I also extended the study 

to explore the differential effects of diester liposomal CA4P and tetraether liposomal 

CA4P on human breast cancer MCF-7 cells. 

 

Detection and Characterization of the Photon-Induced CA4P Fluorescence Enhancement 

Figure 1 shows that when 25 µM CA4P in buffer (50 mM Tris, pH 7.2, containing 10 

mM NaCl and 0.02%NaN3) was excited with light at 328 nm, the fluorescence intensity 

detected at 400 nm underwent a steady increase over time. This photoactivation effect 

was also observable for CA4P in other buffer systems and in methanol. 

  



23 

 

 

Figure 1: Time dependence of photon-induced fluorescence enhancement of 25 µM 

CA4P in 50 mM Tris buffer (pH 7.2) containing 10mM EDTA and 0.02% NaN3. 

Fluorescence intensities (F.I.) emitted at 400 nm were recorded on an ISS K2 

spectrofluorometer with the excitation wavelength set at 328 nm and the excitation iris 

kept narrow. The light source was a xenon arc lamp. Temperature ~24
o
C. 

 

When the excitation iris of the ISS K2 spectrofluorometer became more widely open, the 

fluorescence intensity of 25 µM CA4P in the same buffer was enhanced with a much 

faster rate, reaching a plateau in ~one hour (Figure 2). This result suggests that the 

photon-induced enhancement of CA4P fluorescence is dependent upon the intensity of 

the excitation light impinging on the sample. 
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A.) 

 

B.) 
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Figure 2: Time dependence of photon-induced fluorescence enhancement of 25 µM 

CA4P in 50 mM Tris buffer (pH 7.2) containing 10mM EDTA and 0.02% NaN3. The 

experimental conditions are the same as those described in Figure 1 except that the 

excitation iris was more widely open. 2.A) Sample was kept away from light for one 

hour, 2.B) Sample was kept away from light for 24 hours. Temperature ~24
o
C. 

 

To test the reversibility of the photon-induced fluorescence enhancement (Figure 2), the 

incident light to the sample was blocked for one hour (Figure 2; see the gap in the curve) 

and 24 hours (figure 2.B) after the sample was excited continuously by light at 328 nm 

for a while. The blockage of the light exposure did not reverse the fluorescence 

enhancement (Figure 2), suggesting that a light-induced chemical reaction may be 

involved. 

The initial rate of the photon-induced “chemical reaction” can be utilized to reveal the 

kinetics of the reaction. Figure 3 shows that, when the iris of the fluorometer was fixed, 

both the extent and the rate of the photon-induced fluorescence enhancement of CA4P in 

solution increase with increasing drug concentration. The initial rate of the fluorescence 

enhancement (vi) can be estimated from Figure 3 to be 6 s
-1

 for 75 µM, 2 s
-1

 for 25 µM, 

and 1 s
-1

 for 10 µM. Since vi = k [CA4P]i
a
 where k is the rate constant and [CA4P]i is the 

initial CA4P concentration, a can be calculated to be 1, which means that the “chemical 

reaction” responsible for the photon-induced fluorescence enhancement is first order in 

CA4P. 
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Figure 3. The photon-induced fluorescence enhancement for CA4P in 50 mM Tris buffer 

(pH 7.2) containing 10 mM EDTA and 0.02% NaN3 was examined at three different 

CA4P concentrations: 10, 25 and 75 µM. figure 3.A.) shows the effect of concentration 

on initial rate of isomerization. Figure 3.B.) shows the effect of concentration on the time 

until Fmax. Temperature ~24
o
C. 

 

As shown in Figure 4, there is a small but distinct difference in the high performance 

liquid chromatography (HPLC) elution profile of CA4P before and after photo-activation. 

The retention time of the activated CA4P (red in Figure 4A and C) and the un-activated 

CA4P (blue in Figure 4A and C) were 6.1 min and 5.8 min, respectively. Since the HPLC 

column used for this experiment was a C18 reversed phase column, the retention times 

(Figure 4A and C) indicate that the product of the “chemical reaction” involved in the 

photon-induced CA4P fluorescence enhancement is slightly more hydrophilic than the 

un-activated CA4P. 
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Figure 4. HPLC chromatogram of 50 µM CA4P before and after photo-activation. The 

elution profile was obtained from a Waters HPLC system (model Breeze). A C18 

reversed-phase column (3.9 x 150 mm, 5 µm Symmetry) was used. (A) and (B) are the 

enlarged profiles of the major peak and the long retention time peak, respectively. The 

presence of a new minor peak in the elution profile of activated CA4P at ~10 minute 

appears negligible (B). The full profile is shown in (C). Peak was detected using 

absorbance at 300 nm. Sample was eluted with a gradient of 75:25 acetonitrile and water 

(solvent A) and 5 mM KH2PO4 plus 5 mM H3PO4 (solvent B). The gradient increased 

from 40:60% of solvents A:B respectively to 85:15% A:B, over the course of 11 minutes. 

Flow rate: 0.5 ml/min. 

  



28 

 

Possible Mechanisms Underlying the Observed Photon-Induced Fluorescence 

Enhancement 

A possible reaction responsible for the fluorescence enhancement is shown in Scheme 1, 

in which an intermediate is generated as a resonance structure. This intermediate is 

followed by an oxygen-induced ring closure (Rodier et. al., 1993). To test if this scheme 

is plausible, we have repeated the experiment using the degassed buffer. As shown in 

Figure 5, virtually the same fluorescence enhancement profile was obtained for CA4P in 

degassed MOPS buffer and in un-degassed buffer. This result argues against Scheme 1 to 

be the underlying reaction mechanism of the photon-induced fluorescence enhancement.

 

 

 

 

Scheme 1:  Possible reaction mechanism responsible for the enhancement 

of CA4P fluorescence intensity after light exposure.  
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Figure 5: In order to test if oxygen plays a role in the photon-induced CA4P fluorescence 

enhancement, 50 µM CA4P in un-degassed (blue) and de-gassed (red) MOPS buffer (1 

M MOPS, 1 M citric acid, 0.02% NaN3, pH 7.2) were employed at λex = 328 nm; λem = 

400 nm; temperature ~24
o
C.  

 

Another possible reaction mechanism is presented in Scheme 2. This is a photon-induced 

cis-to-trans isomerization reaction, which has been previously reported to occur in many 

stilbenes and stilbenoids (Waldeck et. al., 1991). It is thus not surprising that if CA4P, as 

a stilbenoid, can also exhibit this photochemical property.  
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In fact, Scheme 2 is supported by proton NMR data (Figure 6). It is known in the 

literature that the chemical shift of the two protons on the ethylene bridge of cis-stilbenes 

is ~6.49 ppm whereas the chemical shift of the two ethylene protons on the trans-

stilbenes is ~6.99 ppm. It is clear from Figure 6A that, before UV light exposure, CA4P 

(a stilbenoid) in D2O displays two doublets at δ = 6.5 ppm, which correspond to the two 

protons on the ethylene bridge of the cis-CA4P. Upon UV light exposure, two doublets at 

δ = 7.0 ppm appear, which correspond to the two protons on the ethylene bridge of trans-

CA4P. Note that, for proton NMR measurements, a high CA4P concentration was needed 

(24.4 mM in our case). At such high CA4P concentrations, exposure to the xenon arc 

lamp UV light in the ISS K2 flurometer cannot convert all the cis-CA4P molecules to 

trans-CA4P in days. In sharp contrast, a much lower CA4P concentration (e.g., 25 µM) 

would suffice for fluorescence studies. As shown in Figure 2, at such low CA4P 

Scheme 2:  The possible isomerization reaction which could explain the 

observed increase in fluorescence intensity of CA4P upon light exposure. 
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concentrations, the photon-induced isomerization of cis-CA4P to trans-CA4P can be 

completed in ~one hour. Thus, it is not surprising that both cis-ethylene proton and trans-

ethylene proton chemical shifts are observable in Figure 6B. The appearance of two 

doublets at δ = 7.0 ppm (Figure 6B) is strong evidence for the occurrence of a cis-to-trans 

isomerization on CA4P. 

 

 

 

Figure 6. (A) proton NMR spectrum of CA4P in D2O before UV light exposure. (B) 

proton NMR spectrum of CA4P in D2O after being exposed to light at 328 nm for several 

days. 
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Comparison of Fluorescence Properties Of Photon-Activated CA4P (Tran-CA4P) and 

Un-Activated CA4P (Cis-CA4P) 

Excitation and Emission Spectra: 

As shown in Figure 7, there is a very small difference in the excitation and emission 

spectra of CA4P in buffer before and after photon-induced activation. For un-activated 

CA4P in buffer, λex,max = 339 nm and λem,max = 397 nm. For photon-activated CA4P, 

λex,max = 342 nm and λem,max = 395 nm. 

 

Figure 7. Excitation (dashed lines) and emission (solid lines) spectra of photon-activated 

50 µM CA4P (blue) and un-activated CA4P (red) in 50mM Tris, 10 mM EDTA, 0.02% 

NaN3, pH 7.2. The spectra are normalized to unity at the excitation and emission 

maximum. 
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Self-Quenching of Cis- and Trans-CA4P Fluorescence    

Dr. Kiani’s group (Temple Mechanical Engineering Department) and our laboratory have 

previously jointly reported that liposomal CA4P, especially used in conjunction with 

irradiation, shows great promise for treating solid tumors. In making liposomal drugs, it 

is a common practice to maximize drug loading inside the vesicles. Thus, it is of interest 

to study how the fluorescence properties of CA4P are affected by CA4P concentration so 

we may utilize CA4P’s fluorescence signals properly to understand the molecular actions 

of CA4P and to optimize the design of liposomal CA4P for achieving a higher 

therapeutic efficacy. 

 

Figure 8 shows that the fluorescence intensity of both trans- and cis-CA4P do not change 

monotonically with CA4P concentration. At low concentrations, the fluorescence 

intensity increases with increasing [CA4P]. Beyond critical concentrations, the 

fluorescence intensity decreases with concentrations, which is referred to as the 

concentration-induced self-quenching of CA4P fluorescence. The critical quenching 

concentration (Cq) for different isoforms, pHs and temperatures are summarized in Table 

1. 
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Figure 8: Effect of [CA4P] on the fluorescence intensity of cis- and trans- CA4P in 

buffer at various temperatures and pHs. Buffer systems: 50mM Tris, 10 mM EDTA, 

0.02% NaN3, pH 7.2; 0.1M citric acid, 0.2M disodium phosphate, 0.02% NaN3, pH 3.0.  

Excitation wavelength: 328 nm; emission measured at 400 nm. 
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Table 1. Critical self-quenching concentration (Cq) of CA4P in buffer 

 

 

 

Explore the Possible Contributing Factors for Self-Quenching of CA4P Fluorescence 

Excitation Spectra as a Function of [CA4P]: 

Figure 9 shows that there is a pronounced red shift in the excitation spectra as [trans-

CA4P] increases at 25 and 60
o
C. A red shift in excitation spectrum is known to occur 

when molecules form J-aggregates (discussed later). The effect of [trans-CA4P] on the 

excitation wavelength at maximum intensity (λex,max) is given in Figure 10. It is clear 

from Figure 10 that the red shift in terms of λex,max varies with [CA4P] most dramatically 

at ~200-250 µM, which coincides with the critical self-quenching concentration Cq 

(Table 1) of trans-CA4P. This correlation suggests that the formation of CA4P J-

aggregates is related to the self-quenching of CA4P fluorescence. It is possible that self-

quenching of CA4P fluorescence mainly arises from J-aggregate formation and that J-

aggregation begins to occur at concentrations much lower than Cq.  
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Figure 9. Excitation spectra as a function of [trans-CA4P] at two temperatures: 25 and 

60
o
C. Emission was measured at 430 nm. 
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Figure 10: Variation of the excitation maximum (λex,max) with [CA4P] at 25
o
C (circles) 

and 60°C (squares). 50mM Tris, 10 mM EDTA, 0.02% NaN3, pH 7.2 

 

As the temperature increased, the red shift became less pronounced (Figures 9 and 10). 

This reduction is reasonable as it is expected that elevated temperature promotes 

dissociation of aggregates. 

 

To ensure that we have rigorously tested the effect of experimental conditions on the red 

shift in excitation spectra, we have employed two different methods for changing drug 

concentrations and extended the concentration and temperature ranges to 100 µM-5 mM 

and 18-60°C. CA4P dilutions were made two ways: (1) directly from a concentrated 

stock solution to the desired dilutions or (2) via serial dilution. The results shown in 
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Figures 8-10 were obtained when using the first method. For both methods, a 10 mM 

stock solution was made from a powdered stock of cis-CA4P which was suspended in 

buffer and photoactivated as previously described. As shown in Figure 11, when the 

second method (serial dilution) was used to examine the excitation spectra over a wider 

temperature and concentration range, a similar red shift was observed, which consolidates 

our conclusion on J-aggregate formation. 

 

 

 

Figure 11: Effects of temperature and [CA4P] on CA4P excitation spectra in buffer. 

Concentration was changed using serial dilution. λem = 430 nm. 50mM Tris, 10 mM 

EDTA, 0.02% NaN3, pH 7.2 
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Since the excitation spectrum changes its shape with CA4P concentration (Figure 9), it is 

necessary to use the center of mass of the excitation spectra to confirm that a red shift 

with [CA4P] indeed occurs. The center of mass was calculated as described earlier. 

Figure 12 shows that the center of mass of the excitation spectra shifts steadily to longer 

wavelengths as [CA4P] increases. This red shift agrees qualitatively with that revealed by 

the excitation wavelength at spectrum maximum (λex,max) (Figure 10). Table 2 lists the 

center of mass of the excitation spectra obtained at different temperatures and [CA4P]. 

All the data reveal that there is a red shift in the excitation spectra of CA4P in solution, 

which is indicative of formation of J-aggregates. 

 

 

 

Figure 12. Effect of [CA4P] on the center of mass of the excitation spectra of CA4P 

measured at 37°C. 50mM Tris, 10 mM EDTA, 0.02% NaN3, pH 7.2 
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Table 2. Center of mass of the excitation spectra of CA4P in buffer at different 

temperatures and [CA4P] 

 

Use of Self-Quenching to Monitor the Spontaneous Leakage of Trans-CA4P from 

Archaeal Tetraether Lipid-Based Liposomes 

Self-quenching has previously been used to monitor the spontaneous leakage of CA4P 

from liposomes (Venegas et al., 2012). It was demonstrated that the leakage rate constant 

varies with the extent of sterol superlattice in the liposomal membranes (Venegas et al., 

2012). However, the study by Venegas et al. used un-activated CA4P (cis-CA4P). In their 

study, the release of CA4P self-quenching due to leakage was mixed with photon-

induced fluorescence enhancement. For comparative studies on the apparent leakage rate 

constant as a function of membrane cholesterol content, their final conclusion should still 

be valuable. However, the future use of CA4P fluorescence for leakage studies should 

use activated CA4P, which would make the data interpretation much more 

straightforward. 

 

In this work, we used activated CA4P to determine the CA4P leakage rate constant (k) 

from liposomes containing archaeal tetraether lipids. Specifically, we used liposomes 
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comprised of bipolar tetraether lipids (BTL) isolated from the thermoacidophilic 

archaeon, Sulfolobus acidocaldarius. BTL offer greater stability than conventional 

phospholipids due to the presence of branched methyl groups and multiple cyclopentane 

rings in their dibiphytanyl skeleton, the ether linkages between polar headgroups and the 

hydrophobic core, and the lack of C=C. Sulfolobus acidocaldarius possesses many types 

of BTL. In this study we utilized one well characterized BTL fraction known as polar 

lipid fraction E (PLFE) (Chong et al., 2012). 

 

In this study, the encapsulation of trans-CA4P at varying initial concentrations greater 

than its self-quenching concentration was utilized along with the knowledge gained from 

the studies of trans-CA4P aggregation. As CA4P leaked from the liposomes into the bulk 

media, the drug concentration became diluted from self-quenching and an increase in 

fluorescence intensity was observed. We have determined the effects of CA4P 

concentration on liposomal leakage rate constant and cytotoxicity. 
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Separation of Liposomal CA4P from Free CA4P 

For the drug leakage assay to properly assess the leakage rate of fluorescent CA4P, the 

free CA4P in the liposomal buffer must be removed. Free CA4P would create a high 

background of fluorescence that would remain indistinguishable from the fluorescence 

enhancement due to liposomal CA4P release. 

 

The mixture of free and entrapped CA4P (500 μL) was loaded onto the size exclusion 

Sephadex G50 column and eluted with Tris buffer. Fifty fractions (10 drops each) were 

collected for further assessment. The light scattering (blue curve in Figure 13) was 

measured at 505nm using λex = 500 nm on an ISS K2 fluorometer. The fluorescence 

intensity (red curve in Figure 13) was measured at 400 nm using λex = 328 nm on the 

same fluorometer. These two measurements were used to determine the location of the 

entrapped versus free drug respectively. Due to the disparity in size between free CA4P 

(< 5 nm) and lipid vesicles (~200 nm), size exclusion chromatography could successfully 

separate the two populations while the use of light scattering could only be used to 

identify the lipid vesicles. To determine the location of free CA4P in order to ensure a 

distinct separation of the two drug populations, we measured the level of fluorescence in 

each fraction at the wavelengths attributed to CA4P fluorescence. The free drug in buffer 

would display higher levels of fluorescence than the entrapped CA4P because, unlike the 

liposomal drug, it was away from its self-quenching concentration. From the elution 

profile displayed in Figure 13 we can see that there is in fact a clear separation between 

free and entrapped CA4P and that the highest population of liposomal CA4P elutes in 

Fraction 10. For all subsequent drug leakage assays, Fraction 10 was collected after 
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separation via size exclusion chromatography, and the fluorescence intensity at 400 nm 

(λex=328nm) was immediately measured to determine the rate constant of leakage of 

entrapped CA4P. The elution buffer contained 5 mM NaCl to balance the osmolarity 

between the elution buffer outside of the liposomes and the 5mM CA4P inside the 

vesicles. This practice will be applied for all subsequent leakage assays.  
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Figure 13. Elution profile of CA4P containing liposomes after size exclusion 

chromatography (Sephadex G50). Light scattering was measured at 505 nm using λex = 

500 nm. CA4P fluorescence was measured at 400 nm using excitation wavelength at 328 

nm. The first peak contains both liposomes and CA4P. Thus, the fractions in the first 

peak were pooled and designated as liposomal CA4P. These fractions, particularly, 

Fraction 10, were used for drug leakage studies. 
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Drug Leakage Assays 

CA4P leakage rate constant was determined following the procedure previously 

described (Venegas et al., 2012). The concept involved in this assay is depicted in Figure 

14. Figure 15 shows the leakage data obtained from the vesicles comprised of 

POPC/cholesterol containing 5 mM CA4P at time zero. The elution buffer contained 5 

mM NaCl to balance the osmolarity between the elution buffer outside of the liposomes 

and the 5mM CA4P inside the vesicles. The leakage rate constant (k) was determined by 

the following equation, ln(1-I/Iinf)=C-kt, where I = the fluorescence intensity at each time 

point, Iinf = the final fluorescence intensity after the addition of detergent, C = a constant, 

and t = time. This practice will be applied for all subsequent leakage assays. 

 

 

 

Figure 14. Schematic description of the concept underlying the leakage assay. Blue dots: 

detergents; red dots: CA4P  
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Figure 15.  Schematic illustration of the determination of the leakage rate constant k. The 

test sample was POPC/cholesterol (molar ratio = 80:20) unilamellar vesicles containing 5 

mM CA4P at time zero.  

 

Results Obtained from PLFE/POPC Mixtures    

We have determined the CA4P leakage rate constant from liposomes made of PLFE and 

POPC at 25 and 37
o
C. The results are presented in Figure 16 and Table 3. The rate 

constant decreases steadily with increasing PLFE content. Compared to POPC liposomes, 

PLFE liposomes have a leakage rate constant at least two orders of magnitude lower. For 

a given membrane system, the rate constant at 37
o
C is slightly higher than that at 25

o
C, 

except for 100% PLFE.  



47 

 

 

 

Figure 16.  Effect of PLFE content in PLFE/POPC extruded liposomes on the CA4P 

leakage rate constant k at 25 and 37
o
C. Buffer: 50 mM Tris, 10 mM EDTA, 0.02% NaN3, 

pH 7.2 
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Table 3.  The CA4P leakage rate constant k in various PLFE/POPC liposomes. The 

numbers in parentheses represent the molar ratios of each lipid. Standard deviations was 

calculated from three independent measurements.  

 

Contribution of Surface Potential to the Low K Values in PLFE Liposomes  

For the entrapped drug molecule to leak out of the vesicles, it must overcome three 

energy barriers: the polar headgroup region facing the interior aqueous compartment of 

the liposome, the hydrophobic core, and the polar headgroup region facing the exterior of 

the liposome. It is known that the packing in the hydrocarbon core of PLFE liposomes is 

tight and rigid. It is also suggested that due to the presence of sugar moieties and the 

phosphate group on the PLFE molecules, the polar headgroup regions have a strong 

hydrogen bond network. Increasing the PLFE content in the mixture of PLFE and POPC 

should increase the surface charge and change the surface potential, which could  
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contribute to the decreasing k values as the PLFE content increases (Figure 16 and Table 

3). To test this proposition, we have measured the zeta potential of PLFE/POPC extruded 

vesicles. The results are presented in Figure 17 and Table 4. It is clear from Figure 17 and 

Table 4 that the zeta potential of the vesicles becomes more negative when PLFE content 

increases. 

 

 

 

Figure 17.  Effect of PLFE content on the zeta potential of PLFE/POPC vesicles. Vesicle 

size is ~200 nm. R
2
 = 0.988 
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Table 4. Values of zeta potential of extruded liposomes made of POPC and PLFE. 

Standard deviations were calculated from three independent measurements.  

 

In summary, we found that an increased molar percentage of PLFE lipids caused a 

decrease in the leakage rate constant (k) of trans-CA4P. Decreased rates of drug leakage 

are widely used as a measure of liposomal stability. Thus, our data suggest that the use of 

PLFE in liposomal CA4P formulations would be favored due to the marked increase in 

vesicle stability. 
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Effect of PLFE Content on Cytotoxicity of Liposomal Trans-CA4P against MCF-7 

Breast Cancer Cells 

We used MCF-7 human breast cancer cells as a model to test the cytotoxicity of PLFE-

based liposomal CA4P. The number of surviving cells was determined by the CyQuant 

assay kit. Figure 18 shows that an increase in PLFE content in liposomes slows down the 

cytotoxic effect of liposomal CA4P. A rate constant k’ was calculated for each curve 

shown in Figure 18. The k’ values are correlated well with the k values for spontaneous 

CA4P leakage, with an average correlation coefficient of 0.89. For each membrane 

system examined, the leakage assay was repeated three times. 
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Figure 18. Effect of PLFE content on the time course of the percent of MCF-7 cells 

remaining alive after mixing with liposomal CA4P. 
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Figure 19.  Drug leakage and cytotoxicity rate constants were correlated compared for 

CA4P containing liposomes of varying PLFE content. 37
o
C, R

2 
=0.89 
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Effect of Liposome Size on Drug Leakage and Cytotoxicity 

Figure 20 shows how the vesicle size affects the spontaneous leakage of entrapped trans-

CA4P from PLFE liposomes. Vesicle size was determined by dynamic light scattering 

method using a Malvern Zetasizer HS-1000 spectrometer. The leakage rate constant 

changes little from 102-256 nm in diameter (Figure 20). However, it undergoes a 

significant increase when the size is reduced to ~60 nm. In terms of maintain a low 

spontaneous leakage rate, PLFE liposomes of 256 nm in diameter seem to be most 

desirable among all the formulations examined. 

We have also examined the effect of vesicle size on the cytotoxicity of liposomal CA4P 

against MCF-7 cells (Figure 21). PLFE liposomes at 256 nm in diameter appear to give a 

lower initial rate of cytoxicity compared to those at 102 and 171 nm in diameter (Figure 

21). The cytotoxicity initial rate constant is correlated with the CA4P spontaneous 

leakage rate constant, giving a correlation coefficient 0.91 (Figure 22). 
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Figure 20.  Effect of liposome size (average particle diameter) on CA4P drug 

leakage at 25 and 37 °C. 100% PLFE liposomes; 50mM Tris, 10 mM EDTA, 

0.02% NaN3, pH 7.2, initial [CA4P] = 5mM. 



56 

 

 

 

Table 5.  Effect of vesicle size on the CA4P leakage rate constant k from 100% PLFE 

extruded vesicles. 
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Figure 21.  Effect of liposome size (average particle diameter) on liposomal CA4P 

induced cytotoxicity on MCF-7 cells. Temperature = 37 °C. Membrane composition: 100 

mol% PLFE with entrapped trans CA4P. Initial [trans-CA4P] = 5 mM 
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Figure 22.  Correlation between drug leakage rate constant and cytotoxicity of liposomal 

CA4P against MCF-7 breast cancer cells, with a correlation coefficient R
2 

= 0.91.  

Cytotoxicity (%) = 100 – (% of surviving cells) 

 

 

Effect of Initial [CA4P] on Drug Leakage Rate Constant and Cytotoxicity 

As shown earlier, trans-CA4P fluorescence undergoes concentration dependent self-

quenching showing a biphasic change in fluorescence intensity at ~170-200 µM for 

temperature = 25-37
o
C and pH = 7.2 (Figure 8 and Table 1). We have also presented 

spectral evidence (Figure 9) to show that this self-quenching is largely due to formation 

of J-aggregates. The size of the entrapped aggregates must affect the rate of diffusion 

across the liposomal membrane. It is then of interest to address the question as to how the 

initial CA4P concentration entrapped inside the vesicles affects the drug leakage and 

consequently the drug’s cytotoxicity.  
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To address this question, I varied the initial entrapped concentrations of CA4P ([CA4P]i) 

in liposomes comprised of 100 mol% PLFE from 0.1-5.0 mM and then examined the 

changes in drug leakage and cytotoxicity. The leakage rate constant k initially increased 

with increasing [CA4P]i up to ~250-500 µM (Figure 23). Thereafter, k decreased with 

increasing [CA4P]i (Figure 23). This biphasic change in k with [CA4P]i is similar to the 

self-quenching curve (Figure 8) and can be explained in terms of aggregation formation, 

as detailed in Figure 24. 
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At low [CA4P]i (e.g., 0.1 mM, State 1 in Figure 24), CA4P molecules inside the vesicles 

are mainly in the monomeric form. They can diffuse across the liposomal membranes, 

but due to the low osmotic pressure and the tight/rigid packing of PLFE liposomal 

membranes, the leakage rate is low. As [CA4P]i increases to, for example, 0.15 and 0.50 

mM (State 2 in Figure 24), the leakage rate constant increases significantly probably due 

to increased osmotic pressure. At this stage, some CA4P J-aggregates are formed 

(Figures 9 and 10), however, the majority of CA4P is still monomeric. At higher [CA4P]i 

(> 0.5 mM; Stage 3 in Figure 24), J-aggregate becomes more abundant. Aggregates 

cannot diffuse out of the liposomes or diffuse out extremely slowly. Aggregates must 

dissociate before spontaneous diffusion across the membrane can occur rapidly. As a 

result, the apparent leakage rate constant decreases. This situation becomes more severe 

as [CA4P]i is increased further. 
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Figure 23.  Effect of the initial concentration of entrapped trans-CA4P on the drug 

leakage rate constant of 100 mol% PLFE liposomes. Temperature = 25
o
C; Buffer: 50 

mM Tris, 10 mM EDTA, pH 7.2  
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Figure 24.  Schematic explanation of the effect of [CA4P]i on drug leakage. 

 

The results of the effect of [CA4P]i on cytotoxicity of liposomal CA4P against MCF-7 

cells are presented in Figure 25. The cytotoxicity was monitored by the CyQuant assay 

kit as mentioned earlier. By visual examination, the cytotoxicity data between 0-8 hrs 

seem to indicate that the time dependence of cytotoxicity is biphasic with respect to 

[CA4P]i. Among these five [CA4P]i examined, [CA4P]i = 0.5 mM appears to give the 

highest initial killing rate, which is consistent with the drug leakage data (Figure 23). 

However, understandably, after 48 hours the greatest cytotoxicity was seen from the 

sample with the highest amount of CA4P present (5 mM). 
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The cytotoxicity data were further analyzed by fitting into an exponential decay equation: 

% surviving cells = y = A1 (1-e
(-k’t)

) + yo 

where A1 and k’ were floating parameters and yo was fixed at 100. The equation was used 

to estimate the cytotoxicity rate constant k’. This equation was the best fit compared to 

multiple exponential decay equations. The data fitting results are summarized for all 

[CA4P]i in Figure 25 and presented individually in Figures 26-30. 
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Figure 25.  The effect of [trans-CA4P]i on the cytotoxicity of PLFE liposomal CA4P 

against MCF-7 breast cancer cells. 
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Figure 26.  The CyQuant assay data obtained from 100 mol% PLFE liposomes with 

[trans-CA4P]i = 100 μM were fitted by Equation 1 (red line). The fitted parameters are: 

A1= - 41.4 ± 2.81 and k’ = 0.114 ± 0.019 10
-4

s
-1

 , with R
2
 = 0.965 and χ

2
 = 10.7. 
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Figure 27.  The CyQuant assay data obtained from 100 mol% PLFE liposomes with 

[trans-CA4P]i = 250 μM were fitted by Equation 1 (red line). The fitted parameters are: 

A1= - 41.2 ± 0.767 and k’ = 0.281 ± 0.017 10
-4

s
-1

, with R
2
 = 0.995 and χ

2
 = 1.30. 
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Figure 28.  The CyQuant assay data obtained from 100 mol% PLFE liposomes with 

[trans-CA4P]i = 500 μM were fitted by Equation 1 (red line). The fitted parameters are: 

A1= - 41.5 ± 0.989 and k’ = 0.319 ± 0.026 10
-4

s
-1

, with R
2
 = 0.991 and χ

2
 = 2.29. 
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Figure 29.  The CyQuant assay data obtained from 100 mol% PLFE liposomes with 

[trans-CA4P]i = 1 μM were fitted by Equation 1 (red line). The fitted parameters are: A1= 

- 41.9 ± 1.75 and k’ = 0.184 ± 0.021 10
-4

s
-1

, with R
2
 = 0.981 and χ

2
 = 5.66. 
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Figure 30.  The CyQuant assay data obtained from 100 mol% PLFE liposomes with 

[trans-CA4P]i = 5 mM were fitted by Equation 1 (red line). The fitted parameters are: 

A1= - 41.7 ± 1.59 and k’ = 0.136 ± 0.013 10
-4

s
-1

, with R
2
 = 0.986 and χ

2
 = 3.95. 
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Figure 31.  Effect of initial CA4P concentration on the rate constant k’ of MCF-7 cell 

death, as monitored by the CyQuant assay kit, caused by CA4P entrapped in 100 mol% 

PLFE liposomes. Buffer: 50 mM Tris, 10 mM EDTA, pH = 7.2; vesicle size ~200nm; 

temperature = 37°C; n=4 

 

Figure 31 summarizes the effects of [CA4P]i on the rate constant of cytotoxicity (k’). The 

rate constant changes in a biphasic manner according to [CA4P]i in the same manner as 

the leakage rate constant (Figure 23). The theory behind this biphasic behavior in relation 

to initial CA4P concentration was explained in Figure 24.  
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The Effect of Initial CA4P Concentration Entrapped In PLFE Liposomes on MCF-7 Cells 

as Revealed by Fluorescence Microscopy 

Using Live/Dead Probes: 

To verify the results obtained from the CyQuant proliferation assay, we employed 

fluorescence microscopy to study MCF-7 cell death induced by CA4P entrapped in PLFE 

liposomes. The images (Figure 32) were obtained using the Live/Dead microscopy kit 

from Invitrogen. Red and green indicate dead and live cells, respectively. Figure 32 

shows that the number of dead cells (red) relative to live cells (green) was most abundant 

when the MCF-7 cells were treated with liposomal CA4P at [trans-CA4P]i = 0.25 and 

0.50 mM. At [trans-CA4P]i = 0.1, 1 and 5 mM, the relative number of dead cells is 

decreased. This biphasic behavior observed from fluorescence microscopy is consistent 

with the result obtained from the CyQuant assay (Figure 31) and agrees with the trend 

observed from the drug leakage experiment, which displays the fastest leakage rate 

constants at 0.25 mM and 0.50 mM CA4P (Figure 23). 
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Figure 32: Fluorescence microscopy showing the effect of initial CA4P concentration on 

cytotoxicity at 8 hrs post treatment. The images were obtained using the Live/Dead 

microscopy kit (Molecular Probes, Eugene, OR). Red and green indicate dead and live 

cells, respectively. Images were taken by a Nikon Eclipse TE-2000U fluorescence 

microscope (courtesy of Dr. Ana Gamero, Temple Biochemistry Department) using a 

live/dead cell imaging kit  
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Figure 33.  The Live/Dead microscopy data obtained from PLFE liposomes with [trans-

CA4P]i = 100 μM were fitted by Equation 1 (red line). The fitted parameters are: A1= - 

39.8 ± 2.45 and k’ = 0.118 ± 0.019 10
-4

s
-1

, with R
2
 = 0.969 and χ

2
 = 8.37. 
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Figure 34.  The Live/Dead microscopy data obtained from PLFE liposomes with [trans-

CA4P]i = 250 μM were fitted by Equation 1 (red line). The fitted parameters are: A1= - 

41.0 ± 0.95 and k’ = 0.292 ± 0.023 10
-4

s
-1

, with R
2
 = 0.992 and χ

2
 = 2.07. 
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Figure 35.  The Live/Dead microscopy data obtained from PLFE liposomes with [trans-

CA4P]i = 500 μM were fitted by Equation 1 (red line). The fitted parameters are: A1= - 

41.7 ± 1.04 and k’ = 0.336 ± 0.030 10
-4

s
-1

 with R
2
 = 0.990 and χ

2
 = 2.62. 
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Figure 36.  The Live/Dead microscopy data obtained from PLFE liposomes with [trans-

CA4P]i = 1 mM were fitted by Equation 1 (red line). The fitted parameters are: A1= - 

42.3 ± 1.29 and k’ = 0.144 ± 0.012 10
-4

s
-1

, with R
2
 = 0.990 and χ

2
 = 2.72. 
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Figure 37.  The Live/Dead microscopy data obtained from PLFE liposomes with [trans-

CA4P]i = 5 mM were fitted by Equation 1 (red line). The fitted parameters are: A1= - 

43.9 ± 1.45 and k’ = 0.129 ± 0.011 10
-4

s
-1

, with R
2
 = 0.989 and χ

2
 = 3.16. 
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Figure 38.  Effect of initial CA4P concentration on the rate constant k’ of MCF-7 cell 

death, as monitored by fluorescence microscopy Live/Dead probe (Invitrogen), caused by 

CA4P entrapped in 100 mol% PLFE liposomes. Buffer: 50 mM Tris, 10 mM EDTA, pH 

= 7.2; vesicle size ~200nm; temperature =37°C; n=4.   

 

 

Figure 38 summarizes the effect of initial CA4P concentration on the rate constant of 

MCF-7 cell death as observed through the Live/Dead fluorescence microscopy cell probe. 

The data fitting results are summarized for all [CA4P]i in Figure 38 and presented 

individually in Figures 33-37. The biphasic change in the rate constant of cytotoxicity 

follows the same trend as the biphasic change observed previously for cytotoxicity 

(Figure 31) and for drug leakage out of PLFE liposomes based on [CA4P]i (Figure 23). 

These results further validate the theory that initial drug concentration is a significant 
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factor for consideration when creating a liposomal drug formulation. The aggregation 

behavior which could lead to the observed biphasic leakage and cytotoxicity rate 

variations is theorized and explained in Figure 24.  
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CHAPTER IV 

DISCUSSION 

Overview 

Fifteen years ago, it was posited that angiogenesis inhibitors could be the long sought 

after “holy grail” in the fight against cancer (Boehm-Viswanathan et. al., 2000). By that 

time it was well established that angiogenesis and neovascularization are accompanying 

processes of continued tumor growth (Wood et. al., 1958) (Folkman et. al., 1971). Soon 

after however, as is frequently the case, problems arose from the use of angiogenesis 

inhibitors and anti-neovascularization agents. Debilitating side effects, especially cardiac 

in nature, arise from the administration of vascular disrupting agents (Ederhy et. al., 

2011). Although there is a higher toxicity against newly formed endothelial cells, these 

drugs are still incapable of distinguishing normal endothelial tissue from tumor tissue. 

Bradycardia and tachycardia are two of the most prevalent side effects due to the 

administration of CA4P as a single agent (Sessa et. al., 2005). Many other vascular 

disrupting agents also require doses beyond their maximum tolerated dose in order to be 

effective (Grosios et. al., 1999). With the potential for clinical efficacy and the necessity 

to circumvent deleterious side effects in mind; it was then proposed that the nanoparticle 

encapsulation of angiogenesis inhibitors could become the new “holy grail”. Nanoparticle 

encapsulation of vascular disrupting agents could allow for preferential targeting and an 

increase in retention time and bioavailability (Bennett et. al., 2011). As discussed 

previously, liposomal encapsulation has proven favorable for those exact reasons and to 

date over twenty liposomal anti-cancer therapies are available or under clinical trials (Ali 

et. al, 2009). The two part goal of this work was to create an efficient nanoparticle anti-



81 

 

cancer formulation through the optimization of the vesicle membrane and the study of the 

encapsulated drug. To this end, the intrinsic fluorescence and aggregation properties of 

the drug were studied in relation to their effects on drug release kinetics and the 

significance of initial drug concentration on overall efficacy. In regards to the 

optimization of the vesicle membrane, the lipid composition, membrane surface charge, 

and vesicle size were studied in relation to their effects on vesicle stability, 

pharmacokinetics of drug release and their overall cytotoxicity against MCF-7 breast 

cancer cells. The new version of the “holy grail” includes the targeting of liposome 

formulations directly to tumor tissue, the elimination of off-target effects, and an increase 

in blood circulation time. As the ideal cancer therapy is an ever evolving target, it 

remains important to continuously make strides in the optimization of chemotherapeutic 

agents and the vesicles for their drug encapsulation. However, in order to determine 

whether a drug formulation is optimized; it is important to frame it against the state of the 

field or other successful formulations. Before we begin discussing the work done in order 

to optimize PLFE based liposomal CA4P, let’s explore the necessity for characterization 

and why specific criteria were used when assessing our formulation. We will begin with a 

story of two different successful liposomal anti-cancer drugs.  

 

The Story of Lipodox and the Need for Full Characterization of Liposomal Drugs 

On February 6th, 1990 the liposomal formulation of the anti-cancer drug doxorubicin 

became the first liposomal drug to get approved by the FDA. This drug was named Doxil 

and its 20 year patent expired in February of 2010 (Barenholz et.al., 1990).  A little over 

a year later, in July 2011, the manufacturers of Doxil were facing a supply shortage. By 
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October of 2011, the manufacturers of Doxil were still in danger of a supply shortage. At 

this same time, a year and a half after the drug came off patent, there were still no 

replacement liposomal cancer formulations available. Doxil didn’t have an approved 

generic equivalent yet. With a lack of a therapeutic equivalent and a looming supply 

shortage, patients who depended on Doxil were suddenly in danger of falling victim to a 

market void (Davenport, 2014). In order to circumvent this and similar problems 

associated with other high-demand pharmaceuticals, President Barack Obama signed an 

executive order urging the FDA to streamline the approval process for certain generic 

drugs, including a generic for Doxil. With this in mind, in February 2012, the FDA 

approved the import of a copycat form of liposomal doxorubicin. The copycat drug was 

called lipodox. Shortly after, in January of 2013, lipodox became the first approved 

generic form of a liposomal drug. This made the combination of Doxil and lipodox 

historic. In 1990 Doxil was the first approved liposomal drug and then 23 years later, 

lipodox became the first approved liposomal generic drug (Davenport, 2014).  

 

There are many reasons the timeline of that story is very important. The first of which is 

the fact that a liposomal anti-cancer is in such high demand that a mere months after a 

supply shortage was threatened, government action was taken to ensure that a 

replacement liposomal drug became available. The first news of the supply shortage was 

released in July of 2011 and by October of that same year, President Obama had signed 

an executive order which featured Doxil (Allen et. al., 2013). This is extremely 

demonstrative of the great need for liposomal chemotherapy.  
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The next significant period of time in the story can be seen between February 2012 and 

January 2013. Eleven months between the import of lipodox to the FDA approval of the 

generic drug is less than 1/3
rd

 of the time it usually takes to approve a therapeutic 

equivalent. This is especially surprising because liposomal drugs by their very nature are 

significantly more complex than their small molecule counterparts. This was possible 

because the company that produced lipodox, Sun Pharmaceuticals, took an 

unconventional approach to their manufacturing process. Typically with small molecule 

drugs, a generic drug developer will attempt to sidestep the restrictions of a patent by 

altering the inactive ingredients of the drug formulation while keeping the small molecule 

(active ingredient) the same as the parent drug. However, when it comes to liposomal 

formulations, the “inactive ingredients” must be strictly conserved to maintain the 

toxicity and efficacy profiles. Even minor changes in liposome composition, size, surface 

charge, or drug loading, are known to greatly alter toxicity (Mamidi et. al., 2010). This is 

the reason there was no generic drug created during the long 20 years of Doxil’s patent, 

and a year later when a supply shortage was looming, no generic competitor was yet 

ready to swoop into the market. The only way lipodox could be created and approved in 

the short timeline it experienced is because Sun Pharmaceuticals waited until the patent 

on Doxil expired and then exactly copied their formulation (Edwards et. al., 2015). 

Unfortunately with the high demand for liposomal formulations, it is inefficient to 

assume the market will always need to wait 20 years for patents to expire before creating 

competing generic drugs. A system like that would be a detriment to the drug developers 

as well as the patients who rely on these medications. With that in mind we may jump to 

the next significant aspect of this story. 
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Another reason, the short approval process of lipodox was extraordinary is because the 

FDA has yet to create a standardized method for assessing liposomal drugs. Liposomal 

drugs fall into an increasingly popular field of pharmaceutical research referred to as 

nanoparticles/nanomedicine. When it comes to the approval of nanoparticles, unlike with 

other classes of pharmaceutical drugs, the FDA has yet to create a set of guidelines 

specifically designed for them (Stern et. al., 2014). With other types of pharmaceutical 

drugs, such as NSAIDs or antibiotics, when a new drug needs approval; the FDA is able 

to compare the new drug against existing approved drugs of the same family. This helps 

streamline the process for the FDA as well give drug developers a set of guidelines to 

follow when creating and testing new drugs. When a new nanoparticle drug is submitted 

to the FDA it is treated as an individual entity and therefore, the process for approval is 

significantly longer and the creation is significantly more complex for drug developers. 

With this in mind, we can highlight the extreme importance for drug developers to fully 

characterize their nanoparticles during the initial research phases. This is especially true 

for liposomal drugs, where even the slightest change in formulation can greatly alter 

toxicity (Davenport et. al., 2014).  

 

Without a strict set of guidelines, developers of nanoparticles are left searching for 

guidance in the process of characterizing and optimizing their liposomal formulations. 

The only thing for drug developers to do is seek out the most recent FDA guidance 

released on a drug of similar composition and follow the regulations set forth for that 

similar drug. With that in mind, we found the most recent draft guidance released on a 
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liposomal drug. Released in April of 2014 for a IV liposomal drug named Verteporfin; 

the FDA released guidance stating “this draft guidance, once finalized, will represent the 

food and drug administration’s (FDA’s) current thinking on this topic” (Draft guidance 

on Verteporfin, 2014). 

 

The guidance recommended the characterization of liposomal drugs according to the 

following criteria; liposome composition, liposome size, electrical surface potential and, 

in vitro release. We then optimized our liposomal formulation according to the same 

characteristics as well as including a study on the fluorescence and aggregation properties 

of the entrapped drug. The study of the entrapped drug is where we will begin our 

discussion. 

 

Characterization of CA4P in Solution and a Look into the Resulting Effects on Drug 

Loading and Leakage in Liposomal Formulations 

The isomerization of CA4P alters the fluorescence quantum yield of the drug (figures 1-

3). The trans isomer of CA4P has a much higher fluorescence intensity at λexc = 328nm 

and λem = 400nm than its cis counterpart (figure 8). When utilizing the intrinsic 

fluorescence of a drug in order to track its progress in vitro and eventually through in vivo 

studies, it is essential to maximize on the potential fluorescence signal. Another important 

factor when utilizing the fluorescence of any fluorophore is to understand its critical self 

quenching concentration (figure 8) (table 1). An ablation in fluorescence intensity 

resulting from the self-quenching of a drug appears identical to the decrease in a 

fluorescent signal resulting from a clearance of the fluorophore. When the fluorescence 

intensity is used as a reporting agent for the location of a drug, it is essential to know and 
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expect when quenching induced fluorescence ablation will occur so as not to 

misrepresent the location and clearance time of a drug such as CA4P. Our studies into the 

isomerization and self quenching of CA4P, led to the explanation of self quenching 

through the increase in self-aggregation of individual CA4P monomers in solution at 

increasing drug concentrations (figures 9-12) (table 2). This observed self-aggregation of 

CA4P displayed a spectral shift correspondent with the presence of J-aggregates (figures 

9, 11). We observed that an increase in drug concentration results in a biphasic change in 

leakage and cytotoxicity rate constants. The observed biphasic change occurred at the 

concentrations associated with the formation of j-aggregates. It is important to note that 

the accurate monitoring of drug leakage and cytotoxicity observed through different 

formulations of liposomal CA4P are only possible when background noise and cross talk 

are eliminated through the validated use of specific initial entrapped concentrations of 

CA4P.  

 

One of the reason copycat drugs could never work during the 20 years, Doxil was 

protected by a patent; has to do with drug loading. The maximized loading of a liposomal 

chemotherapy agent is favored. When delivering an antineoplastic agent to a tumor site, it 

seems sensible to deliver as much of your drug as possible. Doxil created a successful 

gradient method to maximize drug loading which was never duplicated until the creation 

of lipodox (Barenholz et. al., 2011) (Davenport et. al., 2014).  

 

As with Doxil and lipodox, our liposomal formulation in this study relied on the passive 

diffusion of CA4P across the liposome membrane from the aqueous vesicle interior.  



87 

 

However, unlike liposomal doxorubicin, our formulation did not have to rely on the 

creation of an artificial gradient to maximize drug loading. With information about the 

aggregation of CA4P, we can utilize a high initial concentration of the entrapped drug to 

maximize the drug loading and alter the release kinetics. 

 

Altered Drug Release Kinetics Affect the Characterization of a Liposomal Drug 

Formulation 

The leakage rate constant (k) was associated with the pharmacokinetic release of 

entrapped CA4P away from the aqueous interior of liposomes and out into the 

surrounding bulk media (figures 13-15). The observed k values showed a direct 

correlation with the observed k’ values associated with the cytotoxicity rate constant 

determined by the rate of cell death post administration of liposomal CA4P (figure 19). 

As previously mentioned, decreased rates of drug leakage have been used in the past as 

markers for increased vesicle stability (Drummond et. al., 1999). When optimizing a drug 

formulation to ensure targeted delivery of a drug with minimal off target effects, it is 

essential to aptly predict the leakage rate in order to decrease exposure of non-tumor 

tissue. We have previously discussed the potential dangers normal endothelial tissue 

encounter when exposed to vascular disrupting agents, such as free CA4P. The cytotoxic 

effects of free CA4P against tumor tissue in vitro and in vivo have already been examined 

by others (He et. al., 2011)(Subbiah et. al., 2011). However, it is important to note that 

studies involving administration of CA4P to human patients and animal models are more 

costly and time consuming than in vitro studies of liposomal leakage kinetics. Since the 

observed cytotoxicity rate constants directly correspond with the observed leakage rate 
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constants; it is reasonable to utilize the results of in vitro drug leakage as an indicator of 

overall cytotoxic efficacy.  

 

Further Characterization of the Effects of Lipid Molar Composition, Membrane Surface 

Charge and Vesicle Size on the Stability and Efficacy of PLFE Based Liposomes in 

Regards to CA4P Leakage and Cytotoxicity of Liposomal CA4P Formulations against 

MCF-7 Breast Cancer Cells 

In the pursuit of an ideal liposomal formulation, with regards to drug leakage, it was 

generally considered throughout this work that slower leakage rate constants were 

superior to rate constants corresponding to fast drug leakage. The rationale behind this 

thinking lies in the need to control drug leakage in an effort to decrease off target effects. 

If the liposomal drug formulation has more time to reach the tumor site before the 

encapsulated drug begins passively leaking out of the vesicle interior, there is an expected 

reduction in the exposure of quiescent endothelium to the vascular disrupting effects of 

the drug. With this is mind, we found great potential through the use of PLFE lipids as 

stabilizing agents in liposomal CA4P formulations. The observed decrease in leakage rate 

constant, and consequently cytotoxicity rate constant, directly correlated with an increase 

in PLFE content (figures 16, 18, 19) (table 3). This observed change in leakage rate 

constants was significantly greater than the observed effects on drug leakage caused by 

the incorporation of cholesterol molecules into liposomal drug formulations (Geng et. al., 

2014). This data demonstrated a substantial increase in vesicle stability and decreased k 

values with the incorporation of PLFE lipids into liposomal CA4P formulations.   
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In order to further characterize our liposomal formulation, we examined the effect of 

vesicle size (figures 20-22) (table 5) and membrane surface potential (figure 17) (table 4) 

on observed drug leakage and resulting cytotoxicity against MCF-7 breast cancer cells. 

As previously discussed the effects of vesicle size are thought to alter drug release 

kinetics due to the alteration in the curvature of the vesicle membrane (Haynes et. al, 

1985). Vesicle size also plays an important role in the delivery of liposomal drugs to the 

tumor microenvironment (Kibria et. al., 2013). Newly formed tumor vasculature is more 

permeable than healthy quiescent endothelium and it is important to consider the effect 

nanoparticle size may have on liposomal drug efficacy (Zahedi et. al., 2012). Likewise, 

the surface charge of a liposomal drug formulation has the potential to impact access to 

the charged tumor microenvironment and alter the leakage kinetics of entrapped 

molecules depending on the type of membrane and drug being utilized.  

 

As we systematically characterize and optimize our liposomal formulation it was always 

important to remember the final goal of work like this is a useful nanodrug. Another 

important piece of information gleaned from our look into the membrane surface charge 

was the ability of our liposomal formulation to stay stable as a colloidal solution. The end 

to end outlook is necessary when assessing a drug’s potential efficacy. If we create a 

perfect drug that can be confidently administered because the liposomes sediment before 

IV administration, thereby creating unequal distributions of the drug; or if we create a 

formulation that can’t be stored long term or under normal conditions; then essentially we 

have created nothing. The purpose of zetapotential measurements is to determine 

colloidal stability. We must know whether we have created a stable system that could 
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actually withstand long term storage and utilize IV administration. We found that when 

increasing the content of our PLFE lipids, our liposomes showed a direct increase in 

colloidal stability. Throughout this work, by juxtaposing our liposomal formulation 

against the success of Doxil and lipodox and characterizing it in the same manner the 

FDA characterized Verteporfin; we have created an optimized and efficient liposomal 

formulation which could have real world implications and withstand real world 

conditions.  
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