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Abstract	

For many types of cancers chemotherapy is the treatment of choice despite evidence 

that this treatment modality is contributing only about 2 % to the 5-year survival in all 

types of cancers. One of the main disadvantages of the use of chemotherapy is that it is 

administered throughout the entire body, which accounts for the associated side effects of 

cancer treatment. Drug delivery systems (DDS) are a safe and reliable method of getting 

drugs to a disease site. They can effectively protect the healthy areas of the body from the 

adverse effects of the drug while also preventing the degradation of the drug, due to 

enzymatic action, within the body.  

The Food and Drug Administration (FDA)-approved DDSs, such as Doxil, a 

liposomal formulation of doxorubicin, have been introduced to clinical practice to limit 

systemic exposure to such drugs and thereby reduce related toxicities. However, one of the 

main challenges that this, and many other drug delivery systems face, is the ability to 

successfully release content on demand at the target site. The work contained within is 

focused on the optimization of a liposomal drug delivery system. This was done by 

harnessing both the plasmon resonant capabilities of gold nanoparticles as well as the 

ability to use ligands as a mechanism to target specific cancers. 

We introduced liposome-supported plasmon resonant gold nanoshells, a DDS that 

works on the premise of the conversion of light energy to heat that in turn initiates drug 

leakage from the liposome core. This dissertation is focused on building upon this 

observed phenomenon to address the need for a drug delivery system that is targeted 

specifically to diseased sites and is also capable of releasing content on demand.  
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 :	Introduction	

Overview	

The search for a drug delivery system that can reduce side effects, reduce dosing 

amounts and increase therapeutic efficiency continues. This research is focused on the 

development and optimization of a nano-sized, biodegradable drug delivery system 

(DDS) that can be used to address some of these issues – specifically those associated 

with the administration of chemotherapy.  

Liposomes have been recognized as a DDS since the 20th century and over the 

years research in this area has led to significant breakthroughs that include FDA 

approved liposomal drugs as well as many that are currently in clinical trials. The DDS 

being investigated in this work are liposomes that have been surface-modified with gold 

to create plasmon resonant liposomes – a stimulus-responsive DDS. Two functionalities 

of the DDS were tested – the ability to activate the release of therapeutic drugs with high 

spatial and temporal control and the potential of not only obtaining on-demand release 

but also to target the DDS using ligands.  

The initial part of this work is focused the biological compatibility of the DDS. 

The prepared nanoparticles are compared to an FDA approved liposomal DDS with the 

idea of demonstrating that the plasmon resonant DDS provides an advantage over the 

commercially available product. This advantage is the ability to exert spatial and 

temporal control of drug release when the plasmon resonant DDS is exposed to an 

external stimulus. 
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These well characterized particles were then evaluated in cell culture. Content 

release via laser illumination and hyperthermia was carried out and the effect of the 

released drug was observed using cytotoxicity assays.  

Finally, the nanoparticles were functionalized with folate ligand with the intent of 

targeting cancer cells that overexpress the folate receptor alpha. These molecular-targeted 

particles were also tested in cell culture. 

This work is the beginning of the development of a drug delivery system that 

holds the promise of a reduction in the side effects and toxicities associated with cancer 

treatment. The continuation, and eventual success, of this research would revolutionize 

the way in which chemotherapeutics are delivered and hence improve the quality of life 

of patients who receive treatment while battling this disease. 
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Cancer	and	Cancer	Treatment	

Cancer has been the second leading cause of death in the Unites States since 1970 

[1]. Today, with an expected 1,688,780 new cases of cancer and a projected 35 %, 

600,920 individuals being expected to die of this disease [2], cancer is still the second 

leading cause of death, surpassed only by heart disease. The US is not the only country 

being affected by this disease; there were 17.5 million new cases and 8.7 million deaths 

worldwide in 2015 [3]. Over the past 50 years, the US has had many prominent 

individuals waging war on cancer – from President Nixon who signed the National 

Cancer Act in 1971 and vowed to find a cure to this disease by 1976 [4] to the National 

Cancer Institute Director, Andrew C. von Eschenbach, proclaiming the cease of death 

and suffering due to cancer by 2015 [5]. Most recently, we had our Vice President, Joe 

Biden, introducing “Cancer Moonshot”, a program aimed at providing resources to 

researchers and health care professionals to make significant advances in the treatment, 

early detection and prevention of cancer within the next five years [6,7].  

Despite the challenges in finding a cure for all cancers, statistics indicate that we 

have reduced the deaths due to all cancers. Over 2.1 million deaths have been averted 

from 1991 to 2014 – this represents a 31 % decrease in cancer deaths in males and a 21 % 

drop in cancer deaths in females (Figure 1-1) [2]. This reduction is mostly attributed to a 

reduction in smoking and improvements in the early detection and treatment of cancers.  

While working towards a cure, we also have to find other avenues to fight this 

battle because there are new cases of people being afflicted with cancer daily. Over the 

last few decades researchers have gained knowledge in ways to treat cancer. Types of 
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cancer treatment include surgery, radiation therapy, chemotherapy, targeted therapy, 

immunotherapy, hormone therapy and stem cell transplant. The type of treatment 

required is highly dependent on the cancer stage and location. Staging is used to describe 

how far cancer has progressed, it provides an idea of the tumor size and whether it has 

metastasized or not. There are multiple ways to describe staging however, here staging is 

described in terms of Stages 0 to IV and are defined as follows. 

- Stage 0: Abnormal cells are present but there is no indication of spread to 

other tissue 

- Stages I, II and II: The greater the Stage, the larger the tumor size and the 

greater the spread of cancer cells to adjacent locations  

- Stage IV: Cancer has metastasized [8] 

Women with Stage I and II breast cancer are mainly treated with breast-

conserving surgery (BCS) (partial mastectomy or lumpectomy) and radiation therapy, 

while almost 50 % of patients with stage III breast cancer undergo surgery (mastectomy) 

accompanied by radiation therapy and chemotherapy. Stage IV patients undergo radiation 

therapy alone or a combination of radiation and chemotherapy. Meanwhile, 84% of 

patients with stage I and II colon cancer are treated with surgery (total or partial 

colectomy) alone while those with stage III and IV mostly have a combination of 

colectomy and chemotherapy [9].  
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Figure 1-1: Total Number of Cancer Deaths Averted in Men and Women in the US [2] 

These data are used as examples to show that there is no “one size fits all” when it 

comes to cancer treatment. This is one of the main reasons why treatment is moving 

towards a personalized approach based on an individual’s genetic makeup, age and past 

medical history – all of which would contribute to ways in which they will respond to 

treatment [10–12]. The heterogeneous nature of cancer - same tumors being different in 

diverse patients and differences in cancer cells within one tumor [13,14] – requires a 

heterogeneous approach to treatment. Therefore, we see a case where each cancer and 

individual will respond differently to treatment depending on what is found at the 

molecular level. zsIt then holds that to fight these mechanisms at the molecular level, we 

need the necessary tools that can function at this level. Nanomedicine (discussed in a 

later section) is at the heart of this fight mainly because it has the potential to detect, 

diagnose and treat diseases at the cellular and molecular level [15].  
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Chemotherapy	and	its	limitations	

Interest in chemotherapy dates to World War I where the observation in the use of 

mustard gas and its effect on blood cells was noted [16]. Today, this line of treatment is 

utilized in a variety of ways 

1. Primary therapy. Types of chemotherapeutic drugs include doxorubicin, 

daunorubicin 

2. Neoadjuvant therapy. Chemotherapeutic drugs are administered to assist in the 

reduction of a tumor before surgery 

3. Adjuvant therapy. Patients are treated with drugs to address metastasized tumors – 

reduce risk of reoccurrence or prolong life 

4. Palliative treatment. Cancer has progressed to an incurable stage and treatment is 

used as a method to reduce adverse disease conditions, slow disease progression, 

prolong patient life and optimize quality of life. 

5. Combination therapy. Multiple chemotherapeutics are used because their 

combined effect is greater than the individual effect. 

This variety of uses has allowed chemotherapy to be one of the standard treatments 

offered to cancer patients. Despite its widespread use, the administration of 

chemotherapeutics has limitations.  The aim of chemotherapy is to eliminate rapidly 

dividing cells. One of the major problems associated with the use of chemotherapy is the 

inability to differentiate between healthy and diseased cells – any cell that divides rapidly 

is a target for chemotherapeutics. This is the major cause of side effects associated with 

the administration of chemotherapy. 
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Figure 1-2: Illustration of the therapeutic window  

Moreover, whenever a drug is administered, it must get to a certain concentration 

in blood to become efficacious, the minimum effective dose (MED). This is readily 

attainable; however, there is a theoretical limit to drug concentration after which the drug 

is no longer considered therapeutic but rather it would be toxic and once again lead to 

severe side effects (maximum tolerated dose (MTD)). However, in practice a risk to 

benefit ratio is employed where medical professionals adjust drug concentrations to gain 

maximum efficacy which may be lower or higher than the MTD. The range of drug 

concentrations between the MED and MTD is considered the therapeutic window (Figure 

1-2). Most chemotherapy drugs have a therapeutic dose that is too close to the MTD 

therefore most drugs are given at a “safer” concentration to reduce chances of toxicity to 

the patient.  

The side effects of chemotherapy are also well known – these are associated with 

the symptoms that occur during treatment. Many of the cells that have been destroyed 
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during chemotherapy can be regenerated therefore most of these side effects such as 

constipation, diarrhea, mouth sores and nausea are effectively short term. Some of the 

long term effects of chemotherapy include reduced fertility (age and health dependent), 

reoccurrence of cancers or the onset of chronic health conditions later on in life [17].  

These limitations can be addressed by maximizing the amount of drug reaching 

the disease site while reducing drugs that reach other areas of the body. Nanoparticles are 

already being effectively used in many aspects of drug delivery. Controlled release 

provides a kinetic advantage by controlling the drug concentration profile such that it 

does not extend into the toxic or subtherapeutic range. Optimizing this system to create a 

targeted, controlled-release drug delivery system holds the promise of effectively 

addressing these limitations and revolutionizing the method of delivery of 

chemotherapeutics. 

Nanotechnology,	nanomedicine,	nanoparticles	and	cancer	treatment	

Nanotechnology involves the use of very small particles for a technological 

purpose whether that purpose be food science, art, or medicine. A more rigorous 

definition provided by the National Nanotechnology Initiative (NNI) is “Nanotechnology 

is the understanding and control of matter at dimensions of roughly 1 to 100 nm, where 

unique phenomena enable novel applications.” To complement this definition, Allhoff et 

al. added that “…nanotechnology includes the forming and use of materials, structures, 

devices and systems that have unique properties because of their small size … 

technologies that enable the control of materials at the nanoscale” [18]. All these 

definitions point to the use of “very small particles” for a specific purpose. Therefore, to 
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get a good grasp of what nanotechnology really is, it is important for us to understand 

how nanoparticles behave differently when compared to their counterparts on the micro 

or macro-scale. 

Nanomedicine is the application of nanotechnology in the diagnosis, treatment 

and prevention of disease. This is a broad category that can include anything from 

imaging and therapeutic agents to sensors and lab-on-a-chip inventions. In this project, 

we are focusing specifically on a section of nanomedicine that involves a nanometer 

sized drug delivery system that is engineered to deliver chemotherapeutics. 

Liposomes		

The concept of liposomes, or as they were originally called “bangosomes”, as 

models for biological membranes was first introduced in 1965 by Alec Bangham [19].  

These vesicles are bi-layered and spherical and are created using biologically compatible 

materials such as phospholipids and cholesterol (Figure 1 – 3). Since liposomes are made 

from amphiphilic molecules (phospholipids with hydrophilic heads and lipophilic tails) 

they are uniquely suited to transport lipophilic materials within the formed lipophilic 

bilayer or hydrophilic materials within the liposome core. The biocompatibility and 

bilayer structure of liposomes make them a promising candidate for a drug delivery 

system, a fact that was recognized by Gregory Gregoriadis in 1971 [20,21]. Since then, 

liposomes have been continually researched as drug delivery systems. Today there are 

multiple combinations of lipids used to create these vesicles that are able to encapsulate a 

variety of drugs within them [22].  
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Doxil®	

In 1995, the fist liposomal drug, Doxil®, was approved by the FDA. Doxil is a 

liposomal formulation of doxorubicin and is used in the treatment of AIDS related 

Kaposi Sarcoma, recurrent ovarian, and breast cancer [23]. It was important to obtain a 

vessel for the transport of doxorubicin because while the drug is successfully used in the 

treatment of cancer it is also associated with significant toxicities, especially cardio 

toxicity that could eventually lead to cardiac myopathy [24]. Moreover, because 

doxorubicin is an alkaline molecule, it could be loaded into the liposomes via an active 

loading process using an ammonium sulfate gradient [25–27]. Doxil is a “stealth” 

liposomal formulation meaning that it contains polyethylene glycol (PEG) that allows the 

nanovesicle to evade opsonization, which prolongs the circulation time of the drug 

delivery system in the body. Due to the nanometer size of these vesicles as well as their 

enhanced circulation time of 50 - 70 hours Doxil is able to extravasate through the 

compromised “leaky” tumor vasculature and thus have a higher accumulation of 

doxorubicin deposited at the tumor site [28,29].  

Doxil is a great example of the versatility of liposomes in their use as DDSs. 

Firstly, liposomes are coated with polyethylene glycol (PEG) to create  “stealth” 

liposomes so that they can evade the reticuloendothelial system (RES) and stay in 

circulation for longer periods of time [26]. The longer circulation time also assists in the 

accumulation of liposomes at the tumor site to the enhanced permeability and retention 

(EPR) effect [23,30].  
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(A)    

 (B)  

    (C)                (D)  

Figure 1-3: Molecular structure of lipids used in liposome preparations. 
 Molecular structures of lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (A) 
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanlamine-N-[methoxy(polyethyleneglycol)-
2000] (DPPE PEG 2000) (B) and cholesterol (C) used in the formation of liposomes. (D) 
Chemical structure of Doxorubicin-HCl – drug encapsulated in liposomes.  

Stimulus	Responsive	Controlled	Release	

Another method employed to address the concern of systemic toxicity is the use 

of stimuli to initiate drug release. The premise in this instance is that only on application 

of the stimulus would drugs become available; therefore, the likelihood of non-specific 

toxicity is reduced. 

For the drug delivery system to be stimulus responsive it must contain a material 

that can respond to the intended activation mechanism. In the case of gold nanorods or 

iron oxide nanoparticles, they have inherent characteristics - plasmon resonance and 

magnetic moment- which make them responsive to light at specific wavelengths and a 

magnetic field respectively [31–33]. Some polymeric nanoparticles incorporate materials 
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such as photo-responsive dyes or pH-sensitive ligands that make them stimuli-responsive 

(Figure 1-4) [34,35]. 

Stimuli application can be active or passive. With active stimuli responsiveness, 

the stimulus used for release activation is applied externally. Examples of these include 

drug release that occurs due to temperature changes by laser-light or other heat 

applications, magnetic fields, ultrasound or electrostimulation [36,37]. On the other hand, 

we have passive stimuli-responsiveness where the release is dependent on properties 

within the tissue that is being treated. These stimuli include pH, enzymes or other 

chemical reactions that occur locally [38]. Work by Silverman and Barenholz shows 

Doxil as an example of a passive stimuli-responsive system that relies on the presence of 

a metabolite of the glutaminolysis pathway, ammonia, to initiate drug release [39].  

 
Figure 1-4: Examples of different stimuli used in content release [34] 

The advantage to the use of stimulus-responsive materials is that, ideally, release 

will only occur on exposure to the activating application. With nanoparticle drug delivery 
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systems, the importance of the dosage delivered is exceedingly important. While drug 

encapsulation in liposomes enhances the ability to deliver more drugs, if the drug cannot 

be released at the disease site, there is no guarantee that drugs will get to the desired 

therapeutic levels at the disease site. This is one of the main reasons that Doxil, which has 

been shown to reduce cardiotoxicity and accumulate preferentially at the tumor site [40], 

has not gained popularity in clinical settings. A review by Gabizon et al. indicates that a 

lower than expected release rate of doxorubicin from Doxil can diminish its clinical 

efficacy [41]. 

Drug	Targeting	

The use of nanoparticles in drug delivery has many advantages – drugs that were 

considered too toxic for systemic use can be safely packaged, drugs that are secured with 

nanoparticles are protected from degradation by body enzymes and have a greater chance 

of reaching their destination intact while the body can be protected from the deleterious 

side effects of exposure to toxic drugs on systemic administration. 

Drug targeting is one of the main areas that researchers have identified for 

improvement in nanomedicine [42]. It aims to build on the need for delivery systems that 

are specific to the tumor site and sparing  the healthy areas of the body. Instead of relying 

on the drug circulating through the body and non-specifically preferentially depositing at 

the disease site, molecular disease markers can now be added to the nanoparticles so that 

they are more likely to accumulate at the disease site that is specific to the ligand attached 

to the nanoparticle. 
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Types of targeting mechanisms include applying the drug directly to the target 

site, passive drug targeting via the enhanced permeability and retention (EPR) effect, 

physical targeting using pH or heat at the disease site, magnetic targeting, and active 

targeting using a ligand that is specific to the tumor that is being treated [43]. Active 

targeting utilizes vectors that are specific to the disease and are therefore created with the 

premise that the delivery system will deliver more drugs to the target site and less to un-

targeted areas. Current targeted liposomal medicines that are in clinical trials include 

CALAA-01 and MBP-426 which are both actively targeted using the human transferrin 

protein (Tf) [44,45]. 

The targeting ligand discussed in this work is the folate ligand which is 

overexpressed in multiple types of cancer including ovarian and breast cancers [46–48]. 

Our aim is to improve our active stimulus-responsive delivery system through the 

addition of the folate ligand. Combined, these two factors have the potential to create a 

dual-targeted drug delivery system where the folate ligand assists in drug accumulation at 

the tumor site while plasmon resonance acts as the switch to initiate drug release once 

drug accumulation has been achieved. 

Enhanced	Permeability	and	Retention	Effect	(EPR)	

The EPR effect, a phenomenon first introduced by Maeda and Matsumara in 1986 

[49,50], is the method reported by the Barenholz and Gabizon groups as being 

responsible for the preferential accumulation of Doxil at the tumor site [23,40]. 

Nanomedicines that are engineered for passive targeting depend solely on the EPR effect 

which enables particles to exit circulation and preferentially accumulate at the tumor site 
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because of compromised tumor vasculature and malfunctioning or an underdeveloped 

lymphatic system [51]. 

When first introduced, the EPR effect was described as a process through which 

macromolecules, between 15-70 kDa, can preferentially accumulate and stay within solid 

tumors [49]. However, researchers have begun to question the reliance on the EPR effect 

for the delivery of passively targeted nanomedicines [52]. In the case of Doxil that has 

been shown to accumulate at the tumor site, findings indicate that this drug is highly 

efficacious in the treatment of Kaposi’s sarcoma but not as efficacious, when compared 

to the administration of doxorubicin, in the treatment of metastatic breast cancer 

[24,42,52]. Recalling that the EPR effect depends on “leaky” tumor vasculature and the 

lack of lymphatic drainage, the assumption that all tumors possess these characteristics 

may be false. These findings once again point to the heterogeneity of cancers – not all 

cancers are the same and therefore the treatment approach should be different. 

Researchers are now more aware of the limits of the EPR effect and role that 

cancer heterogeneity plays in this phenomenon. We are reminded that this process 

depends on tumor vascularity which in turn relies on size and many other factors 

including tumor site and origin (i.e., whether primary site or metastatic region) [53]. 

Whenever faced with a variable that is impacted by cancer heterogeneity, treatment 

options point to the need for personalized health care where individuals are screened to 

determine whether a particular treatment, in this case any passively targeted drug, will be 

efficacious. This is the  case for the liposome DDS presented in this work, which can be 

adapted to incorporate contrast agents as seen in work from our lab describing in vivo 

imaging of brain vasculature [54]. The system can thus be considered a potentially 
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adaptable system that can be used as a theranostic agent for screening and treating 

patients.  

Plasmon	Resonance	

One of the first documented instance of plasmon resonance is dated back to the 4th 

century A.D. The Lycurgus Cup (Figure 1-4) , a Roman goblet, was infused with gold 

and silver nanoparticles that render it different colors when exposed to light – opaque 

green when illuminated from the front (light is reflected) and red when illuminated from 

the back (light is transmitted) [55,56]. 

Plasmon resonance is a characteristic that is unique to metal nanoparticles and 

their interaction with light. On the macroscopic level electrons within metals are able to 

be excited with incident light but not in a manner that allows plasmon resonance to occur.  

Therefore, metals in their bulk form can be used for decorative purposes, as in the case 

with gold and silver, or in the food industry where aluminum is used in the manufacturing 

of foils and soda cans. On the nanoscale, if the particle is smaller than the wavelength of 

incident light, the particles are able to interact in a manner that causes the collective 

oscillation of free electrons with the metal that occurs at a resonant frequency. 

The mathematical interpretation of plasmon resonance dates all the way back to 

the early 20th century when Mie calculated the solution to the Maxwell equations to show 

that the variety of colors present in Faraday’s gold solutions were the results of the 

extinction (simultaneous absorption and scattering) of gold nanoparticles present in the 

solution [57]. Therefore, the Mie calculations were limited to spherical nanoparticles 

only. Faraday came across these properties accidently while trying to create thin sheets of 
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gold for microscopic observations. He attempted to make these sheets using chemical 

methods and observed that the waste he generated after washing the gold sheets 

interacted with light in interesting ways.  

 
Figure 1-5: Lycurgus Cup in reflected (a) and transmitted (b) light [55] 

  

 The drug delivery system that we are presenting is comprised of gold 

nanoparticles deposited on the surface of a liposome scaffold. Therefore, the properties 

associated with gold nanoparticles will not be the same in this case. Using the knowledge 

that the system is made up of multiple parts, its optical properties are explained using the 

Maxwell-Garnett effective medium theory: 

!" = !$
%&'()*+,)*%.()/+,)
%&'()/,)*%.(+*,)

      Equation 1 

where !"is the permittivity of the gold nanoparticle layer is, !$ is the permittivity of the 

medium, !01 is the permittivity of the gold nanoparticles (which is dependent of the 

particle size) and 2is the fill factor (varied by changing the concentration of gold solution 

added to create gold nanoparticle layer). The calculations are based on permittivity 

because this material property governs the extinction spectra obtained for the plasmon 

resonant nanostructures. Further details, including equations leading to computational 
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derivation of extinction spectra, are presented in a thorough review by Leung and 

Romanowski [58]. 

Plasmon	Resonant	Metallic	Nanoparticles	

Gold and silver are not the only metals known to exhibit plasmon resonance. 

Lithium, copper, aluminum, palladium and platinum are also included in this select 

group. Lithium is the least researched of all due to its high reactivity and difficulty of use 

[59]. Copper is easily oxidizable at room temperature and pressure and thus has not been 

investigated for many applications. However, the oxidized products can be removed to 

reveal plasmon resonant characteristics that are in line with theoretical calculations and 

this may open up an avenue to further explore potential applications of plasmon resonant 

copper [60]. Aluminum is also easily oxidized and useful mainly in the ultraviolet (UV) 

region while palladium and platinum have very weak plasmon resonance abilities, the 

latter of which is exceedingly expensive [59]. 

Gold and silver are the elites of plasmon resonant metals and they each have their 

unique applications. Silver, because of its potentially toxic nature is more widely used for 

applications outside the human body including use as disinfectants, and within circuits 

and nanosensors, both of which take advantage of silver’s electrochemical properties 

[59,61]. 

Gold, known for its biocompatibility and bio-inertness, is extensively researched  

for its use in the biomedical field from diagnostics to immunology and can be used in a 

variety of shapes and sizes including nanospheres to nanorods [62]. One of the main 

areas of concern about gold nanoparticles is its biodistribution and toxicity. While gold is 
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biocompatible mainly due to its chemical inertness, it is not biodegradable and hence it 

requires an avenue for safe removal from the body. This is one of the reasons that we 

point to the study by Choi et al. that provides a report of efficient renal clearance of 

quantum dots that have a hydrodynamic diameter of less than 5.5 nm [63]. However there 

have been reports of 1.4 nm gold nanoparticles, which should be compatible with renal 

clearance, being toxic to some cell lines [64,65]. These studies point to the need for 

vigilance when investigating and analyzing the toxicity of complexes involving gold 

nanoparticles. 

Plasmon	Resonant	Liposomes	

The concept of plasmon resonant liposomes was introduced by the Romanowski 

lab in 2008. We recognized the need for a specialized drug delivery system that can 

release contents on demand and therefore, beginning with a system that is already known 

for its ability to effectively encapsulate materials; clusters of gold were deposited on the 

surface of the lipid scaffold to create plasmon resonant liposomes (Figure 1-5).  

In the preparative process, gold nanoparticles are formed by the reduction of ionic 

gold in the presence of phosphatidylcholine liposomes, yielding gold-coated liposomes 

[66,67].  Electron microscopy characterizations independently confirmed formation of 

small, 1-2 nm, gold clusters, formation of gold coating on the surface of liposomes, and 

stability of the resulting structures upon illumination with NIR light [58,67].   The use of 

NIR light promotes a greater depth of penetration with reduced damage to tissue [68]. We 

also introduced a computational model to relate the resulting plasmon resonance spectra 

to the density and size of gold cluster on the liposomal template [67].  The preparative 
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process was confirmed independently by others who have investigated plasmon resonant 

liposomes in vitro and in vivo [69].  

The novelty of this system is in the addition of the gold coating which effectively allows 

for the on-demand release of liposomal contents on exposure to laser light matching the 

resonant wavelength. Similar to gold nanoparticles, gold-coated liposomes are also 

tunable in the manner dependent on the concentration of gold deposited on the liposome 

surface – as more gold is added, the extinction spectrum is red shifted (Figure 1-7). 

 
Figure 1-6: Schematic of Formation of Plasmon Resonant Liposomes 

Unilamellar liposomes are prepared by freeze-thaw followed by extrusion, loaded with 
doxorubicin by the ammonium gradient method, and coated with gold by in-situ 
reduction of gold chloride (See Methods for details) 

Plasmon resonant liposomes are not only well suited for drug delivery, they are an 

outstanding scientific research tool that can be used to probe specific signaling pathways 

and can be utilized when investigating effects at the single cell level [70,71]. 

Expanding on the concept of controlled release and the drug delivery enabled by 

plasmon resonant liposomes, we have now turned to exploring how these gold 

nanoconstructs can be used in physiological settings and how they can be further 

optimized to improve the delivery of chemotherapeutics. This project seeks to fill the 

need for a drug delivery system that can effectively deliver drugs specifically to the 

disease site when applied systemically. The aim is to propose a system that has the 
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potential to reduce the deleterious side effects associated with the systemic administration 

of chemotherapeutics. 

 
Figure 1-7: Tunability of Doxorubicin-loaded Plasmon Resonant Liposomes Using 

Different Gold Concentrations 

Plasmon	Resonant	Liposomes	as	a	Targeted,	Controlled	Drug	Delivery	System	

 The advantages present in this delivery system is two-fold: it can be activated to 

release contents, in a switch-like response, on exposure to laser stimulus as well as PEG-

ylated lipids make the system amenable to ligand attachment. These two properties allow 

for exploration into creating a targeted DDS. Ideally, the attached ligand would provide 

an avenue for increased accumulation at the target site and laser-initiated release would 

provide the second target strategy whereby release only occurs at the target site on 

exposure to the stimulus (Figure 1-8). 

 
Figure 1-8: Release Initiated from Plasmon Resonant Liposomes by Light Stimulus 
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 The benefit to having such a system, having two ways of decreasing drug 

interaction with healthy tissue, is one of the main aims in mind when creating a drug 

delivery system.  
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Summary	of	Dissertation	and	Research	Objectives	

The intent of this project is to build upon the model of nanometer-sized, light 

activated capsules that are capable of encapsulation and controlled release of contents upon 

laser light illumination and explore its potential application in a physiologically relevant 

setting. The main hypothesis of this research is biodegradable nanometer-sized capsules 

can be used for delivery and controlled release of anticancer agents. 

There are three objectives that will be covered within the scope of the project: 

(i) The preparation and characterization of light-activated liposomes loaded with 

anticancer drugs (Chapter 2) 

(ii) The evaluation of liposomes in a biological setting (cells) by content release 

initiated by external stimulation (laser illumination and heat) (Chapter 3) 

(iii) Folate-receptor mediated drug delivery using the folate ligand attached to 

plasmon resonant liposomes (Chapter 4) 
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 :	Preparation	and	characterization	of	liposomes	for	

controlled	release	of	doxorubicin	

Introduction	

With nearly 2 million people diagnosed with cancer in the US in 2017, the overall 

improvement of efficiency of treatment, while notable, is below the NCI strategic goals 

of eliminating death and suffering due to cancer by 2015  [2,74]. Among the key 

treatment modalities, chemotherapy is particularly disappointing, contributing just about 

2% to 5 year survival in all types of cancers [75]. While producing lasting remission in 

certain cancers such as acute lymphocytic leukemia and gestational choriocarcinoma, the 

use of many chemotherapeutic agents is limited by their very narrow therapeutic window, 

i.e., the range of doses that are simultaneously efficacious and non-toxic [16,76]. New 

formulations of established chemotherapeutic agents, including Doxil, a liposomal 

formulation of doxorubicin, have been introduced to clinical practice in the US to limit 

systemic exposure to such drugs [23,29]. Reduction of cardiotoxicity associated with 

doxorubicin is an added advantage of drug encapsulation within the liposome [24,26]. 

Moreover, this delivery system allows for successful drug accumulation at the tumor site 

via the enhanced permeability and retention (EPR) effect that is made possible by the 

leaky vasculature and decreased lymphatic drainage characteristic of the tumor 

environment [26,77].  

Further improvement of efficacy can be achieved by targeted delivery and controlled 

release.  Targeted delivery mechanisms rely on molecular recognition of various markers 

overexpressed in diseased cells [78,79]. In controlled release, the delivered therapeutic 
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substance is released or activated on demand.  Methods of activation may include internal 

conditions associated with the disease such as a local change of pH, or external stimuli, 

such as hyperthermia or illumination with near infrared (NIR) light [80–83].  

In this report we demonstrate on-demand release by activation using NIR light.  The use 

of NIR light promotes a greater depth of penetration with reduced damage to tissue [68]. 

We accomplished this by encapsulating doxorubicin in thermosensitive plasmon resonant 

liposomes. Quantitative analysis of content release demonstrates a rapid, switch-like, 

release in response to the near-infrared trigger stimuli, not achievable in un-coated 

thermosensitive liposomes or in Doxil, the FDA-approved liposomal formulation of 

doxorubicin.  Precise, on-demand delivery of high doses of drug, while minimizing 

systemic exposure, would effectively decrease side effects associated with chemotherapy, 

may increase patient compliance and improve the quality of life of patients [84].   

Materials	and	Methods	

Liposome	preparation	and	characterization	

The liposomal formulation, previously described by de Smet et al [85], was 

composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), hydrogenated soy L-

α-phosphatidylcholine (HSPC), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanlamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (DPPE-

PEG 2000), (Avanti Polar Lipids, Alabaster, AL, USA), were prepared in the molar ratio 

50:25:15:3. Lipids and cholesterol, were weighed, mixed and completely dissolved in 

chloroform. Most of the chloroform was removed by exposure to a gentle flow of nitrogen 

then the sample was left under vacuum overnight for complete removal of any remaining 
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solvent. Lipids were rehydrated using 240 mM ammonium sulfate solution to prepare a 20 

mM lipid suspension. After ten (10) cycles of freeze and thaw using an isopropanol/dry ice 

bath and 60 oC water bath respectively, the samples were extruded at 60 oC through 

polycarbonate membranes (Whatman, Florham Park, NJ) using a LIPEX extruder 

(Northern Lipids Inc., Vancouver, BC). Liposome size and zeta potential were collected 

using the Nano-ZS Zetasizer from Malvern Instruments. 

Drug	Loading		

Drug loading was accomplished using previously described remote loading 

methods [23,25,85,86]. Un-encapsulated ammonium sulfate was replaced with HEPES 

buffered saline (HBS) (20 mM HEPES, 137 mM NaCl) via gel filtration. Doxorubicin-

HCl (Sigma Aldrich, St. Louis, MO, USA) solution at 5 mg/ml was added to the 

liposome suspension at 20:1 phospholipid/drug weight ratio. The sample was incubated 

for 90 minutes at 37 oC after which un-encapsulated drug was removed via gel filtration 

using a PD-10 desalting column (GE Healthcare Life Sciences, Pittsburg, PA, USA).  

To determine percent encapsulation, unpurified and purified samples were lysed 

using Triton X-100 and the fluorescence intensity of doxorubicin was determined using 

QE65000 Spectrometer (Ocean Optics, Dunedin, FL, USA). The total amount of 

doxorubicin before purification,3	56578 and encapsulated doxorubicin after purification, 

389:6"6$;  were indicated by fluorescence intensity of the liposome sample. Percent 

encapsulation was calculated using equation 1.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

%	=>?@ABCD@EFG>	 = 	
HIJKLML.N

HOLOPI
	× 	100	%       Equation 2  
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Gold	coating	

Reduction of gold was carried out following a previously reported technique by our 

group [66,87–89]. To summarize, aqueous solutions of gold (III) chloride (100 mM) were 

added to a sample of liposome suspension (1 ml, 10 mM lipids). This was immediately 

followed by the addition of an aqueous solution of ascorbic acid (500 mM). Each addition 

was accompanied by gentle swirling until a distinct color change, attributed to plasmon 

resonance, was observed. For resonant peak wavelengths at 760 nm 24 µl gold chloride 

solution, followed by 36 µl ascorbic acid solution, was added to the suspension. 

Absorbance spectra were obtained using the Cary 5 dual beam spectrophotometer. 

Thermal	Release	

Thermal effects were demonstrated using a water bath first at 37 oC and then at 42 

oC to mimic body temperature and moderate hyperthermia respectively. Liposomes were 

diluted to 150 µM lipids using HBS, and 2 ml of the resulting suspension was used in the 

experiment. Samples were placed in the preheated water bath for a predetermined length 

of time after which fluorescence emission spectra of the sample were collected. A 470 nm 

LED from Ocean Optics (Dunedin, FL, USA) provided excitation light. Triton X-100 was 

added to lyse liposomes and the collected fluorescence emission at 596 nm was considered 

as the intensity associated with 100 % content release. The percentage of drug released was 

calculated using equation 2.2.  

%	TUCV	U=D=@B= = 	 H/	HL
HW/HL

	× 	100	%    Equation 3 
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3 is the maximum intensity of fluorescence emission at 597 nm (excitation at 470 nm), 36 

is the maximum emission of an untreated sample, and 3X is the maximum emission after 

treatment with Triton X-100. The addition of Trition X-100 lyses liposomes which 

enables the de-quenching of doxorubicin to provide the maximum fluorescence intensity. 

Light-Induced	Release	

Light-induced release was tested in all the following liposome formulations: uncoated 

doxorubicin-loaded liposomes (hereafter LU), gold-coated doxorubicin-loaded liposomes 

(hereafter LC), Doxil (Doxorubicin Hydrochloride Liposome Injection, Northstar Rx LLC, 

Memphis, TN, hereafter DU) and gold-coated Doxil (hereafter DC). All samples were 

illuminated with a 760 nm laser diode (RPMC Lasers, O’Fallon, MO) driven by a constant 

current source (ILX Lightwave, Bozeman, MT) using a method previously described 

[67,88]. A 30 µl as prepared sample was placed in a cuvette. The sample was illuminated 

for the desired amount of time (from 0 to 5 minutes) with the diode laser operating at 0.5 

µs pulse width and 10 % duty cycle. Liposomes were diluted to 2 ml (150 µM) and 

fluorescence emission spectrum was collected. This was followed by the lysis of liposomes 

by Triton X-100 and a second measurement of fluorescence emission. The percent of drug 

released was calculated using Equation 2.2. 

Curve	Fitting	and	Permeability	Coefficients	

The release data were fitted to a first order release equation (Equation 2.3) using 

SigmaPlot. 

  Y = Z6 	×	(1 − =/\5)     Equation 4 
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Y represents the percent drug released, Z6 represents the total amount of drug 

released, ]	represents the first order rate constant, and E represents time. Z^ was treated as 

a variable because the maximum percent of doxorubicin released across experiments 

varied. For samples that had less than 10 % release after stimulus exposure for 60 minutes, 

Z^ was taken as 100 %. For samples that had an obvious end point of release, as indicated 

by the release values reaching a steady maximum, Z^ was taken as that maximum value. 

Assuming doxorubicin release was the result of diffusion only, the permeability 

coefficient, P, was calculated using Equation 2.4.  

_ =	`a
b
c ]      Equation 5 

In the above equation, r is the internal radius of the liposome, and k is the first 

order rate constant which is one of the parameters obtained in the curve fitting analysis 

[90]. 

Differential	Scanning	Calorimetry	(DSC)	

DSC was performed using the NanoDSC from TA Instruments (New Castle, DE). 

Each sample was dialyzed against HEPES buffer before experimentation. This equipment 

utilizes a capillary cell design to decrease the potential for sample aggregation and solid-

state thermoelectric elements that allow for a high degree of sample temperature control. 

Thermal analysis was conducted at a 1 oC/min heating rate from 10 – 90 oC with a 600 µl 

sample volume. Analysis was completed by normalizing data to the mass of phospholipid 

present in each sample and correcting for baseline drift by a sigmoidal baseline subtraction. 

The TA instruments software, NanoAnalyze was used for data analysis. The data were fit 

to Gaussian distributions to obtain thermodynamic parameters including transition 
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temperature (Tm), temperature width of the transition at half the peak height (DT1/2) and 

calorimetric enthalpy (DHcal). The values of Tm and T1/2 and the molar gas constant (R) 

were used in Equation 2.5 to determine an approximate value of the van’t Hoff enthalpy 

(DHVH): 

  ∆HVH ≈ 4RTm2/∆T1/2    Equation 6 

Consequently, the value of the cooperative unit (CU) for each lipid composition was 

calculated as CU = DHVH/DHcal. 

 

Statistical	Analysis	

GraphPad Prism version 7.03 for Windows (GraphPad Software, La Jolla, CA) was used 

for all statistical analysis. Differences in effect of the multiple liposomal formulations on 

cell viability were analyzed using one-way ANOVA followed by Dunnett’s multiple 

comparisons test.  A p value <0.05 was considered significant. 

Results	

Doxorubicin-loaded	liposome	characterization	

Doxorubicin loaded liposomes were prepared using an ammonium sulfate 

gradient for an active loading process. These liposomes were compared to the 

commercially available Doxil®. Both formulations encapsulated the anthracycline drug 

doxorubicin however; the lipid compositions are different (Table 2-1). The most notable 

compositional variation is the mole percent of cholesterol present; Doxil contains 38 % 

cholesterol while liposomes contained only 16 %. Each liposomal formulation was gold-



 

 46 

coated to create a plasmon resonant shell. Comparisons were carried out on the uncoated 

and gold-coated counterparts of each formulation. 

Table 2-1: Lipid Composition (mol %) of prepared liposomes and Doxil 
Lipid Liposomes (mol %) Doxil (mol %) 
DPPC 
HSPC 
CHOL 

DPPE-PEG2000 
DSPE-PEG2000 

50 
25 
15 
3 
0 

0 
55 
40 
0 
5 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), hydrogenated soy L-α-
phosphatidylcholine (HSPC), cholesterol (CHOL), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanlamine-N-[methoxy(polyethyleneglycol)-2000] (DPPE-PEG 2000), and 
1,2-distearoyl-sn-glycero-3-phosphoethanlamine-N-[methoxy(polyethyleneglycol)-2000] 
(DSPE-PEG 2000). 

 

Dynamic light scattering was used to determine the liposome hydrodynamic 

diameter. As shown in Table 2-2, the hydrodynamic diameter of LU was 123 nm. On the 

addition of gold to the liposome surface to generate LC, the Gaussian size distribution 

broadened as indicated by an increase in the diameter to 158 nm. Uncoated Doxil (DU) 

had a slightly smaller diameter at 86 nm while its gold coated counterpart followed a 

similar trend where the plasmon resonant Doxil (DC) diameter increased to 142 nm 

(Table 2-2). 

Table 2-2: Liposome Characterization Summary 
Sample Name Hydrodynamic Diameter 

(nm)a 
PDIa 

Doxil Uncoated (DU) 
Doxil Gold-Coated (DC) 
Liposomes Uncoated (LU) 
Liposomes Gold-Coated (LC) 

86 ± 4 
142 ± 42 
123 ± 6 

158 ± 26 

0.110 ± 0.130 
0.600 ± 0.270 
0.084 ± 0.074 
0.390 ± 0.280 

a Mean ± standard deviation (n=3), PDI = Polydispersity index 
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The polydispersity (PDI) index is a parameter used to gauge the width of the 

distribution. The uncoated particles have smaller PDIs, indicating that they have narrower 

size distribution. When compared to their gold-coated counterparts, the PDIs increase 

substantially with the largest being observed in gold-coated Doxil (DC) (Table 2-2).  

The characteristic doxorubicin absorbance peak is seen at 480 nm while the peaks due to 

plasmon resonance fall within the NIR region for both samples with that of DC at 660 nm 

and LC at 725 nm (Figure 2-1). One clearly notable difference in the extinction spectra 

shown is the difference in the absorbance of doxorubicin in each sample. The larger 

absorbance observed in Doxil indicates a higher concentration of doxorubicin is present.  

 
Figure 2-1: Absorbance Spectra of Gold-Coated Samples with Model Overlay 

This shows that there is potential for improvement in the encapsulation efficiency 

of doxorubicin in the prepared samples. Presently, the active loading of doxorubicin via 

the ammonium sulfate gradient led to encapsulation efficiency of 73 ± 11 % over five 

independent experiments while that of Doxil is reported to be greater than 90% [91]. 
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Drug	Release	

To effectively achieve on-demand release of content by laser illumination the 

liposome formulation must be thermo-responsive. The proposed mechanism requires 

photothermal conversion in plasmon resonant gold, then thermally activated leakage. 

Hence thermal response is a prerequisite of this controlled release mechanism. 

Consequently, the next stage in sample testing was determining how samples were 

affected by an increase in temperature above 37 o C. Figure 2-2 shows that both DU and 

DC were unaffected by the temperature elevation to 42 o C while the LU and LC leaked 

all their contents within 60 minutes of exposure to hyperthermia. 

 
Figure 2-2: Release on exposure to hyperthermia (42 oC) 

Finally, to show that plasmon resonant liposomes were responsive to laser 

illumination, all samples were irradiated at an 88 mW/cm2 power density with a 760nm 

laser diode. The fastest response was obtained from the LC sample after laser exposure, 
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with most of the encapsulated drug being released within 5 minutes of illumination. 

While both LC and LU also had significant content release at 42 o C, this release was 

much slower when compared to the release from LC by laser. All other responses were 

negligible, with the most noteworthy being the results from DU and DC where all 

samples prepared from commercially available Doxil were unresponsive regardless of the 

stimulus applied. Comparing the release between uncoated (LU) and plasmon resonant 

liposomes (LC), there was less than 5 % release from LU while LC had maximum release 

within 4 minutes of laser exposure.  

 

Figure 2-3: Doxorubicin Release Via Laser Illumination at 760 nm 

Noting that Doxil was non-responsive to both temperature at 42 oC and laser 

illumination, two other parameters were investigated – higher temperatures (up to 100 

oC) and lower pH (4.7 as opposed to 7.4). Increased temperature did not seem to have 

significant impact on drug release in both DU and DC samples (Figure 2-4). However, a 
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decrease in pH, accompanied by an elevated temperature led to almost 40 % release of 

content after 100 minutes of exposure (Figure 2-5). 

 
Figure 2-4: Heat-Induced Release from Uncoated Doxil  

	
Figure 2-5: Doxil release at elevated temperature (60 oC) and pH 4.7 
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Permeability	coefficients 

Permeability coefficients were calculated by fitting the data to a first order release 

model (Equation 4).  The permeability coefficients of the DU and DC liposomes ranged 

from 10 to 90 × 10-12 cm/s at all of the experimental conditions tested, showing negligible 

response to hyperthermia or laser illumination  (Table 3). The LU and LC liposomes 

displayed much greater responses to stimuli tested. On exposure to mild hyperthermia, 

the permeability coefficients of LU and LC samples increased similarly, by two orders of 

magnitude, reaching 2600 × 10-12 cm/s and 3700 × 10-12 cm/s respectively.  

Notably, at 42 oC LC had a slightly higher permeability than LU. The effect of 

this difference is seen in the release profiles that show a maximum of 60 % release in LU 

while LC samples had a 90% maximum release. Exposure to near infrared laser light has 

a very different impact on the LU and LC samples.  It has only mild effect on the 

permeability of the LU sample, which increased 3-fold compared to its permeability at 37 

°C.  However, laser illumination of the LC sample resulted in the largest permeability 

coefficient across all samples, 60,000 × 10-12 cm/s, a value that is 3 orders of magnitude 

greater than LC permeability at 37 oC (Table 2-3). 

Table 2-3: Permeability Coefficients 
Permeability coefficients of liposome formulations resulting from exposure to 760 nm 
laser illumination. Calculations made based on rate constants generated from first order 
rate equation curve fit to release data. 

 
Permeability Coefficient, P (10-12 cm/s) 

37 oC 42 oC Laser 

Doxil Uncoated (DU) 
Doxil Gold-Coated (DC) 
Liposomes Uncoated (LU) 
Liposomes Gold-Coated (LC) 

10 
20 
30 
70 

0 
10 

2600 
3700 

50 
90 
80 

60000 
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Differential	Scanning	Calorimetry	(DSC)	

In isobaric thermogram scans, the Doxil samples, although non-thermosensitive, 

exhibited two transitions. One broad, flat transition at 51.6 oC and 52.3 oC for the DU and 

DC samples respectively represented the lipid transition while a sharper, narrower 

transition at 70 oC was associated with the entrapped doxorubicin crystals (Figure 2-4). 

The lipid phase transition in both DU and DC samples had similar ΔT ½ (full width at half 

maximum) with widths of approximately 17 oC (Table 2-4).  

Table 2-4: Thermodynamic parameters obtained from DSC measurements 
Thermodynamic parameters obtained from DSC measurements for lipid transitions. Tm: 
transition temperature, ΔT1/2: width of the endotherm at half the height, ΔHcal: 
calorimetric enthalpy, ΔHVH: Van’t Hoff enthalpy and CU: Cooperative Unit 
 Transition 1 

Tma 
(oC) 

DT½b 
(oC) 

DHcalc 
(kcal/mol) 

DHVHd 
(kcal/mol) 

CU|e 

DU 
DC 
LU 
LC 

51.6 
52.3 
44.5 
45.1 

16.8 
16.5 
8.05 
6.70 

1.93 
2.45 
3.76 
4.50 

43 
42 
504 
567 

22 
17 
134 
126 

Transition 1 represents the main lipid phase transition, determined by the greatest heat capacity 
a Tm: transition temperature 
b	ΔT1/2: width of the endotherm at half the height 
c ΔHcal: calorimetric enthalpy 
d ΔHVH: van’t Hoff enthalpy 
e CU: Cooperative Unit 

 
The DSC curves for LU and LC also exhibited a phase transition attributed to the 

main lipid phase transition (Figure 2-5). The transition for LU was observed at 44.5 oC 

with a shoulder at 46.2 oC while that of LC was seen at 45.1 oC with a similar shoulder at 

46.5 oC. The presence of gold had an impact on the first transition peak as indicated by a 

0.6 oC increase in the LC transition temperature in comparison to LU.  

The peak attributed to the presence of doxorubicin crystals in the DU and DC 

samples was absent in the LU and LC samples. This result can be attributed to the 
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thermo-sensitivity of liposomal formulation which has a phase transition temperature of 

44.5 oC and 45.1 oC for LU and LC respectively. At the phase transition drug leakage is 

expected to occur, a fact that is shown in Figure 2-6 where leakage occurs at 42 oC.  

Since the doxorubicin crystals peak occur at 70 oC, after leakage at 42oC, it is unlikely 

that there is drug present to generate a transition peak in the LU and LC samples. The 

endotherm widths of LU and LC were narrower than those seen for DU and DC samples 

with values of ΔT ½ = 8.05 oC and 6.70 oC for LU and LC respectively. 

The calorimetric enthalpy for LC was slightly greater than that of LU and this 

difference is reflected in the calculated values of the van’t Hoff enthalpies, 504 and 567 

kcal/mol for LU and LC respectively. Despite this difference, both the uncoated and the 

gold-coated liposome samples had similar cooperative unit values of 134 units (LU) and 

126 units (LC) (Table 2-4).  

 
Figure 2-6: Isobaric thermograms of Liposome Formulations 
Doxil (DU), gold-coated Doxil (DC), Liposomes Uncoated (LU) and Liposomes gold-
coated (LC).  Heating scans obtained at the rate of 1 oC/min. 
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Overall, the Doxil samples exhibited lower calorimetric and van’t Hoff enthalpies 

than the liposomes samples. Specifically, the van’t Hoff enthalpies for the DU and DC 

samples were 12-fold lower than that reported for LU. Consequently, the Doxil 

cooperative unit sizes were also smaller at 22 and 17 units for DU and DC respectively.  

Discussion	

Liposome	Characterization	

The need for a drug release system that enables the controlled release of content is 

the driving force behind this work. We combined two phenomena, photothermal 

conversion in plasmon resonant gold coating and thermal sensitivity of certain liposome 

compositions, to achieve activation of the drug release process. The composite material, 

gold-coated liposomes, is capable of a two-step process whereby illumination with NIR 

light activates content release by the energy conversion from light to heat, which 

subsequently produces the liposome phase transition from the gel to liquid crystalline 

state.  This transition effectively enables an increase in the bilayer permeability and the 

release of content from the liposomal core [92].  Plasmon resonant liposomes enable 

spatial and temporal control of the release process, a level of manipulation that is not 

possible in the currently available formulation of doxorubicin.  Moreover, plasmon 

resonant liposomes are biodegradable to sizes that are compatible with renal clearance 

[63,66].  

The thermosensitive liposome formulation used in our work included 

phosphatidylcholine lipids, cholesterol and polyethylene glycol (PEG) lipids. Prepared 

liposomes were modified with gold, exhibited stability at physiological conditions and 
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are considered “stealth” liposomes because of the presence of PEG that serves to shield 

liposomes and prevent uptake by the reticuloendothelial system (RES) [93,94].  

We compared our formulation (LU, LC) with Doxil, the FDA-approved liposomal 

doxorubicin. In the attempt to render Doxil responsive to NIR light, we successfully 

gold-coated Doxil and obtained plasmon resonance centered around 650 nm. However, 

the increase in size and polydispersity index, indicative of poor colloidal stability, suggest 

that gold-coated Doxil may not be as robust as the LC samples (Table 2-2). Gold-coating 

can affect colloidal stability as well as plasmon resonance as observed in instances where 

liposomes coated with gold  do not exhibit plasmon resonance [95]. This result shows 

that the gold-coating process is not trivial and requires careful optimization. 

Drug	Release	

Stable encapsulation at physiological conditions is an important first hurdle for 

any drug delivery system. Our experiments show that all the formulations investigated 

are stable at pH 7.4 and 37 o C. Doxil samples (DU and DC) in particular showed no 

evidence of leakage on exposure to mild hyperthermia or laser illumination (Figure 2-2, 

2-3). These data fall in line with what is described in literature where high stability, one 

of the hallmarks of Doxil, is the feature that allows the accumulation of the liposomal 

drug at the tumor site via the enhanced permeability and retention (EPR) effect [96,97]. 

Delivery systems such as these have the advantage of drug accumulation at the tumor 

site. However, they rely heavily on the local environment for content release via a passive 

diffusive process, difference in pH, or the presence of enzymes or other molecules that 

assist in the mechanical breakdown of the lipid membrane. They generally lack a 
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mechanism for precise spatial and temporal activation of release.  In contrast, the novel 

formulation of liposomal doxorubicin reported here, while also stable at physiological 

conditions, rapidly released contents on exposure to both hyperthermia as well as laser 

illumination.  Most importantly, upon laser illumination, these liposomes release 

doxorubicin at the rate that is 3 orders of magnitude greater than that observed with no 

illumination. Other liposomal drug delivery systems utilize hyperthermia [98] as well as 

NIR-responsive dyes embedded within the lipid membrane [99] to regulate drug release. 

The advantage that plasmon resonant liposomes provide is the ability to localize and 

release content specifically at the disease site, while sparing other areas that the drug may 

have deposited.  

Differential	Scanning	Calorimetry	(DSC)	

To aid in understanding of the different rates of release, these liposomal 

formulations were probed using differential scanning calorimetry (DSC) [100]. The phase 

transition of thermosensitive liposomes was observed at 44.5 °C and 45.1 oC with 

calorimetric enthalpy of 3.76 and 4.50 kcal/mol and van’t Hoff enthalpies of 504 and 567 

kcal/mol for LU and LC samples respectively. Furthermore, both LU and LC samples 

displayed a ΔT ½, of 8.05 and 6.70 oC respectively indicating that there is greater 

cooperativity of the phase transition in these liposomes when compared with the Doxil 

formulation. This is further supported by the size of the cooperative units, the number of 

lipids acting as one unit in the phase transition [100], of 134 and 126 for LU and LC 

samples. Notably, added gold does not meaningfully affect enthalpy or cooperativity of 

phase transition, indicating that formation of gold coating does not interfere with the 

organization of the lipid bilayer or behavior of individual lipids.  
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As determined by differential scanning calorimetry (DSC), the addition of gold to 

liposomes caused a 0.6 oC increase in the phase transition temperature. Wang et al. 

investigated the phase transition of citrate-capped gold nanoparticles adsorbed to the 

liposome surface. While employing a different method of gold addition to the lipid 

surface, they have also reported gold interaction with lipids resulting in an increase in 

phase transition temperature [101,102]. This effect is also reflected in a 1.4 oC narrowing 

in peak width, an indication of an increase in cooperativity.  On the other hand, the 

thermograms obtained for Doxil display much lower cooperativity of its phase transition.  

These results are  in general agreement with recently published data  [103] indicating that 

Doxil does not undergo a well pronounced thermotropic phase transition. 

In accord with the prevailing model [104], the lack of phase transition inhibits 

temperature-induced reorganization of lipids at the main phase transition, explaining why 

Doxil modified with plasmon resonant coating did not release its content upon NIR 

illumination, despite efficient photothermal conversion in such gold coatings [88].  

Permeability	Coefficients	

Instantaneous release of contents via laser illumination in plasmon resonant 

liposomes described here can be analyzed in terms of changes of the permeability 

coefficient of the membrane. The PCs remained approximately the same in all samples at 

37 o C as well as in heated (42°C) and irradiated (760 nm) Doxil. However, permeability 

coefficient of LU and LC was strongly dependent on the stimulus applied. Both 

compositions were responsive to hyperthermia with permeability coefficient increasing 

by two orders of magnitude when the temperature was raised from 37 °C to 42°C.  Upon 
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laser illumination at 37°C, the uncoated formulation was far less responsive.  A dramatic 

change was observed for the gold coated formulation; the permeability coefficient 

increased three orders of magnitude and reached 0.60 ×10-7 cm/s, a value close to the 

permeability of urea across red blood cell membranes, 5.7 x 10-7 cm/s [105]. Therefore, 

NIR illumination of plasmon resonant liposomes switches their permeability coefficient 

from the “off” to the “on” state, over a broad range of values that is not available by 

simply increasing temperature of the media.  This renders the plasmon resonant 

liposomes particularly suitable for controlled release systems.   

The inherent ability of gold nanoparticles to undergo plasmon resonance when 

exposed to light has allowed these metallic nanoparticles to be exploited for photothermal 

therapies and cancer diagnostics [106,107]. The extended range of permeability 

coefficients we observe in gold coated liposomes may be explained by the thermal 

properties of gold.  The heat flow toward the lipid membrane, generally governed by the 

Fourier Law, is directly related to the thermal conductivities of materials in contact, 

approximately klipid = 0.4 W/m×K and either kwater = 0.6 W/m×K or kgold =314 W/m×K, 

yielding a greater heat flow  across the gold-lipid interface when compared to the water-

lipid interface [108].  

The use of gold nanoparticles as a sensitizer for activation of a thermal process 

ensures a quick and complete response of the system to NIR illumination.  This 

overcomes the challenge of slow heat transfer through water but also though many types 

of molecular or organic sensitizer used for the purpose of light activated content release. 
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Conclusions	

Controlled release of doxorubicin, and possibly other anthracyclines, can be 

accomplished by photothermal conversion in gold coated liposomes.  While release is also 

achieved by hyperthermia, laser release occurs at a faster rate. This was reflected in the 

permeability of each of the formulations where the plasmon resonant formulation showed 

the greatest change in permeability on exposure to laser radiation. Differential scanning 

calorimetry revealed that the addition of gold to liposomes does not significantly impact 

the thermodynamic properties however, it supported the knowledge that photothermal 

release requires a thermally-responsive lipid composition, a characteristic that is absent in 

the commercial formulation of doxorubicin. 

Challenges 

Liposome	Composition	

Table 2-5 is a list of compositions that were explored. There were three criteria that 

had to be met. The sample had to be: 

1. Gold-coatable 

2. Have the ability to release content in a temperature-dependent manner 

3. Retain contents at physiological conditions.  

The initial formulation used in the preparation of plasmon resonant liposomes that 

showed controlled release was developed by the Needham group [98,109]. It was 

composed of DPPC, MPPC and DPPE-PEG2000 in a molar ration of 90:10:4 

respectively. Using this formulation our lab was able to show controlled release at 
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selective wavelengths [67,110], achieve controlled delivery by optical trapping [71] and 

probe and activate single cell responses through controlled delivery of molecules 

encapsulated in liposomes [70,89]. However, this formulation was shown to leak contents 

at physiological conditions and we were required to find another working formulation for 

investigating the use of plasmon resonant liposomes as a stable drug delivery system. 

After all testing, the formulation that was chosen to move forward was the one reported 

by the de Smet group composed of DPPC, HSPC, cholesterol and DPPE-PEG2000. 

Table 2-5: Lipid Composition of Trial Formulations 

 Sample name Composition Molar Ratio 

 F1 

F2 

F3 

F4 

F5 

F6 

F7 

DPPC/HSPC/Chol/DPPE-PEG2000 [85] 

DPPC/MPPC/DPPE PEG2000 

HSPC/Chol/DPPE PEG2000 

DSPC/DSPE-PEG2000 

DPPC/Chol/DPPE-PEG2000 

DSPC/Chol/DSPE-PEG2000 

Soy PC/Chol [111] 

100/50/30/6 

90/10/4 

75/50/3 

95/5 

80/15/5 

80/15/5 

70/30 

 Figure 2-7 contains extinction spectra obtained from gold-coating each of the 

attempted formulations. Recall that the reason for exploring liposomes made of different 

lipids was to find a formulation that was gold-coatable, thermosensitive and could 

effectively retain drugs when exposed to physiological settings. These spectra revealed 

some interesting characteristics.  
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Figure 2-7: Plasmon Resonant Spectra for Tested Liposome Formulations  
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Liposomes with DPPC as the main component (F1, F2 and F5) appeared to gold-coat 

better (when comparing spectra shape and intensity) and have greater tunability (shift to 

right on increasing gold concentration) than formulations that contained DSPC (F4 and 

F6) and HSPC (combination of DPPC and DSPC) (F3) as the main component. However, 

the formulation composed of soy PC and cholesterol also showed promising, but broader, 

spectral characteristics. The main reason we did not explore the soy PC formulation 

further was because it did not contain PEG lipids which are believed to be an important 

addition to liposome compositions when they are being prepared for biological use [112].  

 One could also question whether the presence of cholesterol at high molar 

composition can also impact gold coating since F3, which was an HSPC composition, 

also contained a high concentration of cholesterol. Reports have shown that cholesterol 

can reduce content leakage from liposomes, improve liposomes half-life in circulation 

and have an impact on the packing density of phosphatidylcholines (PC) [92,113,114]. 

The property that may affect gold coating the most is the potential influence that 

cholesterol would have on the packaging density of PC lipids. Gold-coating involves the 

reduction of ionic gold to form gold nanoparticles on the choline nucleation sites present 

on the liposomes. Formation of the gold-lipid interaction usually involve positively 

charged groups such as the cholines present on the PC lipids [66,115,116]. Therefore, any 

factor that may affect the packing density, and hence the positioning of the cholines that 

act as nucleation sites, can also impact the gold-coating process. This hypothesis would 

need to be tested further through rigorous experiments involving adjusting the molar ratio 

of cholesterol included in the lipid membrane and looking at the effect that these 

adjustments would have on the extinction spectra. 
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Drug	Choice	

The first drug chosen for encapsulation was 5-fluorouracil (5-FU), Trade name 

Adrucil® (Figure 2-8). This drug is an antimetabolite chemotherapeutic that is used in the 

treatment of multiple cancers including breast, cervical and bladder cancers. Looking 

carefully at the structure of 5-FU, it resembles the nucleic acid uracil except for the 

presence of fluorine. In fact, it is a successful drug because it can be substituted for uracil 

and can interfere with DNA and RNA synthesis. For more information see the review by 

Longley et al. [117].  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-8: Structure of 5-fluorouracil 

Chemotherapy is one of the major forms of treatment offered to cancer patients. 

Knowing of the toxicity associated with the systemic administration of these drugs, a 

strong case is made for attempting the reformulation of drugs using a modern DDS.  5-

FU is one of the chemotherapeutics that was readily available. However, we had multiple 

issues. The first was encapsulation efficiency – 5-FU was added to liposomes through a 

passive loading process. Passive loading is done by rehydrating lipids with the drug in 

solution. The encapsulation efficiencies obtained were consistently below 20 % [118].  
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The second issue involved the method of detection. 5-FU, when dissolved in 

buffer, is a transparent solution. The only method of detection involved absorbance in the 

ultraviolet (UV) range. Since many materials have absorbance in the UV, it was quite a 

challenge to conduct full release in order to determine how much drug was encapsulated. 

Two methods were explored for full release: addition of triton X-100 and the Bligh Dyer 

method. While they helped to develop lab techniques, they were ineffective for full 

release because the components interfered with the UV detection of 5-FU. 

 The final challenge with the use of 5-FU was content leakage. Theoretically, 

liposomes should be able to encapsulate multiple materials however, with the chosen 

formulation, 5-FU did not remain stably encapsulated over time. There are many factors 

to consider with this – from lipid composition to the molecular size of the drug. These 

factors led us to explore another option for drug encapsulation.  

 
Figure 2-9: Structure of Doxorubicin Hydrochloride 

https://commons.wikimedia.org/wiki/File:Doxorubicin.png 

After detailed research, doxorubicin was the second drug chosen. Doxorubicin is 

also a chemotherapeutic but has a different mechanism of action where it initiates cell 

death through DNA intercalation and topoisomerase II inhibition [119]. While it is more 

expensive than 5-FU, there were many advantages to choosing doxorubicin. The first is 
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that it goes through an active loading process (Figure 2-10) that allows for high 

encapsulation efficiencies because the drug forms a precipitate in the liposome core and 

is effectively trapped within. As can be inferred from the multi-ring structure, 

doxorubicin is also inherently fluorescent and so can be easily detected. Finally, there is 

already a liposomal formulation of doxorubicin that is FDA approved, an excellent 

formulation for comparison to our gold-coated liposomes. Stable encapsulation of 

doxorubicin reduced cardiotoxicity but also reduced bioavailability and release relies on 

passive mechanisms, with no temporal or spatial control.  Together, acceptance in clinics 

is relatively low, therefore this setting provides the opportunity for  the incorporation of 

doxorubicin into a modern DDS. 

The main issue that arose when using doxorubicin was the release assay method. 

Initially we chose a method that tracked leakage via dialysis. Observations showed that 

while leakage was occurring, doxorubicin was sticking to the dialysis tubing. We then 

moved to a new release method (detailed in methods section above) that was used 

consistently as the project progressed.  

 
Figure 2-10: Active Loading via Ammonium Sulfate Gradient 
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One final noteworthy challenge was in the use of doxorubicin at a 5 mg/ml 

concentration. At such a high concentration doxorubicin cannot be kept at 4oC because 

the solution eventually formed a gel-like precipitate that became incompatible with drug 

loading. This is likely because the high concentration led to the dimerization of the 

molecule [120]. To avoid such issues, the doxorubicin solution should be stored as ready 

to use 1 ml aliquots and frozen (-20oC or -80 oC), only to be removed just before use.   
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 :	Evaluation,	imaging	and	in	vitro	studies	of	plasmon	

resonant	doxorubicin-loaded	liposomes	in	cell	culture	

Introduction	

Drug delivery systems help to address some of the physiological challenges that a 

drug has to overcome before it can get to the target site. Drugs can be secured within 

capsules which can significantly decrease the drug-healthy tissue interaction. Many drug 

delivery systems, liposomes included, can be made to match sizes that are large enough 

to avoid renal clearance but small enough to take advantage of the EPR effect. However, 

if the particle size is less than 8 nm, there is the potential for kidney clearance before the 

drug has a chance to get to its target site, while if the size is greater than 200 nm, the 

potential for accumulation at the tumor site via the EPR effect is almost non-existent 

[49,73,121,122]. 

One of the greatest advantages provided by DDSs is the ability to manipulate the 

pharmacokinetics, pharmacodynamics and biodistribution of the drugs that they carry 

[121]. There is the potential of using less drugs because they are now packaged 

(concentrated) within the delivery vehicle, therefore more drugs are able to arrive at the 

disease site within these packages. This “packaging” also opens the possibility for 

reduction in drug associated side effects because drugs are now shielded from interaction 

with healthy tissue. Finally, for DDS systems that allow for prolonged release, there is 

the possibility for the maintenance of drug levels within the therapeutic window to ensure 

drug efficacy and improve patient compliance [73]. 
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Traditionally, gold nanoparticles are used in a theranostic capacity where they are 

used in the administration of photothermal therapy as well as a contrast agent for imaging 

[123,124]. While Orsinger, in his dissertation work, has indeed shown that our gold-

coated liposomes can be used in photothermal ablation [125], here we go one step further 

to show that our gold-coated DDS can be used to deliver biologically active drugs. 

Furthermore, we look at different methods through which we can visualize delivery and 

quantify cytotoxicity of the delivered drug.  

In the previous chapter we focused on the physical characterization of plasmon 

resonant liposomal drug delivery system (DDS). There we confirmed that release of 

doxorubicin from plasmon resonance liposomes can be initiated by the application of 

laser light matching the plasmon resonant wavelength of the DDS. Now, we demonstrate 

that this work can be translated to cell culture. The studies presented are focused on using 

different methods to observe plasmon resonant liposomes stability in cells, visualizing the 

uptake of these liposome loaded with doxorubicin, looking at doxorubicin release within 

cells and quantifying the cytotoxicity of the released drug. This is followed by 

experiments revealing that when drug release occurs, doxorubicin retains its biological 

function i.e. it initiates cell death when in direct contact with cells. Specifically, we 

identify methods for qualifying and quantifying the uptake and cytotoxicity of the 

plasmon resonant liposomes in human cancer cell lines (melanoma (A375) and ovarian 

cancer (OVCAR3)). 

The data presented are all useful preliminary data that provide a basic 

understanding of methods that can be used for the macroscopic probing of the behavior of 

gold-coated liposomal DDSs in cells. It is an important stepping stone that will be 
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valuable when translating the system to an in vivo model for future biodistribution and 

effect on tumor size studies. 

Materials	and	Methods	

Release	monitoring	at	physiological	settings	

Drug release was monitored using a water bath at 37 oC to mimic body 

temperature. Liposomes were diluted to 150 µM lipids using HBS, and 2 ml of the 

resulting suspension was used in the experiment. For release in serum, liposomes were 

diluted in HBS containing 10 % serum (v/v). Samples were placed in the preheated water 

bath for a predetermined length of time after which fluorescence emission spectra of the 

sample were collected. A 470 nm LED from Ocean Optics (Dunedin, FL, USA) provided 

excitation light. Triton X-100 was added to lyse liposomes and the collected fluorescence 

emission at 596 nm was considered as the intensity associated with 100 % content 

release. The percentage of drug released was calculated using Equation 2.2. 

Cell	Culture,	Dose	Response	and	IC50	Determination	

The A375 (human melanoma) cells were seeded on a 96 well plate at a seeding 

density of 1 x 105 cells / ml in RPMI (10% fetal bovine serum (v/v), 1% penicillin-

streptomycin (v/v)) and were left to attach overnight in a humidified chamber at 37 oC and 

5 % CO2. Doxorubicin was dissolved in PBS to create a 5 mg/ml solution. This solution 

was further diluted to prepare a 500 µM doxorubicin/PBS solution, the starting 

concentration of the dose response experiment. The drug solution was sterile filtered and 

serial diluted down to a 0.5 nM doxorubicin concentration using fresh, sterile media. Cells 

were left to incubate for the desired period of time (4 hours and 24 hours) in a humidified 
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chamber at 37 oC and 5 % CO2. After incubation, the MTT assay was used to quantify cell 

death. SigmaPlot was used to generate the dose response curve. Data were fitted to the four 

parameter logistic regression model (Equation 3-1) where e represents the drug 

concentration, f represents the response, @ represents the minimum response possible at 

the lowest dose, T represents the maximum response possible at an infinite drug 

concentration, ? is the curve’s inflection point and g is the slope of the curve at point ?.  

f = T +	 7/i
)*	jk

l    Equation 7 

A similar process was used in the measurement of IC50 values in OVCAR3 (human 

ovarian cancer) cells. However, the OVCAR 3 media was RPMI supplemented with 20% 

fetal bovine serum (v/v), 1% penicillin-streptomycin (v/v). 

Liposome	Uptake	and	Fluorescence	Imaging	of	Cells	

Cells were seeded and grown on coverslips to 90 % confluence.  For uptake studies, cells 

were initially incubated with doxorubicin loaded liposomes. For liposomes that were 

labelled with Benzoxazolium, 3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-

1-propenyl]-, perchlorate (Vybrant DiO), liposomes were incubated with DiO for 20 

minutes before use in cell experiments. Subsequently, cells were fixed by incubating with 

formalin for 15 minutes. After washing with PBS, cells were incubated with Hoescht 33328 

dye for 10 minutes. After 3 washes with PBS, coverslips were placed on microscope slides 

in preparation for imaging. Epifluorescence images were collected using an inverted 

microscope (IX71, Olympus, Center Valley, Pennsylvania). Illumination was provided by 

a 200 W metal halide lamp (Lumen 220, Prior Scientific, Rockland, Massachusetts). 

Doxorubicin fluorescence was collected using a 460 – 500 nm excitation filter, 565 nm 
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long pass dichroic mirror and a 570 – 640 nm emission filter. The cell nuclei were 

visualized using a filter cube comprised of 325 – 375 nm excitation filter, 400 nm long 

pass dichroic mirror, and a 420 nm long pass filter for emission collection. Liposomes 

labelled with DiO were imaged using a filter cube made up of 450-490 nm excitation filter, 

495 long pass dichroic mirror and a 500-550 nm emission filter. 

MTT	(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	bromide)	Assay	

Determination	of	optimal	cell	count	for	MTT	assay	

To determine the optimal number of cells to seed to ensure appropriate absorbance 

signal for the MTT assay, an optimization experiment was done. The cells were 

harvested, spun down and resuspended in media to prepare a 1 x 106 cell/ml cell 

suspension. Cells were diluted in sterile centrifuge tubes according to Table 3-1.  

Table 3-1: Cell suspension dilution for MTT optimization 
Sample # Volume of Media (ml)  

#1 – 1x 106 5ml - Original concentration - 
#2 – 1 x 105 4.5 0.5 ml #1 
#3 – 1 x 104 4.5 0.5 ml #2 
#4 – 1 x 103 4.5 0.5 ml #3 

 

Using a 96 well plate, cells were pipetted, in quadruplicate, using 100 ul of prepared 

dilutions. Control wells included blank wells with media only. Cells were incubated at 

5% CO2 in a humidified chamber for desired time frame. After incubation, the MTT 

assay was performed. 

MTT	Assay	Protocol 

Cells were seeded in 96 well plate at a density of 100,000 cells/ml with 0.1 ml/well 

and left to attach overnight. Cells were then treated with drug concentration 

corresponding to the IC50 value obtained and left to incubate for desired time frame. The 
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assay was done using a MTT cell proliferation kit (Vybrant® MTT Cell Proliferation 

Assay Kit, ThermoFisher Scientific). The dye solution was prepared by adding 1 ml 

sterile PBS to one 5 mg vial of MTT dye to produce a 12 mM MTT solution. The media 

was removed from each well and replaced with 100 µl fresh phenol red-free media. 10 µl 

of 12 mM MTT stock solution was added to each well. A negative control well included 

media with the MTT solution only.  

 

Figure 3-1: MTT Reduction to form Purple Formazan Crystals 
http://bqckit.com/product/cell-growth-determination-kit-mtt-a/ 

 
The samples were incubated at 37 oC and 5 % CO2 in a humidified chamber for 4 

hours. To lyse the cells and dissolve the reduced dye in preparation for reading 

absorbance at 570 nm, 100 µl SDS-HCl (Sodium Dodecyl Sulfate- Hydrochloric Acid) 

was added to each well. This solution was prepared by adding 10 ml 0.01M HCl to one 

vial of SDS (Vybrant kit). The plates were incubated for 4 hours at 37 oC before being 

mixed thoroughly. After absorbance measurements were obtained, the average and 

standard deviation from repeat wells were calculated and cell viability was determined as 

a percentage that was based on the fraction of cells alive in the treated samples compared 

to untreated cells (control). 
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Resazurin	Assay	

Liposome formulations and free doxorubicin were exposed to different stimuli 

before being added to cells - hyperthermia at 42 oC for 20 minutes or laser illumination at 

760 nm for 2 minutes. Cells were then treated with four different sets of doxorubicin 

containing liposome formulations. Controls included cells that were untreated (control), 

cells that were exposed to the drug but without any stimulus (no stimulus) and free 

doxorubicin (free). Samples were diluted in fully supplemented RPMI to a final 

doxorubicin concentration of 10 µM. 100 µl was added to each well and ells were left to 

incubate for 4 hours in a humidified chamber at 37 oC and 5% CO2.  

 
Figure 3-2: Resazurin Reduction to Form Fluorescent Resorufin 

https://commons.wikimedia.org/wiki/File:ResazurinTOresorufin.png 

After incubation, 20 µl resazurin dye (0.15 mg/ml) was added to each well and the 

cells were incubated in a humidified chamber at 37 o C for 2 hours. The resulting resorufin 

signal (pink and fluorescent) obtained from metabolically active cells was measured on a 

fluorimeter with excitation wavelength of 531 nm and emission wavelength of 615 nm. 

The average and standard deviation from eight wells were calculated and cell viability was 

determined as a percentage that was based on the fraction of cells alive in the treated 

samples compared to untreated cells (control). 
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Laser-induced	Release	in	Cells	

Direct	Laser	Exposure	

Cells were seeded on detachable 96 well plate at a seeding density of 1 × 105 cells/ml in 

RPMI (10% fetal bovine serum (v/v), 1% penicillin-streptomycin (v/v)) and were left to 

attach overnight at 37 oC and 5 % CO2. Cells were treated with four different sets of 

doxorubicin liposome formulations (LU, LC, DU, DC) or free doxorubicin diluted in fully 

supplemented RPMI to a final doxorubicin concentration of 100 µM. 100 µl of doxorubicin 

loaded liposomes or free doxorubicin diluted in cell culture media was added to each well 

and cells were left to incubate for 30 minutes in a humidified chamber at 37 oC and 5% 

CO2. After incubation, media was replaced with fresh media (no liposomes or drug). Cells 

were then exposed to laser illumination at 760 nm for 5 minutes (88 mW/cm2, 0.5 µs pulse 

width and 10 % duty cycle). Controls included cells that were untreated (control), cells that 

were exposed to the drug but without any stimulus (no stimulus) and free doxorubicin 

(free). Cell viability was quantified using MTT and resazurin assay protocols. 

Indirect	Laser	Exposure	

Cells were seeded on a 96 well plate at a seeding density of 1 × 105 cells/ml in RPMI (10% 

fetal bovine serum (v/v), 1% penicillin-streptomycin (v/v)) and were left to attach overnight 

at 37 oC and 5 % CO2. Liposome formulations and free doxorubicin were exposed to 

different stimuli before being added to cells - hyperthermia at 42 oC for 20 minutes or laser 

illumination at 760 nm for 2 minutes (88 mW/cm2, 0.5 µs pulse width and 10 % duty cycle). 

Cells were then treated with four different sets of doxorubicin liposome formulations. 

Formulations were diluted in fully supplemented RPMI to a final doxorubicin 

concentration of 10 µM. 100 µl of doxorubicin loaded liposomes diluted in cell culture 
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media was added to each well and cells were left to incubate for 4 hours in a humidified 

chamber at 37 oC and 5% CO2. Controls included cells that were untreated (control), cells 

that were exposed to the drug but without any stimulus (no stimulus) and free doxorubicin 

(free). Cell viability was quantified using MTT and resazurin assay protocols. 

Statistical	Analysis	

GraphPad Prism version 7.03 for Windows (GraphPad Software, La Jolla 

California USA) was used for all statistical analysis. Differences in effect of the multiple 

liposomal formulations on cell viability were analyzed using one-way ANOVA followed 

by Dunnett’s multiple comparisons test.  A p value <0.05 was considered significant. 

Results	

Drug	Release	at	37	oC	

 
Figure 3-3: Stability of liposome formulation at 37 oC 
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Stable drug encapsulation at physiological conditions is paramount for the success 

of a drug delivery system therefore, encapsulation stability tests at 37 o C and pH 7.4, 

intended to mimic body temperature and pH, were conducted. All samples clearly show 

retention of doxorubicin at physiological temperature and pH as indicated by the absence 

of release in HBS buffer at 37 oC over a 60-minute exposure time (Figure 3-3).  

The same result was not seen when release was done in 10% fetal bovine serum 

(FBS)/HBS mixture. Doxil samples remained stably encapsulated however, our LU and 

LC samples leaked approximately 20% of their contents. Interestingly, when the LU 

sample was purified with the 10% FBS/HBS solution, the overall leakage at 37 oC 

reduced to less than 10% (Figure 3-4). The effect of this change in purification buffer on 

gold-coating was not investigated and hence is unknown.  

 
Figure 3-4: Doxorubicin Release in Serum at 37oC 

Dose	Response	and	IC50	Determination	

IC50 calculations were performed on both A375 and OVCAR3 cell lines. While 5-

fluorouracil (5-FU) was not used in any of the experiments, its dose response curve was 
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included (Figure 3-5 A) both for comparison to doxorubicin IC50 as well as for future 

reference. 5-FU dosing concentrations had a range of 0.01 - 100 µM while the 

doxorubicin dosing concentrations ranged from 0.5 nM – 500uM. In each of the results, 

the incubation time was different. The 5-FU dosing experiment was carried out for 72 

hours while the doxorubicin dosing experiments were done for both 24 and 4 hours. 

(A) 

 

(B) 

 

(C) 

 

Figure 3-5: A375 Dose Response Curves 
(A) After 72-hours treatment with 5-Fluorouracil (Work done by Dr. Joshua D. Williams) 

(B) after 24 hours treatment with Doxorubicin and (C) after 4 hours treatment with 
Doxorubicin 

 
The calculated IC50 value was 2.2 µM 5-FU over a 72 hour period. In contrast, the 

amount of doxorubicin needed to reduce the cell population in the A375 cell line to 50 % 
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of its control (cells left untreated) was 1.1 µM and 7.9 µM after 24 hours and 4 hours drug 

incubation time respectively (Figure 3-5B and 3-5C). 

Liposome	Uptake	and	Fluorescence	Imaging	of	Cells	

 Liposome uptake studies were performed preceding cell viability studies. A375 

cells were incubated with gold-coated, dox-loaded liposomes at varying time points to 

visualize the uptake of liposomes into these cells over time. Doxorubicin’s inherent 

fluorescence was exploited in these imaging studies and the liposome membranes were 

also stained with DiO, a lipophilic dye that was added to preformed gold-coated 

liposomes. Therefore, these imaging studies provided the opportunity to look at the 

location of the drug encapsulated within the liposome as well as the liposome itself. 

 Tracking the uptake of liposomes only (Figure 3-7) through DiO fluorescence we 

notice that immediately, on addition of liposomes to cells, some liposomes are taken up. 

Furthermore, as time progresses up to 3 hours incubation, we see that the green 

fluorescence continually increases, an anticipated result since one would expect that as 

incubation time increases, nanoparticle uptake would also increase. However, on the 4th 

hour, instead of seeing a further increase in liposome DiO fluorescence, a decrease is 

observed.  

If doxorubicin remains stably encapsulated in liposomes, one would expect the 

co-localization of doxorubicin and DiO fluorescence in the images presented. This is 

indeed the case on initial exposure of the cell to the gold-coated, drug loaded liposomes 

(Figures 3.7 – 0hr). However, within 1 hour, while we see the yellow (co-location of 

doxorubicin (red) and DiO (green)), we also see magenta which represents the co-

localization of nuclear stain (blue) and doxorubicin stain (red). This is an indication that 
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there was either some loosely associated doxorubicin on the liposome surface or that 

leakage of contents began within an hour of exposure to cell conditions. The 

doxorubicin/nuclear stain continues to increase steadily as incubation time increases up to 

the 4 hour time point where mostly the magenta co-localization stain is seen (Figure 3-8) 

and the liposome membrane stain (green) is almost non-existent. 

To further explore these findings, uptake was observed after 30 minutes exposure 

(Figure 3-9). In this experiment the liposome membrane was not stained so liposomes 

and drug tracking was done through doxorubicin fluorescence only. This experiment 

confirmed that uptake can occur in as little as 30 minutes; however, no co-localization of 

nuclear and doxorubicin stain was present except in the free drug panel. This is a fair 

indication that doxorubicin remained encapsulated within liposomes and was not able to 

migrate to the cell nucleus. 
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Figure 3-7: A375 Uptake of Au-Dox-loaded Liposome by Time – DiO (Liposome) Fluorescence 

Blue represents nuclear stain, green represents DiO stained liposome fluorescence and red represents doxorubicin fluorescence 
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Figure 3-8: A375 Uptake of Au-Dox-Loaded Liposomes by Time – Dox Fluorescence 
Blue represents nuclear stain, red represents doxorubicin fluorescence and magenta represents an overlay of blue and red (doxorubicin 

fluorescence and nuclear stain).  
 

 0 hr 1hr 2hr 3hr 4hr 
H

oe
sc

ht
 

     

D
ox

or
ub

ic
in

 

     

H
oe

sc
ht

-D
ox

 

     



 

 82 

Untreated Uncoated Liposomes Doxil PR Liposomes PR Doxil Free Drug 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

      
Figure 3-6: Doxorubicin uptake in A375 melanoma cells after 30 minutes incubation 

Blue represents nuclear stain, red represents doxorubicin fluorescence and magenta represents an overlay of blue and red (doxorubicin 
fluorescence and nuclear stain).  
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Cell	Viability	-	Resazurin	

Melanoma cells were treated with liposome formulations and free doxorubicin. Cell 

viability was then determined using the resazurin assay. Three different conditions were 

tested. First, cells were treated with liposomes and free doxorubicin but were not exposed 

to hyperthermia or laser illumination (Figure 3-3A). The second condition utilized 

liposomal formulations and free doxorubicin at hyperthermia at 42 oC for 20 minutes 

(Figure 3-3B). Third, cells were exposed to liposome formulations and free drug, and were 

irradiated with laser at 760 nm for two minutes (Figure 3-3C). In all instances, the free drug 

had an effect on the cell proliferation, with viability dropping to under 50%. Moreover, in 

all cases, Doxil sample, both uncoated (DU) and gold-coated (DC), did not have significant 

effect on cell viability as indicated by greater than 85% viability in all samples.  

 
Figure 3-7: Cell Viability Using the Resazurin Assay 
Cell viability on exposure of A375 cells to doxorubicin loaded liposomes and Doxil. A. 
Cells were treated with liposomes that were not exposed to stimulus (no stimulus). B. Cells 
treated with liposomes exposed to hyperthermia (42 oC) for 20 minutes. C. Cells treated 
with liposomes exposed to 760 nm laser illumination for 2 minutes. All cells treated with 
10 µM doxorubicin and incubated for 4 hours. Cells were then treated with resazurin to 
determine cell viability; all results were normalized to control cells that were not exposed 
to any drug. Error bars indicate standard deviation (n=8), ****p<0.05 vs. control (One way 
ANOVA followed by Dunnet’s multiple comparisons test) 

The cells exposed to uncoated, doxorubicin-loaded liposomes (LU) behaved as 

expected; it only impacted viability after exposure to hyperthermia with a 40% decrease in 
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viability percent. On the other hand, with laser exposure as well as in the absence of any 

stimulus, cell viability remained unaffected. Doxorubicin remained stably encapsulated in 

the gold-coated liposomes (LC) in the absence of hyperthermia and laser illumination as 

indicated by the lack of effect on viability (Figure 3-6A). However, upon application of 

either stimulus (hyperthermia or 760 nm laser illumination), decreasing cell proliferation 

to under 40% indicates controlled release of doxorubicin (Figure 3-6B and 3-6C). 

Laser	Induced	Release	in	Cells		

The ultimate goal of the gold-coated liposome drug delivery system is to show 

that lasers can be used to initiate release of doxorubicin from liposomes in cells and that 

these cells die on exposure to the biologically active drug. The previous section provided 

evidence that doxorubicin is biologically active after release from liposomes and can 

effectively kill cells. Here we look at laser-induced release when cells are directly 

exposed to the 760 nm laser beam. 

Figure 3-10 compared free doxorubicin to cells that were exposed to laser 

irradiation after taking up plasmon resonant liposomes.  Cells were incubated with gold-

coated, doxorubicin loaded liposomes for 30 minutes prior to laser exposure. As 

expected, in the free drug sample the drug migrated to the nucleus and we see the 

magenta color indicating the co-localization of nuclear stain (blue) and doxorubicin 

fluorescence (red). Without laser exposure we see some co-localization, but we also 

notice that some nuclei are clearly visible without the presence of doxorubicin in them. 

Finally, when we observe the cells that were exposed to laser irradiation, we see a similar 

effect to what we see with the free drug where all nuclei contain doxorubicin, a good 
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indication that drug was completely released from liposomes and was free to migrate to 

the cell nuclei. 
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Figure 3-8 – Laser Induced Release from Dox Loaded, Gold-coated Liposomes 
Blue represents nuclear stain, red represents doxorubicin fluorescence and purple 

represents an overlay of blue and red (doxorubicin fluorescence and nuclear stain).  
 

Discussion	

Release	monitoring	at	physiological	settings	

 Stability was observed across all samples, Doxil and liposomes, gold-coated and 

uncoated, when looking at release of doxorubicin in buffer at pH 7.4 and 37 oC (Figure 3-

3). However, when exposed to serum at 37 oC, while Doxil, uncoated and gold-coated, 
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retained its stability, gold-coated and uncoated liposomes lose 15-20% of their contents. 

There is the potential that this could be result of any residual doxorubicin left on the 

outside of the liposome after purification with the PD 10 column. It is noteworthy that 

after purification with 10% serum the release in serum decreased to less than 10 %. A 

review by Bonte and Juliano [126] provide details on the many ways in which serum 

proteins can destabilize liposome membranes, there are other studies which support the 

observation the serum proteins have an opposite effect and stabilize liposomes [127]. 

Therefore, this is a finding that can lead to potential future methods for liposomes 

stabilization on exposure to serum proteins. 

Cell	culture,	dose	response	and	IC50	

The dose response was a fundamental part in the process of determining the 

working concentration ranges of the drugs and cell lines that were used in the 

experiments. All calculated IC50 values fall in line with values reported in literature [128–

131]. 

Liposome	uptake		

Epifluorescence imaging was used to investigate liposome uptake in cells. 

Doxorubicin is a fluorescent molecule, making it useful in fluorescence microscopy. 

Whether it is through DNA intercalation or free radical generation for DNA interference, 

doxorubicin’s target is the cell nucleus [132,133]. Therefore, once released, one would 

expect doxorubicin fluorescence to co-localize with the nuclear stain. It was very 

revealing to see that uptake occurred almost immediately and that within 1 hour 

doxorubicin fluorescence was observed in the nucleus (Figure 3-7).  This falls in line 
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with the results shown in release in serum; after 60 minutes in serum at 37 oC, 

approximately 20% of doxorubicin was leaked from liposomes (Figure 3-4).  

The reduction in liposome fluorescence (DiO) after 4 hours incubation was also 

an interesting finding (Figure 3-9). This points to the need to pay attention to competing 

processes; if the cells are able to begin degrading liposomes and thus release content 

before stimulus application, then this would defeat the purpose of a controlled drug 

delivery system. In this circumstance, one would have to compete with the time that 

normal cellular function such as enzymatic actions occur and the time that the release 

stimulus is applied. Others who have also explored controlled release via plasmon 

resonant liposomes have also seen this competing process. Their cell viability results 

show that after 2 mins laser illumination and 48 hours incubation gold-coated liposomes 

exposed to stimulus had 80-85% decrease in cell viability while those no exposed to laser 

irradiation had a 70% decrease in viability. This implies that laser illumination had only 

15% difference in cell viability when compared to no laser illumination [69]. 

Cell	viability	

The effect of doxorubicin exposure to melanoma cells was measured using 

resazurin dye which indicates cell viability through an irreversible color change due to 

metabolic activity. The color change from deep blue to pink is the result of the reduction 

of resazurin to resorufin, with the final product detected via fluorescence intensity,  

proportional to the number of viable cells [134]. 

The effect of doxorubicin exposure to melanoma cells was measured using 

resazurin dye which indicates cell viability through an irreversible color change due to 

metabolic activity. The color change from deep blue to pink is the result of the reduction 
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of resazurin to resorufin, with the final product detected via fluorescence intensity,  

proportional to the number of viable cells [134]. 

In the absence of release stimulus, doxorubicin remains stably encapsulated in all 

liposome formulations and therefore does not impact cell viability (Figure 3-6A). In 

comparison, when drug is readily available, as in the case of the free drug sample, cell 

proliferation is reduced by more than 50%. The minimal impact on cell viability witnessed 

with Doxil samples (DU and DC) continue to support the finding that this formulation does 

not facilitate controlled release.  

Due to the thermosensitive nature of uncoated liposomes (LU) and gold-coated 

liposomes (LC), on exposure to heat, both formulations reduced cell viability by 40% and 

70 % respectively. Light-activated content release from LC was observed in Figure 3-6C 

where only the LC and free drug samples reduced cell viability. It is noteworthy that LC 

elicit similar toxic effects upon laser illumination as hyperthermia, however, the time 

associated with this effect is significantly different, with 20 minutes of hypothermia 

required for a toxic effect to occur and just 2 minutes of near-infrared illumination of LC 

to produce a similar toxic effect in cell culture. 

There is one major limitation to this approach – the method used for content release. 

While release was performed using laser illumination, it was done prior to liposome 

addition to cells. This method of testing cell viability by exposure to stimulus before 

addition to cells was also utilized by other groups [135]. However it is not the best method 

for representing the release activation process because this is not how it would be done in 

vivo. This method, coupled with the use of the resazurin assay as well as the four hour 
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incubation time was all done in an attempt to isolate the effect that laser release had on cell 

viability without the interference of other cellular processes that may result in doxorubicin 

release from liposomes. 

Laser	release	

From the uptake studies we see that doxorubicin can get to cells with an hour of 

incubation with dox-loaded liposomes. Therefore, the show release via laser illumination, 

an incubation time of less than an hour was needed. Furthermore, we saw that using a 10 

µM doxorubicin concentration led to an almost insignificant amount of uptake within 30 

minutes. Therefore to show doxorubicin release from liposomes in cells the dosing 

concentration was increased 10 fold and the incubation time was kept at 30 minutes. This 

method is similar to that employed by Lee and Low where, despite having a free 

doxorubicin IC50 value of less than 1 µM, uptake studies were performed at a 50 µM free 

doxorubicin concentration [136]. 

When characterization studies were carried out, release occurred after 2 minutes 

of laser exposure (Figure 2-3). This was the circumstance where the laser was in direct 

contact with the liposomes suspension in a cuvette. When exploring with release in cells 

it is important to note that samples are within the cell membrane. While cell membranes 

may be about 5-6 nm thick this is a considerable distance when considering heat 

dissipation and the laser modulation scheme being employed [137]. With this in 

consideration, the exposure time was increased to 5 minutes. Exploration with different 

pulse regimens as well as exposure times may lead to a better understanding of laser 

release in cells. 
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Conclusions	

Doxorubicin is stably retained in liposomes at 37 oC when release is performed in 

buffer. However, on exposure to serum, while doxorubicin remained stably encapsulated 

in the Doxil formulation, both uncoated and gold-coated liposomal formulation lost about 

20 % of its overall drug contents. This result is supported by uptake studies that show 

doxorubicin fluorescence in cell nuclei after 1 hour incubation with liposome 

formulations. Cell viability studies as well was fluorescence imaging of laser-induced 

release support the stimulus initiated release of biologically active doxorubicin from 

plasmon resonant liposomes. 

Challenges	

Cells	and	laser	exposure	

Performing direct laser exposure to cells proved to be a challenge because of the 

length of time needed for exposure. Experiments were designed so that each sample had 

to be laser irradiated for 5 minutes. When conducting cell viability studies this could 

mean having a 96-well plate out for more than 30 minutes. This can lead to cells being 

“stressed” since they are no longer in their known environment (5% CO2, 37 oC and 

humidified) and this may inadvertently impact cell viability. To circumvent this 

detachable wells were used. Another method would be to create a live cell 

imaging/illumination chamber that would allow for the maintenance of cell culture 

conditions. 

One further complication is that the diameter of the focused laser beam would not 

allow for complete illumination of a 24 mm coverslip or a 7 mm well in a 96 well plate. 

Coverslips were marked to identify the location of the laser irradiate spot and cell 
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viability assays were conducted by using samples that were exposed to laser stimulus 

before they were used to treat cells. As mentioned previously, this is not the ideal method 

for showing release in cells because it is not the envisioned method for use in vivo. 

Therefore, other options such as laser spot adjustment combined with laser pulsing 

regimen should be explored. If not addressed, this may be one of the limitations of use for 

this DDS. 

 

Viability	Assay	

Uptake studies revealed that doxorubicin leakage from liposomes could occur as 

early as 1 hour after incubation. Despite this, after 1 hour incubation, the MTT assay 

results did not show any significant differences between the samples. Furthermore, the 

MTT assay requires a 4 hour incubation window. During this time, the dye would interact 

with live cells to create purple formazan crystals which, after completely dissolving cells 

and crystals, would be measured using absorbance. While this assay is very popular and 

effective in many instances, it proved to not be the ideal assay to explore how laser-

induced release impacted cell viability. 

Knowing this, as well as the observation that at 4 hours there is some form of 

noticeable cell activity (Figure 3-9 which showed a decrease in liposome fluorescence 

after 4 hours incubation), incubation time was increased to 4 hours and the resazurin 

assay was utilized. The resazurin assay end result is a fluorescent molecule that can be 

detected as early as 1 hour after incubation with live cells. Moreover, fluorescence 

measurements can be performed without lysing cells which makes this assay compatible 

with other assays (should there ever be a need to further probing) [134,138]. 
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Nuclear	stain	

There are two common nuclear stains, 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI) and Hoechst. Both are detectable via ultraviolet excitation but 

the methods used to prepare cells for imaging in each case is different. DAPI is not cell 

membrane permeable and hence requires a low concentration of detergent for cell 

permeabilization to occur. This is not compatible with our DDS system because 

liposomes, just like cell membranes, are vulnerable to detergent. Adding detergent to 

cells containing liposomes may result in liposome permeabilization was well and may 

lead to content leakage and inaccurate imaging results. Hoechst is a membrane permeable 

nuclear stain and hence can easily enter cells and stain nuclei. Therefore, this was the 

nuclear dye used in all cell imaging experiments. 
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 :	Folate	Receptor-mediated	targeting	of	plasmon	

resonant,	doxorubicin-loaded	liposomes	

Introduction	

Paul Erlich’s idea of the “magic bullet” for use in the treatment of diseases was to 

find ways of getting drugs to the disease site and sparing all other healthy areas 

[112,139]. More than 100 years later, despite significant advances in the treatment of 

diseases through active targeting using antibodies, ligands and gene therapy as well as 

stimuli responsive delivery systems, we are still not at the point where we can say we 

have found such a material [140–142]. 

Liposomes are a great response to this challenge because they provide the 

opportunity for site-specific delivery of medicine [112,143]. Researchers have 

approached this need mostly by trying to design drugs that specifically target the disease 

site [144–147].  Their findings have made strides in cancer treatment however there are 

still side effects associate with the systemic administration of chemotherapeutics. Others 

have focused on the use of stimuli-response delivery systems that release content only on 

exposure to stimulus – exogenous (heat and light) or endogenous (pH and redox 

reactions) [84,148]. This approach has also been successful yet is depends on the drug 

getting to the target site before release can be initiated. This may lead to issues involving 

having the correct dose to ensure a therapeutic effect as well as accumulation of drugs in 

healthy areas of the body (although this can be addressed by assuming that release will 

not occur without stimulus application). Maybe, instead of addressing the problem with 

one solution or the other, the answer lies in a combination, rather than in one approach. 
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 This is where targeted plasmon resonant liposomal DDS can be a response to the 

magic bullet quest. The proposed system possesses two targeting moieties – a targeting 

ligand that can increase its ability to adhere to diseased cells which overexpress the 

ligand receptor, and a plasmon resonant coating that provides a second targeting 

mechanism where drug release is initiated only on exposure to laser stimulus. 

Targeting mechanisms include applying the drug directly to the target site, passive 

drug targeting via the enhanced permeability and retention (EPR) effect, physical 

targeting using pH or heat at the disease site, magnetic targeting, and active targeting 

using a ligand that is specific to the tumor that is being treated [43]. Active targeting 

utilizes vectors that are specific to the disease and are therefore created with the premise 

that the delivery system will deliver more drugs to the target site and less to un-targeted 

areas.  

Folic acid is employed as an active targeting ligand because folate receptor alpha 

(FRα) is overexpressed in many epithelial malignant tumors including ovarian, breast and 

lung cancers [47]. Furthermore, folate receptor alpha (FRA) targeting has been used in 

drug uptake studies, gene therapy and in other drug delivery systems [149].. Earlier we 

introduced a controlled DDS that is formed by the deposition of gold nanoparticles on the 

surface of a liposome scaffold [88]. The plasmon resonant liposomes absorb light at 

specific wavelengths, thus enabling release of contents from these nanoconstructs by the 

application of near infrared laser light. This system is amenable to the addition of ligands 

so FRα receptor targeting can be paired with our plasmon resonant liposomal drug 

delivery system (DDS) to create a system that can target diseased tissue and release drugs 

at the disease site on demand. 
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We seek to build upon our plasmon resonant controlled release technology by 

creating a conjugate of plasmon resonant liposomes and the folic acid ligand, thereby 

forming a controlled DDS that is targeted to specific cancers. The novelty in this work is 

the attachment of the folic acid ligand, not just to a gold scaffold, or a lipid scaffold, but 

rather the combination of a liposome-gold scaffold. This is one method of active targeting 

of the delivery system. The second lies on the use of lasers to induce release of drugs 

from the liposomal core. We are proposing a double targeting strategy whereby the FRA 

is used as an active targeting method and, once the drugs accumulate at the site, we can 

release content on-demand.  

Materials	and	Methods	

Plasmon	resonant	liposome	preparation	

In all cases, except where noted otherwise specifically, liposomes composed of 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), hydrogenated soy L-α-

phosphatidylcholine (HSPC), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanlamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (DPPE-

PEG 2000), (Avanti Polar Lipids, Alabaster, AL, USA), were prepared in the molar ratio 

50:25:15:3 using methods previously described.  

Reduction of gold was also carried out following a previously reported technique 

[66,89,110]. To summarize, aqueous solutions of gold chloride (100 mM) were added to 

a sample of liposome suspension (1 ml, 10 mM lipids), followed by an aqueous solution 

of ascorbic acid (500 mM). Each addition was accompanied by gentle swirling until a 

distinct color change, attributed to plasmon resonance, was observed. Absorbance spectra 
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were obtained using the Cary 5 dual beam spectrophotometer. Liposome size and zeta 

potential were collected using the Nano-ZS Zetasizer from Malvern Instruments. 

Doxorubicin	Loading	/	DiO	addition	to	liposomes	

Drug loading was accomplished using previously described remote loading 

methods [85,150]. Un-encapsulated ammonium sulfate was replaced with phosphate 

buffered saline (PBS) via gel filtration. Doxorubicin-HCl (Sigma Aldrich, St. Louis, MO, 

USA) solution at 5 mg/ml was added to the liposome suspension at 25:1 

phospholipid:drug ratio. The sample was incubated for 90 minutes at 55 o C after which 

un-encapsulated drug was removed via gel filtration using a PD-10 desalting column (GE 

Healthcare Life Sciences, Pittsburg, PA, USA). To determine percent encapsulation, 

unpurified and purified samples were lysed using Triton X-100 and the fluorescence 

intensity of doxorubicin was collected. The total amount of doxorubicin before 

purification,!	#$#%&  and encapsulated doxorubicin after purification, !&'($)$*+  were 

indicated by fluorescence intensity of the liposome sample.  

Liposomes that were labelled with DiO were prepared by incubating pre-formed 

liposomes with the DiO dye for 20 minutes before use in experiments. 

Folic	acid	ligand	attachment	to	liposomes	

Carbodiimide	chemistry	

Liposomes were prepared in the molar ratio 90:10:4 using DPPC (1,2-

dipalmitoyl-sn-glycerol-3-phosphocholine) lipid, MPPC (1-myristoyl-2-palmitoyl-sn-

glycero-3-phosphocholine) and DSPE-PEG(2000) Carboxylic Acid (1,2-distearoyl-sn-



 

 97 

glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]) respectively to 

prepare a 20 mM lipid sample (Avanti Polar Lipids, Alabaster, AL, USA). All other steps 

in the liposome preparation steps remained the same. Liposomes were gold coated in a 

similar manner to that described in previous chapters.  

Fluorescein 5-thiosemicarbizide (Figure 4-2) was chosen as an antibody model 

because it possesses a terminal amine group similar to that found in antibodies. The 

reaction was between fluorescein 5-thiosemicarbizide and gold coated liposomes was 

done using a previously described method by the Torchilin group [151].  

 

 
Figure 4-1: Carboxylic acid terminated lipid (top) vs. choline terminated (bottom) lipid 

Plasmon resonance was confirmed using absorbance spectroscopy while the 

presence of fluorescein 5-thiosemicarbizide, after crosslinking and dialysis for 

purification, was detected using fluorescence spectroscopy. The control experiment 

included the dye conjugation with uncoated liposomes. 
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Figure 4-2: Structure of fluorescein-5-thiosemicarbazide (FTC) 

https://www.thermofisher.com/order/catalog/product/F121 

Traut’s	Reagent	(2-Iminothiolane.Hydorchloric	Acid)	

 Recognizing that ligand attachment may not be the ideal approach, the alternative 

is to attach the ligand post-gold addition to liposomes. This reaction was mediated by 

Traut’s Reagent which was first introduced by Robert R. Traut in 1973 [152]. Traut’s 

Reagent is a cyclic compound that reacts with primary amines to introduce sulfhydryl 

groups (Figure 4-3). In these experiments the compound was used to thiolate the 

fluorescein-5-thiosemicarbazide (FTC) dye (Figure 4-2) which possesses a primary 

amine. This dye was used as an inexpensive alternative for an antibody to conduct these 

exploratory experiments.  

 
Figure 4-3: Schematic of Traut’s Reagent Reaction with Primary Amine 

https://www.thermofisher.com/order/catalog/product/26101 
 

FTC dye was dissolved in PBS at pH 8.0 to form a 0.2 mg/ml (522 µM) solution. 

The dye solution was serial diluted to allow testing of different dye concentrations. 

Traut’s Reagent was added to the dye solution in 10-fold molar excess of dye 

concentration. For example, 5.2 mM Traut’s Reagent was added to the 522 µM FTC 
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solution in a 1:1 volume ratio. The solution was incubated for 1 hour at room 

temperature. After incubation, the thiolated dye was immediately added to gold-coated 

liposomes (10 mM) in a 1:5 gold-coated liposomes: Traut’s Reagent volume ratio and 

incubated for 10 minutes at room temperature. Excess thiolated dye and Traut’s Reagent 

was removed by dialysis in PBS. After dialysis, confirmation of ligand attachment was 

performed using fluorescence spectroscopy. 

Attachment	after	gold-coating	via	thiol	mediated	chemistry	

The final method used in the attempts to attach ligands to gold-coated liposomes 

was a slightly different approach. This method still focused on the gold-thiol interaction 

post gold-coating; however, folic acid was used as the ligand instead of FTC. Folate-PEG 

(3400)-SH (Nanocs, New York, NY) (2.5 mg/ml) and gold-coated, doxorubicin loaded 

liposomes (10 mM) were combined in a 1:1 volume ratio and incubated at room 

temperature for 30 minutes after increasing the suspension pH to 9. Excess material was 

removed by dialysis using PBS at pH 7.4. Folic acid was detected using absorbance 

spectroscopy (Figure 4-8 inset) and quantified using a calibration curve (Figure 4-5). 

 
Figure 4-4: Structure of Folate-PEG-SH 
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Cell	culture	

The OVCAR3 (human ovarian cancer) cells were seeded on a 96 well plate at a 

seeding density of 1 x 105 cells / ml in RPMI (20% fetal bovine serum (v/v), 1% 

penicillin-streptomycin (v/v)) and were left to attach overnight at 37 oC and 5 % CO2. 

Ovarian cancer cells (OVCAR3) were used to test liposome uptake. Cells with 

suppressed levels of folate receptor were obtained by incubation in regular RPMI media, 

while overexpressing folate receptors were obtained by using RPMI media without folate. 

All media was supplemented with 20% fetal bovine serum. 

Imaging	intracellular	distribution	of	targeted	liposomes	

Cells were seeded and grown on 25 mm square coverslips in individual petri 

dishes to 90 % confluency.  For uptake studies, cells were initially incubated with 

liposome suspensions labelled with Vybrant® DiO Cell-labeling solution (lex= 484, lem= 

501). Subsequently, cells were fixed by incubating with formalin for 15 minutes. After 

washing with PBS, cells were incubated with Hoechst 33328 (lex= 350, lem= 461) for 10 

minutes. After 3 washes with PBS, coverslips were placed on microscope slides using 

Prolong® Gold Antifade Mountant in preparation for imaging. Epifluorescence images 

were collected using an inverted microscope (IX71, Olympus, Center Valley, 

Pennsylvania). Illumination was provided by a 200 W metal halide lamp (Lumen 220, 

Prior Scientific, Rockland, Massachusetts). Fluorescence images were collected for 

doxorubicin, Hoescht and DiO using filter cubes 39004 with excitation filter ET 

480/40X, 49000, 31001 respectively, all obtained from Chroma. 
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Figure 4-5: Folic Acid Calibration Curve 

Quantification	of	folate-Au-liposome	uptake	by	OVCAR3	cells		

Cell uptake studies were carried out by a previously established method [136]. 

OVCAR3 cells were cultured in 33 mm culture dish at a seeding density of 5 x 105 

cells/dish and left to incubate in a humidified chamber at 37 oC overnight. Cells were 

then treated with 10 µM liposomal doxorubicin and incubated for 2 hours at 37 oC. 

Subsequently cells were washed with PBS and solubilized with 1% Triton (or SDS/HCl). 

The presence of doxorubicin was determined using fluorescence measurements with 

excitation at 480 nm and emission at 580nm. Doxorubicin concentrations were calculated 

using a calibration curve. 

Results	

Folic	acid	conjugation	to	liposomes	

The first method explored in the attachment of folic acid was the use of 

carbodiimide chemistry. Liposomes were prepared using a PEG-carboxylic acid reactive 

lipid to prepare liposomes. The results show that gold-coating was unaffected by the 
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addition of the carboxy lipid (Figure 4-5C). In fact, tunability still exists where the gold 

concentration added to liposomes increased, there is a corresponding shift of the resonant 

peak to the right. 

Fluorescence spectroscopy was used to detect the presence or absence of 

fluorescein-5-thiosemicarbizide (420 excitation, 520 emission) after conjugation 

experiments. The spectra revealed that while ligand attachment occurred with the 

uncoated liposome sample, the gold-coated sample showed no sign of the ligand being 

present (Figure 4-6A and 4-6B).  

 

(A) 

 

(B) 

 
(C) 

 
 

Figure 4-6: Results of carbodiimide experiments 
Fluorescence spectra of (A) uncoated liposomes and (B) gold-coated liposomes after 
attachment of fluorescein 5-thiosemicarbizide. (C) Extinction spectra of liposomes 
prepared with PEG-carboxylic acid terminated lipid (Work done by Daniom Tecle) 

 

FTC emission 
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FTC attachment to gold-coated liposomes using Traut’s Reagent proved to be 

successful. After the removal of excess dye by dialysis there was still dye present in the 

remaining suspension (Figure 4-7). One noticeable result is that the conjugation 

efficiency increased as the dye concentration decreased. A maximum of 13% conjugation 

efficiency was seen with a 33 µM dye concentration while only a 3% efficiency was seen 

at 522 µM (Table 4-1). 

 

 

 

Table 4-1: Results of ligand (FTC) attachment using Traut’s Reagent 
Sample Initial Dye 

Concentration (µM) 
Dye concentration after 

conjugation (µM) 
% 

Efficiency 
1 522 13.4 3 
2 261 11.1 4 
3 131 9.6 7 
4 62 5.2 8 
5 33 4.4 13 

 

 
Figure 4-7: Gold-coated liposomes-FTC suspension after conjugation 

 The final attempt at ligand attachment maintained the use of the gold-thiol 

interaction. Folic acid was attached to gold-coated liposomes using Folate-PEG (3400)-

SH (Figure 4-4). Initial experiments in folate conjugation proved to be successful; 
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plasmon resonance was retained in gold-coated liposomes and the folic acid signal was 

also present in the absorbance spectrum (Figure 4-8).  

 
Figure 4-8: Absorbance of folate conjugated, plasmon resonant liposomes, Inset: Folic 

Acid Absorbance 

These results are further displayed in Figure 4-9 which shows an overlay of the 

multiple spectra showing that it is possible to attach folate and retain plasmon resonance 

of the nanoconstructs, as indicated by the presence of both the folate peak at 285 nm and 

the plasmon resonant peak at 760 nm (FLC spectrum).  
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Figure 4-9: Liposome Absorbance Spectra 

UU: unloaded-uncoated, LU: doxorubicin loaded uncoated, LC: doxorubicin loaded 
coated and FLC: folate conjugated, doxorubicin loaded coated 

 
Briefly explained, we started with unloaded uncoated (UU) liposomes that show 

the typical liposome extinction spectrum with absorbance being absent in the NIR and 

visible range but present in the UV range. Next is the doxorubicin loaded, uncoated (LU) 

liposomes spectrum that shows the presence of doxorubicin absorbance at 480 nm.  The 

doxorubicin loaded, gold-coated (LC) sample shows the presence of plasmon resonance 

(720 nm) as well as the doxorubicin absorbance that it masked in the absorbance peak. 

Finally, the folate-conjugated, doxorubicin loaded, gold-coated (FLC) liposome spectrum 

is shown. This spectrum includes the folic acid signal, an almost invisible sign of 

doxorubicin and a decreased, but present, plasmon resonant peak at 722 nm. 
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Figure 4-10: Uptake of folate conjugated, gold-coated liposomes in OVCAR3 cells 

A: Folate positive cells, B: Folate negative cells. Blue = Nuclear stain, Red = liposomes 
stained with DiO, Scale bar = 25 µm 

Ovarian cancer cells (OVCAR3) were fed with regular media or folate depleted 

media to create an environment in which FRα would be overexpressed. Both populations 

of cells were exposed to folate conjugated-plasmon resonant liposomes. The folate 

starved cells (Figure 4-10B) show significantly more uptake of folate conjugated 

liposomes than cells fed with regular media (Figure 4-10A). This enhanced uptake can be 

attributed to upregulation of FRα similar to that in malignant tumors. One very clear 

difference between these two populations of cells is observed in the cell morphology. In 

the folate starved cells there appears to be clumping which is absent in the folate positive 

cells.  

These experimental results were extremely promising however, after repeating 

multiple times with the only change being an adjustment in the dialysis time (from 4 

hours to overnight) we found that it was not reproducible. Gold-coating and drug loading 

remained consistent however the folate ligand conjugation failed after multiple attempts. 

 Despite the lack of folic acid signal, the samples were still used to treat OVCAR3 

cells that were deprived of folic acid (referred to as starved cells) and cells that were fed 

A B 
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with regular folate supplemented media (referred to as non-starved cells). Both cell 

populations were treated with doxorubicin loaded liposomes (Figure 4-12), the liposome 

sample that went through the folic acid conjugation process (Folate-Au-Dox-Lip, Figure 

4-13) and free doxorubicin (Figure 4-11). 

 
 

 
Figure 4-11: Cells treated with free Dox 

Non-starved (top) and starved (bottom) Blue represents nuclear stain, red represents 
doxorubicin fluorescence, green represents liposomes stained with DiO, magenta 

represents an overlay of blue and red (doxorubicin fluorescence and nuclear stain) and 
yellow represents an overlay of green and red ( doxorubicin and liposomes)  Scale bar = 

25 µm 

 When treated with free doxorubicin both the starved and non-starved cells 

appeared to have a similar uptake profile (Figure 4-11). The cells treated with 

doxorubicin loaded liposomes showed some differences (Figure 4-12). The non-starved 

cells appeared to have taken up some of the liposomes and liposomes also appear to be 

adhered to the cell membrane. There does not appear to be a significant amount of 

migration of doxorubicin to the nucleus (magenta color in the fourth panel of Figure 4-

12) like what is observed in the starved cells. There is also an apparent greater amount of 
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liposome uptake when comparing the doxorubicin signal alone between the two cell 

populations. 

 

 
 

 
Figure 4-12: Cells treated with Dox-Liposomes 

Non-starved (top) and starved (bottom). Blue represents nuclear stain, red represents 
doxorubicin fluorescence, green represents liposomes stained with DiO and magenta 

represents an overlay of blue and red (doxorubicin fluorescence and nuclear stain). Scale 
bar = 25 µm  

 
One would expect the gold-coated liposomes that underwent the folic acid 

conjugation procedure would perform similar to the doxorubicin loaded liposomes since 

the conjugation was unsuccessful after overnight dialysis. However, the first noticeable 

observation about these results is that the doxorubicin signal is significantly reduced 

when compared to the signal obtained from cells treated with doxorubicin loaded 

liposomes and free doxorubicin (Figure 4-13 first panel). Another interesting finding is 

the pattern of uptake; in the non-starved cells uptake appears to be concentrated in a 

particular spot within the nuclear envelope of the cell while in the starved cells liposomes 

appear to adhere to the cell surface. These differences may be attributed to the normal vs. 

overexpression of folate receptor alpha (FRα) that is expected due to the conditions the 
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cells were exposed to i.e folate non-starved vs. folate starved respectively. The overlay 

images indicate that there was no migration of doxorubicin from liposomes to the cell 

nucleus (indicated by the absence of magenta color) in the non-starved cells while there 

was minimal doxorubicin presence in the nuclei of the starved OVCAR3 cells. 

 

 
 

 
Figure 4-13: Cells treated with FA-Au-Dox-Liposomes 

Non-starved (top) and starved (bottom). Blue represents nuclear stain, red represents 
doxorubicin fluorescence, green represents liposomes stained with DiO, magenta 

represents an overlay of blue and red (doxorubicin fluorescence and nuclear stain) and 
yellow represents an overlay of green and red ( doxorubicin and liposomes)  Scale bar = 

25 µm  
 

Discussion	

Folic acid and antibody attachment to liposomes and other nanoparticles has been 

previously performed by many in an attempt to provide a targeted drug delivery system 

[153–157]. Here we explore different methods of ligand attachment to gold-coated 

liposomes, both pre and post gold-coating of liposomes. We seek to demonstrate ligand 
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attachment to gold-coated liposomes and show that the addition of ligands to plasmon 

resonant liposomes can enhance the uptake of this DDS in cells.  

The first conjugation method involved the use of carbodiimides. Carbodiimides 

are used in conjunction with amines to form amide bonds. This first attempt was aimed at 

attaching antibodies (which have terminal amine groups) to gold coated liposomes that 

were prepared with carboxylic acid-terminated lipids as opposed to the regular amine 

terminated lipids used in liposome preparation (Figure 4-1). A fluorescent dye, 

fluorescein-5-thiosemicarbazide, was used as an inexpensive alternative to antibodies to 

test this method. 

While changing the lipid functional group did not affect gold-coating the 

anticipated reaction between the dye and the carboxylic acid group in plasmon resonant 

liposomes did not occur. However, when uncoated liposomes were tested, there was a 

positive indication of ligand attachment (Figure 4-5).This is a direct implication that the 

presence of gold impacted the ability for the interaction of the carboxylic group and the 

amine on FTC to form an amide bond and thus complete the conjugation reaction. This 

result indicated that the used of carboxylic acid functionalized lipids in the preparation of 

liposomes for the intent of antibody attachment is not a method that is compatible with 

gold-coating.  

The experiments with carbodiimides indicated that gold coating impacts ligand 

attachment. Therefore, the second attempt at ligand attachment involved the use of 

Traut’s reagent. This chemical reacts with primary amines to create a thiol terminated 
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compound (Figure 4-3) so this approach modified the fluorescein dye first followed by 

attachment to plasmon resonant liposomes through gold-thiol interaction.  

This approach was successful however, the efficiency of the reaction was very 

low (Table 4-1) with a maximum of 13% efficiency at 33 µM dye concentration. In hind 

sight, this method has potential for improvement, especially if interest in attaching 

antibody ligands to plasmon resonant liposomes persists. Some areas to explore to 

improve the efficiency of ligand attachment include increasing reaction time and/or 

temperature and adjusting dye and/or lipid concentration.  

Seeing that attaching ligands to gold on the liposome surface was the better 

approach, we attempted to attach folic acid to plasmon resonant liposomes using the 

gold-thiol interaction. This change in ligand choice was mainly due to a desire to explore 

the conjugated DDS in cells. Instead of preparing the thiol using Traut’s reagent (Figure 

4-3), a folate-polyethylene glycol-thiol molecule (Figure 4-4) was purchased from 

Nanocs. Performing the reaction at elevated pH gave a positive indication that the ligand 

attachment was successful. However, when the dialysis time was increased to 18 hours, 

as opposed to 4 hours, the results indicated that folate attachment via the thiol-gold 

interaction was unsuccessful. 

Gold-thiol interactions have been explored by many research groups using atomic 

force microscopy (AFM) and X-ray diffraction [158–160]. These interactions are 

considered stable and useful for multiple applications including cell imaging, delivery 

systems and nano-patterning [161]. The methods used for the preparation of these 

derivatized particles range from the combination of a thiolated molecule with charged 
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gold (Au(I) or Au (III) [158] to the simple combination of metallic gold nanoparticles 

with PEG-thiol for spontaneous interaction after overnight incubation [160]. Moreover, 

environmental pH and reaction time have been known to have an effect on the gold-thiol 

interaction and the type of bond created between them (co-ordinate vs. covalent) [161]. 

These literature findings point to ways that the method can be modified to obtain 

successful conjugation. Some of these changes can include increasing the reaction time to 

24 hours instead of 30 minutes, attempting the reaction at various pHs or increasing the 

fill factor on the gold coated liposomes (i.e. increasing the gold concentration) so that 

there are more possible sites for conjugation. 

To prepare folic acid conjugated liposomes we being with doxorubicin loaded 

liposomes. Each step in the process decreases the concentration of liposomes because of 

the different volume ratios used in each step. In the images of OVCAR3 cells one of the 

observations was the reduced amount of doxorubicin uptake in cells treated with the 

folate conjugated liposomes. One of the possible explanations for this could be 

differences in concentration that may not be noticeable until experiments are complete. 

To confirm this, experiments would have to be repeated while paying extra attention to 

concentration/dilution calculations. Despite this, no large differences are seen when we 

compare within categories i.e folate starved vs. folate non-starved cells or across 

categories when we compare cells treated with free doxorubicin vs cells treated with 

doxorubicin-loaded liposomes.  

One important factor that needs to be considered when designing ligand targeted 

systems is that while ligands can improve the chance of binding to a target site, this 

cannot be achieved without the delivery vehicle getting to the site first. Therefore, we 
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need to consider how the DDS will get to the target site such as through fenestrated 

endothelia in diseased tissue via the EPR effect (discussed in chapter 3) and factors which 

may affect this such as size, charge and ability to avoid reticuloendothelial system (RES). 

Improvement in uptake in cell lines treated with targeted vs. untargeted nanoparticles 

have been seen in multiple cell lines however, others have shown that in animals folate 

targeted nanoparticles do not cause a preferential deposition of particles in tumors 

[72,155,162].  

Conclusions	

Ligands can be attached to plasmon resonant liposomes without affecting the 

plasmon resonant characteristics of the drug delivery system. However this attachment 

has to be performed after the gold-coating process. While there was some indication of 

success, the methods described above still need further optimization to improve the 

efficiency of the ligand conjugation process. When folate starved and folate non-starved 

cells were treated with gold-coated liposomes that were unsuccessfully conjugated to 

folic acid, there was still the presence of some cell uptake, despite the absence of ligand 

attachment to liposomes. There were not very significant differences between the uptake 

observed in the folate starved vs. folate non-starved cells. 

Challenges 

Ligand	attachment	to	liposomes	

The addition of a ligand to gold-coated liposomes is an additional method of 

targeting. Since we add gold to the liposome surface, there were some factors that we 
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needed to take in consideration when designing experiments for ligand attachment to 

plasmon resonant liposomes.  

1. Should the ligand be added before or after gold-coating? 

2. How would ligand addition impact plasmon resonance? 

3. If using the ligand attached to the lipid, will the addition of gold cover all the 

available ligands? 

The first ligand attachment experiments involved using lipids with the folic acid 

ligand attached to prepare liposomes. The preparation was then gold-coated. Subsequent 

experiments with cells indicated that ligand attachment was unsuccessful. Knowing that 

incorporating the ligand into the liposome synthesis was not ideal we attempted the 

methods described and discussed above.  
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 :	Conclusions	and	Future	Directions	

Conclusions	

The overarching goal of this dissertation is bring new insight to a tool for potential 

dual-targeted drug delivery with specific aim at reducing systemic toxicity. We have 

shown that controlled release of doxorubicin, and possibly other anthracyclines, can be 

accomplished by photothermal conversion in a thermosensitive, gold coated liposome 

formulation.  This was reflected in the permeability of each of the formulations where the 

plasmon resonant formulation showed the greatest change in permeability on exposure to 

laser radiation. Differential scanning calorimetry revealed that the addition of gold to 

liposomes does not significantly impact the thermodynamic properties however, it 

supported the knowledge that photothermal release requires a thermally-responsive lipid 

composition, a characteristic that is absent in the commercial formulation of doxorubicin. 

When release was performed in buffer at pH 7.4 and 37 oC, doxorubicin is stably 

retained in all liposome formulations. When placed in serum, while doxorubicin 

remained stably encapsulated in the Doxil formulation, both uncoated and gold-coated 

liposomal formulation lost about 20 % of its overall drug contents in a 60 minute 

window. This result is supported by uptake studies that show doxorubicin fluorescence in 

cell nuclei after 1 hour incubation with liposome formulations. Cell viability studies as 

well was fluorescence imaging of laser-induced release support the stimulus initiated 

release of biologically active doxorubicin from plasmon resonant liposomes. 

Ligands can be attached to plasmon resonant liposomes without affecting the 

plasmon resonant characteristics of the drug delivery system. However this attachment 
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has to be performed after the gold-coating process. While there was some indication of 

success, the methods described need further optimization to improve the efficiency of the 

ligand conjugation process. Despite the absence of ligand attachment to liposomes, 

uptake was still observed when folate starved and folate non-starved cells were treated 

with gold-coated liposomes. There were not very significant differences between the 

liposomal uptake observed in the folate starved vs. folate non-starved cells. 

While our work is focused mainly on showing that our proposed DDS can be used to 

improve therapeutic applications, this work can be further explored in many different 

directions.  Our gold-coated liposomes can be applied in image-guided procedures, can 

be used into a system that can combine the activation drug delivery and destroy tissue by 

thermal ablation or as a theranostic that is targeted to tumor site using gold as contrast 

agent, and laser exposure for drug release activation. Some of these are discussed in the 

future directions below. 

Future	Direction	1:	Plasmon	resonant	liposomes	characterization	

Plasmon resonance is imparted to gold liposomes by the reduction of ionic gold 

on to the liposome membrane using ascorbic acid. The process involves a “gentle 

swirling” technique that results in a distinct color change that is characteristic of the 

presence of plasmon resonant liposomes. In this section, preliminary work on the initial 

formulation that was used i.e. DPPC/MPPC/DPPE PEG2K is presented. This liposome 

formulation was used to probe a bit deeper into how plasmon resonance and the changes 

it brings to the liposome physical and thermodynamic properties.  
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Figure 5-1: PR Liposomes peak wavelength resulting from varying gold concentration 

When gold is added to the liposome surface, one would expect that as you 

increase the fill factor (i.e. add more gold), one would be able to red-shift the plasmon 

resonant peak until there is a point at which a gold shell is created, vs. deposition of 

discrete gold nanoparticles. At this point, one expects the reversal of the shift where as 

more gold is added, there is a resulting blue-shift characteristic of a gold shell formation 

and subsequent thickening of that shell [163]. Figures 5-1 and 5-2 show that the red-shift 

occurs with liposomes as the gold concentration is increased where peaks are observed 

from 650 nm to the NIR region at just under 1100 nm.  

 
Figure 5-2: Extinction spectra of plasmon resonant liposomes by gold concentration 

Spectra go in order of concentration with lowest spectrum corresponding to lowest gold 
concentration and highest spectrum corresponding to the highest gold concentration.  

The gold nanoparticles that are present on the liposome surface are on the order of 

1-2 nm and thus are compatible with kidney clearance [58,63]. To probe the liposome 
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and its gold counterpart size, dynamic light scattering using the Zetasizer nanoseries was 

used. One of the main observations is that size distribution does not seem to correlate 

with spectra. For example, at a gold concentration of 1.72 mM, the hydrodynamic 

diameter of particle increases to ~150 nm which implies an average size of 25 nm of gold 

nanoparticles on the liposome surface, considering that the average liposome diameter is 

100 nm (Figure 5-3). However, the spectrum obtained for this sample specifically, the 

position of the resonant peak, indicates that the size of the gold nanoparticles present on 

the liposome surface is much smaller.  

 
Figure 5-3: Plasmon resonant liposomes size variation as gold concentration increases 

Imaging of gold coated liposomes has proven to be a challenge since the diameter 

of the gold nanoparticles (1-2 nm) on the liposome surface are two orders of magnitudes 

lower than the diameter of liposomes (average 100 nm) [67]. A method that has not been 

explored by our lab is atomic force microscopy (AFM). Initial attempts at using this 

imaging modality proved unsuccessful in determining morphology of the gold-studded 

liposomes but they did reveal the formation of lipid rafts as the collapsed membrane size 
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of 9 nm (consistent with 4 nm collapsed lipid bilayer and 4 nm corresponding to 2nm 

gold nanoparticles on each side of the collapsed bilayer)(Figure 5-4A and 5-4B). 
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Figure 5-4: AFM image of gold-coated liposome 

Figure 5-4 contains streaks, an indication that the particles were stuck to the AFM 

tip and was dragged as the tip moved.  This is area where future work is needed – the 

imaging procedure can be explored by using different modes to determine which is best 

for imaging gold-coated liposomes. 



 

 120 

Future	Direction	2:	Use	of	gold-coated	liposomes	in	different	modalities	

Superparamagnetic	Iron	Oxide	Nanoparticles	(SPIONs)	

Iron oxide nanoparticles are being explored for biomedical applications including MRI 

probes and as a controlled release system [31,32,164]. We briefly explored the 

incorporating iron oxide nanoparticles into liposomes by preparing iron oxide liposomes 

using the thin film rehydration method as described in previous chapters using DSPC and 

DSPE-PEG2000 and hydrophobic iron oxide nanoparticles were dissolved in chloroform 

in a molar ratio of 95:5:3. Hydrophilic nanoparticles were encapsulated in liposomes by 

rehydrating lipids with the iron oxide solution.  

Hydrophobic SPION Liposomes Hydrophilic SPION Liposomes 

 

 

 

 

Figure 5-5: Clogged filter membranes after extrusion of iron oxide liposomes 

 The main obstacles in the preparation of these particles is their inability to be 

filtered through the membranes that are used to control the liposome size. Despite 

increasing the initial size to 800 nm , instead of 400 nm, there was still a very obvious 

clogging of the filter membranes after the first pass through the extruder (Figure 5-5).  

 This type of exploration is worth pursuing because iron oxide provides an 

alternative method for looking at controlled release of drugs from nanoparticles. 
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Furthermore, because iron oxide nanoparticles can be used as contrast agents for 

magnetic resonance imaging. Using iron oxide is liposomes provides all the benefits of a 

drug delivery system including the seclusion of drugs within the liposome core as well as 

options for the addition of targeting ligands. 

 

X-ray	responsive	gold	coated	liposomes	for	radiation	therapy	and	drug	delivery	

Current treatment for brain cancer includes the use of the Gamma Knife. Can 

gold-coated liposomes be used for interaction with gamma radiation to induce drug 

release after treatment with gamma knife? This has a direct application in metastatic 

breast cancer where the cancer has metastasized to the brain. The Gamma Knife is used 

on small lesions, it possesses a focal point that can be aligned to within 0.5 mm of the 

target area and using it reduces hospital stays and the overall cost of treatment [165,166]. 

Gamma Knife Surgery (GKS) is non-invasive which provides huge advantages over brain 

surgery. The main one is a better standard of living therefore, many consider Gamma 

Knife Surgery as an alternative treatment option.  

Gold coated liposomes can be tunes so that it is compatible with gamma radiation 

and can be used as a drug delivery system in combination with the administration of 

gamma radiation. Current treatment standards involving GKS followed by whole brain 

radiotherapy provides promising results with 94% growth control in a 160 patient 

population over a 16 year period [167]. Using gold-coated liposomes in conjunction with 

GKS can reduce the need for whole brain radiotherapy and instead provide a method for 

localized, controlled delivery at the tumor site. The main challenge would be determining 

a method that can deliver liposomes across the blood brain barrier.  
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Gold-coated	liposomes	for	image-guided	surgery	

This is a direction that is currently being investigated in our lab. Gold coated 

liposomes, in combination with the augmented microscope can be used for intravascular 

imaging [54]. In this work Watson et al. showed that it is possible to illuminate a specific 

location in tissue with NIR light and still visualize surrounding tissue. This preliminary 

work shows the potential for gold coated liposomes to be used as a theranostic agent 

where they can contain dye for visualization and medicine for release at target site on 

exposure to NIR illumination. Furthermore, this can all be done while viewing under the 

augmented microscope. 

 

 

  



 

 123 

APPENDIX	A:	LIST	OF	ABBREVIATIONS	

 
  
DSC Differential Scanning Calorimetry 

DU Doxil uncoated 

EPR Enhanced permeability and retention 

FDA Food and Drug Administration 

FRA Folate receptor alpha 

HBS HEPES buffered saline 

LC Loaded Coated 

LU Loaded Uncoated 

PC Permeability coefficients 

PRL Plasmon resonant liposomes 
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