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Abstract 

 

 

 Melanoma is the most malignant skin cancer with high mortality. Currently, it can be 

treated multiple ways, such as chemotherapy, immunotherapy and targeted therapy. However, 

patients under these therapies usually have low response rates due to inefficient drug delivery 

and multidrug resistance. Nanoparticles are a promising technology for delivering one or two 

agents to the cellular level. Among these, lipid based nanoparticles attract more attention due to 

its easy preparation and modification, biocompatibility, enhanced permeability and retention 

(EPR) effects and reduced toxicity. This dissertation focuses on the lipid based nanoparticles 

delivery system for leukemia and melanoma treatment.  

             We prepared micelles with an oxidized phospholipid, 1-palmitoyl-2-azelaoyl-sn-glycero-

3-phosphocholine (PazPC), via both electrostatic and hydrophobic interaction for delivery of 

Doxorubicin (DOX) and Idarubicin (IDA). In vitro uptake and cytotoxicity were evaluated on 

leukemia P388 and its resistant subline P388/ADR. The drug-loaded PazPC micelles enhanced 

drug uptake and exhibited higher cytotoxicity in both leukemia P388 and its resistance subline 

P388/ADR in comparison to free drugs.  

            Both zolendronic acid and Polyinosinic acid-polycytidylic acid [poly (I:C)] showed 

potent anticancer activity in melanoma treatment. However, high preferential accumulation of 

zolendronic acid within bone and poor intracellular delivery of poly (I:C) limited their uses in 

chemo-immunotherapy. Cationic lipid-coated calcium phosphate nanoparticles (LCP) were 

developed to enable intracellular co-delivery of zoledronic acid and poly (I: C). The co-delivery 
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system demonstrated significantly enhanced and synergistic activity both in vitro in melanoma 

cell line B16BL6 and in vivo in melanoma-bearing mice.  

            Genistein, a soy flavone, is a well-known anti-oxidant and has been reported to be 

effective in preventing UV induced skin damage and melanoma. However, intradermal delivery 

of genistein is inefficient due to its low permeability as well as its low solubility. We reported 

microemulsions for enhanced transdermal delivery of genistein, in vitro. The optimized 

formulation consisted of 2% (w/w) genistein, 18% (w/w) oleic acid, 60% (w/w) cremophor 

EL/ethanol (5:11), and 20% (w/w) water and it exhibited small particle size and highest skin 

permeation rate based on various formulation factors optimization.  

               Finally, to achieve co-delivery of Doxorubicin (DOX) and ceramide using a liposomal 

system in B16BL6 melanoma cell lines for synergistic cytotoxic effects, different types of 

ceramides (C6-ceramide, C8-ceramide and C8-glucosylceramide) and lipids (DOTAP, DPPC, 

DSPE and DSPC) were screened to optimize the formulation. The optimum liposome 

formulation provided a mean diameter 150 nm with a narrow size distribution (poly-dispersity 

index, 0.09) and a positive zeta potential (+34mv) with 92% DOX recovery. DOX and C8-

Ceramide loaded DOTAP liposomes exhibited a significantly higher anti-tumor activity in 

melanoma cell line B16BL6 in comparison with liposomes made with other lipids such as DSPC, 

and a combination of DSPC and DSPE (P < 0.05). Co-delivery of DOX and C8-ceramide with 

DOTAP lipids based liposome demonstrated 9 folds higher cytotoxicity in the B16BL6 

melanoma cell line as compared to DOX alone.  
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1. Introduction to Lipid based Drug Delivery Systems for Melanoma Treatment 

 

1.1 Abstract  

        Melanoma is one of the most aggressive forms of malignancy and the treatment options 

are limited.  Although it only accounts for a very small proportion of skin cancer incidence, it 

leads to the vast majority of skin cancer deaths. Melanoma can be surgically removed if detected 

in early stages with up to a 99% survival rate. However, metastatic melanoma can only be treated 

by other therapies, such as chemotherapy, immunotherapy and the combination of these and 

targeted therapy. These treatments still show low patient response rate and high adverse effects 

even though they have enhanced efficacy in the beginning, but develop resistance gradually.  

        There is an urgent need for the development of efficient melanoma treatment methods. 

Nanoparticle based delivery systems have been studied extensively for their application in the 

diagnosis and treatment of melanoma. Nanoparticles can deliver drug candidates with a wide 

range of solubilities and improve blood circulation time by avoiding the reticulo-endothelial 

system. Nanoparticles could enhance tumor cell uptake with minimized toxicity. Moreover, 

delivering two or more drugs simultaneously for combinational therapies can be achieved with 

nanoparticles. In this review, the progress of using different lipid based delivery systems 

including solid lipid nanoparticles, nanoemulsions, and liposomes for melanoma treatment are 

presented. They can be utilized either for single drug delivery or multiple agents delivery such as 

chemotherapeutic drugs, siRNA, DNA and targeting antibodies. 

1.2 Melanoma 
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        The skin is the largest organ protecting the body from foreign injury and infections, 

maintaining fluid retention and controlling and adjusting body temperature (1, 2). The skin can 

be affected by many ailments, the severe one is cancer. They are three main types of skin cancer: 

basal cell carcinoma, squamous cell carcinoma and melanoma. Melanoma, originating from 

melanocytes, is the most aggressive type of skin cancer (3). Although melanoma accounts for 

only a very small proportion of skin cancer incidence, it leads to the vast majority of skin cancer 

mortality. There were more than 2 million new cases of skin cancer in USA in 2012 and 

melanoma only accounts for 3.75% (75,000) of skin cancer cases. The incidence of melanoma is 

increasing faster than that of all preventable cancers, except lung cancer, and is becoming more 

severe in the caucasians (4, 5).  

        Treatment of melanoma is largely dependent on the stage of the disease. Surgery 

provides the best prevention procedure for patients with early-stage melanoma. An early-stage 

melanoma that has not metastasized to other organs can be removed by surgery with high 

survival rates (6). The cure rate for those patients with removable melanoma is 97%−99.8%. The 

standard excision size was usually considered to be around 0.5 cm with 0.2 cm margin, which is 

acceptable for margin-controlled surgery (7). However, metastatic melanoma is a highly 

aggressive malignant skin cancer that is notoriously difficult to be treated through surgical 

removal. It could only be treated by other therapies, such as chemotherapy, immunotherapy, the 

combination of the two and targeted therapy (8-11). Traditional chemotherapy is still the most 

conventional therapy for melanoma treatment. Common chemotherapeutic agents typically 

include dacarbazine, cisplatin, vinblastine and temozolomide, which interfere with cell division 

leading to cell death. Dacarbazine, approved for first-line treatment of wild-type melanomas, is 
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one of the commonly used drugs in melanoma treatment. No other drugs or combinational 

therapies are superior to dacarbazine (12).  

        Combination of two or more of these drugs is one of the main strategies to prevent the 

development of multidrug resistance in tumors. Dacarbazine is co-administered with cisplatin 

and vinblastine, and this combination is known as the CVD regimen for the treatment of cancer 

(14). Trametinib, a MEK inhibitor, and dabrafenib, a BRAF inhibitor, were the first-ever 

approved combination therapy, but did not show significant improvement in melanoma 

treatment.  

        Intracellular signaling pathways play a key role in the carcinogenesis of melanoma. The 

mitogen-activated protein kinase (MAPK)/ERK (extracellular signal-regulated kinase) and 

phosphoinositide 3-kinase (PI3K) are the major pathways in the development and progression of 

melanoma. Also, the PI3K/protein kinase B (Akt) pathway has been shown to facilitate the 

development of melanoma in a synergistic manner with MAPK/ERK pathway (15). Some 

inhibitors have been developed based on these cellular mechanisms to treat melanoma. Inhibition 

of both pathways was found to show synergistic effects in the treatment of melanoma. 

Nanoparticles loading with two siRNAs targeting the oncogene v-Raf murine sarcoma viral 

oncogene homolog B1 (BRAF) and Akt Pathways exhibit significantly increased cytotoxicity in 

1250Lu human melanoma cell line (16-17). Ipilimumab, an anti-cytotoxic T lymphocyte antigen 

4 antibody that enhances T-cell activity in the tumor, and selective BRAF inhibitors, such as 

vemurafenib that blocks tumor cell proliferation in patients with activating BRAF mutations, are 

two promising therapies. Ipilimumab is the first and vemurafenib is the second drugs shown to 

improve patient survival rate (18). However, acquired drug resistance to these agents is a major 

issue in the treatment of melanoma. The majority of patients will develop drug resistance despite 
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the high initial response to vemurafenib (80%). The occurrence of the resistance could be 

attributed to multiple factors, such as overexpression of P-gp, altered drug targets and the 

dysregulation of intracellular signaling pathways (19, 20).  

        Traditional therapies including surgery, chemotherapy and radiotherapy are ineffective in 

metastatic melanoma treatment and are usually associated with severe adverse effects. However, 

melanoma is highly immunogenic, which provides the rationale to develop immunotherapies for 

its treatment. Immunotherapy could boost immune response of patients with melanoma, also it 

can help clear cancer cells, especially cells which are impaired or killed by chemotherapy agents 

(21). Thus, the combination of immunotherapy and chemotherapy could produce synergistic 

effects. Meanwhile, the survival cancer cells after chemotherapy will contribute to development 

of drug resistance. The immunotherapeutic drugs that are effective in melanoma treatment are 

interferon (IFN)-alpha, ipilimumab, and interleukin (IL)-2. IL-2 plasmid loaded in nanoparticle 

with low molecular weight polyethylenimine and folate inhibit tumor growth and prolong 

survival rate of melanoma bearing mice (22, 23).  

        Unfortunately, most of these treatment outcomes are not satisfactory and response rate of 

patients are very low. The median survival time of patients with metastasized melanoma is only 

6-10 months, and the 5-year survival rate is less than 20%.  Several approaches improve current 

melanoma therapeutics: identification of protein targets causing the disease, development of 

novel agents, determination of optimal therapeutic combinations, and effective delivery of agents 

into tumor cells. Moreover, promising effects from combination therapies of conventional drugs 

are difficult to obtain in clinical trials. It may be due to the diverse pharmacokinetic profiles of 

drugs in patients. The development of multi-drug resistance (MDR) is one of the major reasons 

for the low efficiency of these therapies. Unfortunately, the mechanisms for acquired drug 
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resistance in melanoma have been shown to be diverse (24, 25). Therefore, this situation makes it 

urgent to design and develop novel nanoparticle based drug delivery systems for melanoma 

treatment.  In recent years nanotechnology based delivery systems have been studied extensively 

and demonstrated to have many advantages for melanoma treatment including the ability to 

target the drugs to tumors, reduced side effects and drug resistance.  

        Nanoparticle-based drug delivery systems are superior to conventional drug delivery in 

the following three aspects. First, nanoparticles protect encapsulated drugs from degradation in 

the body, especially biotechnology-based drugs. Second, the nanoparticle delivery system could 

significantly change the pharmacokinetic profile of drugs. Because of the targetable nature, 

nanoparticles provide increased drug accumulation at the cancer site, which leads to improved 

efficacy and decreased side effects. Also, the enhanced permeability and retention (EPR) effect 

caused by the leakiness of tumor vasculature as well as poor lymphatic drainage could result in 

drug accumulation in the tumors (26). Third, nanoparticles make it easy to deliver multiple 

agents in the common platform so that chemotherapy, immunotherapy can be combined to 

achieve potent effects against melanoma tumors.  Furthermore, nanoparticles can be designed to 

have multiple functions, such as therapeutics and diagnostics called theranostics (27-29). Various 

nanotechnology based drug delivery platforms for melanoma include liposomes, dendrimers, 

polymersomes, carbon-based nanoparticles, nanoemulsions and protein-based nanoparticles (30-

39). Among these, polymeric nanoparticles usually have poor physical stability and relatively 

high toxicity from the use of polymers. Lipid based drug delivery systems have some advantages 

over other particulate carrier systems such as good physical stability, controlled release and 

excellent biocompatibility. Among these, lipid based nanoparticles are usually biodegradable, 
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biocompatible with low side effects, and have relatively high physical stability. A brief review 

on the use of lipids based nanoparticle delivery system for melanoma is presented here.  

 

1.3 Lipid based Nanoparticle Delivery Systems 

        Lipid based nanoparticle delivery systems focusing on melanoma treatment can be 

classified into solid lipid nanoparticles (SLNs), nanoemulsions and liposomes. Niosomes and 

polymerosomes that are related to liposomes make a minor role in melanoma delivery systems.   

 

1.3.1 Solid Lipid Nanoparticles  

        Solid lipid nanoparticles have been used increasingly since the early 1990s as an 

alternative delivery system to liposomes, nanoemulsions, and polymeric nanoparticles. Solid 

lipid nanoparticles are made from crystalline solid lipids with particle size under the submicron 

range (50-1000 nm). Currently, there are three main methods for SLNs preparation: 

homogenization, solvent emulsification/evaporation and emulsification at high temperature (40, 

41). There are many distinct advantages that differentiate SLNs from liposomes: SLNs generally 

provide good physical stability and prolonged and modulated drug release due to the solid state 

of the lipids used in the formulation, avoidance of organic solvents in the formulation and ease of 

large-scale production and commercialization. Also, SLNs can protect encapsulated agents from 

degradation and have better passive targeting ability for drugs (42). Nanostructured lipid carriers 

(NLC) composed of a solid lipid matrix with a certain content of a liquid lipid phase are another 

generation of SLNs (43).  

        Solid lipid nanoparticles containing docetaxel were prepared with compritol, precirol, 

and hydrogenated soy phosphatidylcholine using the microemusion and probe sonication 

method. The docetaxel loaded solid lipid nanoparticles showed increased cytotoxicity (2-fold) in 
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the malignant melanoma (A-375) cell line compared with Taxotere
®

 (TXT) (44). Cholesteryl 

butyrate SLNs inhibited human umbilical vein endothelial cells’ adhesiveness to cancer human 

melanoma cell line (45). Huang et. al., prepared different camptothecin loaded SLNs, NLCs and 

lipid emulsion and compared their cytotoxicity toward a melanoma cell line with the free drug 

group (46). Camptothecin loaded SLNs made of precirol exhibited 3-fold higher cytotoxicity 

towards the melanoma cell line compared with the free control group, while NLCs and lipid 

emulsion had comparable cytotoxicity with the control, which may be due to the excellent 

endocytotic activity of SLNs. Etoposide has poor solubility and associated low bioavailability. 

However, the SLNs made with the solid lipid trimyristin, tripalmitin, and tristearin and compritol 

ATO 888 provided an accumulative effect in the highly perfused organ, suggesting targeting 

effect toward metastasized tumors. Improvement in the tumoricidal activity and survival rate was 

found in the B16F10 mouse melanoma model. This study substantiates the application of 

nanoparticles for improved therapeutic activity of etoposide (47). 

 

1.3.2 Nanoemulsion 

        Nanoemulsion is a heterogeneous system composed of emulsifying agent and oil 

suspended in water with mean particle diameters usually of 50-200 nm based on the components 

and preparation method.  Emulsifying agents are surfactants that can reduce interfacial tension 

between two immiscible liquid phases by preferentially adsorbing at their interfaces (48, 49).  

There are two types of nanoemulsion: water-in-oil and oil-in-water, the formation depends on the 

emulsifying agent used. Nanoemulsions are commonly prepared from Generally Recognized as 

Safe (GRAS) grade excipients approved by the United States Food and Drug Administration 

(US-FDA) (50). Nanoemulsions are easily produced in large quantities by high shear stress or a 

mechanical extrusion process. Nanoemulsion based drug delivery systems offer several 
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advantages. These include greater physical stability, and increased surface to volume ratios 

containing the drug that enhances the drug bioavailability (51, 52). They serve not only as 

excellent vehicles for drug encapsulation, but could also alleviate the hypersensitivity associated 

with surfactants such as ethoxylated castor oil (Cremophor
®

EL) (53). Because of the nanometer 

oil droplet size, they can easily be targeted to the tumor tissue using targeting ligands on their 

surface or by passive accumulations.  

        Dacarbazine is approved for the first line treatment of malignant melanoma. It is usually 

administered intravenously, but different dosing and administration methods are warranted in 

certain therapeutic situations which are accompanied by significant side effects. Nanoemulsions 

containing dacarbazine showed a 10-fold greater reduction of tumor size compared to the 

suspension preparation of dacarbazine. During drug cessation period dacarbazine nanoemulsion 

showed 5-fold greater efficacy (73% versus 14%) in preventing tumor growth compared with 

dacarbazine suspension (54).  

        A cholesterol-rich lipid nanoemulsion (LDE) was used as a vehicle to target etoposide 

for melanoma. LDE was prepared using cholesteryl oleate, egg phosphatidylcholine, triolein and 

cholesterol. The efficacy of LDE-etoposide oleate or commercial etoposide was evaluated in 

melanoma-bearing mice. LDE drastically reduced the drug toxicity, as the maximum tolerated 

dose was approximately five-fold greater than for commercial etoposide. LDE-etoposide oleate 

accumulated at four-fold higher concentrations in the tumor compared with the surrounding 

normal cells, and remained in the bloodstream longer than commercial etoposide. The tumor 

growth inhibition rate and survival were greater in animals treated with LDE-etoposide oleate 

compared with commercial etoposide. The incorporation of etoposide oleate into LDE resulted in 

markedly reduced toxicity and superior antitumoral activity (55).  
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        Kretzer and coworkers studied the combination of etoposide (ETP) with paclitaxel in 

cholesterol-rich lipid (LDE-PTX) nanoemulsions in comparison to administrating etoposide and 

paclitaxel directly. The results indicated that B16F10 melanoma bearing mice treated with LDE-

PTX+ETP had much less metastases than mice treated with PTX+ETP (30% versus 82%).  LDE-

PTX+ETP reduced cellular density, and blood vessels and increase collagen fibers in tumor 

tissues, which is absent in the PTX+ETP group (56).  

 

1.3.3 Liposomes  

        Liposomes were introduced in 1961 and was the first nanoparticle used in medicine. The 

concept of using a liposome as a selective drug delivery system for the skin was described 

initially in 1980 (57). A liposome is a nanoscopic or microscopic structure that contains an 

aqueous core for hydrophilic drugs and hydrophobic drugs can be contained in the lipid bilayer, 

which provides a broader choice of drugs for encapsulation. Homogeneous nanosized liposomes 

can be achieved by filtering through polycarbonate membranes with different sizes. Furthermore, 

specific ligands against tumor antigens can be attached to the liposome surface so that the 

nanoparticles can target cancer cells specifically (58, 59).  

        There are certain factors affecting drug loaded liposome efficacy in cancer treatment. 

The size of liposome vesicles plays a crucial role. Vesicles less than 100 nm have reduced uptake 

into liver tissue, while vesicles >100 nm are quickly cleared by the reticulo-endothelial system 

(RES). Furthermore, surface modification of liposomes with polyethylene glycol (PEG) can 

result in prolonged circulation by the liposome escaping from RES. Heating and light can also be 

used to facilitate nanovesicle contents release in the body rather than through nanoparticle 

degradation alone (60, 61). Liposomes have been investigated extensively in melanoma research. 

Several liposomes based anticancer drugs are either on the market or in clinical trials. Some 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&sqi=2&ved=0CDQQFjAC&url=http%3A%2F%2Fwww.wisegeek.org%2Fwhat-is-the-reticuloendothelial-system.htm&ei=G9JnVKi5M8OaNvCEgxA&usg=AFQjCNF8m3AgSk4RI7yZLtF0RJ08yvySOg&sig2=Vu5CpO1K-HwQOxVPpGi3lw&bvm=bv.79142246,d.eXY
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examples are doxorubicin liposomes and camptothecin liposomes. Many chemotherapeutic 

drugs, antibodies and siRNAs have been encapsulated in liposomes to enhance treatment 

efficacy for melanoma treatment (62-64).  

        Niosome is a relatively new drug delivery system. It presents a similar bilayer structure 

as liposome, but the bilayer in niosome is composed of non-ionic surfactant rather the 

phospholipids in the liposomes. Most aqueous solution of surfactants can form micelles 

automatically, however some surfactants can form bilayer vesicles called niosomes (25). 

Therefore, niosomes generally have some advantages over conventional liposomes such as 

increased penetrating ability, physicochemical stability and reduced toxicity. Niosomes can 

accommodate drugs with a wide range of solubilities due to the structure containing hydrophobic 

and hydrophilic parts. The hydrophilic drugs within the space were enclosed in the vesicle, the 

hydrophobic drugs were embedded in the bilayer. The particle size of niosome is usually 100 nm 

to 2 μm (66).   

        The first niosomes were formulated with cholesterol and single-chain surfactants such as 

polyglycerol monoakyl ethers and polyoxylate analogs and another non-ionic surfactant for 

further stabilization. Positively charged molecules such as stearylamine and cetylpyridinium 

choloride were added to prevent the aggregation of niosome. There are three major types of 

niosomes: multi lamellar vesicles (MLV), large unilamellar vesicles (LUV) and small 

unilamellar vesicels (SUV). They can be unilamellar or multilamellar depending on the 

preparation method. Current preparation methods are: the ether injection method, thin film 

hydration method, remote loading, reverse-phase evaporation technique, sonication, the bubble 

method and multiple membrane extrusion method.  
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        The advantages of niosomes include high patient compliance due to the water-based 

delivery system rather than conventional oil based delivery system, wide range of solubilities, 

flexibility and ability to release drugs in a controlled manner (67, 68). They have been developed 

for multiple uses in cancer treatments such as drug targeting, peptide and anti-neoplastic drugs 

delivery and immune response related studies. Niosome have been widely studied in drug 

delivery and targeting. These have been employed for dermal and transdermal delivery, ocular 

and oral delivery, pulmonary, parenteral delivery and gene delivery (69-74).     

        Fang et al. showed enhanced skin permeation of enoxacin encapsulated in niosomes 

compared with liposomes of enoxacin (75). Also, tretinoin stability was better in noisome than it 

was incorporated into liposomes. Niosomes demonstrated prolonged circulation time, drug 

release, and increased drug permeation and retention in skin (76).  A novel niosomal system 

made of alpha, omega-hexadecyl-bis-(1-aza-18-crown-6), Span 80, and cholesterol (2:5:2 molar 

ratio) was formulated as a topical delivery system for 5-fluorouracil (5-FU). The drug loaded 

niosome provided 8- and 4-fold increased drug permeation compared with aqueous drug solution 

and mixture of blank niosome and free drug solution (77). Overall, niosomes have great potential 

in melanoma treatment due to their superiority, such as higher stability and cost-effectiveness in 

comparison with liposomes. 

   

1.3.3.1 Chemotherapy  

        Liposome delivery system has been widely used in traditional chemotherapeutic agents’ 

delivery for melanoma treatment (78-81). Among these, liposomal doxorubicin (Doxil
®

) is 

widely used for various cancers treatment. Liposomal doxorubicin prolongs blood circulation 

and decreases cardiovascular related toxicity when compared with free doxorubicin in cancer 
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treatment (82-84). However, phase II trials oDoxil in melanoma patients were discontinued 

because of low activity (85). Pegylated phosphatidyl ethanolamine liposomal cisplatin with a 

particle size of approximately 100 nm had a higher cytotoxicity than free cisplatin, and provided 

3.6 fold higher level of intra-tumoral drug concentration for 72 h than the free drug (86). 

Vincristine encapsulated liposomes formulation was investigated and showed an extended drug 

circulation time and the potential for enhanced tumor targeting and anti-tumor activity. The 

safety and activity of vincristine liposome were evaluated in patients with metastatic melanoma 

and had good tolerance and promising antitumor activity (87). Four types of synthetic 

glucocorticoids were loaded into long-circulating liposome and the in vitro results suggested that 

all drug loaded liposomes had strong cytotoxic effects on B16F10 melanoma cells (88).   

 

1.3.3.2 Immunotherapy  

        Endogenous sphingolipids such as ceramides play an important role as mediators of the 

intracellular signaling molecules involved in cell differentiation, cell cycle arrest and apoptosis 

through the PI3K/Akt pathway (89, 90). However, due to hydrophobicity of ceramides, the 

bioavailability is low and limits its use in the systemic delivery for cancer treatment (91). 

Liposomes can incorporate ceramides in their lipid core and provide a better delivery method to 

overcome this limitation. Intravenous administration of both pegylated and non-pegylated 

liposomal ceramide showed improved pharmacokinetics and resulted in inhibition of breast 

tumors in mice (92). Intracellular delivery of ceramides via liposomes increased apoptosis in the 

MDA435/LCC6 human breast cancer and J774 mouse macrophage cell lines (93). Sorafenib and 

liposomal ceramide synergistically inhibited melanoma cell growth through mitogen-activated 

protein kinase and phosphatidylinositol 3-kinase signaling. In a co-delivery system, cell 
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apoptosis was increased two-fold and cellular proliferation decreased by 25% compared with 

agent delivered alone, suggesting an additive effect between ceramide and sorafenib (94).  

        Gene therapy has become a promising strategy for the treatment of various inheritable or 

acquired diseases (95-97). However, nucleic acids are rapidly degraded by nucleases in the body 

and result in poor cellular uptake, so that the development of safe and efficient gene carriers is 

critical for the success of gene therapy (98). Viral vectors (DNA and RNA) have been developed 

for gene delivery. But they are usually associated with immunogenicity, high toxicity and 

production cost. Viral integration can induce severe immune response which may cause harm to 

normal tissues and interrupt normal gene expression. Non-viral vectors, such as cationic lipids 

and polymers, have been developed to efficiently deliver gene products (99).  

        Liposomes, especially positively charged ones, provide an alternative in which nucleic 

acids are protected and delivered into targeted cells without limitations along with viral vectors. 

Cationic polymers and nanoparticles are frequently used for gene delivery, because the positive 

charges of these delivery systems can interact with negative charges on nucleic acids. Moreover, 

cell membranes are known to have negative charges which enable them to attract cationic 

nanoparticles (100). Cationic liposomes also have other common advantages of nanoparticles 

such as protection of genes from degradation in the body, and passive targeting because of their 

EPR effects.  However, liposomes with positive charges are known to show higher associated 

cell toxicity than neutral or negative liposomes. Strategies, such as surface modifications by 

pegylation (101) and targeting ligand conjugation (102) have been used to overcome or minimize 

this side effect. A number of investigations demonstrate that liposomes are capable of delivering 

different nucleic acids and show promising anti-melanoma effects. 
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        Cationic liposomes loaded with interferon-beta (IFNβ) genes were formulated to study 

their mechanisms of action and anti-tumor effects in mouse B16F1 melanoma cells in vitro and 

in vivo. A liposome based IFNβ formulation exhibited 5.5-fold reductions in 

subcutaneous melanoma lesions in mice and higher infiltration of natural killer (NK) cells 

compared with phosphate buffered saline. The data confirms that cationic liposome-mediated 

IFNβ could induce cell death and increase production of NK cells to tumors (103).  

        Human leukocyte antigen (HLA)-B7/β-2 macroglobulin plasmid DNA/lipid complex, 

also known as Allovectin-7
®

 loaded liposome have an extremely safe toxicity profile with low 

toxicities (104). mRNAs instead of DNA loaded liposomes have been developed for melanoma 

treatment. The mRNAs delivery skips the transcription procedure, which is necessary in DNA 

delivery. MART1 mRNA in liposome formulations with L-histidine-(N, N-di-n-hexadecylamine) 

ethylamide (HDHE) and cholesterol prevent murine B16 melanoma cell growth and metastasis 

(105). Polyinosinic-polycytidylic acid (PIC), synthetic dsRNA, is well known to react with Toll-

like receptor 3 and then stimulate innate immune response. PIC liposomes could directly 

suppress the growth of B16F10 melanoma in vitro in a dose-dependent manner. The mechanism 

can be explained by the enhanced immune response due to the maturation of dendritic cells and 

TRP-2-specific IFN-gamma-producing cells in the lymph nodes as well as spleen (106). BAX 

mRNA is a proapoptotic gene and inhibits the growth of various types of tumors. The BAX 

mRNA gene was loaded in cationic liposomes composed of 1, 2-dioleoyl-3-trimethylammonium-

propane and 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine and human melanoma treated with 

liposomes were 36.7% smaller than saline control after 10 days’ treatment (107).  

        It is well known that liposomes are preferentially accumulated in tumors cells due to 

their EPR effect. Tumor cells have leaky vasculature while normal cells lack this property, which 
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gives a priority for nanoparticles based delivery system to be passively accumulated in tumor 

cells rather than normal cells (108). In addition to passive targeting, specific antigens have been 

conjugated on the surface of liposomes for targeting tumor cells. Many specific proteins are 

found on melanoma cells surfaces, which could distinguish them from normal cells in patients 

(109,110). Therefore, melanoma cells can be targeted specifically through various antibodies and 

ligands which can recognize proteins specifically expressed on melanoma cells. Folic acid and 

transferrin are two common molecules expressed highly in tumor cells. GD2 was originally 

identified as an antigen from a melanoma cell line and found to be expressed on 65% of 

melanoma cells (111). GD2 modification of the oncogene c-Myc loaded liposome had increased 

blood circulation time, inhibition of tumor growth and survival rate in human melanoma cell 

lines (NG, MZ2-MEL). This suggested that inhibition of tumor growth via GD2 targeting could 

provide an effective approach for the treatment of melanoma (112). Finally, several external 

physical energy sources have been utilized to prepare targeting liposome, such as ultrasound, 

magnetics and electrics (113, 114).  

 

1.3.3.3   Combinational Therapies  

        Complicated tumor microenvironment and signaling pathways involved in cancer cell 

growth and metastasis are the major factors which make the development of an efficient cancer 

treatment very challenging (115). Single chemotherapeutics always showed low survival rate and 

melanoma tumor cells developed resistance toward the drug, so chemotherapy is usually 

performed with a combination of two or more agents. Targeting two or more specific sites 

simultaneously or sequentially is expected to show maximal efficacy (116). As combinational 

drugs inhibit tumor growth under different mechanisms such as proliferation, angiogenesis, and 

metastasis, this provides a novel idea for treatment of melanoma. Different drug combinations in 
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clinical trials involve the co-administration of two or more anticancer drugs, the co-

administration of multidrug resistance (MDR) modulators with anticancer drugs, and the co-

administration of anticancer drugs and gene regulating drugs.  This may also lead to addidative 

or possibly effects (117, 118).  

        Nanoparticles such as liposomes or microemulsions provide visible options for 

simultaneous delivery of two or more drugs. Liposomes presented a good co-delivery strategy 

for loading hydrophobic and hydrophilic molecules simultaneously for decreasing drug 

resistance and toxicity, thus improving patient compliance (119). Liposomes co-delivering 4-S-

cystaminyl-phenol (4-S-CAP) and magnetite particles resulted in 17% tumor regression in mice. 

Combination of a vascular-disruptive drug, combretastatin A4 phosphate, and an anticancer drug, 

doxorubicin, in encapsulated liposomes produced 2-fold higher inhibition of B16-F10 tumor 

growth than single therapy (120). Treatment of doxorubicin-loaded liposomes along with 

cyclophosphamide obtained a 1.5-fold higher inhibitory effect on pulmonary metastatic B16BL6 

melanoma-bearing mice compared with drug solutions. However, treatment with combined 

chemotherapy is also associated with higher toxicities as more cytotoxic drugs are introduced. 

The combination of high dose DXR-SL and cyclophosphamide caused significant decreases in  

lung weight indicating increased toxicity (121). Co-delivering paclitaxel and etoposide in a 

cholesterol-rich nanoemulsion showed strong tumor growth inhibition and reduced tumor 

metastases (119). A cross-linked multilamellar liposome co-delivering doxorubicin and 

paclitaxel exhibited  enhanced encapsulation efficiency (approximately 90%) and a 2.5-fold 

increased therapeutic effect in  the treatment of melanoma-bearing mice compared with 

delivering drug solution. Also, a synergistic function in inhibiting tumor growth was found in the 

co-delivery of doxorubicin and paclitaxel (122).  

http://apps.webofknowledge.com.spot.lib.auburn.edu/full_record.do?product=WOS&search_mode=Refine&qid=2&SID=2B6iEx9L7TTDFHdKktL&page=1&doc=8&cacheurlFromRightClick=no
http://apps.webofknowledge.com.spot.lib.auburn.edu/full_record.do?product=WOS&search_mode=Refine&qid=2&SID=2B6iEx9L7TTDFHdKktL&page=1&doc=8&cacheurlFromRightClick=no
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        Chemo-immunotherapy using cytotoxic drugs and immune stimulators could increase 

efficacy in the treatment of cancers. Moreover, some chemotherapeutics bring synergistic 

function with certain cytokines. The anticancer drugs can not only kill cells directly, but also 

could adjust the immune response, and activated immune response would cause more cell 

apoptosis. Meanwhile, the induction of immune response from the cytokines inhibits tumor cell 

growth to a greater degree, which provides support for direct cell killing capabilities of 

chemotherapeutic drugs (123, 124). Significantly enhanced tumor growth inhibition (4-fold) and 

a 30 day prolongation in survival time were found in melanoma-bearing mice treated by anionic 

liposomes co-delivering paclitaxel and adenoviral vector expressing IL-12 compared with 

delivery of paclitaxel alone within liposomes (125).  

            Gene therapy is becoming more popular in cancer treatment over the past several 

decades due to the deep understanding of the relationship between gene and cancer development. 

MDR is a major obstacle to the successful treatment of cancer (126, 127). There are two major 

advantages of co-delivering a small molecule anticancer drug and siRNA including a decrease in 

drug efflux and an increase in cell apoptosis. The use of nanoparticles co-delivering small 

interfering RNA (siRNA) and small molecule anticancer drugs in cancer treatment has been 

reported in many studies. A co-delivery system of siRNA and small anticancer drugs has three 

major advantages: overcoming drug resistance, synergistic apoptotic effect, and reduced 

toxicities. All these characteristics could enhance anti-tumor effects in cancer treatment (128, 

129).  

        Many nanoparticle delivery systems such as liposomes (130), polymer micelles (131) 

and dentrimers (132) have been developed for gene delivery. Nanoparticles are taken up by cells 

via two major pathways: endocytosis and micropinocytosis pathways (133). Doxorubicin was co-
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administrated with different siRNAs, such as MVP siRNA, ASCL 1 siRNA in triblock co-

polymeric system, and nanorods. They were tested in a human carcinoid cell line (in vitro) and 

HeLa cells (in vitro and in vivo) and co-delivery of siRNA and anticancer drugs significantly 

decreased drug efflux and increased cell apoptosis, causing enhanced anti-tumor effects (134). 

The efficacy of combined chemotherapy containing cisplatin, vinblastine and dacarbazine (CVD) 

and biotherapy using interleukin-2 and interferon-alpha was tested in patients with melanoma.  

The biochemotherapy treated group had a longer median survival period compared with only 

CVD treated groups, which was 13 and 9 months, respectively (135).  

 

1.4 Conclusion  

        Nanoparticle based drug delivery systems can provide a major contribution in cancer 

treatment. They can encapsulate drugs having a wide range of solubility with significantly 

enhanced cell cytotoxicity. Meanwhile, it offers many other advantages: protection from 

degradation, increased circulation time, controlled release of drugs at tumor sites, and potent 

targeting efficiency. Among these, liposome, nanoemulsion and SLNs exhibited great potential 

in melanoma treatment. The passive accumulation and active targeting could significantly 

decrease adverse side effects usually associated with chemotherapeutic agents. Liposomes can be 

applied in melanoma diagnosis and theranostics.   

        However, it is still challenging to develop formulations for effective delivery of 

therapeutic agents to treat melanoma. Many patients develop multidrug resistance. 

Combinational therapies, such as multiple agents and immuno-chemotherapy, are promising 

strategies to overcome MDR. However, most reports showed that separate administrations of 

different agents are necessary in these combination therapies. Formulation and co-delivery two 

or more agents in one system in melanoma treatment is generally complicated. While there are 
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obvious advantages of co-delivery systems for tumors, limited information is available on 

nanoparticle based co-delivery systems for melanoma treatment. 

        Therefore, the objective of this dissertation research was to develop lipid based 

nanoparticle delivery systems for melanoma treatment. This dissertation is presented in six 

chapters. In Chapter 1, a brief review of various lipid based drug delivery systems for tumor 

targeting with a special emphasis on melanoma tumors was presented. The application of 

liposomes in chemotherapy, immunotherapy and their combination, and various co-delivery 

systems were presented.  

        Chapter 2 provides a compilation of data generated on oxidized phospholipid based 

micelles for the delivery of drugs to leukemia cell lines. A novel pH sensitive oxidized 

phospholipid-based micellar formulation with potential use in delivering anthracycline anti-

cancer drugs (doxorubicin and idarubicin) was developed. This formulation provides a novel 

strategy for increasing the therapeutic index and overcoming multidrug resistance for leukemia 

treatment.  

        Chapter 3 presents data on a co-delivery system containing zoledronic acid and a double-

strand RNA as a nanoparticle system. This formulation combines agents for chemotherapy and 

immunotherapy for effective treatment of melanoma. The formulation consists of a cationic lipid 

(DOTAP) coated CaP nanoparticle for simultaneous delivery of zoledronic acid and polyinosinic 

acid-polycytidylic acid (a synthetic double-stranded RNA). The cytotoxicity of the formulations 

was evaluated in B16BL6 melanoma cell line and melanoma tumor bearing mice.  

        Chapter 4 consists of data on genistein microemulsion formulation optimization for 

prevention and treatment of melanoma. Microemulsions were optimized through pseudo-ternary 
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phase diagrams and these formulations were further optimized for better human skin permeation 

and retention.  

        Chapter 5 presents data on a liposome based co-delivery system containing   ceramide 

and doxorubicin. A liposome formulation is utilized for delivering doxorubicin for treating 

various types of cancers, but to our knowledge very limited data has been reported on a co-

delivery system for melanoma treatment.  A liposome formulation for co-delivering doxorubicin 

and ceramide for additive or synergistic cytotoxicity in a melanoma cell line was optimized.   

        Chapter 6 presents a comprehensive summary and conclusions on the data pertaining to 

each project presented in this dissertation. The author’s opinion and perspective on future 

directions based on this work is provided. 
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2. Oxidized Phospholipid based pH Sensitive Micelles for Delivery of Anthracyclines:                                  

in vitro Study in Resistant Leukemia Cells 

 

2.1 Abstract 

        A self-assembled micelle drug delivery system constructed by an oxidized phospholipid 

for anthracycline anti-cancer drug delivery is presented.  An oxidized phospholipid, 1-palmitoyl-

2-azelaoyl-sn-glycero-3-phosphocholine (PazPC), was chosen to fabricate micellar formulation 

via both electrostatic and hydrophobic interaction for delivery of Doxorubicin (DOX) and 

Idarubicin (IDA). The formation of ion-pair complexes between PazPC and DOX was first 

investigated under different pH values, and then the drug-loaded PazPC micelles at 5:1 molar 

ratio of lipid/drug under pH 7.0 were prepared by solvent evaporation method.  The empty and 

drug-loaded PazPC micelles exhibited a small particle size (~10 nm) and high encapsulation 

efficiency. In vitro stability and release profile indicated that micelles were stable at 

physiological conditions, but exhibited pH-sensitive behavior with accelerated release of DOX or 

IDA in acidic endosome environment.  Finally, in vitro uptake and cytotoxicity were evaluated 

on leukemia P388 and its resistant subline P388/ADR. The drug-loaded PazPC micelles 

enhanced drug uptake and exhibited higher cytotoxicity in both leukemia cells in comparison to 

free drugs. In conclusion, we developed a novel pH sensitive oxidized phospholipid-based 

micellar formulation which could potentially be useful in delivering anthracycline anti-cancer 

drugs and provide a novel strategy for increasing the therapeutic index and overcoming 

multidrug resistance for leukemia treatment. 

2.2 Introduction 
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        Self-assembled micelles from amphiphilic molecules have attracted considerable interest 

and been comprehensively studied due to the unique advantage as a drug delivery system for 

anticancer drug (1-3). The benefits of micellar formulation include the small size ranging from 

tens of nanometers to hundred nanometers, core-shell structure which leads to increased 

solubility and metabolic stability of associated drugs, and passive or active targeting capability 

which enhances the specificity of drug activity (3). The core of micellar system serves as a 

micro-reservoir that associates drug molecules through a combination of hydrophobic, 

electrostatic interaction, hydrogen bonding and in some cases via chemical conjugate (1,3). 

Among the micellar drug delivery system, many amphiphilic polymers, including block 

copolymer, graft copolymer and linear dentritic polymer have been widely used to fabricate 

micelles to improve drug efficacy and therapeutic index. For instance, a poloxamer-based 

micellar formulation of Doxorubicin (DOX), SP1049C, was shown to be safe and effective in 

animal and human (4-5).  

        Among amphiphilic polymers, lipid derivative polymers are widely investigated in the 

literature so far. For instance, some phospholipid derivatives, e.g., PEG-DSPE and PEG-DOPE, 

have been demonstrated many advantages for delivery of hydrophobic drugs due to phospholipid 

itself represent a well-known class of biocompatible and non-cytotoxic amphiphilic biomolecules 

(6-7). Phospholipids are aliphatics comprised of a hydrophilic phosphate ester as the headgroup 

and two hydrophobic tails, as a result they typically form bilayer vesicles, i.e. liposome, not the 

micellar structure. However, some lipid derivatives can form micellar structure instead of 

vesicles when their headgroups are modified with hydrophilic polymers, e.g. PEG or PVP, etc 

(6). In addition, when one of two hydrophobical aliphatic chains at the glycerol backbone is 

oxidatively truncated (e.g. oxidized phospholipids), this class of phospholipid derivatives also 
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spontaneously forms micellar structure in water (8-9). Oxidized phospholipids (OxPLs) are 

metabolic products of phosphatidylcholine through tissue damages, oxidative stress or 

inflammatory stimulation. They are components on cell membrane and circulating lipid particles, 

constituting an important subclass of phospholipids and exhibiting unique physical and 

biological properties not found in their parent phospholipids. As endogenous phospholipid 

derivatives, they are widely characterized for their biological activities, including anti- and pro-

inflammatory effects, apoptotic effects, and potent ligands for scavenger receptors (10, 11). 

However, to the best of our knowledge, only few papers discussed the physicochemical 

properties of the micellar aggregates of oxidized phospholipids in vitro so far (8, 12). 

Furthermore, no work has yet described the micellar system formed by these phospholipid 

derivatives to support drug delivery in vitro and in vivo. 

        Due to the unique features of their structure organization and biological activity, 

oxidized phospholipids could be used to construct drug delivery system. In this study, we 

examine the possible use of oxidized phospholipid-based micelles for delivery of anthracyclines. 

An oxidized phospholipid, 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC, Figure 

2.1A), was chosen to show the proof-of-principle. PazPC is a truncated oxidized 

phosphotidylcholine with a 9-carbon azelaoyl chain at the sn-2 position, and a 16-carbon 

palmitoyl chain at the sn-1 position, produced from the oxidation of 1-palmitoyl-2-linoleoyl-sn-

glycero-3-phosphocholine (PLPC) (12). It is predicted that the polar carboxyl group of the 

truncated sn-2 acyl chain reverses its orientation and reaches the lipid-water interface when 

micellar aggregates are spontaneously formed at neutral pH in aqueous water (12-13). We 

hypothesize that the negative charged carboxyl group of the azelaoyl chain at the sn-2 position 

could form ion-pair (Figure 2.1C) with primary amine of anthracyclines i.e. DOX and IDA 
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(Figure 2.1B) existing in the micellar solution. At the same time, the hydrophobic interaction 

between aromatic rings of the drug with the sn-1 chain of the lipid will further stabilize the 

micelles. Therefore, once the micelle is formed, the drugs will be effectively encapsulated in the 

core of the micelle (Figure 2.1D).   

        In the present study, the conditions of ion-pair complex formation and subsequent 

micelle preparation were optimized.  Then characterization of OxPLs-based micellar delivery 

system and in vitro drug release studies under different pH value were performed. Finally, uptake 

and cytotoxicity of micellar drug formulation in sensitive and drug resistance leukemia cell lines 

were tested.   

 

2.3 Materials and Methods 

2.3.1 Materials 

        1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC) was obtained from Avanti 

Polar Lipids (Alabaster, AL). Doxorubicin hydrochloride (DOX), Idarubicin hydrochloride 

(IDA), HEPES, Sephadex G75 and PBS were purchased from Sigma-Aldrich (St. Louis, MO). 

Fetal bovine serum, RPMI1640 medium and other reagents for cell culture were purchased from 

Mediatech (Manassas, VA). Murine leukemia cell lines, P388 and P388/ADR, were obtained 

from National Cancer Institute at Frederick (Frederick, MD). 

 

2.3.2 Formation of PazPC/DOX Ion-Pair Complexes 

        DOX solution (3 mM) in 20 mM HEPES buffer at different pH (pH 4.5-9.0) was freshly 

prepared. PazPC films were formed in glass tubes under nitrogen and desiccated under vacuum. 

Predetermined volume of the DOX solutions were then added into the lipid films-containing 

tubes, and hydrated at 60°C for 30 min to obtain 1:1 molar ratio of PazPC/DOX. Scattering 
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intensities of the hydration mixtures were determined using Nicomp 380 Submicron Particle 

Sizer (PSS, Santa Barbara, CA). The mixtures were then centrifuged for 10 min at 10,000 rpm. 

The concentrations of DOX in the supernatant were measured fluorometrically at 480 nm 

(excitation) and 590 nm (emission). The percentage of the drug ion-paired with PazPC 

(mole/mole) was calculated as follows (14): 

 

        In order to eliminate an influence of the solubility of DOX solubility, control 

experiments used DOX solutions without PazPC (pH 4.5-9.0) and the % precipitates formed 

were subtracted to obtain the net % of DOX ion-paired with PazPC. 

 

2.3.3 Preparation of PazPC/DOX or IDA Micelles 

        100 µl PazPC (10mg/ml) in chloroform was pipetted into a glass tube, and the solvent 

was removed under a stream of nitrogen, and the lipid films subsequently maintained under 

vacuum condition for at least 2 hours. The dry lipid films were hydrated at 60°C for 30 min in 1 

ml DOX or IDA (0.3 mM) in 20 mM HEPES buffer (pH 7.0) to yield 5:1 molar ratio of 

PazPC/drug, and the drug-containing PazPC micelle solution was further placed in a bath-type 

sonicator for 10 min.  

 

2.3.4 Characterization of PazPC/DOX or IDA Micelles 

2.3.4.1 Encapsulation Efficiency and Drug Loading Content 

        The ratios of DOX or IDA encapsulated in PazPC micelle were determined using column 

separation method. Sephadex G75 was employed to separate the PazPC/DOX or PazPC/IDA 

micelle solution.  0.5 ml micelle sample was pipetted into the column, and was eluted using 20 
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mM HEPES buffer (pH 7.0) as mobile phase, and then fractions were collected. The 

concentrations of DOX in each collection tube were measured fluorometrically at 480 nm 

(excitation) and 590 nm (emission) using microplate reader (Fluostar, BMG labtechnologies, 

Germany). Elution profiles of DOX or IDA were then plotted versus elution volumes. The first 

peak reflects the micellar drug, and the second peak reflects the free drug. The encapsulation 

efficiency (EE %) and drug loading content (DL %) of PazPC micelle were calculated as follows 

(15) : 

 

 

 

2.3.4.2 Particle Size and Zeta Potential Characterization 

        Particle size and zeta potential of PazPC micelles were determined based on dynamic 

light scattering (DLS) and Electrophoretic light scattering (ELS), respectively, using a Nicomp 

Model 380/ZLS particle sizer (PSS, Santa Barbara, CA).  

 

 2.3.4.3 Stability in Acidic pH, PBS and Serum 

        The stability of drug-loaded PazPC micelles was evaluated under different conditions. 

The PazPC/DOX and PazPC/IDA micelle at pH 7.0 were prepared according to the above 

method. In order to evaluate the micelle stability at a lower pH condition, the pH of the sample 

was adjusted to 6.0 using 0.6 M  HCl , incubated at 37°C for 30 min, applied to Sephadex G75 

column, and eluted with 20 mM HEPES buffer at pH 6.0. In order to evaluate its stability at a 

physiological ionic strength or in normal cell culture medium, aliquots of 25×PBS or fetal bovine 
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serum (FBS) were added into the micelle solution to yield a final concentration of 1×PBS or 

10% serum, respectively. Two samples were incubated at 37°C for 30 min, applied to a 

Sephadex G75 column, and eluted with 1× PBS-containing 20 mM HEPES buffer or 10% FBS-

containing 20 mM HEPES buffer, respectively. Elution profiles of DOX or IDA were plotted 

versus elution volumes according to the fluorescence (λex=480 and λem=590) of DOX or IDA 

fraction in collection tubes. 

 

2.3.4.4 In vitro Release Property 

        DOX or IDA release from PazPC micelles was studied in different pH buffers. 1 ml of 

PazPC/DOX or PazPC/IDA or free drug solutions (0.3mM DOX or IDA is in each sample) was 

placed in dialysis membrane (MWCO 15K, Spectra/por membrane tubing, Spectrum Labs, CA) 

and immersed in tubes containing 40 ml of release buffers with different pH (1×PBS, pH 7.4 or 

pH 6.5; 0.1 M citrate buffer, pH 6.0). All tubes were incubated at 37°C under mild agitation. 

0.5ml of the dialyzate sample was collected at different time intervals and the same volume of 

the fresh release medium was replenished immediately. The concentration of DOX or IDA in 

dialyzate was analyzed fluorometrically at 480 nm (excitation) and 590 nm (emission), and 

cumulative release profiles were then plotted verse release times. 

 

2.3.4.5 Uptake of DOX and IDA Micelle by Leukemia Cells  

        The cellular uptake of PazPC micellar drug or free drug was first visualized by a 

fluorescent microscope (EVOS fl Microscope, AMG, USA). Briefly, P388 and P388/ADR cells 

were seed into 12-well plates at a cell density of 10
6
cells/ml and PazPC micellar drug or free 

drug (DOX: 10 μM, IDA: 1 μM) was then added into 12-well plate to yield a proper drug 

concentration. After 2 hours incubation, the cells were fixed with fixation buffer (4% 
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paraformaldehyde, Biolegend) for 20 min at room temperature. Cellular uptake of micellar drug 

or free drug was finally visualized under the light channel of RFP. 

        The extent of cellular uptake of PazPC micellar drug or free drug was further 

quantitatively determined using flow cytometry (Accuri C6 Cytometer, Ann Arbor, MI) by 

measurement of the cell associated fluorescence (16-18). P388 and P388/ADR cells were seeded 

on 12-well plates at a cell density of 10
6
cells/ml. The appropriate concentration of each 

formulation or free drug (DOX: 10 μM, IDA: 1 μM) was given to the cells and incubated at 37°C 

for different time. The fluorescence was then measured with flow cytometry by collecting 20000 

events for each sample at predetermined time. Each experiment was performed in triplicate. 

 

2.3.4.6 Cytotoxicity on Leukemia Cells 

        The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay was 

utilized to assess cytotoxicity of the PazPC micelle. Cells were seeded in 96-well plates at 5,000 

cells in 100μl RPMI1640 medium with 10% FBS/well. Serial dilutions of DOX or IDA 

formulations were added to the plate with 10% FBS at 37°C in 5% CO2 for 48 hr.  10µl MTT 

stock solution (5 mg/mL in PBS; pH 7.4) was then added into the wells and the plates were 

incubated at 37°C for another 4 hours. Cell suspensions were spun down for 10 min at 1,000 

rpm. The medium was removed and 100µl DMSO was then added to each well to solubilize the 

dye. The absorbance was measured using microplate reader (Fluostar, BMG labtechnologies, 

Germany) at 540 nm, and the concentration of drug that inhibited cell survival by 50% (IC50) 

was determined from cell survival plots using “DoseResp” function of OriginPro 8.0.  

 

2.3.4.7 Statistical Analysis 
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        The data were expressed as mean ± S.D. of the mean. Statistical significance in uptake 

and cytotoxicity were determined using one-way ANOVA followed by a Student’s t test for 

multiple comparison tests. P value of <0.05 is considered as statistically significant. 

 

2.4 Results 

        In order to obtain an optimal pH for formation of ion-pair complex between oxidized 

phospholipid and DOX, the changes of the scattering intensity and the resultant precipitates of 

mixtures of PazPC and DOX (molar ratio=1:1) as a function of pH were first investigated. As 

shown in Figure 2.2A, the scattering intensities reached maximum at pH 7.0 and pH 7.5, and the 

intensity values decreased when pH was less than 7.0 or more than 7.5, as indicated by the bell-

shaped curve. The similar results are shown by the experiment of centrifugation of the mixtures 

of PazPC and DOX. The percentage of the drug ion-paired with PazPC was greater than 60% at 

pH 7.0 and pH 7.5, but it dramatically decreased when pH was less than 7.0 or more than 7.5. 

Therefore, pH 7.0 - 7.5 is the proper pH range to form the PazPC/DOX ion-pair complexes. In 

order to optimize a proper ratio of lipid to drug for preparation of drug-loaded micelle with 

reasonable particle size and encapsulation efficiency, DOX concentration was kept constant 

(0.3mM) and different concentration of PazPC was used to prepare PazPC/DOX micelle. The 

changes of particle size, scattering intensity, encapsulation efficiency and drug loading content of 

PazPC/DOX micelles as a function of PazPC/DOX molar ratio is shown in Figure 2.2B and 

2.2C. When the ratio of PazPC/DOX was over 2:1, the intensity of PazPC/DOX mixture 

dramatically decreased to around 25 KHz compared to 170 KHz (sample with 1:1 ratio) or 260 

KHz (samples with 1:2 or 1:10 ratio). The particle size also showed similar changes when the 

ratio was over 2:1 (Figure 2.2B). This indicated that the DOX-loaded PazPC micelle was formed 

through ion-pair interaction between PazPC and DOX when the ratio was more than 2:1. Figure 
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2.2C also shows that encapsulation efficiency (%) increased and drug loading (%) decreased 

with increasing of the ratio, respectively. When the ratio was over 5:1, the encapsulation 

efficiency (%) reached above 60%, and drug loading (%) was around 10%. Figure 2.2D is the 

representative size distribution analysis of the PazPC/DOX micelle with the molar ratio of 5:1 by 

DLS. Blank PazPC micelles and PazPC/IDA micelles were demonstrated similar size 

distribution by DLS (data not shown).  This molar ratio of 5:1 (PazPC: DOX or IDA) was then 

chosen in subsequent experiments.   

        The characterization of resultant PazPC/DOX and PazPC/IDA micelle prepared at 5:1 

molar ratio of lipid/drug is summarized in Table 2.1. The particle size of blank PazPC micelle, 

PazPC/DOX micelle and PazPC/IDA micelle, measured by DLS method, was in the range of 8 - 

10 nm. Table 2.1 also shows the PazPC/IDA micelle had comparable zeta potential and higher 

encapsulation efficiency (%) compared to PazPC/DOX micelle.  More IDA was entrapped in the 

core of PazPC micelle than DOX presumably due to higher hydrophobicity of IDA, and that 

resulted in less carboxyl group of PazPC on the surface of the micelle and therefore, less zeta 

potential of PazPC/IDA micelle. This data also indicated that both electrostatic and hydrophobic 

interactions were involved in the driven force of micelle formation.  

        Next, the stability of PazPC/drug micelle was studied using G75 size exclusion 

chromatography. Figure 2.3 shows the stability of drug-loaded PazPC micelle under different 

conditions: acidic pH, neutral physiological salt concentration and 10% serum. As shown in 

Figure 2.3A and B, DOX or IDA was significantly dissociated from the PazPC micelle when the 

micelles were incubated at pH 6.0 for 30 min, resulting in the area of the first peak dramatically 

decreased and the second peak increased. When the micelles were incubated in 1×PBS buffer for 

30 min, the second peak of PazPC/DOX and PazPC/IDA micelle increased just slightly (Figure 
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2.3C& D), and encapsulation efficiency of the micelle were maintained at over 60% (for DOX) 

or 80% (for IDA) (Table 2.2). When the micelles were incubated in 10% fetal bovine serum for 

30 min, the changes of elution profiles of the micelle were similar to that in 1×PBS buffer 

(Figure 2.3E&F).  

        The pH-dependent release profiles of DOX or IDA from the drug-loaded PazPC micelles 

are shown in Figure 2.4. A control experiment with free DOX and IDA confirmed that the high 

MWCO (15K) of dialysis membrane tubing couldn’t restrict diffusion of the released drugs, and 

they were able to reach 100% release after 3.5 hours. However, the release of DOX or IDA from 

the micelle at different pH couldn’t reach a plateau until at least 10 hours.  The total released 

drug from the micelle was significantly different under different pH conditions. The release rate 

of drug from PazPC micelle increased with decreasing of the pH of release medium. 

Interestingly, at any given pH, the release of IDA from the micelle displayed slightly slower rate 

than DOX before the plateau was reached. 

        The cellular uptake of DOX and IDA with micellar formulations containing different 

concentration of DOX and IDA was examined in sensitive p388 and resistant p388/ADR 

leukemia cell lines with fluorescence microscope. After period of 2 h incubation, the enhanced 

uptake of PazPC/DOX micelle was observed in resistant leukemia cell line p388/ADR compared 

to free DOX. As for PazPC/IDA micelle, the enhanced uptake was also observed in resistance 

leukemia cell line compared to free IDA (Figure 2.5, A-D). The uptake of DOX or IDA by 

leukemia cells was then quantitatively investigated using a flow cytometry by measurement of 

cell-associated fluorescence intensity (16). Figure 2.5E&F shows that the cellular uptake of 

DOX and IDA increased significantly in the micelle formulation compared to free drugs in 

p388/ADR resistant cells after a period of 2 hr incubation. Figure 2.5G &H present the 4h time 
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courses of DOX and IDA uptake by leukemia cells treated with DOX (10 µM) or IDA (1.0 µM) 

micellar formulations or with free drugs. Cellular DOX or IDA levels in both cells gradually 

increased with different increment rate during 4-h treatment. In the case of DOX uptake (Figure 

5G), in sensitive P388 cells treated with free drug or micellar drug, there is no difference of 

DOX uptake, but in resistant P388/ADR cells, the treatment of micellar DOX increased DOX 

uptake compared to free DOX treatment (p<0.01) after 1h  treatment. When the cells were 

treated with free IDA or PazPC/IDA micelle, micellar formulation induced higher IDA uptake in 

both sensitive and resistant cells than free IDA.  However, in sensitive cells, the p values are less 

than 0.05 for all the time points after 2h treatment, whereas in resistant P388/ADR cells, the p 

values are less than 0.01 for all the time points after 0.5h treatment (Figure 5H).  In order to 

determine whether the enhancement of cellular uptake was simply resulted from the effects of 

lipid, the leukemia cells were treated with blank PazPC micelle and free drug by simple mixing 

or sequentially. When both cell lines were first incubated with blank micelles for 2h, then 

washed, and treated again with free drug for another 2h, the uptake of DOX or IDA didn’t 

increase compared to that of free drugs. Furthermore, simple mixing blank micelles with free 

drug together for 2h only slightly increased the drug uptake in sensitive cell lines. In summary, 

the micelle drug formulations induced higher cellular drug uptake than free drugs or simple 

mixture of drugs and empty micelles in both resistant and sensitive leukemia cells.  

         In vitro cytotoxicity of free DOX, IDA PazPC/DOX, PazPC/IDA micelles, and blank 

PazPC micelle were conducted in the sensitive P388 and resistant P388/ADR cells. The IC50 

values are listed in Table 3, and cell viability of both leukemia cells were shown in Figure 6. 

PazPC/DOX micelle and PazPC/IDA micelle exhibited significantly higher cytotoxicity (p < 

0.01) in both cells compared to free drug, respectively. In the case of resistant P388/ADR cell, 
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the IC50 values of PazPC/DOX micelle were 14-fold lower than that of free DOX, and 

PazPC/IDA micelle were 8-fold lower than free IDA. In contrast, the IC50 values showed 8-fold 

lower for DOX micelle and 5-fold lower for IDA micelle in the sensitive P388 cells. Therefore, 

the resistant P388/ADR cell is more susceptive to the PazPC micellar drugs than their sensitive 

counterparts. More important, the cytotoxicity of PazPC micellar drug in resistant cells was 

increased to the point where the sensitive cells responded to free drug (Figure 2.6), resulting in 

the comparable IC50 values of the same order of magnitude (166 nM vs 221 nM for DOX, and 45 

nM vs 59 nM for IDA, Table 2.3). Table 2.3 also shows that the blank PazPC micelle had very 

high IC50 values in sensitive P388 cells (93 µM) and resistant P388/ADR cells (136 µM), and it 

showed no cytotoxicity on both cells with the equivalent concentration of drug-loaded PazPC 

micelle (Figure 2.6).  

 

2.5 Discussion 

        The CMC value of PazPC was about 18.7-23.1 µM (8, 12), which is slightly higher than 

the established lipid micelle drug delivery system, such as DSPE-PEG2000 (CMC=11 µM) (6). 

Although we did not measure the CMC of drug loaded micelles, once PazPC/drug ion-pair 

complexes are formed, the CMC of the ion-pair complexes is predicted to decrease to the level of 

natural phospholipids. The previous report indicated that both hydrophobic and electrostatic 

interactions are involved in the interaction between DOX and PazPC. When forming the ion-pair 

complexes, the anionic charge of carboxylic group of azelaoyl chain at the sn-2 position of 

PazPC can be shielded by cationic charge of drug, and accordingly, the hydrophobic interaction 

between the drug and sn-1 chain will force the sn-2 short chain to turn back and parallelize with 

sn-1 chain. The both hydrophobic and ion-pair interactions in lipid/drug complex make the 

complex a structure mimic of intact phosphotidylcholine, e.g. DPPC (dipalmitoylPhsophatidyl 
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choline). Natural phospholipids are reported to have very low CMC values in the range of 0.01 to 

10 nM. For example, the CMC of DPPC in water is 0.5 nM (19), so it has tendency to form the 

bilayer structure of liposomes. In Figure 2.2B, the 1:1 molar ratio of PazPC to DOX actually 

formed around 400 nm size particles, which is the range of size of liposome formed by nature 

phosphatidylcholine.  In our system, however, the drug-loaded PazPC micellar system was 

prepared at the 5:1 molar ratio of PazPC/drug, containing excessive PazPC in comparison to the 

ion-pair complexes of PazPC/drug. Therefore, the resultant micellar system may be considered 

as mixed binary micelle system consisting of PazPC/drug ion-pair complexes and pure PazPC 

itself. According to the report on CMC prediction of mixed binary surfactants in aqueous 

solution, the CMC of mixed binary surfactant can be calculated as follow equation (20): 

 

 

Where CMCmix, CMCA and CMCB represent the CMC of the mixed surfactants, pure surfactant 

A, and pure surfactant B, respectively. α is the mole fraction of surfactant A in a binary system.  

In our study, the EE% of DOX is around 62%, representing α is around 0.124 at 5:1 molar ratio 

of PazPC/drug. Due to similarity of the structure between ion-pair complexes and DPPC, the 

CMCA, CMC of ion-pair complexes is considered as the same as that of DPPC, 0.5 nM. The 

CMCB, CMC of PazPC is around 20 µM. Therefore, the CMC of the DOX-loaded PazPC 

micellar system prepared in this study is roughly around 4.0 nM based on this equation.  

        In order to maintain its stability, the ion-pair complexes must be effectively formed 

between PazPC and drug. If destroying the conditions of formation of the complexes, the micelle 

cannot be stable and drug will be dissociated from the micelle. This is confirmed by the stability 

data at pH 6.0, from which only about 5% (DOX) and 14% (IDA) drug associated in the micelle 
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were observed compared to 62% (DOX) and 87% (IDA) at pH 7.0. pH-sensitive drug release 

from the nanoparticle system is believed to be advantageous for tumor targeting and 

endolysosomal compartments escaping due to a lower pH in the interstitial space of solid tumors 

and intracellular lysosome and endosomes compartments (1,21) . Due to higher hydrophobicity 

of IDA, the IDA-loaded PazPC micelles have higher EE%, resulting in greater number of IDA 

molecules entrapped into the core of the micelle and lower CMC of the binary system. As a 

result, IDA-loaded PazPC micelle remains relatively high stability against dilution. 

        Our data indicates that when the cells were pretreated with PazPC first, and then treated 

with free drug, drug uptake didn’t increase. Furthermore, no or only slightly enhancement of 

cellular uptake was achieved by simply mixing the drugs and PazPC in the medium for treatment 

of cells. Probably, the lower enhancement of uptake induced by the simple mixture of drug and 

PazPC is resulted from the spontaneous formation of ion-pair complexes and micelles between 

PazPC and drug in cell culture medium due to its neutral pH (pH 7.0 - 7.5). This phenomenon of 

lower enhancement induced by mixture of drug and PazPC was further confirmed by the MTT 

assay on P388 and P388/ADR cells. The IC50 of simple mixture of free drug and PazPC on both 

resistant P388/ADR and sensitive P388 cells is the same order of magnitude of that of free DOX 

or IDA, respectively. These observations suggest that in order to achieve enhanced DOX or IDA 

uptake the drugs must be entrapped inside of the PazPC micelles to be recognized and up-taken 

by target cells. It is reported that some oxidized phospholipids, such as PazPC, account for 

almost two-third of oxidized phospholipid in oxidized LDL (OxLDL) (22) ,  and some receptors, 

such as scavenger receptor, toll-like receptor, expressed on macrophages were reported to 

recognize free OxPLs present in OxLDL and mediates the uptake of OxLDL (10,11) . 

Considering that murine leukemia P388 is a neoplastic cell of macrophage lineage (23, 24), it is 
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highly possible that the PazPC-based micellar system may exert its advantage on drug uptake 

and cytotoxicity on these cell lines through scavenger receptor.  Interestingly, the micelle/drug 

formulation did not enhance the uptake of drugs in normal bone marrow cells, suggesting 

specificity of this system for leukemia treatment. Recent report also demonstrated negatively 

charged liposome mediated selective accumulation of cytotoxic agents within leukemic cells 

residing in the bone marrow through scavenger receptor (25). Importantly, increased expression 

of scavenger receptors have been reported in tumor cells of leukemia patients (26-28) and in 

leukemia cells (29).  

        Furthermore, the resistant P388/ADR cell shows more susceptive to drug-loaded PazPC 

micelle than sensitive P388 cell with regard to both uptake and cytotoxicity. These differences 

between P388 and P388/ADR are probably due to different pattern of uptake, intracellular 

retention and distribution, as well as subsequently biological effects among free drug, PazPC 

micelle, and the ion-pair complexes of PazPC and drug. So far, it is not clear how the PazPC and 

its micelle enter the P388 and p388/ADR leukemia to induce enhanced uptake and cytotoxicity. 

However, it should be mentioned that oxidized phospholipids are a type of endogenous 

substances, exhibiting a variety of biological activities (11). It was reported that PazPC, can 

associate with mitochondria, resulting in cytochrome c and apoptosis-inducing factor escaped 

from mitochondria to the cytoplasm and nucleus, respectively (22, 30). Mitochondria damage 

can not only initiate apoptosis cascade, but depress the production of ATP. The former effect can 

probably kill the tumor cell synergistically with anti-tumor drug, and the latter can subsequently 

affect the function of ATP-dependent MDR-related protein, such as PgP, resulting in increasing 

intracellular drug. It was also reported that some OxPLs, e.g. OxPAPC, can increase intracellular 

levels of reactive oxygen species (ROS) (11), and cancer cells would be more vulnerable to 
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further oxidative stress induced by exogenous ROS-generating agents (31). The increased ROS 

level in P388 and P388/ADR cells by PazPC was observed in our lab (data not shown).  

Probably, this increased ROS induced by PazPc in leukemia could be another mechanism to kill 

cancer cell synergistically with the drug. The specific mechanisms that induces enhanced uptake 

and cytotoxicity of DOX and IDA by PazPC micellar system in leukemia P388 and P388/ADR is 

under investigation in our lab.  

 

2.6 Conclusion 

        In conclusion, we designed and developed a novel micellar formulation, constructed by a 

single oxidized phospholipid PazPC for delivery of anthracycline anticancer drugs, DOX and 

IDA. The ion-pair complexes between PazPC and DOX were effectively formed and 

subsequently the drug-loaded PazPC micelles were prepared at 5:1 molar ratio of lipid to drug 

and with high encapsulation efficiency (62% for DOX, 87% for IDA) and small particle size (7-8 

nm), as well as good stability at physiological condition. Meanwhile, the drug-loaded PazPC 

micelles were sensitive to the pH change with accelerated release of DOX or IDA in acidic 

environment.  Importantly, they significantly enhanced drug uptake and exhibited higher 

cytotoxicity effect on both sensitive and resistant leukemia cells in comparison to free drugs. 

Therefore, oxidized phospholipid-based micelle system could be a promising carrier that may 

improve the therapeutic outcomes of leukemia. 
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Table 2.1 Characterization of PazPC/DOX micelle and PazPc/IDA micelle 

     (PazPc/drug=5:1, molar ratio) 

 
Particle 

Size (nm) 

Zeta 

Potential 

(mV) 

Encapsulation 

Efficiency 

(%) 

Drug 

Loading 

(%) 

Blank PazPC 

micelle 
7.7 ± 0.9 -39.2 ± 5.3 - - 

PazPC/DOX mcielle 8.5 ± 1.0 -27.8 ± 2.5 62.5 10.4 

PazPC/IDA micelle 8.9 ± 0.9 -24.3 ± 3.7 87.1 14.8 
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Table 2.2 Encapsulation efficiency (EE %) of PazPC/DOX and PazPC/IDA micelle under            

                                                           different conditions 

 

 

pH=7.0 

pH=6.0 
** 1×PBS 

10% 

serum 

PazPC/DOX 

micelle* 
61.87 60.96 58.24 4.83 

PazPC/IDA 

micelle* 
86.63 84.65 81.89 14.39 

                 

                Note:  * PazPC/drug=5:1, molar ratio, and [drug] = 0.3mM;   

                           ** Normal drug-loaded PazPC micelle, without 1×PBS or 10% serum.  
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Table 2.3 IC50 values (nM) of free DOX, IDA and their PazPC micelles (PazPC/drug=5:1, molar 

ratio) on leukemia cells (48 hours) 

         P388     P388/ADR 

Free DOX 221 ± 63 2,425 ± 290 

PazPC/DOX  26.3 ± 3.0* 166 ± 49.8* 

Free IDA  59.9 ± 15.6 361 ± 5.1 

PazPC/IDA 10.9 ± 2.8* 45.1 ± 10.0* 

Blank PazPC 

(µM**) 
93.3 ± 2.55 137 ± 1.29 

                           

                           Note: *P < 0.01, as compared with free drug 

                                     **the unit of IC50 value for the Blank PazPC micelle is µM 
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                             (D) 

 
Figure 2.1 The structure of oxidized lipid, PazPC (A) and cationic drugs, doxorubicin (DOX) 

and idarubicin (IDA) (B), ion-pair complexes between PazPC and DOX or IDA (C) and self-

assembly of drug loaded micelle (D).  
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Figure 2.2 Formation and characterization of PazPC/DOX ion-pair complex and micelles. (A) The effect 

of pH on the formation of PazPC/DOX ion-pair complexes. The molar ratios were 1:1. (B) The effect of 

PazPC/DOX molar ratio on particle size of DOX-loaded PazPC micelle. (C) The effect of PazPC/DOX 

molar ratio on encapsulation efficiency and drug loading content of DOX-loaded PazPC micelle. (D) 

Representative Nicomp distribution analysis (intensity-weighted) of the PazPC/DOX micelle (8.5±1.0 

nm) by DSL. All measurements were done in triplicate. 

(C) 

 
(D) 
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Figure 2.3 In vitro stability of PazPC/DOX and PazPC/IDA micelle (PazPC/drug=5:1, molar 

ratio) under different conditions: acidic pH (A-B), 1×PBS (C-D) and 10% serum (E-F). 
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Figure 2.4 In vitro release profiles of DOX and IDA from drug-loaded PazPC micelles 

(PazPC/drug=5:1, molar ratio) at different pH. 
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Figure 2.5 Cellular uptake of drug-loaded PazPC micelle. A-D: Cellular uptake visualized by 

fluorescence microscope (20 X) through treating cells for 2 hours in leukemia resistant cell line 

p388/ADR, (A) free DOX, (B) PazPC DOX micelle, (C) Free IDA, (D) PazPC IDA micelle; E-

F: Cellular uptake analysis by flow cytometry through treating cells for 2 hours, (E) Free DOX 

and PazPC DOX micelle, (F) Free IDA and PazPC IDA micelle. G-H: The time courses of 

PazPC micellar DOX or IDA uptake by flow cytometric analysis in leukemia cells treated with 

drug-loaded PazPC micelles (PazPC/drug=5:1, molar ratio): (G) DOX for 0-4 hours, (H) IDA for 

0-4 hours. *p<0.01, and **p<0.05, as compared with free drugs. 
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Figure 2.6 Cell viability of leukemia treated with PazPC/DOX micelle (A) or PazPC/IDA micelle 

(B) (PazPC/drug=5:1, molar ratio) for 48 hours. 

 



 
 

 70 

 

 

 

3. Co-delivery of Zoledronic Acid and Double-strand RNA  

from Core-shell Nanoparticles 
 

3.1 Abstract  

         Zoledronic acid, an inhibitor of osteoclast-mediated bone resorption, has been shown to 

have both direct and indirect antitumor activity. However, its use in extraskeletal malignancy is 

limited due to rapid uptake and accumulation within bone. Polyinosinic acid-polycytidylic acid 

[poly (I:C)] is a synthetic double-stranded RNA with direct antitumor cytotoxicity if it can be 

delivered to tumor cells intracellularly. Cationic lipid-coated calcium phosphate nanoparticles 

(LCP) were developed to enable intracellular codelivery of zoledronic acid and poly (I:C). LCP 

codelivering zoledronic acid and poly (I:C) were prepared using an ethanol injection method. 

Briefly, the ethanol solution of lipids was rapidly injected into newly formed calcium phosphate 

crystals containing poly (I:C) and zoledronic acid, and the mixture was then sonicated briefly to 

form LCP. The LCP were characterized for mean diameter size and zeta potential, efficiency in 

loading zoledronic acid, cytotoxic effect in a B16BL6 melanoma cell line in vitro, and antitumor 

effect in B16BL6 melanoma-bearing mice. LCP with a mean diameter around 200 nm and a 

narrow size distribution (polydispersity index 0.17) and high zoledronic acid encapsulation 

efficiency (94%) were achieved. LCP loaded with zoledronic acid and poly (I:C) had 

significantly greater antitumor activity than the free drugs in the B16BL6 melanoma cell line 

(P < 0.05). Furthermore, codelivery of zoledronic acid and poly (I:C) by LCP had higher 

cytotoxicity than delivering poly (I:C) alone by LCP (P < 0.05), indicating a synergism between 

zoledronic acid and poly (I:C). Finally, the antitumor study in melanoma-bearing mice also 
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demonstrated synergism between zoledronic acid and poly (I:C) codelivered by LCP. 

Cationic lipid-coated calcium phosphate nanoparticles constructed for codelivery of zoledronic 

acid and double-stranded RNA poly (I:C) had better antitumor activity both in vitro and in vivo. 

Future preclinical development of LCP encapsulating zoledronic acid and poly (I:C) for the 

treatment of human cancer is under way. 

 

3.2 Introduction  

        Zoledronic acid (ZOL) and other nitrogen-containing bisphosphonates are potent 

inhibitors of osteoclast proliferation, and are used to treat osteoporosis and cancer-related bone 

metastasis (1). Moreover, preclinical studies have demonstrated the anti-tumor effects of 

zoledronic acid in various nonskeletal tumor models, including breast cancer, myeloma and 

others, suggesting that zoledronic acid has direct tumor inhibitory activity (2). Zoledronic acid 

can directly induce apoptosis in tumor cells and inhibit tumor cell growth and angiogenesis (3-6). 

For example, zoledronic acid directly suppresses cell proliferation and induces apoptosis in 

highly tumorigenic prostate and breast cancers (7).  The anticancer activity of zoledronic acid 

has also been seen in the induction of γδ T-cell activation needed to initiate both the innate and 

the adaptive immune responses (8, 9).  

        However, zoledronic acid is rapidly eliminated after intravenous injection due to 

preferential uptake and accumulation within bone, which results in ineffective concentration of 

zoledronic acid in non-skeletal cancer tissues (10). In addition, accumulation of ZOL in bone 

would pose a serious health risk (11). These problems could be solved by a nanoparticle drug 

delivery system shielding the zoledronic acid from directly binding to bone while in the 

circulation (12-16). The enhanced permeation and retention effect of the nanoparticle drug 

delivery system can also improve accumulation of zoledronic acid in solid tumors (17, 18).  
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        Synthetic double-stranded RNA polyinosinic–polycytidylic acid [poly (I:C)], a ligand for 

endosomal receptor TLR3 (19), can induce expression of inflammatory cytokines and type I 

interferon via the NF-κB, mitogen-activated protein kinase, and interferon regulatory factor 3 

pathways, so enhancing the antitumor immune responses (11,20,21). Furthermore, poly (I:C) can 

be a ligand for cytoplasmic melanoma differentiation–associated gene 5 (22). In human 

melanoma, transfection of poly (I:C) into the cytoplasm can induce autophagy-mediated 

apoptosis via the melanoma differentiation-associated gene 5- mediated signaling pathway 

(21,23,24). Thus, delivering poly (I:C) to solid tumor can induce tumor apoptosis directly if 

delivery to cytoplasm can be achieved.    

        Complexes containing nucleic acid and calcium phosphate precipitation have been used 

in gene transfection studies for many years (25) .They can be easily taken up by cells through 

endocytosis and subsequently dissolved in endosomes (26). Also, calcium phosphate has low 

toxicity and good biocompatibility because it is the inorganic component of hard biological hard 

tissues, i.e., bones and teeth (27). Therefore, it has the potential to be a good carrier system for 

drug delivery, especially for nucleic acid-based therapeutics. However, large aggregates are 

easily formed as a result of rapid crystal growth, so use of these complexes is limited to in vitro 

gene transfection (28). The key issue when fabricating calcium phosphate nanoparticles is to halt 

continuous growth of crystals. Synthesis of calcium phosphate nanoparticles can be done by 

various methods ,including wet precipitation (29), solid state reaction (30), flame spray pyrolysis 

(31), and hydrothermal (32), spray-drying (33), micelle-mediated (34), reverse micelle-mediated 

(35, 36) and double emulsion-mediated synthesis (37). These calcium phosphate nanoparticle 

fabrication methods usually involve multiple steps, which are not easily scaled up in 

pharmaceutical manufacturing process.  
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        In this study, we devised a simple method of wet precipitation combined with cationic 

lipid surface coating for fabrication of calcium phosphate nanoparticles and co-delivery of 

zoledronic acid and poly (I:C). Being a polyanion, poly (I:C) is not only a therapeutic agent, but 

has a unique role in the process of fabricating calcium phosphate nanoparticles. In this study, 

binding poly (I:C) prevented continuous growth of calcium phosphate crystals and imparted a 

negative charge to the surface of calcium phosphate crystals for subsequent cationic lipid 

coating. We also tested whether codelivery of zoledronic acid and poly (I:C) has a synergistic 

inhibitory effect on growth of the mouse melanoma both in vitro and in vivo.        

 

3.3 Materials and Methods  

3.3.1 Materials  

        DOTAP (1, 2-dioleoyl-3-trimethylammonium-propane) was purchased from Avanti 

Polar Lipids Inc. (Alabaster, AL). Poly I:C was sourced from EMD Chemicals (San Diego, CA). 

Zoledronic acid was obtained from Alexis Corporation (San Diego, CA). Cholesterol and 

tetrabutylammonium hydrogen sulfate were purchased from JT Baker (Phillipsburg, NJ). 

Calcium nitrate, phosphate salt and all other reagents were purchased from VWR International  

(West Chester, PA). Fetal bovine serum, Dulbecco’s Modified Eagle’s Medium, and other 

reagents needed for cell culture were purchased from Mediatech (Manassas, VA). The mouse 

melanoma cell line (B16BL6) was obtained from National Cancer Institute at Frederick 

(Frederick, MD).  

 

3.3.2 Preparation of Lipid-coated Calcium Phosphate Nanoparticles  

        Calcium phosphate nanoparticles were prepared by a wet precipitation method (28, 38) 

(Figure 3.1). Briefly 500 µl of aqueous solution of calcium (6.25 mM) was mixed with 500 µl of 
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aqueous solution of diammonium hydrogen phosphate (3.74 mM). The pH of both solutions was 

preadjusted to 9.0 with 0.1M NaOH (39). Mixing was accomplished by rapidly injecting both 

solutions using an 1 ml insulin syringe into a 1.5 ml tube into which 15 µl of poly (I:C) aqueous 

solution (5 µg/µl or higher concentrations in some experiments ) was added before injection. The 

suspension was then mixed well by vortex for 10 s.  Finally 7.5 µL of 10 mg/ml zoledronic acid 

was added to the calcium-poly (I:C) complex to form a calcium phosphate -poly (I:C)-zoledronic 

acid core.   

        The lipids mixture, composed of DOTAP-cholesterol (1:1 mol/mol), was dissolved in 

absolute ethanol and coated onto the surface of calcium phosphate-poly (I:C)-zoledronic acid 

complex. Briefly, 80 µL of the lipid mixture in 25 mg/ml ethanol solution was rapidly injected 

into the calcium phosphate-poly (I:C)-zoledronic acid core, and the mixture was then sonicated 

for 2 minutes in a bath sonicator to form lipid-coated nanoparticles consisting of a lipid shell and 

calcium phosphate-poly (I:C)-zoledronic acid  core. The nanoparticles formed were extensively 

dialyzed against pH 8.0 Tris-HCl buffer to remove residue ethanol.  

 

3.3.3 Preparation of Cationic Liposomes 

        DOTAP cationic liposomes were prepared using the ethanol injection method (40). 

Briefly, 80 µL of lipid ethanol solution (DOTAP to cholesterol, 1:1,25mg/ml) was injected 

rapidly into a 1.5 ml tube containing 1.0 ml of filtered sterilized water, and  the suspension was 

then  sonicated in a bath sonicatior for 2 min to form liposomes. The cationic liposomes formed 

were extensively dialyzed against water to remove the residue ethanol.  

 

3.3.4 Preparation of Nanoparticles 
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        Because poly (I:C) has a unique role in stabilizing LCP, the LCP containing various 

amounts of poly (I:C) (25, 75, 150, 300 µg/ml,  respectively) was prepared to investigate the 

effect of amount of poly(I:C) on nanoparticles size. The mean diameters of the calcium 

phosphate nanoparticles, cationic liposomes, and LCP were compared between these three 

formulations. LCP containing various amounts of zoledronic acid (25, 50 and 75µg/ml) and a 

fixed amount of poly (I:C) (75µg/ml) were prepared using the method described above and 

evaluated for particle size and cytotoxicity in a B16BL6 melanoma cell line. 

 

3.3.5 Particle Size and Zeta Potential of Calcium Phosphate Nanoparticles, Cationic 

Liposomes, and LCP  

        Mean diameter and Polydispersity index were used to characterize the size distribution of 

nanoparticles. The particle size and zeta potential of the different formulations were determined 

at room temperature using a particle sizer (Nicomp Model 380/ZLS,  Particle Sizing System, 

Santa Barbara, CA). Each sample was diluted 20-fold with 0.22um filtered water before the 

measurement. All these values were calculated as the mean of the three separate batches.  

 

3.3.6 Quantitative Analysis and Calculation of Zoledronic Acid Encapsulation Efficiency in    

LCP  

        Quantitative analysis of zoledronic acid was performed by reverse-phase high-

performance liquid chromatography on a Luna C18 (2) column (3 µm, 150*4.6 mm) using a 

mobile phase composed of 5:95 methanol to phosphate buffer (8 mM, pH 7.4), 3 mM 

Tetrabutylammonium hydrogen sulfate and 2.3 µg/ml ethylenediamine tetra-acetic acid at a flow 

rate of 0.6 ml per minute at room temperature, with ultraviolet detection at 215 nm (41).  Briefly, 

1ml of liposomes or nanoparticles was centrifuged through a centrifugal device with a molecule 
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cut-off of 100,000 (Nanosep, Pall Life Sciences, Menlo Park, CA) at 12000 rpm for 20 minutes. 

The supernatants containing free zoledronic acid were then carefully collected, and the 

zoledronic acid concentration was determined by high performance liquid chromatography (42). 

The zolic acid encapsulation efficiency was calculated by the following equation:  

Encapsulation efficiency (%) = (Total amount of zoledronic acid in formulation – Free 

zoledronic acid) / Total amount of zoledronic acid*100% 

 

3.3.7 Stability Study 

      To determine the stability of LCP under storage conditions, LCP was freshly prepared 

and then stored at 4
o
C in 10 mM pH 8.0 Tris-HCl buffer, and then the particle size and 

zoledronic acid encapsulation efficiency were then monitored during 30 days of storage. 

 

3.3.8 Cell Viability Assay  

      In vitro cytotoxicity was determined by MTT assay, as described previously (43). The 

B16BL6 cells were grown in Dullbecco’s Modified Eagle’s medium supplemented with 10% 

fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin at 37
o
C in a 

humidified atmosphere containing 5%CO2. The B16BL6 cells were seeded in 96-well plates at 8 

X 10
3
 cells/well in 100 µl medium. After 16 hours, the cells were treated with the different 

formulations diluted in Dullbecco’s Modified Eagle’s medium to provide the same mass 

concentration (µg/mL) of poly (I:C) , zoledronic acid, or  their combination, and incubated for 48 

hours prior to MTT assay. Briefly, MTT reagent was added to the culture medium at a final 

concentration of 0.5 mg/ml and the cells were incubated at 37
o
C for an additional 4 hours. 

Finally, the medium was removed, the cells with dye compounds were dissolved in 

dimethylsulfoxide, and absorption was measured at 544 nm using a microplate reader (Fluostar, 
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BMG LabTech GmbH, Ortenbery, Germany). Viability was expressed as a percentage of the 

untreated control cells (100% viability).  

 

3.3.9 Animal Study  

      Female 8-week-old Charles River C57BL/6 mice were used to evaluate the in vivo 

efficacy of the different formulations. The animal experiments complied with the rules set down 

in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the 

Institutional Animal Care and Use Committee. B16BL6 mouse melanoma cells were used as the 

tumor development model. B16BL6 cells (5 × 10
5
) were inoculated subcutaneously into the mice 

to induce tumor formation and growth. After 5 days, when the tumor volume had reached 

approximately 50 mm
3
, mice were divided randomly into four groups (n=6) to receive 

phosphate-buffered solution (control), free zoledronic acid, LCP-poly (I:C), or LCP-poly (I:C)-

zoledronic acid, and received four peritumoral injections on days 0, 2, 4 and 6 after tumor 

formation at a dose of 4.5 μg per mouse. The doses of 4.5 μg per mouse were calculated as free 

zoledronic acid or poly (I:C) or their 1:1 combination in the three treatment groups mentioned 

above. Following treatment, the animals were monitored regularly for body weight, tumor 

growth, and survival. Tumor volumes were assessed by measuring two perpendicular diameters 

with digital calipers and using the formula (L*W
2
)/2, where L is the longest diameter and W is 

perpendicular to L (43). Results are expressed as the mean tumor volume ± standard deviation 

for six mice. 

 

3.3.10 Statistical Analysis 

             The student’s t-test was used to identify differences between groups. P < 0.05 was 

considered to be statistically significant. 
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3. 4 Results and Discussion 

3.4.1 Nanoparticle Preparation and Characterization 

 

      As shown in Figure 3.2A, the diameter of LCP without poly (I:C) prepared by the newly 

formed calcium phosphate crystals and DOTAP was about 8.3 μm, suggesting no affinity 

between calcium phosphate crystals and DOTAP. Therefore, the surface of the calcium 

phosphate crystal needed to be functionalized by negative charges for further coating with 

cationic liposomes. Poly (I:C), a negatively charged synthetic nucleic acid, was chosen to 

functionalize the surface of calcium phosphate because of its high affinity for calcium phosphate 

and therapeutic effects. We then investigated the effect of poly (I:C) on the particle size of LCP. 

The particle size was still large with the addition of poly (I:C) 25 μg/ml (Figure 3.2A). However, 

the diameter of LCP was dramatically decreased to the size range of nanoparticles (around 200 

nm) by addition of poly (I:C) 75 μg/ml to the preparation. There was no significant difference in 

particle size between the three poly (I:C) concentrations used (75, 150, 300 μg/ml), indicating 

that 75 μg/ml of poly (I:C) was enough to prevent continuous growth of calcium phosphate 

crystals. Meanwhile, under such conditions, the charge (+/−) to N/P ratio (for DOTAP and poly 

(I:C), respectively), was 4:1, and this ratio was appropriate for DOTAP coating to achieve 

colloidal stability of LCP. It was confirmed that all the poly (I:C) was associated with LCP, with 

an N/P ratio of 4:1 by agarose gel retardation assay (data not shown). The agarose gel retardation 

assay also indicated that increasing poly (I:C) to >150 μg/ml in the preparation resulted in 

gradual accumulation of free poly (I:C) in the formulation (data not shown), so an N/P ratio of 

4:1 was used for subsequent experiments. 

      In order to codeliver poly (I:C) and zoledronic acid, different weight ratios of poly (I:C) 

to zoledronic acid with a fixed 75 μg/ml amount of poly (I:C) were used in the fabrication of 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f2-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f2-ijn-8-137/
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LCP, and their sizes were compared (Figure 3.2B). There were no obvious increases in LCP 

particle size when the weight ratios were varied from 3:1 to 3:3 [poly (I:C) to zoledronic acid], 

but the size increased to around 300 nm at a ratio of 3:6. Because zoledronic acid has high 

affinity for calcium phosphate (12), it will compete with poly (I:C) binding to calcium phosphate, 

leading to compromise of the stabilization effects of poly (I:C). 

        Four different delivery systems were prepared and characterized, and the results were 

summarized in Table 1, which shows that LCP is capable of delivery of poly (I:C) alone. The 

size of LCP-poly (I:C) is around 180 nm. The lipoplex formed by mixing of cationic liposomes, 

poly (I:C), and zoledronic acid, had the smallest particle size of 138 nm but the broadest size 

distribution (polydispersity index 0.33) of all the formulations tested. It appeared that only 42% 

of the total amount of zoledronic acid was associated with the lipoplex. This is probably due to 

the rapid diffusion of zoledronic acid from the lipoplex because the molecular weight of 

zoledronic acid is less than 300 Da. The LCP-poly (I:C)- zoledronic acid, formed by a calcium 

phosphate core and DOTAP coating, had higher zoledronic acid encapsulation efficiency (94%) 

and a relatively small size (205 nm). Being one of the bisphosphonates, zoledronic acid anions 

are suitable for coordinating calcium cations in the calcium phosphate phase through bidentate 

chelation (44). The high affinity between calcium phosphate and zoledronic acid decreased the 

diffusion of zoledronic acid from LCP. The lipid coating added another diffusion barrier to 

zoledronic acid, leading to overall high encapsulation efficiency. Interestingly, without a lipid 

coating, the freshly prepared intermediate core formed by calcium phosphate, poly (I:C), and 

zoledronic acid had a negative charge (-10 mV) and a high loading efficiency for zoledronic acid 

(90%), suggesting that the major contribution to the high encapsulation efficiency of zoledronic 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f2-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/table/t1-ijn-8-137/
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acid in LCP was the high affinity between zoledronic acid and calcium phosphate. The size 

distribution of LCP-poly (I:C)-zoledronic acid is shown in Figure 3.3. 

     We then studied the stability of LCP in pH 8.0 Tris- HCl buffer protected form light and 

stored at 4°C for 30 days. Although the calcium phosphate-poly (I:C)-zoledronic acid complex 

had a relatively small size of 360 nm when freshly prepared, its size gradually increased to more 

than 1 μm after 24 hours (Figure 3.4). However, LCP-poly (I:C)-zoledronic acid demonstrated 

good colloidal stability. Figure 3.4 shows that the particle size of LCP-poly (I:C)-zoledronic acid 

remained unchanged over 30 days. Therefore, the cationic DOTAP coating on the LCP 

nanoparticle contributed to its good colloidal stability. The cationic liposome drug delivery 

system has been widely studied for gene transfection, vaccine delivery, and antitumor targeting. 

LCP may have some characteristics similar to those of a cationic liposome, such as good 

colloidal stability. However, more experiments are required for a better understanding of the 

difference between these two drug delivery systems. 

 

3.4.2 Co-delivery of Poly (I: C) and Zoledronic Acid had Superior Cytotoxicity in 

Melanoma Cells  

      It has been reported that poly (I:C) induces direct apoptotic cytotoxicity in cancer cells, 

including melanoma (45), lung cancer (46) and breast cancer (45, 47), if poly (I:C) can be 

delivered into the cytoplasm (48). Therefore, we formulated poly (I:C) using calcium phosphate 

nanoparticles, a DOTAP lipoplex, and LCP, and compared their cytotoxicity in B16BL6 mouse 

melanoma cells. As shown in Figure 3.5, at the same poly (I:C) concentration of 0.5 μg/ml, LCP-

poly (I:C) showed the highest cytotoxicity to B16BL6 cells, followed by the poly (I:C)-lipoplex, 

and finally poly (I:C)-calcium phosphate nanoparticles. Cell viability was 47.1%, 61.2%, and 

86.3%, respectively. Blank calcium phosphate nanoparticles, DOTAP liposomes, or their 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f3-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f4-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f4-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f5-ijn-8-137/
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combination had no cytotoxic effect on B16BL6 cells (data not shown). The enhanced cytotoxic 

effect of LCP could be explained by delivery of more poly (I:C) into the cytoplasm by LCP. It 

has been reported that the calcium phosphate core in LCP is unstable in an acidic endosomal 

environment, so its decomposition to free calcium and phosphate ions in the endosome will 

increase osmotic pressure and cause swelling and rupture of the endosomes, and release of their 

contents into the cytosol (26, 49, 50). However, without DOTAP, the negatively charged calcium 

phosphate-poly (I:C) nanoparticles are not easily taken up by melanoma cells, leading to a 

compromised cytotoxic effect (48).  

      Next, the cytotoxicity of LCP codelivering poly (I:C) and zoledronic acid was tested in 

B16BL6 cells. Like free poly (I:C), free zoledronic acid at a concentration of 0.5 μg/ml had no 

cytotoxic effect in B16BL6 cells. We then prepared LCP codelivering poly (I:C) and zoledronic 

acid in different ratios, but the combined concentration of both drugs (poly (I:C) + zoledronic 

acid) in LCP was kept constant (0.5 μg/ml) in the subsequent MTT assay. The results 

demonstrated that the drug combination was more potent in its ability to generate cytotoxicity in 

melanoma cells than were the individual drugs used alone (Figure 3.6). As shown in Figure 3.6, 

the cell viabilities after treatment with free zoledronic acid and LCP-poly (I:C) were 91.8% and 

49.0%, respectively. Codelivery of poly (I:C) and zoledronic acid (1:1) by LCP showed 

enhanced cell cytotoxicity, with a cell cytotoxicity of 14.4%. Interestingly, the greater the 

amount of zoledronic acid in the LCP-poly (I:C)-zoledronic acid complex, the greater the 

potency of the cytotoxicity to B16BL6 cells, although the combined concentration of the two 

drugs was the same. However, from previous formulation studies, zoledronic acid could not be 

increased to more than 50%, because more zoledronic acid led to instability of LCP during the 

fabrication process. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f6-ijn-8-137/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f6-ijn-8-137/
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3.4.3 Tumor Inhibition by Co-delivering Poly (I:C) and Zoledronic Acid in Melanoma-

bearing mice 

      Based on the superior cytotoxicity of LCP co-delivering poly (I:C) and zoledronic acid 

in the B16BL6 melanoma cell line, we investigated its antitumor activity in B16BL6 tumor-

bearing mice. The tumors were allowed to grow subcutaneously for 5 days, and the tumor-

bearing mice were then treated with phosphate-buffered solution (control), free zoledronic acid, 

LCP-poly (I:C), or LCP-poly (I:C)-zoledronic acid by peritumoral injection on days 0, 2, 4, and 

6. As shown in Figure 3.7, the control mice had the largest tumors at day 11. Mice treated with 

LCP-poly (I:C)-zoledronic acid showed significant tumor growth inhibition compared with the 

other groups (P < 0.05). Mice treated with LCP-poly (I:C) also showed slight tumor growth 

inhibition. 

      Poly (I:C) has multiple actions in the inhibition of tumor growth, including direct 

apoptosis effects on tumor cells and modulation of the immune system (51-55). One of the side 

effects of poly (I:C) is induction of toxic cytokines, so its use in cancer is limited (56-58). In our 

study, by encapsulating zoledronic acid and poly (I:C) in LCP, the effective doses of both poly 

(I:C) and zoledronic acid could be decreased, so this formulation may have less toxic effects. 

The current peritumoral injection of LCP-poly (I:C)-zoledronic acid in melanoma-bearing mice 

confirmed the in vivo efficacy of codelivery of poly (I:C) and zoledronic acid by LCP. However, 

further development of LCP by surface PEGylation and targeting ligands is required for 

intravenous injection, and is suitable for treatment of other type of tumors.   

 

3.5 Conclusion  

      LCP were developed for simultaneous delivery of zoledronic acid and poly (I:C). Lipid-

coated nanoparticles including a calcium phosphate core and lipid shell had a narrow particle 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3540971/figure/f7-ijn-8-137/
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size distribution and high loading efficiency for poly (I:C) and zoledronic acid, with good 

stability. In addition, codelivery of zoledronic acid and poly (I:C) offered superior antitumor 

activity in both in vitro and in vivo studies. These results suggest a potential for future preclinical 

development of zoledronic acid and poly (I:C)-encapsulating LCP for the treatment of human 

cancer. 
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  Table 3.1 Diameter, PI, Zeta Potential and Encapsulation Efficiency of Different Nanoparticles. 

 

Formulation Diameter (nm) PI 

Zeta 

Potential 

(mv)    

Encapsulation 

Efficiency  

          (% zol) 

LCP-poly（I:C） 184 ± 25 0.22 ± 0.02 43.2 ± 5.3 N/A 

Lipoplex-poly (I:C)-zoledronic acid2 138 ± 40 0.33 ± 0.30 44.2 ± 6.3 42 ± 5.7 

CaP-poly (I:C)-zoledronic acid2 359 ± 15 0.12 ± 0.10 -10.1 ± 2.5 90 ± 2.4 

LCP-poly (I:C)-zoledronic aicd 2 205 ± 20 0.17 ± 0.04 21.7 ± 4.2 94 ± 1.3 

 

Notes: Data are presented as the Mean ± standard deviation; poly (I:C)-zoledronic acid =1:1  (w/w)   
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  Figure 3.1 Fabrication of lipid-coated calcium phosphate nanoparticles. 
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Figure 3.2 (A) Effect of Poly (I:C) on particle size of LCP without zoledronic acid. (B) Effect of 

ratio of Poly (I:C) to zoledronic acid on particle size of LCP.  
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Figure 3.3 Size distribution of LCP-poly (I:C)-zoledronic acid. 
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Figure 3.4 Change of particle size of LCP-poly(I:C)-zoledronic acid and CaP-poly (I:C)- 

zoledronic acid at 4
o
C within 30 days. 
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Figure 3.5 In vitro cytotoxicity of free poly (I:C), CaP-poly (I:C), Lipoplex-poly (I:C) and LCP  

 poly (I:C) in B16BL6 cell line, with a poly (I:C) concentration of 0.5 μg/ml. 

Notes: *p<0.05, compared to free poly (I:C), **p<0.05, compared to Lipoplex-poly (I:C).  
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Figure 3.6 In vitro cytotoxicity of LCP-poly (I:C)-zoledronic acid in B16BL6 cell line with  

    different weight ratios of poly (I:C) to zoledronic acid. 

    Notes: The concentration of total drugs (poly (I: C) & zoledronic acid) was 0.5 µg/ml. *p <    

    0.05, compared with the ratio of 3:0; **p<0.01, compared with the ratio of 3:0.  
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Figure 3.7 Tumor growth inhibition by poly (I:C) and zoledronic acid co-delivered by LCP in    

melanoma-bearing mice. 

Notes: *p < 0.05 compared with PBS; **p < 0.01 compared with PBS.  
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4. Formulation of Genistein Microemulsion for Enhanced Transdermal Delivery 

  

4.1 Abstract  

      Genistein, a soy isoflavone, is a well-known anti-oxidant effective in preventing UV 

induced skin damage. This study reports the formulation of microemulsions for enhanced 

transdermal delivery of genistein, in vitro. A stability indicating HPLC method for genistein was 

established for quantification of genistein in the microemulsions. The formulations were 

optimized for the stable microemulsions region in the pseudo-ternary phase diagrams and 

maximizing the transdermal flux of genistein. The ternary phase diagrams were constructed with 

different oil phases (oleic acid, medium chain triglyceride), surfactants (cremophor EL, 

cremophor RH 40 and polysorbate 80), co-surfactants (ethanol and transcutol P) and the ratio of 

surfactant to co-surfactant (5:11, 1:1 and 11:5). The formulation was optimized further by using 

various water contents (0%, 10%, 20%, 30% and 40%).  The influence of formulation factors and 

stratum corneum on permeation through dermatomed human skin was determined using Franz 

Diffusion Cells. The ternary phase diagrams revealed that the oleic acid microemulsion had a 

much higher area under the curve (AUC) compared to labrafac WL1349 (38% versus 14%), due 

to better compatibility of oleic acid with other components in the microemulsion. All three 

surfactants produced similar AUC values (~36%), but the combination of Cremophor EL/ethanol 

(5:11) provided the maximum AUC at 38.06%. The water content in the formulation played an 

important role in the microemulsion stability, droplet size and transdermal flux. The oleic acid 

based microemulsions with 20% water exhibited a 40 fold higher fluxes than the control 
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(genistein aqueous suspension). The optimized formulation consisted of 2% genistein, 18% oleic 

acid, 60% Cremophor EL/ethanol (5:11) and 20% water. It exhibited small particle size and the 

highest skin permeation rate. A microemulsion system for enhanced transdermal delivery of 

genistein using oleic acid, cremophor EL and transcutol P was developed. Various formulation 

factors were evaluated to identify an optimum formulation with a high skin permeation rate for 

genistein. 

 

4.2 Introduction 

      Non-melanoma skin cancer is the most common human malignancy. It is estimated that 

over 1.3 million such cancers are diagnosed each year in the USA alone (1). Moreover, 

malignant melanoma has exhibited the most rapid increase in incidence compared to any other 

type of cancer (2). Chronic exposure to solar UV radiation, in particular its UVB component, is 

the primary cause for the vast majority of cutaneous malignancies (3-5). The development of 

preventive and therapeutic agents against photo carcinogenesis has become an important subject 

in dermatological research (6). Genistein, a soy isoflavone, is a well-known anti-oxidant 

effective in preventing UV induced skin damage and melanoma (7). Genistein can alleviate 

hormone-dependent physiological symptoms (8), prevent skin aging and inhibit UVB-induced 

skin carcinogenesis and photo-damage in animals (6, 9, 10). The possible mechanisms of the 

anti-carcinogenic action include scavenging of reactive oxygen species (11, 12), blocking of 

oxidative and photodynamic damage to DNA (13), inhibition of tyrosine protein kinase (14), 

down-regulation of Mitogen-Activated Protein Kinases (MAPK) activation and suppression of 

oncoprotein expression in UVB-irradiated cells (15). Topical administration is a viable route for 

delivering genistein as a protective agent against photo-induced skin damage. Topical delivery 

may also be a suitable route for genistein to attain systemic bioavailability (16).  
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      However, intradermal delivery of genistein is inefficient due to its low permeability as 

well as low solubility in both aqueous and organic media (17). Many delivery systems, such as 

gels (18), emulsions (19) and liposomes (20), have been developed to enhance the skin 

permeation of genistein. Microemulsions (ME) provide another means for dermal and 

transdermal delivery of drugs. Microemulsions are commonly known as oil-in-water or water-in-

oil emulsions producing a transparent product having a droplet size from 10 to 100 nm that does 

not have the tendency to coalesce (21). It is a spontaneously formed, single-phase colloidal 

dispersion of either oil-in-water or water-in-oil, stabilized by an interfacial film of surfactants 

and co-surfactants. Also, it is a transparent, optically isotropic, thermodynamically stable system 

(22). They have been studied as transdermal drug delivery systems because of their capacity to 

increase the solubility of poorly water-soluble drugs, as well as their ability to improve topical 

and systemic drug availability (23-25). Several mechanisms have been proposed to explain the 

advantages of microemulsions for the topical and dermal delivery of drugs: the high drug loading 

capacity of microemulsions and their in situ super-saturation could provide a higher 

concentration gradient that increases the driving force across the skin; the penetration enhancing 

effect of the microemulsion components; direct transfer of drug from the microemulsion droplet 

to the stratum corneum; and the very low interfacial tension that causes excellent spreading and 

contact between the microemulsion and skin surface (26-30).  

      In this study, we validated a high performance liquid chromatography (HPLC) method 

for analyzing genistein in microemulsions and skin permeation studies. Pseudo-ternary phase 

diagrams were then used for the selection of concentration ranges of different components (oil, 

surfactant and co-surfactant). Finally, the formulations were further optimized based on in vitro 

skin permeation and skin retention studies.  
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4.3 Materials and Methods  

4.3.1 Reagents and Chemicals 

      Genistein was obtained from LC laboratories (Woburn, MA). Oleic acid was purchased 

from Spectrum Chemical Corporation (Gardena, CA). Cremophor-EL and Cremophor-RH40 

were purchased from BASF (Ludwigshafen, Germany). Ethanol and polysorbate 80 were 

purchased from Letco Medical (Decatur, AL).  Labrafac WL1349 and Transcutol P were 

samples donated by Gaffeose (Cedex, France). Trifluoroacetic acid and acetonitrile were 

purchased from EMD Chemical Inc. (Gibbstown, NJ). All other reagents were purchased from 

VWR International (West Chester, PA).  

 

4.3.2 Methods  

4.3.2.1 HPLC Method Validation  

      A Waters high performance liquid chromatography (HPLC) system equipped with 

PDA-UV detector (Alliance 2695 Separation module and 996 PDA detector) (Waters 

Corporation, Milford, MA) was used in this study. The system was interfaced with Empower 2 

software. The chromatographic separation was carried out on a reversed phase Phenomenex, 

Luna
®

 C18 Column (5 µm, 250 × 4.6 mm). Standards were prepared by accurately weighing and 

transfering about 25 mg of genistein into a clean, dry 25 mL volumetric flask. About 15 mL of 

ethanol was added followed by sonication to dissolve and the volume was made up to 25 mL 

with ethanol and mixed thoroughly. This provided 1 mg/ml of genistein standard solution. The 

diluent solutions was prepared by mixing 100 and 900 ml each of water and ethanol, 

respectively, and filtering through a 0.45 µm nylon filter. The final concentration of genistein of 

approximately 60 µg/ml was achieved by diluting the standard solution with diluent. The sample 
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preparation followed the same procedure as the standard preparation except for replacing 

genistein with genistein loaded formulation.   

      A full validation of the method was performed according to the current FDA Guidelines. 

It was validated for system suitability, linearity, accuracy and recovery, precision, intermediate 

precision, solution stability, limit of detection (LOD), limit of quantitation (LOQ) and forced 

degradation (stress).  

 

4.3.2.1.1 System Suitability: system suitability was tested by injecting the working standard 

preparation (60 µg/ml standard genistein solution, 25 µl) six times at the beginning of the run. 

Injecting the working standard preparation once after every six sample preparation injections (60 

µg/mL solution of genistein formulation, 25 µl), and at the end of the run is required. Three 

parameters: resolution factors, tailing factor and column efficiency (number of theoretical plates) 

were calculated using the Enpower2 software provided by Waters Corporation (Milford, MA). 

 

4.3.2.1.2 Linearity: standard solutions of the analyte were prepared at eight different linearity 

levels ranging from 10% to 200% of the theoretical sample concentration (60 µg/ml). For each 

run, the sample was analyzed with three independent injections. The calibration curve equations 

and the corresponding correlation coefficients (R
2
) were calculated. 

 

4.3.2.1.3 Accuracy: accuracy was determined by analyzing three known concentrations of 

samples of genistein emulsion formulation in triplicate, corresponding to approximately 80%, 

100% and 120% of the analyte concentrations at the theoretical assay levels.  
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4.3.2.1.4 Precision: Method Precision/Repeatability was determined by analyzing six test 

preparations of genistein emulsion formulation. Intermediate precision of the assay method was 

determined by evaluating two independent sets of assay sample preparations. The first set was 

taken from the precision samples. The second was taken from six assay sample preparations 

prepared by a second analyst on a different day. Precision was assessed by calculating the mean 

and the coefficient of variation (RSD %) of these values. 

 

4.3.2.1.5 Solution Stability: the stability of sample and standard solutions from method 

precision experiments was determined when these solutions were stored under laboratory 

conditions for at least 48 h. At 72 h intervals the responses of the aged solutions against freshly 

prepared standards were measured and any changes between the chromatographic profile of aged 

and fresh solutions were compared. 

 

4.3.2.1.6 Limit of Detection (LOD) and Limit of Quantitation (LOQ): the Limit of Detection 

and Quantitation (LOD and LOQ) were determined according to signal to noise ratio (s/n) of 

diluted standard solution. The diluted standard solutions were prepared by serial dilutions of the 

working standard with signal-to-noise ratio around 2-3 for LOD and 6-15 for LOQ，then the 

diluted standards solutions were injected three times for LOD and six times for LOQ.  

 

4.3.2.1.7 Stress Study: genistein microemusion was subjected to forced degradation under acid, 

alkaline, light and oxidative (hydrogen peroxide) conditions in the solution state. 1.5 g of 

genistein microemulsion or placebo microemulsion was placed in 25 ml volumetric flasks and 

exposed to various stress conditions. In order to achieve approximately 30% genistein 

degradation, various stress conditions were adjusted  as follows: 1) Acid: 1 ml, 1N HCl, 60
o
C, 4 
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h; 2) Base: 1 ml, 0.1N NaOH, 60
o
C, 1 h; 3) Oxidation: 1 ml,1% H2O2, Ambient, 8 h; 4) UV 

light: ambient, 24h; 5) Control: Untreated sample, Ambient, 1 h. After exposures, the samples 

were quenched (if necessary), brought to room temperature and the volume was made to 25 mL 

with diluent as stated in the above HPLC method. Samples were periodically analyzed by HPLC 

to determine the extent of degradation under different stress conditions.  

 

4.3.2.2 Formulation Optimization 

      Initially, the solubility of genistein in various solvents was determined to select 

appropriate oils (oleic Acid and labrafac WL1349), surfactants (polysorbate 80, cremophor-EL 

and cremophor-RH40) and co-surfactants (ethanol and transcutol P). An excess of genistein was 

added to 5 ml of oil or surfactant or co-surfactant and the resulting mixture was shaken 

reciprocally at 37 
o
C for 72 h followed by centrifugation for 10 min at 15,000 g (31). The 

supernatant was filtered through a nylon membrane filter (0.45 µm) and the filtrate was analyzed 

by HPLC. The oil, surfactant and co-surfactant that showed the highest solubility of genistein 

were chosen for future formulations for human skin permeation studies.  

      The microemulsion was evaluated by a pseudo-ternary phase diagram indicating the 

phase behavior and miscibility of various microemulsion components. For each phase diagram, a 

specific surfactant to co-surfactant weight ratio (S/CoS), oily mixture, surfactant and co-

surfactant were prepared with a weight ratio of oil to the mixture of surfactant and co-surfactant 

at 0.5:9.5, 1:9, 1.5:8.5, 2:8, 2.5:7.5, 3:7, 4:6, 5:5, 6:4,7:3, 7.5:2.5, 8:2, 8.5:1.5, 9:1 and 9.5:0.5, 

respectively (32). Water was added drop wise to each oily mixture with continuous stirring at 

37
o
C until the mixture became clear. The formulations were optimized by determining the 

existence area of microemulsions in the phase diagram with the following factors: types of oil 

phase, surfactant, co-surfactant and different ratios of surfactant to co-surfactant. The S/CoS 
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value was 5:11, 1:1 and 11:5. Finally, different water contents (w/w, at 10%, 20%, 30% and 40%) 

were utilized and particle size was determined by a Nicomp 380 ZLS Particle Size Analyzer. 

Genistein loaded microemulsions were prepared by dissolving the appropriate amount of 

genistein in the mixture of oil, surfactant and co-surfactant, then water was added precisely drop 

by drop into the oily phases with magnetic stirring at 37
o
C. The systems were equilibrated with 

gentle magnetic stirring for another 30 min. The final concentration of genestein in 

microemulsions was 2 % (w/w). 

 

4.3.2.3 Transdermal Delivery of Genestein by Microemulsions  

4.3.2.3.1 Skin Permeation: dermatomed human skin (thickness: 0.35 mm) was obtained from 

Allosource (Cincinnati, Ohio). It was collected from a single donor within 8 h of death and 

frozen at -80 ºC until use. The frozen skin was placed at room temperature for about 30 minutes 

prior to skin permeation experiments. The Franz diffusion cell instrument (PermeGear, 

Bethlehem, PA) holding 6 diffusion cells in series was used in this study. The skin was mounted 

horizontally between the donor and receptor parts of the diffusion cell. The surface area of the 

skin exposed to the tested formulation was 0.64 cm
2
. Receptor medium applied in the study was 

5 mL of 0.01 M phosphate buffered saline pH 7.4 (PBS) and ethanol with a volume ratio of 4 to 

1. A water circulation jacket (37ºC) system was used to maintain the temperature of skin 

mounted above receptor cells at a physiologic level with 600 rpm stirring rate in the receptor 

cells. The skin was mounted on the cells approximately 30 minutes before application of the 

formulations. Each formulation (0.5 ml) was applied over the surface of the skin. The donor 

chamber was covered with Parafilm to prevent evaporation of water from the formulations (33). 

Samples (1 mL) were taken from the receptor cells to measure the amount of drug transported 

across the skin at 0, 1, 2, 4, 6, 8, 12 and 24 h. The samples were replaced by fresh receptor 
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medium and accumulative amount of drugs permeated were calculated account for drug removed 

during sampling. Skin microporation was induced by solid metallic microneedle arrays of a 

Dermaroller™ (Dermaoller Deutschland, Wolfenbuttel, Germany), which wereapplied on the 

surface of skin 20 times to create micro-channels. This corresponds to the number of times 

required to produce detectable holes without damaging the microneedles and skin (34). Finally, 

to determine whether the stratum corneum (SC) is the major barrier for skin permeation of 

genistein, the permeation of various formulations were studied through stripped skin. The 

stripped skin samples were obtained by removing the SC with Scotch
®

 book tape Number 845. 

The tape stripping numbers varied from 10 to 30 to get as much SC removal as possible from the 

different skin samples. SC removal was confirmed by visualization of a shiny surface (35). 

 

4.3.2.3.2 Skin Retention: at the end of the experiment (24 h), the residual drug formulation on 

the surface of the skin was removed using cotton swabs by swabbing the surface with 200 µl of 

mixture of ethanol and water (1:1) for six times. The active diffusion area of the skin was then 

collected using a biopsy punch to determine the drug retention in the skin. The skin was 

weighed, cut into small pieces, placed in centrifugation tubes and 1 mL of a solution of ethanol 

and water (1:1) was added and refrigerated overnight. The samples were then warmed to room 

temperature, sonicated for 15 minutes and the supernatant was filtered using 0.22 µm syringe 

filters into HPLC vials for the assay (33). 

 

4.4 Results and Discussion 

4.4.1 HPLC Method Validation   

      A stability indicating HPLC method for genistein was established by optimizing 

isocratic flow parameters of the mobile phase. The HPLC method used a C18 column (5 µm 
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silica particles, 150 X 4.6 mm), mobile phase : 35% (v/v) of 0.1% trifluoroacetic acid in 

acetonitrile and 65% (v/v) of 0.1% trifluoroacetic acid in water at 1.5 ml/min and a PDA-UV 

detector set at 262 nm. The total run time was 10 minutes and the injection volume was 25 µl. 

All chromatographic procedures were performed at room temperature. Strong solvents such as 

acetonitrile or ethanol induced peak fronting or tailing issues whereas ethanol-water (v/v 9:1) 

used as the diluent gave better peak shape, resolution and a stable baseline. Optimum peak shape 

was achieved at 0.1% (v/v) trifluoroacetic acid as an ion-pairing agent (Figure 4.1). The 

resolution factor was 2.77, so there is no interference from other peaks and the system has good 

specificity for genistein. The different valuation parameters were listed in Table 4.1. This method 

provided an USP tailing factor of 0.98; Plate count of 5000. The parameters show that the 

chromatographic system is very efficient. The method was linear between 6 and 120 µg/ml for 

genistein, corresponding to the tested concentrations with a correlation coefficients (R
2
) always 

greater than 0.99. As shown in Table 4.1, the accuracy, precision and intermediate precision of 

the assay at different genistein concentrations as represented by the coefficient of variation of the 

peak areas, which was always less than 1.0%, indicated that the method is precise and accurate. 

LOD and LOQ were 1.6 µg/ml and 6.4 µg/ml, respectively. The standard preparation is stable in 

solution at room temperature for 3 days and the recovery was 95.0-105.0% of the initial results. 

As shown in Figure 4.2, genistein is well resolved from forced degradation products under all 

stress conditions. The purity angle is less than the purity threshold for all stress conditions 

indicating that genistein peaks are pure and without interference. Under all stress conditions of 

the placebo emulsion formulation, all excipients and degradation products are well resolved from 

the expected retention times of genistein peak. Genistein was highly stable under acidic 

conditions, but degraded to all non-polar products under alkaline conditions, whereas the 
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oxidative condition produced relatively polar degradation products compared to the parent 

compound.  

      The analytical method was proven to be specific, linear, precise, rugged, accurate, and 

stability indicating. Therefore, the analytical method was validated and suitable for its intended 

use.  

 

4.4.2 Formulation Optimization through Solubility and Pseudo-ternary Phase Diagrams 

      The solubility of genistein in various media was analyzed to screen components for 

microemulsion preparation. Table 4.2 presents the genistein solubility in different solvents. 

Among the three surfactants, the solubility of gensitein was highest in cremophor EL 

(37.11 mg/g), followed by Tween 80 (5.34 mg/g), and cremophor RH40 (5.24 mg/g). In oil, 

genistein had a significantly higher solubility in labrafac WL1349 (0.40 mg/g) than oleic acid 

(0.02 mg/g). Oleic acid is a powerful permeation enhancer for dermal delivery through increased 

fluidity of the lipid portion of the stratum corneum (36). Thus, oleic acid was chosen as the oil 

for the microemulsions containing genistein. Genistein has good solubility in both co-surfactants 

with the value higher in transcutol P (93.21 mg/g) than in ethanol (20.29 mg/g).  

      The construction of pseudo-ternary phase diagrams with the water titration method 

makes it easy to identify the concentration range of components for the microemulsion 

formation. The pseudo-ternary phase diagrams with various oil phases, surfactants, co-

surfactants, and S/CoS values are presented in Figure 4.3 & 4.4. The translucent microemulsion 

region is presented in the phase diagrams as ME. The region labeled EM represents the turbid 

and conventional emulsions based on visual observation. Figure 4.3 showed that formulation 

with oleic acid has a 2.5 fold higher microemulsion area as compared to the one with labrafac 

WL 1349 (38.06% and 14.37%, respectively). The main factor determining the microemulsion 
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zone is the physicochemical properties of components in the formulation. The penetration and 

association of oil molecules with the interfacial surfactant film is essential for providing a very 

low surface tension (37). The oleic acid has better miscibility with other components of the 

microemulsion, encouraging the formation of an O/W microemulsion. Surfactant plays an 

important role in decreasing surface tension between oil and water, leading to the formation of 

microemulsion (38). There is no significant difference in microemulsion formation region using 

the three different surfactants. The ME areas were 36.73%, 36.59% and 35.36% for the 

microemulsions prepared with polysorbate 80, cremophor RH40, and cremophor EL separately 

(Figure 4.4 (a) (b) (c) ). This may be due to the similar HLB (Hydrophilic-Lipophilic Balance) 

values for all three surfactants.  

      However, since surfactants are unable to lower the interfacial tension between the oil 

and water to ultra-low values, co-surfactant is frequently necessary in a microemulsion system. 

Incorporation of co-surfactant can further reduce the interfacial tension between the oil and 

water, adjust the flexibility of the interfacial membrane, and reduce the amount of surfactant 

needed (39). A similar result was obtained from transcutol P-based and ethanol-based 

microemulsion system (Figure 4.4 (c) (d)). The area of microemulsion isotropic region changed 

slightly in size with increased S/CoS value (Km). In the system using oleic acid, cremophor EL 

as surfactant, ethanol as co-surfactant, the area of microemulsion was largest when Km was 5 to 

11, followed by 1 to 1 and 11 to 5. This indicated that increasing the amount of ethanol 

facilitated the formation of microemulsion. Ethanol has good miscibility with surfactant and oil 

(40). As water plays an important role in both microemulsion formulation and skin permeation 

(41), the formulations were prepared with different amounts of water and the particle size 

changed significantly (Figure 4.5).  The particle size remained below 200 nm when the water 
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content was below 20%. However, the particle size increased dramatically to approximately 

4000 nm with 30% water and to 7000 nm with 40% water. This suggested the absence of 

microemulsion in formulations with 30% and 40% water. The increased water content led to a 

decreased percentage of other components in the formulation, especially the surfactant and co-

surfactant, which increased surface tension, which inhibited the formation of microemulsion.  

 

4.4.3 Human Skin permeation and Retention of Genestein  

             Skin permeation studies were conducted to obtain an optimum formulation with 

enhanced skin permeation. Figure 4.6 shows that the oleic acid based formulation increased skin 

permeation and deposition 3-fold as compared to the microemulsion made with Labrafac WL 

1349 (P<0.001). OA-induced skin penetration enhancement was due to a mechanism involving 

both SC lipid fluidization and phase separation; with the latter is probably predominating (42). 

Unsaturated hydrocarbons in OA could induce lipid disordering in the superficial layers of the 

SC, whereas labrafac WL1349 has no influence on this process. Unsaturated fatty acids (like 

oleic acid) form a separate fluid domain when introduced into a solid, saturated lipid mixture 

(like SC lipids). OA-induced transdermal penetration enhancement occurs as a result of 

increased permeability at the interface between solid and fluid lipid domains formed by the 

incorporation of OA into the membrane. The formation of such pools provides permeability 

defects within the bilayer lipids, thus facilitating permeation of drugs through the membrane (36, 

43). The effects of three different nonionic surfactants on skin permeation and retention were 

also investigated (Figure 4.7). Formulations with Cremophor EL and Cremophor RH40 have 

similar skin permeation rate, while the one with polysorbate 80 has slightly lower skin 

permeation. Generally, nonionic surfactants have low toxicity (44, 45). This group of surfactants 

has an enhancement effect in human skin permeation which could be attributed to disruption of 
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lipid bilayers in SC. The system with ethanol as a co-surfactant demonstrated 7 and 2.5 fold 

higher skin permeation and retention, respectively, as compared to the one with Transcutol P 

(P<0.001) (Figure 4.8).  

      Ethanol is well-known compound commonly used in transdermal formulations. It has a 

superior ability to facilitate skin permeation of drugs and excellent miscibility with other 

components of microemulsions. It is capable of extracting lipids from SC to improve drug 

permeation. Additionally, permeation of ethanol into the SC can alter the solubility properties of 

the tissue with a consequent improvement of drug partitioning into the membrane (46). 

Additionally, it is feasible that the rapid permeation of ethanol or evaporative loss of this volatile 

solvent from the donor phase modifies the thermodynamic activity of the drug within the 

formulation (47). The value of S/CoS in ME affected the skin permeation rate of genistein 

significantly (Figure 4.9). As the value decreased from 11 to 5, the skin permeation rate of 

genistein increased 3-fold. This confirms that ethanol contributed to improved permeation of 

genistein across intact skin.  

      Water is a critical factor that affects the transdermal delivery of drugs (41). The genistein 

permeation across both intact human skin (Figure 4.10) and microneedle treated skin (Figure 

4.11) for different water contents and two controls: aqueous base and emulsion base. The 

genistien permeation with changed water content exhibited a parabolic profile in both intact skin 

and microneedle treated skin. Increasing the content of water led to improved skin permeation 

and retention of genistein. The formulation with 20% water demonstrated 3.5 fold higher skin 

permeation as compared to 10% water (P<0.001) (Figure 4.10). Permeation reached a maximum 

at 30% water. This is because drug has to be dissolved in the aqueous phase to diffuse into the 

skin lipid bilayer. However, the genistein permeation decreased dramatically with 40% water 
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compared with 30% water in the formulation. The genistein retention on both intact skin and 

microneedle treated skin (Figure 4.12) demonstrated a similar trend as in the permeation studies. 

These results can be explained by two possible mechanisms: the decreased soluble fraction drug 

in the formulation as the percentage of water increased. The thermodynamic activity decreased 

with increased water content which impaired skin penetration.  

      The outermost layer of skin, the stratum corneum (SC), presents a significant barrier to 

the transdermal delivery of drugs (48, 49). Microneedles have been used to overcome the stratum 

corneum barrier. Microneedles are minimally invasive devices that can deliver drug into or 

through the skin barrier. Surprisingly, Figure 4.12 & 13 showed that microneedle treated skin did 

not significantly increase the permeation and retention of genistein from any of the formulations 

(P>0.05). This suggests that the SC barrier was overcome by the permeation enhancement of the 

microemulsion formulations. This is due to both formulation components and the combination of 

these components in the nanoparticle based delivery system. To further confirm this 

phenomenon, the SC was removed through tape-stripping. The tape stripped skin showed no 

significant increase in genistein permeation compared to intact skin.  

 

4. 5 Conclusion 

            A stability indicating HPLC method was developed for genistein for use in studying the 

stability and degradation profiles of genistein in topical based formulations. Various factors 

affecting the microemulsion formulation, and skin permeation and deposition of genistein were 

studied. The optimum microemulsion formulation for stability and skin permeation is composed 

of oleic acid (18%), cremophor EL-ethanol (1:2.2) (60%) and water (20%), and genistein (2%). 

This formulation had significantly increased skin permeation and deposition compared with 

microemulsions made with other components and both aqueous base and emulsion base controls. 
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Figure 4.1 HPCL of placebo emulsion and genistein loaded microemulsions.   
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Figure 4.2 HPCL of forced degradation products of genistein microemulsions under different 

stress conditions.  
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Table 4.1 HPLC method validation parameters for genistein in a microemulsion system 

 

System Suitability 

 Tailing 

factor (T) 

Resolution 

(Rs) 

Theoretical     

 plate  

 number (N) 

  

Specifications  ≤ 2 > 2 > 2000   

Experimental 

Results 

0.98 2.77 5000   

 

Accuracy 

 

Conc. 

spiked 

(mg/g) 

Theoretical 

concentration 

(%) 

Experimental concentration 

(mg/g) ± SD*, n=3 

% Recovery % RSD 

2.0 80 1.94 ± 0.039 97.09 0.39 

2.5 100 2.46 ± 0.021 98.55 0.21 

3.0 120 2.93 ± 0.041 97.57 0.41 

 

Precision  

 

HPLC 

System/ 

analyst 

Theoretical 

concentration 

(mg/g) 

Experimental 

concentration 

(μg/mL) ± SD*, n=6 

% Recovery % RSD 

1  2.5       2.49 ± 0.012 99.70 0.465 

2  2.5       2.44 ± 0.013 97.64 0.539 

 

Stress study 

Condition 
Purity 

Angle 

Purity 

Threshold 

% Label 

Claim 

% 

Recovery 

% 

Degradation 

Control (Untreated) 0.029 0.257 97.12 --- --- 

1N HCl, 70
o
C, 4h 0.117 0.249 95.80 98.64 1.36 

0.1N NaOH, 70
o
C, 1 h 0.065 0.313 90.97 88.39 11.61 

UV Light, Ambient, 24h 0.491 1.077 79.79 96.13 3.87 

1% H2O2, 70
o
C, 8 h 0.241 0.248 93.37 82.15 17.85 
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Table 4.2 The solubility of genistein in different solvents 

Solvent  Solubility (mg/g) 

Oleic Acid 0.02 ± 0.01 

Labrafac WL139 0.40 ± 0.07 

Cremophor EL 37.1 ± 2.1 

Cremophor RH40  5.24 ± 0.43 

Polysorbate 80  5.34 ± 0.17 

Transcutol P   93.2 ± 3.0 

Ethanol    20.3 ± 1.4 
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Figure 4.3 The pseudo-ternary phase diagram of cremophor EL, ethanol, water system with two 

different oils: (a) oleic acid and (b) labrafac WL1349.  

 

 

 
 

 

 

 

 

 

(a) (b) 



 
 

 126 

 

   

   

   

 

Figure 4.4 The pseudo-ternary phase diagram of oleic acid , ethanol, water system with three different 

surfactants: (a) polysorbate 80 (b) cremopor RH40 (c) cremophor EL with two different co-surfactants: 

(c) ethanol (d) transcutol P and with different Km values : (c) 1:1 and (e) 11:5  (f) 5:11. 

(a) 

(f) (e) 

(b) 

(d) (c) 
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                       Figure 4.5 Effect of water content on the particle size of the microemulsion 
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Figure 4.6 Effect of two different oils on the permeation of genistein (20mg/ml, 0.5ml) 

across dermatomed human skin and amount retained in the skin at 37
o
C. 
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Figure 4.7 Effect of surfactants on the permeation of genistein (20mg/ml, 0.5ml) across 

dermatomed human skin and amount retained in the skin at 37
o
C. 
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Figure 4.8 Effect of co-surfactants on the permeation of genistein (20mg/ml, 0.5ml) across 

dermatomed human skin and amount retained in the skin at 37
o
C. 
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Figure 4.9 Effect of ratio of surfactant to co-surfactant (Km) on the permeation of genistein 

(20mg/ml, 0.5ml) across dermatomed human skin and amount retained in the skin at 37
o
C. 
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Figure 4.10 Effect of water content on the permeation of genistein (20mg/ml, 0.5ml) across 

intact dermatomed human skin at 37
o
C. 
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Figure 4.11 Effect of water content on the permeation of genistein (20mg/ml, 0.5ml) across 

microneedle treated dermatomed human skin at 37
o
C. 
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Figure 4.12 Effect of water content on genistein (20mg/ml, 0.5ml) retained in both intact 

skin and microneedle treated skin at 37
o
C. 
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Figure 4.13 Effect of stratum corneum on the permeation of genistein (20mg/ml, 0.5ml) across 

dermatomed human skin and amount retained in the skin at 37
o
C. 
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 5. Codelivery of Doxorubicin and Ceramide as a Nanoparticle Based System for  

Melanoma Treatment 
 

5.1 Abstract 

        Co-delivery of Doxorubicin (DOX) and ceramide using a liposomal system in B16BL6 

melanoma cell lines for synergistic cytotoxic effects was investigated. Different ceramides (C6-

ceramide, C8-ceramide and C8-glucosylceramide) and lipids (DOTAP, DPPC, DSPE and DSPC) 

were utilized in the preparation of liposomes. DOX was encapsulated within liposome and 

ceramide acted as the component of the lipid bilayer. Liposomes were prepared by film 

formation and extrusion with subsequent loading of DOX. A solution of a cationic lipid, 

cholesterol, and ceramide, was evaporated under nitrogen to form a dry lipid film. The film was 

hydrated in ammonium sulfate solution to form a coarse liposome. The hydrated lipid solution 

was extruded 10 times through a 100 nm polycarbonate filter and then the liposomes were eluted 

with 100 mM citric buffer to remove extra ammonium sulfate. Finally, the liposomes were 

incubated with DOX solution for encapsulation process. The formulations were optimized for 

liposome size and size distribution, zeta potential and DOX recovery.  

        Cytotoxic effect on B16BL6 melanoma cell lines was measured by MTT assay. Various 

formulation factors influenced particle size, surface charge, and drug loading efficiency of 

liposomes. The optimized liposome formulation provided a mean diameter of 150 nm, a narrow 

size distribution (poly-dispersity index of 0.09), positive zeta potential (+34 mv), and 92% DOX 

encapsulation efficiency. The final optimized liposome has a 10:10:1:2:2 molar ratio of lipid/ 

cholesterol/PEG2000-DSPE/Ceramide/DOX. DOX and C8-Ceramide loaded DOTAP  liposomes 
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exhibited a significantly higher anti-tumor activity in melanoma cell line B16BL6 compared with 

liposomes made with other lipids  such as DSPC, and a combination of DSPC and DSPE) (P < 

0.05). Co-delivery of DOX and C8-ceramide with DOTAP lipids based liposome demonstrated a 

9 fold higher cytotoxicity compared to DOX alone. Cationic liposomes were constructed for 

simultaneous delivery of DOX and C8-ceramide with excellent encapsulation efficiency. Co-

delivery of DOX and C8-ceramide offered increased anti-proliferative effects in B16BL6 

melanoma cell line than DOX alone. This study provides a basis for developing a co-delivery 

system of DOX and ceramide encapsulating liposomes for melanoma treatment.  

 

5.2 Introduction 

      Metastatic malignant melanoma is by far one of the most common and aggressive types 

of cancer, with approximately 76,000 new cases diagnosed and over 9,000 estimated deaths in 

2013 in the United States alone (1,2). An early-stage melanoma that has not spread or 

metastasized to other organs can be removed by surgery with high survival rates. However, 

metastatic melanoma is largely refractory to existing therapies and has a very poor prognosis, 

with a median survival of 6 months and a 5-year survival of less than 5% (3). Metastasized 

irremovable melanoma needs to be treated by other standard therapies such as chemotherapy (4, 

5), radiotherapy (6), immunotherapy (7), targeted therapy and various combinations of these (8-

10).  Major advancements in the treatment of metastatic melanoma have recently been achieved 

with the approval of the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) blocking monoclonal 

antibody ipilimumab and the BRAF
V600E

 kinase inhibitor vemurafenib by the United States Food 

and Drug Administration (US FDA).  Even in the era of CTLA-4 blockade and targeted therapies, 

chemotherapy remains an essential treatment option for metastatic disease. Many patients are 

ineligible for treatment with ipilimumab or do not harbor a BRAF
V600E

 mutation. Additionally, 
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even if eligible for treatment, many patients treated with ipilimumab obtain no benefit and all 

patients treated with small molecule kinase inhibitors eventually relapse from therapy (11).  

      Doxorubicin has become one of the most often used drugs for the treatment of a wide 

range of cancers, such as blood cancers, like leukemia and lymphoma (12) , many types of solid 

tumors (breast and ovarian cancer) (13,14)  and soft tissue sarcomas (15) . Nevertheless, the 

clinical use of this broad spectrum drug is also limited because of its poor stability and serious 

non-specific toxicity to normal tissues, which induces severe side effects such as acute dose 

limiting bone marrow toxicity and chronic cumulative cardiac toxicity (16-18). Also, most of 

these anthracycline drugs (e.g. doxorubicin) have slow diffusion through the plasma membrane 

which limits sufficient uptake within the tumor cells (19). Nanotechnology provides one 

approach to encapsulate therapeutic agents leading to improvements in circulation time, 

enhancement of tumor uptake, avoidance of reticulo-endothelial system and minimization of 

toxicity (20-21). Liposomes are generally considered nontoxic, biodegradable, and non-

immunogenic. They have been used as drug carriers to improve harmacokinetics, resulting in 

reduced toxicities and enhanced therapeutic efficacies of drugs (23, 24). Recently liposomal 

products entrapping anthracyclines (Doxil
®

, Daunoxome
®

, Myocet
®

) were approved for the 

treatment of several types of cancers (25-27).  

      Ceramides, a class of sphingolipid metabolites, are known to have biological activity, 

serving as a lipid-derived second messenger that modulates the induction of cell differentiation, 

cell cycle arrest, and/or apoptosis (28-30).  Ceramide has been identified as a putative therapeutic 

agent in cancer due to potent regulation of cell growth, differentiation, and death (31, 32). 

Ceramide targets the PI3K/Akt pathway through dephosphorylation of Akt, leading to increased 

cytotoxicity and cell apoptosis. When used in combination with other chemotherapeutics it can 

http://en.wikipedia.org/wiki/Lymphoma
http://en.wikipedia.org/wiki/Soft_tissue_sarcoma
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enhance cell death (33). These lipids serve both a structural role in membranes and an 

intracellular signaling role within a cell. An obstacle that has limited clinical use of ceramide is 

its hydrophobicity, which can be overcome by packaging it into a nano-liposomal formulation 

for systemic delivery (34-36). Fortunately, nano-liposomal short-chain sphingolipid, such as C6-

Ceramide and C8-Ceramide, and anticancer drugs (sorafenib, doxorubicin) synergistically 

inhibits tumor growth such as melanoma and breast cancer (37, 38). Doxorubicin can be 

entrapped in the aqueous compartment of liposome, while the lipid bilayer can be utilized to 

incorporate ceramides.  

      In this study, liposome formulations co-delivering doxorubicin and ceramide were 

optimized. Characterization of this delivery system and in vitro release profiles under certain pH 

values were studied. Finally, cytotoxicity of formulations was conducted in melanoma cell line 

B16BL6. Co-delivery of doxorubicin and ceramide has been found to facilitate the trans-

membrane diffusion of doxorubicin, leading to increased cytotoxicity of melanoma cells.  

 

5.3 Materials and methods   

5.3.1 Materials 

     1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dipalmitoyl-sn-glycero-3-

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

glycero-3-phosphoethanolamine (DSPE),  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG (2000)), C6-Ceramide 

(C6-Cer), C8-Ceramide (C6-Cer) and C8-Glucosylceramide  (C8-GlcCer) were purchased from 

Avanti Polar Lipids Inc (Alabaster, AL). Cholesterol was purchased from JT Baker (Phillipsburg, 

NJ) and other reagents were purchased from VWR International (West Chester, PA). Fetal 

bovine serum, Dulbecco’s Modified Eagle’s Medium, and other reagents for cell culture were 
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purchased from Mediatech (Manassa, VA).  Doxorubicin hydrochloride (DOX) was purchased 

from AvaChem Scientific (San Antonio, TX) , HEPES Buffer and Citric Acid buffer were 

purchased from Amresco LLC (Solon, OH), Sephadex G75 and PBS were purchased from 

Sigma-Aldrich (St. Louis, MO). A mouse melanoma cell line (B16BL6) was obtained from the 

National Cancer Institute (Frederick, MD). 

 

5.3.2 Methods 

5.3.2.1 Formulation of DOX and ceramide encapsulated liposomes  

      Liposomes were prepared by lipid film hydration and extrusion and subsequent remote 

loading using ammonium sulfate according to Gilad and coworkers (38, 39). A schematic of 

preparation of empty liposomes is shown in Figure 5.1. Briefly, one of the lipids, DOTAP, DPPC, 

DSPC or DSPE, was dissolved at 10 mg/ml in chloroform. Similarly, 10 mg/ml solution of 

cholesterol; 10 mg/ml solution of one of the ceramides (C6-ceramide, C8-ceramide and C8-

glucosylceramide), 10 mg/ml solution of DSPE-mPEG (2000) were prepared in chloroform. 

These solutions were mixed well at a certain molar ratio in a test tube.  This solution was then 

evaporated in the same test tube under a stream of nitrogen so that a thin film of the lipid 

contents was deposited on the walls of the test tube. The lipid film was further dried under a 

stream of nitrogen for 1h, followed by vacuum desiccation for 2 h. The dry lipid film was then 

hydrated in 250 mM ammonium sulfate solution by sonication for 10 min. This mixture was then 

placed in a water-bath incubator (65
o
C) for 1 h to form coarse liposomes. The liposome mixture 

was then extruded through 100 nm (10 passes) polycarbonate filter using Avanti Mini Extruder 

(Avanti Polar Lipids, Alabaster AL). The free ammonium sulfate outside the liposomes was 

removed by gel permeation chromatography (GPC) using a G75 Sephadex column, eluted with 

100 mM citrate buffer (pH 5.7). 
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5.3.2.2 Drug loading Efficiency and formulation Optimization  

      Liposomes with varying lipids such as DOTAP, DPPC, DSPC, and DSPE at a certain 

fixed concentration were prepared by varying cholesterol concentration (20 or 40 mol %) and 

DSPE-mPEG (2000) concentration (2, 4 or 10 mol %). Doxorubicin solution (0.3 or 0.6 mg/ml, 8 

or 16% molar concentration) in 20 mM HEPES buffer, pH 7.0 was added to liposomes and 

incubated for 1h at 65
o
C (40). Based on initial results of drug loading efficiency, DOX at 8% 

molar ratio was optimum and this concentration was used for all formulations. The effect of pH 

gradient (citrate buffer versus ammonium sulfate buffer) on the drug loading was studied. 

Ammonium sulfate provided higher drug loading efficiencies. As DOTAP liposome showed 

higher cell cytotoxicity compared with liposomes made of other lipids, DOTAP (cationic lipid) 

based liposomal formulations were selected to further incorporate different ceramides, such as 

C6-Ceramide, C8-Ceramide and C8-Glucosylceramide. These ceramides were incorporated at 8% 

(molar). 

 

5.3.3 Characterization 

5.3.3.1 Encapsulation efficiency measurement  

      The amount of DOX encapsulated in the liposomes was determined using column 

separation method according to Wang and coworkers (41). Sephadex G75 was utilized to 

separate the free and encapsulated DOX. 0.5 ml of the liposome sample was added to the column, 

eluted with 20 mM HEPES buffer (pH 7.0) and 1.5 ml fractions were collected. The samples 

were then solubilized in 1% (w/v) Triton X-100 to break the liposome bilayer and release the 

encapsulated DOX. The concentration of liposomal DOX in each fraction was measured 

fluorometrically at 480 nm (excitation) and 590 nm (emission) using a microplate reader 
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(Fluostar, BMG labtechnologies, Germany). The DOX concentration in each fraction was plotted 

versus elution volumes. The first peak (fractions 2-6) reflects the liposomal drug, and the second 

peak (fractions 7-16) reflects the free drug. The DOX content in each peak was combined to 

quantify the encapsulated and free drug fractions in the liposome formulation. The recovery was 

calculated as:    

                  Recovery (%) = amount of liposomal drug/ total amount of drug ×100 

 

5.3.3.2 Particle size and zeta potential determination of liposomal formulations 

      Particle size and zeta potential of different formulations were determined based on 

dynamic light scattering (DLS) and electrophoretic light scattering (ELS), respectively, using a 

Nicomp Model 380/ZLS particle sizer (PSS, Santa Barbara, CA).  

 

5.3.4 In vitro release  

      The release profile of DOX from liposome formulations was determined by dialysis. 

Phosphate buffered saline (PBS) pH 7.4, 250 ml, in a conical flask was used as a receptor phase.  

Dialysis tubing (12,000 to 14,000 Daltons molecular weight cut off), 30 mm ×25 mm release 

area, pre-soaked in buffer solution for 30 minutes, was used. 1 ml of the formulation or DOX 

solution (0.15 mg/ml of DOX) was placed in the dialysis tubing (42). All flasks were incubated 

at 37°C in a rotary shaker set at 150 rpm. Samples (1 ml) were collected at different time 

intervals and the sample volumes were replenished with fresh buffer immediately. The 

concentration of DOX in the receptor buffer (dialysate) was analyzed fluorometrically at 480 nm 

(excitation) and 590 nm (emission). The cumulative amount of DOX released versus time was 

plotted.  
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5.3.5 Cell cytoxicity assay 

      In vitro cytotoxicity was determined by MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-

diphenyl tetrazolium bromide) assay (43). The B16BL6 cells were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 

U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a humidified atmosphere containing 5% 

CO2. The B16BL6 cells were seeded in 96-well plates containing 100 μl of medium in each well. 

The cell density in the wells was 8 × 10
3
 cells/well.  Serial DOX formulations diluted in DMEM 

medium were added to each well 16 h after seedling.  The cells received treatments of various 

formulations for 48 h prior to MTT assay. Then, MTT reagent was added to the culture medium 

at a final concentration of 0.5 mg/ml and the cells were incubated at 37°C for an additional 4 

hours. Finally, the medium was discarded and 100 µl dimethylsulfoxid (DMSO) was added to 

each well to solubilize the dyes remaining in the plates. The absorbance was measured using a 

microplate reader (Fluostar, BMG labtechnologies, Germany) at 540 nm. Cell cytoxicity was 

expressed as a percentage of the untreated control cells (100%).  

 

5.3.6 Statistical analysis 

      The release data was subjected to diffusion kinetics analysis. The multiple comparisons 

of cytotoxicity data were subjected to one-way analysis of variance (ANOVA) to determine the 

statistical levels of significance. P < 0.05 was considered to be statistically significant. 

 

5.4 Results and discussion 

5.4.1 Formulation optimization 

      Amphipathic anthracyclines usually have a low and variable oil/water partition 

coefficient. This makes it difficult for them to be encapsulated into the aqueous phase of 
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liposome. A transmembrane ammonium sulfate gradient (also called active loading) in and out of 

liposomes produced efficient and stable entrapment of amphipathic weak bases (39). 

Formulations were optimized through different parameters summarized in Table 5.1 A&B. As 

shown in Figure 5.2a, liposomes with ammonium sulfate buffer inside and citrate buffer outside 

demonstrated significantly higher encapsulation efficiency than the one with ammonium sulfate 

buffer both in- and out- of the liposome structure. Mostly drug was not entrapped in liposome 

without a pH gradient as indicated by a noticeable peak (second) in Figure 5.2a. This confirms 

that a differential pH gradient is critical for doxorubicin loading into the aqueous phase of 

liposome. The DOX active loading mechanism is dependent on the base exchange with 

ammonium ions.  

      To obtain liposomes with desirable encapsulation efficiency, two doxorubicin 

concentrations (0.3 mg/ml, 0.6 mg/ml in 20mM HEPES, pH 7.0) were studied. Encapsulation 

efficiency was a function of DOX concentrations (Figure 5.2b). Encapsulation efficiency 

decreased with increased DOX concentration. The encapsulation efficiency was above 90% for 

0.3mg/ml DOX, but was below 60% at 0.6 mg/ml with a noticeable presence of free drug 

(second peak).  This indicated that the encapsulation process is already saturated at 0.3 mg/ml 

DOX as indicated by more than 90% drug loading efficiency. Adding more DOX only led to 

more free DOX, resulting in significantly decreased encapsulation efficiency. The addition of 

cholesterol can provide rigidity to the lipid bilayer, which could improve the in vitro and in vivo 

stability of liposomes. Therefore, liposomes with different concentrations of cholesterol (20% 

and 40%) were formulated. The data (Figure 5.2c) showed that liposomes with 40% cholesterol 

had better encapsulation efficiency than those with 20% cholesterol (91.9%, 79.2% respectively). 

Also, it was difficult to prepare stable liposomes without cholesterol using 100 nm film  
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extrusion filter device. In addition, the encapsulated DOX leaked out over time (data not shown). 

Therefore, cholesterol helped retain the encapsulated drug within the liposomes. Cholesterol 

plays an important role in obtaining high drug loading efficiency due to increased rigidity of the 

liposome bilayer.  

      Liposomes were prepared with various charged lipids and were evaluated for particle 

size and encapsulation efficiency. As shown in Table 5.2 and Figure 5.2d, there is no significant 

difference in particle size or encapsulation efficiency with different lipids, except DSPC 

exhibited slightly lower encapsulation efficiency (81.0%). Usually formulations had a particle 

size of around 150 nm and encapsulation efficiency was approximately 90%. Addition of DSPE 

to DSPC at a molar ratio of 1 to 4 increased DOX loading from 81.0% to 91.6%. The particle 

size of all formulations was in the range of 120-190 nm with a narrow particle size distribution 

(polydispersity index is < 0.2). Different levels of PEG in the formulation produced no 

significantly different recovery (Figure 5.2e).  

      Three different short-chain ceramides (C6-Cer, C8-Cer, C8-GlcCer) with varied carbon 

lengths and glucosyl modification were employed in the fabrication of DOTAP liposomes. As 

shown in Table 5.2, the particle size was similar in liposomes with or without ceramides, ranging 

from 145 to 185 nm. Thus, the addition of ceramide had no effect on particle size. Also, all of 

these formulations had high encapsulation efficiency, indicating that ceramide could be 

successfully incorporated into liposomes without compromising drug loading.   

 

5.4.2 Release profiles  

      Drug release studies play an important role in determining the therapeutic activity and 

toxicity of liposomal drug delivery systems in cancer treatment (44). After liposomes have 

localized to tumors, the drug must be released and become bioavailable in order to exert its 
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biological effects (45). The release profiles of DOX from different drug-loaded liposomes are 

shown in Figure 5.3. The DOX Solution (control) reached 100% release within 6 hours, which 

confirmd that the dialysis membrane did not restrict diffusion of the released DOX. Compared 

with free DOX, liposome formulations exhibited significantly slower release because of 

additional time needed for the release of drug from the liposome lipid bilayer. In addition, as 

shown in Figure 5.3a, the formulation with 20% cholesterol exhibited faster release than the one 

with 40% cholesterol. The amounts released after 24 hours were 68% and 52%, respectively. The 

introduction of cholesterol decreased the flexibility of the lipid bilayer, leading to slower release 

of DOX. This data is consistent with the encapsulation efficiency results. The release of DOX 

from the liposomes with different amounts of PEG and ceramides was also investigated (Figure 

5.3 b&c). Interestingly, there is no significant difference in release profiles among the 

formulations with varied PEG concentrations and ceramide types, but all of these formulations 

released slower than free DOX. The release of DOX after 24h for different liposomes was 

around 50%. Therefore, incorporating PEG and ceramide exerted negligible effect on particle 

size, drug loading efficiency, and DOX release.   

 

5.4.3 Cell cytotoxicity 

      Doxorubicin is an anthraquinone anticancer drug that is commonly used for treatment of 

human malignancies, including various tumors such as the breast (46), ovary (47) and melanoma 

(48, 49). Compared with systemic application of free doxorubicin, liposomal doxorubicin 

exhibits significant advantages, such as reduced toxicities and therapeutic efficacies (50). 

Improved drug loading for liposomes resulted in high doxorubicin encapsulation efficiency and 

increased the therapeutic index of doxorubicin (51). Liposomes with various lipids were 

formulated to evaluate the influence of lipid charge and composition on cytotoxicity toward 
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melanoma cell line B16BL6 at a fixed DOX concentration. Empty liposomes with different 

lipids had a negligible cytotoxic effect on B16BL6 cells (data not shown). As shown in Figure 

5.4, DOX incorporated DOTAP liposomes exhibited significantly higher anti-tumor activity 

followed by DPPC, a combination of DSPC and DSPE, and DSPC (P < 0.05).  The cell 

cytotoxicity due to DOTAP, DPPC, DSPC & DSPE, and DSPC treatments was 12.7%, 64.2%, 

69.3% and 86.9% respectively. The positive charge on the surface of the DOTAP liposome may 

increase DOX uptake through the inseration of the liposome with the negatively charged cell 

membrane (52). However, without DOTAP, the liposomes were difficult to be taken up less by 

melanoma cells, leading to a compromised cytotoxic effect. In addition, the formulation with the 

combination of DSPE and DSPC had greater cytotoxicity than the one with DSPC alone. This is 

probably related to the increased DOX EE (91.57% versus 80.98%).   

      Pegylated liposome slows recognition by opsonins and reduces clearance by the RES, 

resulting in prolonged circulation times. PEG-liposome-encapsulated doxorubicin (Gaelyx and 

Doxil) is in clinical use for the treatment of various types of neoplasms (55, 56). Innovations 

such as covalent attachment of tumor-specific antibodies or ligands will further enhance drug 

targeting and therapeutic value (57, 58). Therefore, to investigate the effect of DSPE-mPEG 

(2000) concentration on cell cytotoxicity, we formulated DOTAP liposomes with different 

amounts of DSPE-mPEG (2000) and compared their cytotoxicity in melanoma cell line B16BL6. 

As shown in Figure 5.5, there was no significant difference among the three groups. Only 10% 

DSPE-mPEG (2000) showed slightly decreased cytotoxicity in melanoma cell line, it can be 

explained by the shield effect because of hydrophilicity of PEG.  

      Ceramide is one of many sphingolipid metabolites known to have biological activity, 

serving as a lipid-derived second messenger that modulates the induction of cell differentiation, 
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cell cycle arrest, and apoptosis (59, 60). It has been reported that short-chain sphingolipids, C6-

ceramide in the tumor cell membrane enhances cellular DOX uptake (61). To deliver DOX and 

Ceramide simultaneously, liposome carrying various ceramides (C6-Cer, C8-Cer and C8-GlcCer )  

in the lipid bilayer and DOX in the aqueous phase were developed and their cytotoxicities were 

tested in Melanoma B16BL6 cells. As shown in Figure 5.6, liposome with DOTAP/C8-Cer 

exhibited the highest cytotoxicity on B16BL6 cells, followed by DOTAP/C8-GlcCer, 

DOTAP/C6-Cer DOTAP and finally DOX solution. The cell viabilities due to C8-Cer, C8-

GlcCer, C6-Cer, DOTAP and DOX were 2.29, 5.93, 12.1, 12.7 and 20.2, respectively. Thus, the 

antitumor activity of DOTAP/ C8-Cer is 5-fold higher than DOTAP liposomes and 9-fold higher 

than DOX solution (control). DOTAP/C8-GlcCer liposome also exhibited significantly enhanced 

cytotoxicity compared to DOTAP liposome and control. There is no statistically significant 

difference in the cytotoxicity of DOTAP/C6-Cer and DOTAP liposomes. However, these have a 

much higher cytotoxicity than free drug. Empty liposome has not significant cytotoxicity on cells 

at the equivalent concentration of drug-loaded liposome (data not shown). The results 

demonstrated that the liposome delivery system significantly enhanced the delivery of DOX to 

cells. More importantly, co-delivery of ceramide and DOX was more cytotoxic in melanoma 

cells than DOX alone. The enhanced cytotoxic effect of DOTAP liposomes could be explained 

by two possible reasons. One is the increased cytotoxicity and cell apoptosis of ceramides in 

combination with other anticancer drugs through the PI3K/Akt pathway, which is deregulated in 

most melanoma cells (62, 63). The other one is that ceramide could adjust the packing of the 

lipid bilayer and enhance the permeation and uptake of DOX through cells (61).  

 

5.5 Conclusion 
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      We developed a formulation for simultaneous delivery of doxorubicin and a ceramide. 

The liposomes were prepared at a 5:1 molar ratio of lipid to drug, with a narrow particle size 

distribution, high encapsulation efficiency and desirable DOX release kinetics. The final 

optimum liposome had 10:10:1:2:2 molar ratio for lipid/ cholesterol/DSPE-mPEG(2000)/ 

Ceramide/DOX. They exhibited a higher cytotoxic effect on melanoma cell line B16BL6 than 

free DOX or liposomes with no ceramide. Therefore, this formulation appears to be a promising 

delivery system in the treatment of melanoma.  
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Table 5.1A: Liposome formulation with various PEG, cholesterol concentrations 

and lipids 

Ingredient F1 F2 F3 F4 F5 F6 F7 

DOX 8 8 8 8 8 8 8 

Cholesterol 40 40 40 20 40 40 40 

DSPE-mPEG (2000) 2 4 10 4 4 4 4 

DOTAP 50 48 42 68 - - - 

DPPC - - - - 48 -  

DSPC - - - - - 48 - 

DSPC and DSPE  (Mole 4:1) - - - - - - 48 

 

 

Table 5.1B: Liposome formulations with various ceramides 

Ingredient F8 F9 F10 

DOX 8 8 8 

Cholesterol 40 40 40 

DSPE-mPEG (2000) 4 4 4 

DOTAP 40 40 40 

C6-Ceramide 8 - - 

C8-Ceramide - 8 - 

C8-GlucosylCeramide - - 8 
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Table 5.2  Particle Diameter, PI, Zeta Potential, Recovery and Drug Loading of Different Liposomes 

   Formulation 

      Particle         

    Diameter  

         (nm) 

Polydispersity 

Index (PI) 

Zeta Potential 

(mv) 

   Recovery 

        (%) 

      Drug 

Loading (%) 

DOTAP-2% PEG 171.1±9.0 0.123±0.07 41.7±5.2 90.4±1.8 12.7±0.22 

DOTAP-4% PEG 174.8±15.1 0.101±0.08 39.2±2.5 91.9±2.1 12.8±0.31 

DOTAP-10% PEG 120.4±12.7 0.113±0.12 32.9±5.9 91.2±2.4 12.8±0.27 

DOTAP-20% Chol 169.3±21.6 0.111±0.10 35.8±2.5 79.2±2.9 11.2±0.45 

DPPC 160.2±9.9 0.111±0.10 15.9±5.9 90.1±3.1 12.1±0.30 

DSPC 171.6±15.4 0.069±0.05 11.5±3.7 81.0±2.1 10.4±0.19 

DSPC & DSPE 160.0±11.4 0.092±0.09 12.7±2.1 91.6±1.2 11.6±0.11 

DOTAP-C6-Cer 148.2±10.2 0.131±0.02 40.8±2.9 92.9±1.1 12.9±0.21 

DOTAP-C8-Cer 169.3±17.5 0.114±0.04 41.2±3.9 90.2±1.7 12.5±0.15 

DOTAP-C8-GlcCer 181.4±9.9 0.062±0.01 35.6±2.5 92.8±1.4 12.9±0.14 

 

Note: All data were presented as Mean ± SD (n=4); all formulations contain 4% PEG, 40%    

           cholesterol unless labeled. 
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Figure 5.1 Schematic representation of empty liposome modified with DSPE-mPEG (2000) and 

ceramide.  

 

 



 
 

 160 

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

Citric Buffer

(NH4)2SO4

DOX Sln

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

0.3 mg/ml

0.6 mg/ml

DOX Sln

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

 

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

20% Chol

40% Chol

DOX Sln

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

DOTAP

DPPC

DSPC/DSPE

DSPC

DOX Sln

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

 

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

2% PEG

4% PEG

10% PEG

DOX Sln

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

0 5 10 15 20 25 30

0

4000

8000

12000

16000

20000

DOX Sln

DOTAP

DOTAP-C8-Cer

DOTAP-C8-GlcCer

DOTAP-C6-Cer

Elution Volume (ml)

F
lu

o
re

s
c

e
n

c
e

 (
 a

rb
. 

u
n

it
s

)

 
Figure 5.2 The elution profile of DOX encapsulated liposome with 20 nM HEPES buffer under 

different conditions:  (a) different buffer systems; (b) different DOX concentrations; (c) different 

cholesterol concentrations; (d) different lipids; (e) varied PEG concentrations; (f) different 

ceramides. 
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Figure 5.3 In vitro release profiles of DOX encapsulated liposome with different cholesterol 

concentrations (a), different DSPE-mPEG concentrations (b), and various ceramides (c). 

Formulations contained 4% (molar) PEG and 40% (molar) cholesterol unless otherwise labeled. 

All data were presented as Mean ± SD (n=4). 
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Figure 5.4 In vitro cytotoxicity of formulations containing various lipids in B16BL6 cell line, 

with 0.5 μg/ml DOX. ***p<0.001, compared to DOTAP liposome, ** p<0.01 between two 

groups.  

Note: In combination of DSPE DSPC formulation, the molar ratio of DSPE to DSPC is 1:4. All    

data were presented as Mean ± SD (n=4). 
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Figure 5.5 In vitro cytotoxicity of formulations containing different amounts of PEG in B16BL6 

cell line with 0.5μg/ml DOX. All data were presented as Mean ± SD (n=4). 
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Figure 5.6 In vitro cytotoxicity of formulations containing different ceramides in B16BL6 

melanoma cell line with 0.5μg/ml DOX. *p<0.05 as compared to free DOX, **p<0.01, 

compared to free DOX. ***p<0.001 as compared to free DOX. All data were presented as Mean 

± SD (n=4). 
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6. Summary and Future Work 

 

      There are several methods for cancer treatment including radiotherapy, chemotherapy, 

immunotherapy, and different combinations of these.  Chemo-immunotherapy, the combination 

of chemotherapy and immunotherapy, is popular with promising outcomes. Chemotherapy is still 

the conventional therapy for cancer treatment, but it is usually associated with several side 

effects and the development of multidrug resistance. Immunotherapy is receiving more attention 

since immune system plays an important role in killing cancer cells. The combination of these 

two methods is reported to be very effective, even synergistic inhibitory effects for cancer 

treatment.  

      Nanoparticles based delivery system provides a promising approach for chemo-

immunotherapy, as cytotoxic drugs and immune stimulators could be loaded into the same 

delivery system simultaneously. More importantly, nanoparticles have various merits. They can 

encapsulate wide ranges of drugs, especially poorly water-soluble drugs which usually have low 

bioavailability. They could also significantly enhance cell uptake either through passive targeting 

or active ligand targeting and alleviating adverse side effects.  

      This dissertation developed different lipid based delivery systems, such as micelles, 

liposomes and microemulsions, for tumor treatment. We designed and developed a novel 

micellar formulation using a single oxidized phospholipid, PazPC, for delivery of anthracycline 

anticancer drugs, DOX and IDA. We investigated the conditions of ion-pair complex formation. 

Subsequent micelle preparations were optimized and in vitro drug release studies under different 
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pH values were investigated. Finally, we determined cell uptake and cytotoxicity of a micellar 

drug formulation in sensitive and drug resistance leukemia cell lines. The drug loaded micelles 

significantly enhanced drug uptake and exhibited higher cytotoxicity for both sensitive and 

resistant leukemia cells in comparison to free drugs. Therefore, an oxidized phospholipid-based 

micelle system could be a promising carrier that may improve the therapeutic outcomes of cancer 

treatment. 

      We prepared lipid-coated nanoparticles including a calcium phosphate core and lipid 

shell for simultaneous delivery of zoledronic acid and poly (I:C). The LCP were fully 

characterized for mean diameter size, zeta potential, efficiency in loading zoledronic acid, 

cytotoxic effect in a B16BL6 melanoma cell line in vitro, and antitumor effect in B16BL6 

melanoma-bearing mice. It had a narrow particle size distribution and high loading efficiency for 

poly (I:C) and zoledronic acid, with good stability. In addition, codelivery of zoledronic acid and 

poly (I:C) offered superior antitumor activity in both in vitro and in vivo studies.  Furthermore, 

codelivery of zoledronic acid and poly (I:C) by LCP had higher cytotoxicity than delivering poly 

(I:C) alone by LCP (P < 0.05), indicating a synergism between zoledronic acid and poly (I:C).  

      Microemulsions were fabricated for enhanced transdermal delivery of genistein, which 

is poorly water soluble. Various factors affecting the emulsion formation and skin permeation 

and deposition of genistein from the microemulsion, such as type of surfactant, oil, and water 

content, were optimized using pseudo-ternary phase diagrams. The water content in the 

formulation played an important role in the microemulsion stability, droplet size, transdermal 

flux. The oleic acid based microemulsions with 20% water exhibited 40 fold higher flux than the 

control (genistein aqueous suspension). The optimized formulation consisted of 2% genistein, 

18% oleic acid, 60% cremophor EL/ethanol (5:11) and 20% water. It exhibited a small particle 
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size and the highest skin permeation rate. This formulation significantly increased skin 

permeation and deposition compared with microemulsion made with other components or both 

aqueous base and emulsion base controls. 

      Finally, a liposomal system co-delivering doxorubicin (DOX) and ceramide were 

developed and optimized for different types of ceramides (C6-ceramide, C8-ceramide and C8-

glucosylceramide) and lipids (DOTAP, DPPC, DSPE and DSPC). Liposomes were prepared by 

dry film hydration and extrusion with subsequent remote loading of DOX. Cytotoxic effect on 

B16BL6 melanoma cell lines was measured by MTT assay. The optimized liposome formulation 

provided a mean diameter of 150 nm, a narrow size distribution (poly-dispersity index of 0.09), 

positive zeta potential (+34mv) and 92% DOX encapsulation efficiency. The final optimized 

liposome has 10:10:1:2:2 molar ratio for lipid/ cholesterol/ PEG2000-DSPE/ Ceramide/ DOX. 

Co-delivery of DOX and C8-ceramide with DOTAP lipids based liposome demonstrated a 9 fold 

higher cytotoxicity compared to DOX alone. Therefore, this formulation could be a promising 

delivery system for anthracycline anticancer drugs to improve the treatment of melanoma.  

      Future work is directed to explore the mechanism of enhanced cytotoxic effects for these 

delivery systems and the application of delivering two or more agents in cancer treatment.  

     1. Investigation of the mechanism of synergistic cytotoxic effects of PIC and ZOL in 

melanoma cells. Pegylation of LCP nanoparticle and targeting ligand for systematic delivery can 

be attempted and the changes of tumor micro-environment induced by nanoparticles will be 

investigated. This will give guidance on developing a more potent system. 

      2. For genistien microemulsions, in order to determine the correlation between skin 

deposition and anti-cancer activity of genistein, the efficacy of the formulations is to be tested in 

tumor-bearing mice and mice with photo-damaged skin. Skin deposition of genistein will be 
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determined. The levels of hydrogen peroxide and the lipid peroxidation product, 

malondialdehyde (MDA) in mice skin will also be studied. 

      3. For co-delivery of doxorubicin and ceramide by liposome, the efficacy of the 

formulation will be conducted in tumor-bearing mice. More importantly, cell signaling pathways 

for the synergistim between ceramide and doxorubicin will be explored to further understand the 

potentials of nanoparticle delivering two agents simultaneously. 
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