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ABSTRACT 

Melanoma is the most life-threatening form of skin cancer and world-wide statistics show an 

alarming increase in melanoma incidence and mortality. The aim of my work was to develop and 

investigate the potential applications of novel drug/gene delivery systems in melanoma therapy.  

In the first research theme, I explored the application of targeted-gemini surfactant-based gene 

delivery system in melanoma therapy. Two cancer targeting-peptides (cyclic-RGD and p18-4]) were 

used to develop melanoma-targeting lipoplexes. Different formulations and transfection techniques were 

developed and evaluated. Physicochemical and structural properties of peptide-modified lipoplexes were 

examined. In vitro transfection efficiency and cellular toxicity of the developed lipoplexes were 

evaluated in human melanoma cell line. Results showed that peptide-modified gemini surfactant-based 

lipoplexes significantly enhanced the gene transfection activity in A375 cells compared to the non-

targeted formulation. 

 In the second research theme, I investigated the application of a novel β-cyclodextrin (βCD) 

modified gemini surfactant as a potential drug delivery system in melanoma. βCD was chemically 

attached to a gemini surfactant, producing a novel βCD-conjugate (18:1βCDg) that can self-assemble 

and form supramolecular nano-complexes. The 18:1βCDg was designed to combine the solubilizing 

capacity of the βCD and the cell-penetrating ability of the gemini surfactant. Melphalan (Mel) was 

selected as a model compound for a poorly soluble drug.  

To assess the solubilizing efficiency of 18:1βCDg, flow-injection analysis tandem mass 

spectrometric (FIA-MS/MS) methods were developed. FIA-MS/MS results showed a significant 

increase (over three-fold) in the aqueous solubility of Mel, at 2:1 host-guest molar ratio. Supporting this 

finding is the fact that One-/two-dimensional Rotating-frame-Overhauser Spectroscopy-Nuclear 
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Magnetic Resonance (1D/2D ROESY-NMR) results indicated the formation of stable 18:1βCDg/Mel 

inclusion complex at the same molar ratio. In vitro evaluations showed that the optimized 

18:1βCDg/Mel complexes significantly improved the chemotherapeutic efficacy of Mel in monolayer, 

3D spheroid and in Mel-resistant melanoma cell lines.  

Subsequently, in vivo acute toxicity in Sprague-Dawley rats and hemolysis assessment were 

conducted to determine the carrier’s safety profile. It was shown that 18:1βCDg has low hemolytic 

effect in comparison to native βCD and basic gemini surfactant molecule. Acute toxicity assessments 

indicated that 18:1βCDg was well-tolerated without significant toxicity.  
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7N(p18-4)-12, p18-4: p18-4 linear peptide 

Table 3.2: Physiochemical properties (size and zeta potential) of different p18-4 modified lipoplexes 

formulations.  Size and zeta potential measurements: values are an average of n = 3 ± standard deviation 

(SD). The polydispersity (PDI) index is indicated for the size measurements as an average of three 

measurements ± SD 

Table 5.1: MRM transitions for melphalan and melphalan-d8 (IS) and optimized MS conditions 

Table 5.2: Molar ratios of 18:1βCDg-Melphalan formulations evaluated in this work 

Table 5.3: Intra-day accuracy and precision 

Table 5.4: Inter-day accuracy and precision 

Table 6.1: Physiochemical properties (size and zeta potential) of different melphalan formulations. 

(--) indicates unmeasurable size or zeta potential. aResults are an average of n ≥ 3 ± standard deviation 

(SD) 

Table 6.2. Complexation-induced chemical shift (CIS) data of the host (βCD and 18:1βCDg) and its 

complexes with Melphalan. The CIS values (in brackets) were calculated as ∆δ = δcomplex - δfree, 
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where negative and positive values represent shielding (downfield) and deshielding (upfield) effects, 

respectively. * Chemical shift values are difficult to decipher 

Table 6.3: The 50% of inhibitory concentration (IC50) of: [A] Mel-alone, [B] 18:1βCDg alone and [C] 

18:1βCDg-Mel complexes at 2:1 molar ratio. IC50 determined in A375 monolayer cells by using the 

MTT assay. (IC50) was established by calculating the fraction of dead cells and plotting the data with a 

4-parameter curve. N=3 ± SD 

Table 7.1: Relative increases in female rats’ body weight compared to the weight of the animal at time 

received. n=5±(SD). No statistical significances were observed (p<0.05) when compared to control 

group 

Table 7.2: Relative increases in male rats’ body weight compared to the weight of the animal at time 

received. n=5±(SD). No statistical significances were observed (p<0.05) when compared to control 

group 

Table 7.3: Blood parameters analysis for female rats at day 14 after single dose IP injection. * Indicates 

>10% reduction in parameter value compared to published reference, ** Indicates >10% increase in 

parameter value compared to published reference. # Indicates statistically significant differences (n=3, 

p<0.05) compared to control group 

Table 7.4: Blood parameters analysis for male rats at day 14 after single dose IP injection. * Indicates 

>10% reduction in parameter value compared to published reference, ** Indicates >10% increase in 

parameter value compared to published reference. # Indicates statistically significant differences (n=3, 

p<0.05) compared to control group 

Table 7.5: Blood chemistry analysis for female rats at day 14 after single dose IP injection. * Indicates 

>10% reduction in parameter value compared to published reference, ** Indicates >10% increase in 

parameter value compared to published reference. # indicates statistically significant differences (n=3, 

p<0.05) compared to control group 

Table 7.6: Blood chemistry analysis for male rats at day 14 after single dose IP injection. * Indicates 

>10% reduction in parameter value compared to published reference, ** Indicates >10% increase in 

parameter value compared to published reference. # indicates statistically significant differences (n=3, 

p<0.05) compared to control group 

Table 7.7: % relative weight of selected organs of female rats compared to the body weight at day 14 

after single dose IP injection. Means (N=5)±SD. No statistical significances were observed (p<0.05) 

when compared to control group 

Table 7.8: % relative weight of selected organs of male rats compared to the body weight at day 14 after 

single dose IP injection. (N=5)±SD. No statistical significances were observed (p<0.05) when compared 

to control group 
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Table 7.9: Main histopathological observations at day 14 after single dose IP injection. Values indicate 

numbers of animals that showed the histopathological observation 

Table S7.1: Basic hematological and blood chemistry parameters evaluated in the in vivo toxicity study 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

Recent advances in nanotechnology-based drug and targeted-gene delivery systems for melanoma 

therapy 

Abstract 

Melanoma is a malignant tumor of melanocytes, the most progressive form of skin cancer. The 

incidence of melanoma is growing progressively, causing most of the deaths resulting from all skin 

cancer types. According to World Health Organization, over 132,000 new cases of melanoma are 

diagnosed annually. In Canada, an estimated 6,800 new melanoma cases were diagnosed and 1150 

deaths were caused by melanoma in 2015 (Canadian Cancer Statistics, 2015). In early stages, melanoma 

can be cured by surgical excision with high survival rate. However, in advanced stages, especially in 

metastasis, response to current therapeutic options is poor with very low survival rate (less than 5% over 

5-year). The advances in elucidating the biology of melanoma and the growing knowledge in genetic 

derivations in melanoma have been explored to tailor melanoma-specific treatment. In recent years, 

melanoma-specific therapies (BRAF\MEK inhibitors, anti-CTLA-4 and anti-PD-1) showing improved 

overall response and survival rate have been approved. However, limited patient eligibility, relapse, 

adverse effects, and cost associated with these agents can be obstacles to achieving absolute success. 

Applications of nanotechnology-based delivery systems have the potential to improve the current 

treatment options for melanoma therapy. They have been explored to enhance the bioavailability of 

chemotherapeutic agents, produce tumor targeting systems, improve drug stability, minimize drug 

resistance and for combinational therapy. Similarly, gene therapy approaches are expected to 

revolutionize targeted melanoma therapy.  
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In this chapter, I summarized the current pharmaco-therapeutic options for the management of 

melanoma. I underlined the potential of nanotechnology in improving the therapeutic outcomes of 

current melanoma therapy. I focused on lipid-based nanocarriers for the formulation of anti-neoplastic 

agents and the applications of cyclodextrins in melanoma drug delivery. In addition, I highlighted the 

uses of gene therapy in cancer and, specifically, melanoma therapy focusing on different targeting 

approaches of gene delivery systems. Moreover, I reviewed the applications of non-viral gene delivery 

systems to skin as a potential approach for developing topical gene delivery systems for melanoma. 
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Introduction  

Skin cancer is the third common type of cancer worldwide with an estimated 2-3 million cases 

being diagnosed each year (World Health Organization-WHO). It can be classified into two groups: non-

melanoma skin cancers and melanoma. Non-melanoma skin cancers (NMSC) can be cured completely 

by surgical excision or topical chemotherapy, therefore, they are regularly excluded from cancer 

statistics. However, NMSC must not be ignored and prevention strategies and treatment must be 

employed to prevent cancer recurrence or possible metastasis.1    

  On the other hand, melanoma which represents less than 4% of all skin cancers is causing the 

most of skin cancer-related deaths. In Canada, it is estimated that 6,800 cases of melanoma were 

diagnosed in 2015 which represents almost 14% of all types of cancer diagnosis and the incidence rate is 

estimated to increase in the future.2 Melanoma is categorized into four subtypes: nodular malignant 

melanoma, acral lentiginous melanoma, lentigo maligna, and superficial spreading melanoma.3 Nodular 

malignant melanoma is the most aggressive and rapidly growing type of melanoma while the superficial 

spreading melanoma is the most common type.4 Diagnosis of melanoma is difficult; histological and 

pathological examinations are required to identify the exact type and extend of the malignancy.5 Staging 

of melanoma is also a difficult procedure. According to the American Joint Committee on Cancer 

(AJCC) Melanoma Staging Database, melanoma is classified based on clinical and pathological criteria. 

Staging of melanoma is based on micro-staging of the primary melanoma and clinical/radiologic 

evaluation for metastases.6,7 Melanoma metastasis can be categorized based on the distance of 

metastases from the primary lesion into three category: satellite metastases (within 2 cm), in-transit (> 2 

cm and within the same region) and distance metastases (outside the region of the primary tumor).8   
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Similarly to other types of cancer, melanoma is a complicated and multifactorial disease. The 

transformation of melanocytes into metastatic melanoma is accompanied by several biological and 

genetic alterations.9-11 In all types of melanoma, mutations were found in certain growth regulatory 

genes and cellular signaling pathways and activation of oncogenes.9,10 In addition, malignant melanoma 

shows significant immune changes and is associated with immune suppression.12,13 

If diagnosed at early stages, melanoma can be treated by surgical removal with high survival rate. 

However, at advanced stages, especially in the case of metastasis, melanoma response to current 

therapeutic options is poor with very low survival rate (less than 5% over 5-year) [Table 1.1].14 

Therefore, new treatment strategies are required.  
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Table 1.1: Melanoma stages and available treatment options 14 

Stage  5-year Survival 

rate  

Treatment option  

Stage 0: Melanoma in situ 99% • No intervention required  

Stage I : Non-invasive melanoma  

(confined epidermis) 
89-95% 

• Surgical excision  
Stage II: High risk melanoma 

(extended to papillary dermis)  
 72-86 % 

Stage III: Regional metastasis 

(up to reticular dermis and to lymph 

nodes) 

 29–51.6% 

• Surgical excision of primary and involved 

lymph nodes  

• Isolated limb perfusion/isolated limb infusion 

with melphalan 

• Radiotherapy  

Stage IV: Distant metastasis 

(extended into reticular dermis and 

other body organs) 

 7–19% 

• Chemotherapy 

• Radiotherapy   

• Biological and immunological therapy  

• Surgical excision  
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1.1. Current Therapy for Melanoma 

The progress in understanding the biology of melanoma and genetic implications of the disease 

provide valuable opportunities to develop novel treatments. Strategies are pursued to manage the disease 

at the molecular level by either blocking the affected signaling pathways or enhancing the anti-tumor 

immune responses. The currently available treatment options for melanoma are surgery, radiotherapy, 

chemotherapy, isolated limb perfusion/infusion, immunotherapy and/or biological therapy. It should be 

noted that there is no “gold standard” treatment for metastatic melanoma. The treatment options depend 

on the clinical assessment of the level of metastases and patient criteria.15 In the following sections, I 

focus on pharmacotherapeutic approaches for the management of melanoma.  

1.1.1. Chemotherapy  

Systemic therapy with cytotoxic agents is the first treatment option for most patients with 

metastatic melanoma. Different chemotherapeutic agents have been used in the management of 

metastatic melanoma including: dacarbazine, temozolomide, nitrosoureas, taxanes and platinum 

analogs.15  However, dacarbazine, an alkylating agent, is the only FDA approved (1975) cytotoxic drug 

for the first-line management of melanoma and it considered the standard comparator in most clinical 

trials.16 Several clinical trials showed modest benefit in term of response and survival rates for 

dacarbazine as a single treatment option.17-19 Dacarbazine (administered by IV route) is used as adjunct 

or palliative therapy in combination with other treatment methods. Temozolomide, an analog of 

dacarbazine, is an orally administrated prodrug. Most clinical trials showed no significant difference 

between dacarbazine and temozolomide in response rate and overall survival; however, temozolomide 

revealed an improvement in the quality of life for patient with CNS metastases.20-22 
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Anti-microtubular agents, such as paclitaxel, vindesine and vinblastine, have also been 

investigated as a single agent or in combination with other cytotoxic drugs or therapeutic options.23-27 

For instance, paclitaxel has been used as a single agent or in combination with other agents and showed 

modest improvement in overall response rate.27-29 A novel albumin-stabilized nano-formulation of 

paclitaxel, which received FDA approval for metastatic adenocarcinoma, is currently under investigation 

in phase I/II clinical trials for patients with metastatic melanoma.30-33   

Other chemotherapeutic agents investigated for metastatic melanoma include: platinum analogs 

(cisplatin and carboplatin) and nitrosoureas alkylating agents (carmustine, lomustine and fortemustin).34-

36 Platinum analogs showed modest potentials in combination with other agents toward improvement the 

overall response rate in several clinical trial.35,37,38 However, no significant improvements were reported 

when they were used as single therapy compared to dacarbazine. A phase III clinical trial compared 

fotemustine to dacarbazine, showed a significant increase in overall response rate and patient survival in 

fotemustine arm especially in the patient with brain metastases.39 However, the fotemustine arm showed 

higher toxicity including neutropenia and thrombocytopenia.39,40  

Melphalan, an alkylating agent, is used in isolated limb perfusion/infusion (ILP)/(ILI) as an 

adjunct therapeutic method to surgery and radiotherapy for patient with regional metastatic melanoma.41 

Tumor necrosis factor (TNF) or interferon-gamma (IFN-γ), in addition to the cytotoxic agent 

(melphalan), were also tested in clinical trials.42-44 The results from these trials indicated a significant 

increase in complete response rate and overall survival rate compared to melphalan alone arm. Ongoing 

clinical trials aim to optimize the treatment method and to achieve a more systemic effect. However, 

(ILP)/(ILI) are invasive methods, required special medical care and only applicable in certain patients.41 
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The majority of cytotoxic agents showed low response rate when used as a single line therapy in 

metastatic melanoma. Therefore, most clinical trials used a combination of different cytotoxic agents 

with diversity in their mechanism of actions to improve the overall response and survival rates and to 

avoid tumor resistance.45 Even though cytotoxic combination therapy improved the response rates to 

some extent, they were accompanied by higher side effects with no significant increase in the overall 

survival rate.45   

1.1.2. RAF kinase inhibitors   

RAF kinase proteins are group of serine/threonine-specific protein kinases which are involved in 

cell signaling, proliferation, differentiation, survival and apoptosis.46  BRAF gene, a proto-oncogene 

encodes B-raf kinase, is found to be mutated in 50-70% of melanoma patients.47 Mutation of BRAF is 

responsible for the survival of tumor cells. Therefore, targeting B-raf kinase by blocking its function is 

considered a potential way to treat melanoma.48,49  

Vemurafenib is BRAF inhibitors that showed significant efficiency in melanoma patients with a 

positive mutation in BRAF V600E gene.50,51 Vemurafenib showed favorable safety profile and efficacy 

in clinical trials as a mono-therapy or in combination with chemotherapeutic agents, leading to the FDA 

approval of vemurafenib in August 2011 for the treatment of unresectable/metastatic melanoma with 

positive BRAF V600E gene.52 Similarly, dabrafenib is another FDA approved (May 2013) BRAF 

inhibitor for the treatment of patients with BRAF V600E/K mutation-positive metastatic melanoma.53  

Unfortunately, many patients receiving BRAF inhibitors developed resistance toward the drug 

within 6 months of the treatment. This resistance was found to be related to the reactivation of other 

MAPK/ERK singling pathways resulted from acquired mutation in N-ras and MEK genes.54,55 In 

addition to drug resistance, these mutations were associated with the development of squamous cell 
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carcinoma in some patients.56,57 To overcome this issue, MEK inhibitors (such as trametinib) were added 

to BRAF inhibitors regimen.58 In 2014, FDA approved the combination of dabrafenib and trametinib for 

the treatment of patients with BRAF V600E/K mutation-positive metastatic melanoma.  

1.1.3. Immunotherapy and immuno-modulators  

Interleukin-2 is an immunomodulatory cytokine that regulates several immune responses and T-

cells differentiation and function.59 Eight major clinical trials investigated High-Dose-bolus (HDB) IV 

IL-2 in 270 patients with metastatic melanoma and promising results reported, leading to FDA approval 

in 1998 for HDB IL-2 as a treatment for metastatic melanoma.60,61 However, several factors can limit the 

success of IL-2 in treatment. HDB IL-2 treatment associated with major systemic toxicities especially if 

the treatment cycle is repeated in case of tumor progression.62 These multiple toxicities limited the use 

of the treatment to patients with good organ function. In addition, HDB IL-2 treatment is only 

recommended for patients with specific criteria who can response to immune stimulation. Furthermore, 

IL-2 therapy required hospitalization and close in-bed monitoring for toxicity assessment.63  

In an effort to reduce treatment toxicities, intralesional injection of a lower dose or subcutaneous 

IL-2 has been proposed as alternative to high-dose-bolus IV.64-66 The toxicity was lower, but the 

response rates were low as well. Similar studies conducted to evaluate the efficiency of low-dose SC IL-

2 in combination with other chemotherapeutics showed responses that were inadequate to apply in 

clinical practice.67,68  

Interferon-alpha (IFN-α) is another immunomodulatory cytokine that has been approved by FDA 

as an adjunct treatment for melanoma (Interferon alfa-2b). Clinical trials with Interferon alpha-2b as a 

monotherapy showed modest activity and less than 4% complete response.69,70 Patients with limited 

cutaneous metastases showed improvement in response rates. Toxicity of IFN-α is almost similar to that 
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associated with IL-2 in addition to the possibility of autoimmune reactions which can affect patient 

quality of life.71  

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) is a protein receptor found on the surface 

of activated T lymphocytes that has immune down-regulatory function.72 The activation of CTLA-4 

leads to: T cells arrest, inhibit IL-2 secretion, downregulate cytokine receptors.72 Blocking CTLA-4 

pathway by monoclonal antibody has been investigated as a potential immune-based therapy for 

melanoma.73 Ipilimumab is a human monoclonal antibody that was developed and evaluated in clinical 

trials with encouraging results, leading to FDA approval of the drug to be used in advance melanoma in 

March 2011.74-77  

The newest family of protein-base therapies is based on the anti-PD-1 receptor (programmed cell 

death 1, PD-1). PD-1 receptor is another immune down-regulator that is overexpressed in melanoma.78 

Several monoclonal antibodies have been developed to inhibit the PD-1 pathway aiming to support the 

activation of T lymphocytes and produce anti-tumor activity. 79-83 Nivolumab is an anti-PD-1 that 

showed promising results in treatment of metastatic melanoma.79-82 Nivolumab received FDA-approval 

in 2014 under the Fast Track Development Program for patients with unresectable metastatic melanoma 

or patients who no longer respond to other drugs.83 Pembrolizumab is another anti-PD-1 antibody that 

recently received accelerated FDA-approval for advance metastatic melanoma.84  
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1.2. Drug delivery systems for melanoma  

As illustrated in the previous section, current standard pharmaceutical treatment options have 

limited efficiency in terms of increasing the survival rate and disease-free prognosis. The advances in 

the last five years in developing melanoma-specific treatments led to the approval of several bio-

therapeutics (BRAF/MEK inhibitors, and anti-PD-1). However, a number of obstacles may limit wide 

clinical applications of such promising biological therapies. First, not all melanoma patients are eligible 

for biological agents. For instance, only patients with positive BRAF V600E gene mutation show a 

positive response to BRAF inhibitors (~ 50% of patients).85 Second, the cost associated with the 

production and administration of such medicines is significantly higher than standard chemotherapies.86-

88 In addition, treatment with biological agents usually require close monitoring for adverse events and 

toxicities as well an experienced personnel is required for drug administration.89-92  

Cytotoxic chemotherapy remains an essential treatment option in malignant melanoma, either as 

an adjunct or palliative option. Therefore, dacarbazine has been considered the “reference comparator” 

in most clinical trials. In addition, using chemotherapy in combination with other therapeutic strategies 

showed promising outcomes. Most newly discovered chemotherapeutic agents show significant anti-

tumor activity in vitro. Unfortunately, these positive results do not always translate into success in pre-

clinical and clinical studies due to several reasons.93-95 Firstly, a poor solubility profile is one of the 

major drawbacks of most chemotherapeutic agents that significantly impede their pharmacological effect 

and pharmacokinetic profile.93-95 Secondly, the systemic toxicity of chemotherapeutic agents, resulting 

from untargeted uptake of these agents by normal cells, is usually associated with several serious risks, 

such as cognitive impairments, cardiac toxicity and acute anemia as well as unavoidable side effects 

(i.e., nausea, gastrointestinal tract ulcerations, skin ulcers, hair loss, among others).96-100 Third, due to 

moderate in vivo anti-tumor activity, multi-drug resistance (MDR) has been reported with several 
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chemotherapeutic therapies.101,102 Therefore, there is a need to improve the efficiency and safety of 

chemotherapeutic agents. Chemical modification of drug molecules via studies on the structure-activity 

relationship is one option. However, the cost associated with drug development is reaching up to $2.6 

billion for a new drug and requires several years of research and clinical trials.103 On the other hand, 

using drug delivery systems to improve the pharmaceutical and pharmacological profiles of currently 

approved drugs might overcome these limitations.104,105  

Nanotechnology provides great opportunities for developing targeted and efficient melanoma 

therapies. Nano-scale drug delivery systems can be used to: improve solubility of poorly soluble drug, 

enhance chemical/biological stability, improve pharmacokinetic profile and biodistribution, increase 

tumor-specific uptake (targeting), minimize drug resistance, achieve drug controlled release, and deliver 

multiple drugs.105,106 In addition, nano-drug delivery systems can passively target cancer due to the 

enhanced permeability and retention (EPR) effect in the tumor microenvironment.107-109 The “leaky 

vasculature” of the tumor is caused by the increase of tumor endothelial gaps and leakiness of lymphatic 

drainage. Considering these advantages, liposomal doxorubicin and daunorubicin systems and 

nanoparticle albumin-bound paclitaxel are marketed to date.110,111  

The most common drug delivery systems used in melanoma treatment are: lipid-based systems, 

polymers, solid nanoparticles and cyclodextrins. In this review, I will focus on lipid-based drug delivery 

systems and on the applications of cyclodextrins in drug delivery for melanoma.  

1.2.1. Lipid-based drug delivery systems 

Lipids are the most studied systems for drug delivery and targeting since the first description of 

liposome preparation in the 1960s by Alec Douglas Bangham.112 Lipids provide several advantages as 

drug delivery systems.113,114 Amphiphilic lipids mimic the natural phospholipids of cell membranes 
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which can enhance the cellular uptake of the drug encapsulated into the delivery system.113 Most lipids 

used as drug delivery systems are either natural phospholipids or synthetic lipids that are biodegradable, 

non-immunogenic and bear low or no cellular toxicity.113,114 In addition, lipids provide high structural 

versatility, since they can be chemically modified, for specific and targeted delivery of a wide variety of 

drugs including chemotherapeutics, immunomodulators (i.e. IL-2), proteins and genetic materials (i.e. 

pDNA and siRNA, discussed later in gene delivery systems).115 Several lipid-based drug delivery 

systems have been evaluated for melanoma therapy. 

1.2.1.1.  Liposomes  

Liposomes are nano-/micro-scale structures formed by phospholipid bilayer systems.  

Phospholipids are amphiphilic molecules consisting of hydrophilic and hydrophobic parts. In water, 

phospholipids self-assemble to form supramolecular structures. This unique character makes liposomes 

attractive as drug delivery systems for both hydrophilic and hydrophobic drug molecules. In addition, 

liposomes can be tailored for a specific use or for targeting due to their structural versatility.113  

The physiochemical properties, which govern the drug delivery ability of liposomes, can be 

controlled by the chemical composition of the bilayer system and by the preparation method.116 Both 

natural and synthetic phospholipids have been used to form liposomal drug delivery systems. Two main 

preparation methods are described to form liposomes: extrusion and sonication.117 In the extrusion 

method, lipid dispersion is pushed through polycarbonate membrane filter with a specific pore size (i.e, 

0.2 µm) to obtain homogenous lipid vesicles with particle size comparable to the pore size of the 

membrane.118 By sonication, the liposomal vesicles are formed by shear forces induced by cavitation to 

reduce the size of large vesicles and to produce uniform small size vesicles.119  
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Liposomes are extensively utilized in drug delivery of anti-neoplastic agents resulting in the 

approval of several liposomal formulations for cancer treatment such as doxorubicin (Doxil®), 

daunorubicin (DaunoXome®) and vincristine (Marqibo®) among others.110,111 For melanoma therapy, 

liposomal drug delivery systems are widely investigated both at in vitro and in vivo levels. For instance, 

Hwang and co-workers described a cisplatin-liposomal drug delivery system composed of 

phosphatidylethanolamine (PE) with or without polyethylene glycol (PEG) derivatives for treating 

melanoma both in vitro and in vivo.120 Particle size of the generated liposomes was around 100 nm with 

efficient encapsulation (~ 70%), depending on the lipid composition. The cisplatin/PE liposome showed 

3.6 times higher in vivo toxicity against melanoma cells compared to free cisplatin, up to 72 hr of 

intratumoral administration. This work provided evidence of the feasibility of liposomal formulations for 

intratumoral delivery of a chemotherapeutic agent. Long-circulating liposomes (LCL) could also 

enhance the tumor growth inhibition activity of different glucocorticoids as anti-angiogenic agent. In 

B16.F10 murine melanoma model, a significant increase was observed in the efficacy of glucocorticoids 

to suppress tumor angiogenesis and inflammation.121 Mitrus et al. evaluated the effectiveness of a 

combination therapy of combretastatin phosphate, a vascular-disruptive agent, and doxorubicin 

encapsulated in long-circulating liposomal drug delivery system in inhibiting the growth of melanoma. 

This combination therapy produced significant tumor growth inhibition in comparison to doxorubicin 

monotherapy especially when the drugs administered in alternation.122 Marqibo® is vincristine 

liposomal formulation that approved by FDA for the treatment of a rare type of leukemia known as 

Philadelphia chromosome negative (Ph-) acute lymphoblastic leukemia (ALL).123 This liposomal 

formulation was evaluated in clinical trials as a treatment option for patients with metastatic malignant 

melanoma.124,125 Promising results were reported in term of safety and efficacy.      
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A major advantage of liposomal drug delivery systems is the ability to carry multiple agents in the 

same formulation for combination therapy or bio-imaging purpose. For example,  Ito and co-workers 

constructed magnetite cationic liposomes for malignant melanoma combination therapy using 4-S-

Cysteaminylphenol (4-S-CAP) and hyperthermia.126 (4-S-CAP) is a tyrosine analog that showed 

selective toxicity toward melanoma by interfering the activity of melanoma tyrosinase.127 Hyperthermia 

is a therapeutic method that has been evaluated in different clinical trials in cancer management.128 The 

(4-S-CAP)-loaded magnetite cationic liposomes showed stronger tumor suppressor effect and 17% 

regression in subcutaneous tumors compared to monotherapy with (4-S-CAP) or hyperthermia alone.126  

Liposomal formulations can also improve the transdermal drug delivery of anti-cancer agents for 

targeted melanoma therapy. Chen et al. used natural phospholipids (soybean phospholipids, egg yolk 

phospholipids, and hydrogenated soybean) to prepare curcumin-loaded liposomes for transdermal drug 

delivery.129 All liposomal formulations showed efficient encapsulation (>80%) with a particle size 

between 80-90 nm. A curcumin-loaded liposomal system formulated with soybean phospholipids 

showed the highest skin penetration efficiency in in vitro skin penetration study. The same liposomal 

formulation was used for in vivo evaluation and indicated a significant decrease in tumor size in 

comparison to free curcumin. 129     

1.2.1.2.  Cubosomes 

Cubosomes are lipid-based drug delivery systems that have been evaluated for anti-neoplastic 

delivery.130 Their constitutive lipids self-assemble into bicontinuous cubic liquid crystalline 

nanoparticles with unique honeycombed (cavernous) structures separating two internal aqueous channels 

and a large interfacial area.131,132 Cubosomes display several desirable properties as drug delivery 

systems including: (1) ability to encapsulate lipophilic, hydrophilic and amphiphilic drugs, (2) large 
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payload capacity due to large internal surface area, (3) biocompatibility, (4) bio-adhesive property (5) 

skin penetration activity and (6) ability to achieve drug sustain release.132-134 Cubosomes were explored 

as transdermal drug delivery systems for melanoma therapy.135-137  For instance, the incorporation of 

mitoxantrone (MTO), an anti-cancer agent, in a cubic phase lipid bilayer significantly enhanced the in 

vitro permeation of the drug and improved the drug toxicity in mouse melanoma B16 cell suspension.137 

In B16 melanoma mouse model, the MTO cubic phase formulations showed significantly higher tumor 

inhibition rate (68.44%) compared to MTO solution (25.7%) and control group (1.8%). The study 

provided evidence for the potential use of cubic phase lipid for invasive delivery of anti-cancer for 

melanoma therapy.   

1.2.1.3. Niosomes 

Niosomes are liposome-like bilayer systems formed by non-ionic surfactants that have been 

explored as drug delivery systems.138 Niosomes have been investigated as transdermal drug delivery 

systems, thus they appeal for melanoma therapy.139-142  Paolino et al designed niosomal drug delivery 

system using α,ω-hexadecyl-bis-(1-aza-18-crown-6) (Bola), Span 80® and cholesterol for the delivery 

of 5-fluorouracil (5-FU) for skin cancers.143 (5-FU)-niosomal showed an 8-fold increase in ex vivo 

human skin permeation compared to free 5-FU in aqueous solution. In vitro evaluation of (5-FU)-

niosomal formulation using melanoma cell line showed a significant increase (~100-fold) in the anti-

cancer activity of the (5-FU) compared to free drug.143 In another example, encapsulation of cisplatin in 

niosomes was more effective in reducing lung metastatic nodules in B16F10 metastatic melanoma mice 

model compared to free cisplatin. In addition, the cisplatin-niosomal formulation reduced the severity of 

cisplatin bone toxicity and animal weight loss.  144  
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Lipid-based delivery systems used in in melanoma therapy can encapsulate and protect the 

incorporated therapeutic agents, but solubilisation of the drug by various agents is also beneficial. 

Cyclodextrins, a family of frequently utilized solubilizing agents in pharmaceutical formulations is 

described in the following section.  
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1.2.2. Cyclodextrins 

Cyclodextrins (CDs) are naturally occurring cyclic oligosaccharides consisting of α-D-

glucopyranose units linked by (α-1,4) glycosidic bond. Cyclodextrins form a cone-like toroidal structure 

in which primary hydroxyl groups of α-D-glucopyranose units extend from the narrow edge of the CD-

structure and secondary hydroxyl groups from the wider edge. This conformation gives CDs a 

hydrophilic outer surface and lipophilic inner cavity; creating a moiety capable of forming non-covalent 

inclusion complexes with a large variety of guest molecules. Most common natural CDs are α-CD, β-CD 

and γ-CD based on the number of glucopyranose units as 6, 7 and 8, respectively [Tables 1.2 and 1.3].145  

Capitalizing on the ability of the CDs to form host-guest inclusion complex, CDs have been used 

in pharmaceutical formulations mainly to increase the apparent water solubility of poorly soluble drugs 

in order to improve their bioavailability. In addition, cyclodextrins and derivatives also have been 

employed to: enhance drug stability (thermal, photosensitivity and chemical), reduce drug mucosal 

irritation, reduce drug resistance and to achieve controlled release of the drug.145,146  

The ability of CDs to form host-guest complex and their pharmaceutical applications depend on 

the physicochemical properties of the CD, drug molecule and the formed complex.145 Natural CDs and 

their complexes are mainly hydrophilic in nature. However, their partial water solubility can limit their 

applications [Table 1.2]. The number of α-D-glucopyranose units controls the nature and the stability of 

the formed host-guest complex. For instance, the size of the inner cavity of αCD (4.7-5.3 Å) is small to 

fit most lipophilic drugs which limit its application.145 On the other hand, βCD has suitable inner cavity 

size (6.0-6.5 Å) for appropriate fitting and produce reasonably stable inclusion complexes.145 However, 

the inadequate aqueous solubility of βCD limits its use specifically in parenteral formulations, because 

βCD tends to form crystals in kidney, main systemic elimination organ, causing nephrotoxicity.147,148 
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The formed host-guest complex also affects the physicochemical properties of the CD molecule and the 

guest drug molecule. Therefore, it is essential to study the physiochemical properties of the CD-drug 

complex to optimize the drug delivery system. Higuchi and Connors described an analytical approach to 

study the CD/drug solubility relation known as phase-solubility method [Figure 1.1].149 This method 

examines the effect of solubilizer (CD or ligand) on the drug being solubilized (substrate). The phase-

solubility relationship describes only the solubilizing effect of the CD on the drug molecule but not the 

actual formation of inclusion complexes. As CD can form non-inclusion complexes, additional 

analytical methods are also needed to characterize the CD/drug complexes.150,151  

 Several CD derivatives have been synthesized to enhance the pharmaceutical uses of natural CDs 

[#4-8, Table 1.3]. 145 To overcome the low water solubility and renal toxicity, βCD derivatives have 

been synthesized. Randomized substitution of the hydroxyl group in β-CD with methoxy moiety 

increases water solubility from 18.5 mg/mL of the natural βCD to over 500 mg/mL for methylated 

βCD.152  Similarly, derivatization of βCD with 2-hydroxypropyl produce highly soluble CD (HP-β-CD) 

that been used in parenteral formulations. Other CD derivatives used in pharmaceutical formulations are 

sulfobutyl ether β-CD (SBE-β-CD), and 2-hydroxypropyl γ-CD (HP-γ-CD).145 These CD derivatives are 

commercially available and incorporated in several marketed pharmaceutical formulations.  

In addition to chemical derivatizations, CD molecules have been chemically conjugated to a 

variety of functional moieties (i.e. polymers, lipids and peptides) to create supra-molecular drug delivery 

systems benefiting from the ability of CD to form inclusion complexes and the specific bio-function of 

the conjugated molecule.153,154 For instance, several amphiphilic moieties have been conjugated to CDs 

creating self-assembling molecules to improve drug loading capacity and to enhance the cellular uptake 

of delivery system.155-158 Polymer conjugated cyclodextrins have also been synthesized and 

characterized for controlled drug release, concomitant delivery of multiple drugs and for gene therapy 
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delivery.159-163  Chemical conjugation of CDs with bio-molecules such as peptides, antibodies and 

aptamers have been produced for targeting drug delivery.164-166  

For cancer, and specifically melanoma drug delivery, several CDs derivatives and conjugates have 

been evaluated both at preclinical and clinical levels.167-176  Kale et al used SBE-β-CD [#6, Table 1.3] to 

improve the water solubility of poorly soluble bioflavonoid, quercetin, producing quercetin: SBE-β-CD 

inclusion complex and evaluated the anti-tumor activity of the complex in vitro in different cancer cell 

lines and in melanoma animal model.169 Phase solubility study, according to Higuchi & Connors 

method, showed a linear relationship between the solubilizing effect of SBE-β-CD, as a function of 

concentration, and the concentration of quercetin with the formation of an aqueous soluble complex. 

Different analytical methods used to confirm and characterize the inclusion complex including 1H NMR, 

circular dichroism (CD) spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and X-ray 

diffractometry (XDR). In vivo evaluation of the quercetin/SBE-β-CD complex in B16F10 mouse 

melanoma model indicated a significant inhibition of tumor growth compared to both untreated group 

and quercetin group that were treated with same oral dose. Tumour microvessel density studies showed 

that quercetin has an anti-angiogenesis effect which significantly improved when quercetin complexed 

with SBE-β-CD.169   

Pentacyclic lupane-type triterpenes (i.e., betulinic acid and betulin) are naturally occurring 

compounds that have melanoma–specific cytotoxic effect.177,178 The poor aqueous solubility of betulin 

(Bet) limited its biological activity and clinical applications.179 Şoica et al used a γ-cyclodextrin 

derivative, octakis-[6-deoxy-6-(2-sulfanyl ethanesulfonate)]-γ-CD (GCDG), to increase the water 

solubility of betulin and evaluated their cytotoxic activity both in vitro and in vivo.171 Bet:GCDG 

complex at 1:1 ratio showed > 10% improvement in cytotoxic activity in melanoma B164A5 cell line 

compared to Bet alone. In vivo Bet:GCDG complex significantly reduced the tumor growth in B164A5 
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melanoma mice model in comparison to the untreated group. which was attributed to the anti-angiogenic 

effect of the betulin.171 

 Taking advantage of the low pH micro-environment of tumors180, He and colleagues designed 

pH-sensitive acetylated α-CDs (Ac-αCDs) for the delivery of anticancer drug paclitaxel (PTX) and 

evaluated their efficiency in different cancer cell lines and in melanoma xenograft mice model.173 In 

addition, they compared the efficiency of the pH-sensitive PTX/Ac-αCDs to other PTX loaded nano-

formulations (pristine PTX, PLGA, PCADK and acetylated dextran). Acute toxicity studies both in vitro 

and in vivo for the Ac-αCDs indicated biocompatibility and safety of the delivery system. 173 In vivo 

anti-tumor activity of PTX/Ac-αCDs was evaluated in a melanoma-bearing nude mouse model. 

PTX/Ac-αCDs was able to inhibit significantly tumor growth even at lower doses (1.1 mg/kg) compared 

to PXT solubilized with Cremophor and ethanol mixture (10 mg/kg) with improvement in side effect 

profile. PTX/Ac-αCDs showed significantly higher anti-tumor activity compared to polymer-based drug 

delivery system (PLGA). In addition, Ac-αCDs had higher PXT loading capacity in comparison to other 

formulations.173  

4-hydroxynonenal (HNE) is an aldehyde end product of lipid peroxidation which showed potent 

anti-tumor activity in several cancer cell lines by inhibiting cell proliferation and angiogenesis and 

inducing cell apoptosis.181-183 The biological efficiency of HNE is restricted by its poor aqueous 

solubility and instability caused by the high reactivity of aldehyde group.184-186 To confront these issues, 

Pizzimenti et al proposed a polymer-based CD conjugate, βCD–poly(4-acryloylmorpholine) (PACM-

βCD) [#7, Table 1.3], for the delivery of HEN and they evaluated the developed formulation for 

inclusion efficiency, biological and chemical stability and in vitro activity.174 The physicochemical 

characterization of the HEN-PACM-βCD indicated the formation of inclusion complexes with high 

encapsulation efficiency (83.5%) which improved the chemical stability of HEN as the formulation can 
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be stored for 12 months at -20 °C without degradation. Similarly, PACM-βCD conjugate was able to 

protect HEN from interaction with HEN specific antibody as demonstrated by Western blot of anti-

HNE-His Michael adduct antibody experiment. In melanoma 3D in vitro tissue model the HEN-PACM-

βCD complexes induced melanoma-specific toxicity with limited effect on normal tissues (normal 

human epidermal keratinocytes).174,187  

Curcumin is a natural diarylheptanoid extracted from the turmeric rhizome that demonstrated 

potent anti-inflammatory and antineoplastic activities.188-190 Numerous curcumin analogs have been 

developed and evaluated for their anti-cancer activity with encouraging results been achieved.191-195 

However, the poor water solubility limits the pre-clinical and clinical applications of these agents. 

Several drug delivery systems have been evaluated to improve the delivery of curcumins including CD-

based systems.196-198 In our research group, cationic gemini surfactant/β-CD conjugates [#8, Table 1.3] 

have been synthesized and evaluated for the delivery of poorly-soluble drugs including curcumin 

analogs.170,176,199  Gemini surfactants are cationic amphiphilic compounds that have been extensively 

investigated as non-viral gene carriers, which will be discussed later in non-viral gene delivery 

systems.200,201 They have the ability to self-assemble at a lower critical micelle concentration (CMC) and 

demonstrated efficiency to enhance in vivo cutaneous permeation of large drug molecules.202,203 In 

addition, they exhibited lower toxicity and higher biocompatibility in comparison to monomer 

surfactants. Therefore, the rationale for designing β-CD-gemini surfactant conjugates is to utilize the 

solubilizing capacity of the β-CD moiety and the cell penetration ability of gemini surfactant. 

Physiochemical characterization by 1H NMR, 1D/2D ROESY NMR, thermogravimetric analysis (TGA) 

and small-angle X-ray scattering (SAXS) of β-CD-gemini surfactant conjugates formulated with poorly-

soluble curcumin analogs (NC 2067) indicated the successful formation of NC 2067/β-CD-gemini 

surfactant inclusion complexes .176,199 In vitro evaluations using human melanoma cell line A375 
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showed that NC 2067/β-CD-gemini surfactant complex was able to induce cellular apoptosis as the 

levels of caspase 3/7 were significantly higher compared to the control groups. In addition, NC 2067/β-

CD-gemini surfactant complex demonstrated lower toxicity on normal human epidermal keratinocytes 

(HEKa) compared to melanoma cells.170  

1.2.2.1.Toxicity of Cyclodextrins  

The safety profile of any drug delivery system needs to be evaluated for successful clinical 

applications. It is essential that a drug delivery system displays minimum intrinsic toxicity and side 

effects. The safety profile of CDs and CD-derivatives depends on their solubility and the route of 

administration. The main toxic effects of natural CDs results from their limited aqueous solubility (in the 

case of α-CD and β-CD) and from the ability of CD cavity to interact and solubilize different cell 

membrane components (i.e. lipids and peptides).204,205 Nephrotoxicity is a major toxicity of parenterally 

administrated CDs as the kidney is the major excretion organ .206 Renal toxicity of CDs is a result of the 

accumulation of CD in the renal proximal tubule, causing morphological changes and irreversible 

damage.147 As expected, for natural CDs, β-CD, that has the lowest aqueous solubility [Table 1.2] shows 

the highest level of nephrotoxicity where γ-CD, the most soluble form of natural CD, has the lowest 

toxicity.207  

The effect of the CD on red blood cells is another main toxicity concern when CD is intended for 

parenteral administration. Cyclodextrins can induce morphological changes in the membrane of red 

blood cells as a result of solubilizing and extracting membrane lipids and peptides, which can lead to 

cell lysis (hemolytic effect).208 The significance of the hemolysis depends on the aqueous solubility of 

the CD and the ability to interact and solubilize the membrane components. Similar to the nephrotoxicity 

profile, β-CD shows the highest hemolytic activity.209 Intramuscular administration of natural CD can 
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cause irritation to muscle tissues and results in severe muscular damage.210 The mechanism of muscular 

toxicity has been reported to be similar to the hemolytic activity of CD, as CD can extract lipids and 

peptides from myocytes.210 Subcutaneous administration of CDs generally shows a low level of systemic 

toxicity but nephrotoxicity was reported at higher doses.211  

Unlike injectable formulations, CDs generally show a good safety profile when used in non-

injectable dosage forms. They are widely used in oral formulations to enhance bio-availability of poorly 

soluble drugs, to achieve controlled release, and as taste-masking excipients.212 In general, natural CDs 

show no substantial systemic toxicity when administrated orally as a result of poor absorption of CDs 

from the GIT.212 Nevertheless, local side effects such as diarrhea and soft stools were reported at high 

doses of oral CDs.213-215 For instance, 52-weeks toxicological evaluation of orally administrated βCD in 

dogs and rats showed that no toxicological effects were reported at 864 mg/kg/day and 1967 mg/kg/day 

for female rats and dogs respectively.214 Side effects, when occurred, are revisable without the need for 

medical intervention. All natural CDs are considered “generally recognized as safe” by the FDA as food 

additives.  

CDs have been evaluated to enhance the delivery of different macromolecular drugs (peptides, 

proteins, hormones and antibiotics) through inhalation (nasal and pulmonary routes).216,217 Most of these 

macromolecules show low absorption through the respiratory tract.218 CDs have been reported as 

efficient absorption enhancer by interrupting membrane integrity.216  A major toxicity concern for the 

inhalation of CD containing formulations is the possible local damage and irritation to the respiratory 

epithelium lining (ciliotoxicity and mucotoxicity).219,220 In vitro evaluation of ciliotoxicity of different 

CDs in human nasal epithelial cell suspension, showed concentration dependent, low-to-moderate cillio-

inhibition effects which were reversible by washing (mucous cleaning).219  Generally, most CDs show 

satisfactory level of absorption enhancement without major toxicity within the therapeutic range of 
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inhaled drugs.221 No systemic toxicity was reported for inhaled CDs even for repeated long-term 

administration.  

Dermal applications of CDs for local or systemic drug delivery have been widely 

investigated.222,223 CDs have been used to improve drug absorption, enhance\reduce drug permeation, 

enhance drug stability, reduce drug irritation, and to enhance the solubility of lipophilic drugs in the 

aqueous formulation.224 Natural CDs have the ability to extract lipids from different skin layers which 

can cause irritation at the site of the application.207 For natural CDs, βCD causes skin irritation only at 

high concentrations, indicating good safety profile.207 Accordingly, several CD-containing 

dermatological pharmaceuticals and cosmetics are available in the market.225 For instance, a βCD-

containing ointment of the corticosteroid dexamethasone (Glymesason) is approved in Japan for skin 

conditions, such as eczema and dermatitis.205 In cosmetics, CDs are widely used to prolong the scent of 

fragrance, to enhance the solubility of lipophilic components or to restrict the permeation of the active 

ingredient to skin (e.g. sunscreen preparations).226 Similar to dermal applications, CDs have been 

evaluated in different topical formulations (mucosal, vaginal and ocular) with similar safety profile.222  

For instance, rectal administration of CD containing formulations associated with no local irritation or 

systemic toxicities and were  well-tolerated by patients.227,228 The administration of micro-enemas 

containing diazepam or naproxen formulated with βCD caused no signs of irritations in human 

volunteers even at the highest dose (230 mg).228 

To reduce systemic toxicity, chemical derivatization of natural CDs (especially βCD) has been 

explored.  The main objective of derivatization is to increase the aqueous solubility of CD by 

introducing bulky groups to prevent intramolecular hydrogen bonds from changing the natural 

crystalline structure of CD to an amorphous derivative.229 This derivatization produces a more soluble 

form of CD with higher inclusion capacity, thus reducing nephrotoxicity. For instance, sulfobutyl-ether-
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β-cyclodextrin (SEB-β-CD), an amorphous hydrophilic derivative of βCD, shows significantly higher 

aqueous solubility compared to native βCD (over 35-fold increase in solubility). The higher aqueous 

solubility allows for the use of the SEB-β-CD in parenteral formulations without significant systemic 

toxicity.230 Different SEB-β-CD (Captisol®) containing formulations are available in the market such as 

antifungal Captisol-enabled voriconazole (VFEND®) and SEB-β-CD\melphalan (EVOMELA®) for the 

management of multiple myeloma.  

Table 1.2: Properties of natural cyclodextrins 145 

Property α-CD β-CD γ-CD 

Number of glucopyranose units 6 7 8 

Molecular weight (g/mol) 972 1135 1297 

Solubility in water at 25 °C (% w/v) 14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3 

Height of torus (Å) 7.9 7.9 7.9 

Cavity volume (Å3) 174 262 427 
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Figure 1.1: Phase solubility diagram149 
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Table 1.3: Examples of natural cyclodextrins, CD-derivatives and CD-conjucates disscussed in this review 

1 Alpha-cyclodextrin 

(α-CD) 

 

2 Beta-cyclodextrin 

(β-CD) 

 

3 Gamma-cyclodextrin 

(γ-CD)  

 

4 Methyl-β-cyclodextrin 

(Me-B-CD)  

 

5 Hydroxypropyl-β-cyclodextrin 

(HP-β-CD) 
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6 Sulfobutyl Ether-β-cyclodextrin 

SBE-β-CD 

 

7 βCD–poly(4-acryloylmorpholine) 

conjugate  

(PACM-β-CD) 174 

 

 

8 Cationic gemini surfactant/β-CD 

conjugates 170,176,199 
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1.3.   Gene therapy for cancer/melanoma 

The knowledge in the genetic derivation of cancer presents an opportunity for scientists to develop 

cancer-targeted therapies and avoiding the side effects associated with conventional therapies. 

Therefore, gene therapy has been investigated as a promising therapeutic approach for the prevention 

and treatment of cancer. In gene therapy, exogenous genetic material is transferred into the cell in order 

to express a beneficial protein or to silence protein expression to compensate for abnormal gene 

expression (up-regulated or down-regulated).231,232  

Gene therapy has been explored for the following therapeutics goals: restoration or substitution of 

a defective gene, induction of desired immune response (i.e. recombinant vaccines) or to silence a 

defective gene expression at the cellular mRNA level (gene knockdown).231,232  

Gene therapy has been studied in a wide range of cancer types using a broad variety of delivery 

systems which prompted several clinical trials.233 In fact, the first approved gene therapy clinical trial 

examined the safety and feasibility of using a viral vector, coding for neomycin phosphotransferase, as a 

potential treatment for metastatic melanoma.234 This innovative study has introduced the practicality of 

gene therapy as a novel method to fight cancer at the genetic level. Currently, more than 1,415 ongoing 

clinical trials worldwide are investigating the potential of cancer gene therapy.235  

1.3.1. Gene delivery systems  

To achieve effective gene expression, the exogenous genetic materials (e.g., DNA) should be 

stable in the biological system until it reaches targeted cell, be internalized by the cell and enter the 

nucleus for gene expression. Nucleic acids are easily destroyed by plasma and cellular nucleases and 

scavenger cells which limit their serum half-life to 10 minutes.236,237 Moreover, the cell membrane is 

lipophilic in nature which restricts the uptake of bulky hydrophilic charged molecules such as DNA. 
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Therefore, gene delivery systems are required to achieve a successful gene expression. Generally, gene 

delivery systems are categorized into viral and non-viral systems.  

 

1.3.1.1.Viral gene delivery systems  

The most frequently used vectors in gene therapy, which have reached advanced stages of clinical 

trials, are viral vectors; 64% of human clinical trials in gene therapy have used virus-based vectors.235 

The major advantage of the viral vectors compared to non-viral vectors is their high transfection 

efficacy. Additional advantages of viral vectors include the ability to target certain cells or tissue and to 

control the gene expression.238-240  

Despite these advantages, there are several concerns about the safety of using viruses as gene 

delivery systems. The major drawback is the reported cases of mortality and strong immune responses 

associated with the administration of viral gene therapy in clinical trials.241,242 In addition, the long-term 

effects of viral vectors in humans and the possibility of gene mutation are still indeterminate .243  

1.3.1.2.Non-viral gene delivery systems  

The simplest non-viral gene delivery method is the direct introduction of the genetic material into 

the targeted cells. Injection of naked DNA into an organ or targeted tissue of laboratory animals has led 

to successful gene expression. 244-249 Similarly, intravascular injection of naked DNA led to gene 

expression in vivo.250,251 However, inefficient gene expression and the need for a large amount of genetic 

material are the main shortcomings of naked DNA delivery.252  

To improve the cellular uptake of the naked genetic materials and to achieve higher gene 

expression levels, different physical methods have been employed including particle bombardment 253, 

electroporation254, sonophoresis255, and  magnetofection.256 The possibility of damaging cellular 
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membrane, inefficient gene transfer and the requirement of sophisticated techniques are the major 

limitations for wide clinical applications of physical methods.257 

Chemically mediated gene delivery systems are considered more promising gene delivery vectors 

due to numerous factors. Chemical gene carriers show: 1) low immunogenicity and cytotoxicity, 2) large 

loading capacity, and 3) structural versatility which can be modified for specific applications or for 

targeting.258-260 Two main classes currently used as chemical non-viral gene delivery systems: polymer-

based and lipid-based.261,262  

1.3.2. Gene therapy approaches in cancer/melanoma  

It is well established that cancer is a complicated disorder that involves multiple genetic mutations. 

Therefore, it is not feasible to correct or replace all genetic abnormalities within cancer cells. Instead, 

different gene therapy approaches (such as immune-oncology, oncolytic vaccination and suicide gene) 

have been investigated for cancer management.  

Immuno-based protocols are the most employed approach in melanoma gene therapy. During the 

progression of melanoma from melanocytes, several alterations in immune system occur.11 Therefore, 

protocols that target the immune system gained a great deal of interest for melanoma gene therapy.263 

These protocols aim to stimulate the immune response against melanoma cells to induce tumor growth 

suppression or death. In addition, DNA-based vaccination protocols have been investigated for 

melanoma gene therapy. Both viral and non-viral gene delivery systems have been used in many clinical 

trials.263 

Immunostimulatory genes can be directly transferred into cancer cells in vivo to express proteins 

that expose tumors to the immune system with the intention of developing anti-tumor antibodies that can 

be used as tumor vaccines.264-266 Another technique of immuno-gene therapy is to genetically alter 
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specific immune cells (ex: dendritic cells) in order to elicit an immune response against the tumor.267 

This method can be applied either ex vivo or by targeted in vivo approaches.268,269  

Oncolytic vaccination is a tumor vaccination method based on injecting oncolytic viruses 

intralesionally to selectively infect tumor cells and stimulating a systemic immune response against the 

tumor.270 Talimogene laherparepvec (IMLYGICTM), a genetically modified herpes simplex virus 

developed as oncolytic vaccination for melanoma was granted the FDA approval in October 2015 as an 

oncolytic vaccination for melanoma and as the first gene therapeutic in the history of USA. 271-275 

Oncogene inactivation is a cancer gene therapy protocol that has been investigated as a potential 

method to prevent cancer development and progression.276,277 The recognition and identification of 

cancer-specific oncogenes offer an opportunity to inactivate these genes as prevention and treatment 

methods.278,279 Inactivation of the oncogene by transferring a gene or an antisense oligonucleotide that 

cause oncogene inhibition has been widely investigated.280-282 Similarly, tumor suppressor genes such as 

the gene coding for protein 53 (p53) might also be mutated or lost in cancer cells; contributing to 

uncontrolled cell division and the growth of the tumor.283 Replacement of mutated p53 can induce tumor 

cell death by apoptosis, tumor growth arrest or prevent tumor progression.276,277,284    

Pro-drug/suicide gene is a method by which a genetic material is transferred into tumor cells to 

express protein that subsequently converts a nontoxic pro-drug to a toxic metabolite causing tumor cell 

death.285-287 This approach of cancer gene therapy provides several advantages. The cytotoxic effect of 

the pro-drug only appears in the cells that express the transgene (i.e., non-specific toxicity would be 

largely avoided). In addition, only a small segment of the cancer cells is required to be treated with the 

transgene to achieve tumor regression (bystander effect).288,289 An example of this method is the 

systemic administration of ganciclovir (pro-drug) and transferring herpes simplex virus that expresses 
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thymidine kinase (HSV-TK) gene into cancer cells. Only cancer cells that express (HSV-TK) gene 

convert ganciclovir into ganciclovir triphosphate that inhibits DNA polymerases causing cell death. This 

method has been investigated in several studies and clinical trials for melanoma therapy with promising 

outcomes.290,291  

Another cancer gene therapy approach that has been evaluated is to transfer certain transgenes, 

such as multiple-drug resistance gene (MDR1), into normal cells to protect them from the toxic effects 

of chemotherapy.292,293 This approach can allow the use of high doses of chemotherapy without the risk 

of acute toxicity for normal cells. However, the risk of non-specific uptake of the transgene by tumor 

cells can result in the resistance of the tumor to chemotherapy.294,295 

1.3.3. Targeting vectors for cancer gene therapy 

Achieving the ultimate goal of cancer gene therapy depends on the design of efficient, safe and 

cancer-specific gene delivery systems. The simplest method for solid tumor targeting is the local 

administration of the gene vector (i.e., intratumoral injection).296 However, systemic administration is 

required especially in the case of metastasis. Therefore, tumor specific uptake is essential to avoid non-

specific gene expression and possibly related toxicities. Targeted cancer gene therapy refers to gene 

vectors intended to interact with a cancer-specific bio-molecule (i.e., protein) that has an essential role in 

tumor growth or progression.297 Cancer-specific molecule (target) can be: a) receptor or enzyme that is 

overexpressed in tumor cells, b) tumor specific antigen, or c) cancer specific gene (i.e., oncogene). 

Another cancer targeting method that has been investigated for cancer gene therapy involves the use of a 

tissue-specific promoter that initiates the gene expression only in the target tissue.298,299  
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1.3.3.1.Targeting cancer with viral vectors 

Certain viruses have the ability to preferentially infect specific tissue as a result of their tropism. 

For instance, adenovirus has the ability to infect the liver parenchyma more efficiently compared to 

other tissues.300 Similarly, herpes virus can achieve high-level of gene expression in neurons.301 Virus 

tropism has been applied to achieve targeted gene delivery by viral vectors. 302-307  

Another cancer targeting approach by viral vectors is achieved by genetically modifying the virus 

to express cancer-specific targeting peptides. In this approach, the targeting ligand is incorporated by 

genetic means into a viral capsid or envelope protein producing a single virus particle that has the ability 

to recognize targeted host cell (tumor).308-311 Several studies employed this method to insert arginine-

glycine-aspartate (RGD) moiety into the viral vectors to target integrin receptors on tumors.312-314 

Integrins are a family of cell adhesion proteins that are up-regulated in cancer and promote tumor 

growth and metastasis.315 However, this method is technically challenging and requires deep 

understanding of the virus biology and structure.316  

Chemical modification of virus’ surfaces with targeting ligands or antibodies (adaptors) is the 

most common approach to achieve cancer targeting by viral vectors.316,317 The advantage of this 

approach is that a wide variety of adaptors can be incorporated on the surface of the viral vector without 

the need for genetic modifications.318   

Viral targeting can be limited due to challenges including 1) limited choices of pseudotype viral 

attachment proteins which can limit the targeting to a variety of tissues, 2) the requirement to recognize 

the nature and function of each viral attachment proteins, and 3) the negative influence of viral  

modifications on the transduction activity of the modified viral vectors.304,316 
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1.3.3.2.Targeting cancer with non-viral vectors 

Non-viral gene delivery systems (chemically mediated delivery) have the ability to passively target 

the tumor through enhanced permeability and retention (EPR) effect when administrated 

systemically.108,109 The increased permeability of the tumor vasculature leads to a passive accumulation 

of the encapsulated genetic material in the tumor compared to normally vascularized tissue. To achieve 

such targeting, the DNA-carrier complex must possess certain physiochemical properties: 

hydrophobicity, surface charge, size and morphology .108 However, this method requires systemic 

administration of the vectors and cancer-specific targeting is limited. 

Active targeting of the chemically mediated non-viral vectors to cancer cells can be achieved 

through chemical modification of the carrier with cancer-specific ligands. The production of such 

systems is easier and less expensive in comparison to targeted viral vectors. The incorporation of ligands 

to non-viral vectors also can increase the cellular uptake by tumor cells and gene expression. The 

feasibility of this approach was tested in several in vitro and in vivo studies.319,320 For instance, Harvie et 

al showed that cationic lipid-protamine-DNA lipopolyplexes modified with RGD liposome (LPD–PEG–

RGD) has tumor targeting activity in breast cancer cell line (MDA-MB-231) that is known to 

overexpress integrin receptors, but not in hepatocarcinoma cell line (HuH-7) that known for its low level 

of integrin receptors.319 The (LPD–PEG–RGD) lipopolyplexes showed a 3-5 fold increase in cell 

binding compared to non-modified formulation (LPD-PEG). In addition, the enhancement in cellular 

uptake by MDA-MB-231 cells resulted in a 100-fold increase in transfection activity when (LPD–PEG–

RGD) was used compared with the LPD–PEG.319 In a similar method, Bruckheimer and co-workers 

evaluated the ability of LPD complexes modified with folate moiety (LPD-PEG-Folate) to target folate 

receptor in breast cancer xenograft mice model.320 Cell binding studies by fluorescently labeled 

formulations, showed a 1.6 fold increase in cell binding and uptake when (LPD-PEG-Folate) was used 
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compared to control formulation (LPD-PEG) proving the interaction of LPD-PEG-Folate complexes 

with surface folate receptors. The in vivo transfection of LPD-PEG-Folate complexed with DNA 

encoding HSV-1 thymidine kinase (TK) gene, in combination with ganciclovir treatment, showed a 

significant reduction in mean tumor volume in comparison with control groups. In addition, the median 

survival of treated animal group with LPD-PEG-Folate complexes increased from 25 days in the control 

groups to 31 days (p 0.0011).320 
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1.4. Lipid-based gene delivery systems to skin 

With the increase in understanding of the pathogenesis of melanoma and its genetic basis, 

localized skin gene therapy could provide a potential method to manage melanoma or improve the 

efficiency of current therapies. Topical delivery of a gene is an attractive method for gene therapy for 

many reasons. Skin is an accessible organ that can be treated by non-invasive painless methods. It could 

improve patients’ compliance and eliminate the requirement of advanced health care facility for drug 

administration.321,322 In addition, the biology and structure of skin are well known, thus tailoring a gene 

delivery system to achieve local gene expression is easier than targeting other tissues. However, due to 

the natural protective function of the skin, gene delivery systems must overcome several barriers 

(discussed later) to achieve the desired gene expression.  

1.4.1. Skin as a target for gene delivery 

Healthy human skin is in a continuous activity of regeneration, metabolism, and immunological 

and histological responses to external stimuli.322 The skin consists of three distinct layers, each with 

specific histological features and functions [Figure 1.2]: the stratified non-vascular layer of the 

epidermis, the underlying dermis of connective tissue, and the fatty subcutaneous layer of the 

hypodermis.323 The stratum corneum (SC) is the outermost layer of the epidermis and consists of layers 

of corneocytes (terminally differentiated keratinocytes) with a thickness of 10-15 µm. The epidermis is 

connected to the dermis through the dermal-epidermal junction (DEJ) membrane that controls the 

exchange of metabolites between the two layers.323  The dermis (3-5 mm) is the elastic connective tissue 

that provides the pliability, elasticity and tensile strength of skin.323 The hypodermis, the subcutaneous 

layer, is the innermost layer of the skin and the thickness of this layer is dependent on gender and body 

region. It acts as body insulator and has an important role in thermoregulation and fat (energy) 

deposition.323 
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Drug molecules can cross skin layers either through transappendageal or transepidermal routes. 

The transappendageal routes, i.e., diffusion of molecules through pilosebaceous follicles and across 

sweat gland pores, can allow large molecules (such as DNA) to pass.323,324 Even though the 

transappendageal route seems to be an appealing pathway for unrestricted drug delivery, the significance 

of this route is challenged by the fact that these skin pores have limited surface area, low density, and 

body distributions show large variations.325,326 In addition, the passage of molecules across 

transappendageal routes can be hindered by their natural excretory function. The transepidermal routes 

involve the access of exogenous molecule through the epidermis. The stratum corneum (SC) is the major 

skin barrier for topical and transdermal drug delivery due to its compacted and protective nature. In 

addition, the chemical composition and acidic nature of the SC, and the enzymatic activity in the 

epidermis can hamper drug penetration.327,328 The permeation of any exogenous molecules through SC 

can be attained either by crossing the macrostructure of compacted corneocytes (intracellular route) or 

through the microstructure of the inter-corneocyte lipid domains (intercellular route).324,329 
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© 2014 WebMD, LLC. All rights reserved 

Figure 1.2: Cross-sectional digram represents human skin displaying the different cell layers and appendages 

(from: http://www.webmd.com). 
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1.4.2. Barriers for skin gene delivery 

To achieve successful gene delivery to the skin, the gene delivery systems need to penetrate the 

outer layer of the skin and protect the DNA in the targeted skin layer for an adequate period of time for 

gene expression. High molecular weight, negatively charged hydrophilic genetic materials (e.g., pDNA) 

do not penetrate the SC freely. Another physiological barrier for successful topical gene delivery is the 

high turn-over rate of the epidermis that can shorten gene expression in the skin.321,322  

In addition to the barriers represented by the SC, cellular uptake is another biological barrier for 

gene delivery. The cellular uptake of free nucleic acid by the cell could be confronted by the 

electrostatic repulsion between the negatively charged cell membrane and negative phosphate groups of 

the nucleic acid. After internalization, the DNA needs to escape from the endosomal compartment to 

reach the cytoplasm; otherwise, it will be subjected to degradation in the acidic environment of 

lysosomes. Finally, the DNA must travel through the cytosol and cross the nuclear envelope for 

translation leading to gene expression. These series of physiological and biological obstacles must be 

surmounted to attain the desired gene expression.330  

Direct injection of free recombinant genetic material into the skin is a method to overcome the SC 

barrier. For instance, Hengge et al were the first to describe the in vitro use of naked DNA injection, 

encoded for interleukin-8, into the epidermis to achieve the biological response of neutrophil recruitment  

and to demonstrate the practicality of naked DNA topical delivery in pig skin model.331 This led to 

several in vivo studies that evaluated the ability of intradermal injection of naked DNA to achieve gene 

expression.332-334 These studies in animal models demonstrated the feasibility of topical application of 

naked DNA. However, due to the low level of gene expression, the requirement of a large amount of 

DNA and advances in physically and chemically mediated gene delivery, translation of direct gene 

injection into clinical trials did not materialize.  
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The delivery of recombinant genetic material by physical methods include: particle bombardment 

(gene gun transfer)335,336, electroporation337,338, ultrasound induced pores (sonophoresis)339,340, 

microporation341,342, and DNA tattooing.343 Electroporation is the most investigated physical gene 

delivery through the skin with promising results been achieved.  Titomirov et al were the first to 

describe the in vivo application of electroporation to introduce DNA into the skin.344 After treatment, 

gene expression was observed in cell cultures for 30 generations.344  Heller and co-workers showed that 

the electroporation-assisted intradermal delivery of DNA encoding interleukin-12 can result in increased 

serum concentrations of γ-interferon.345 The promising results achieved by electroporation led to several 

clinical trials that evaluated its safety and efficacy for topical and transdermal gene delivery.346,347 

However, similar to other physical gene delivery methods, electroporation suffers from several 

disadvantages, including damage to cellular membrane and pain associated with the application of 

electrical pluses.  In addition, the cost associated with the production of the delivery devices and the 

requirement for specialized health care personnel and facility for the treatment may limit the wide 

clinical application of such system.348  
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1.4.3. Lipid-based carriers for skin gene delivery  

Liposomes have been widely studied as topical/transdermal drug delivery systems for drugs 

ranging from small molecules up to large hydrophilic molecules (i.e, proteins and DNA).349,350 They 

show several advantages for skin drug delivery. The phospholipid composition mimics the lipid content 

of the epidermis and cell membrane which allows them to penetrate the skin layers to a great 

extent.350,351 Most of the phospholipids used in drug delivery are biodegradable and non-toxic which 

improve their safety profile.352,353 In addition, due to their size and composition, phospholipid liposomes 

can target tumors passively by EPR and improve drug delivery. Hoffman et al described the first attempt 

to entrap DNA within liposomal vesicles using egg lecithin producing a liposomal system that was 

DNase-resistant.354 This work was followed by in vitro treatment of mouse skin with a liposomal 

formulation of phosphatidylcholine (PC) and radio-labeled DNA.355  The DNA-liposomal formulations 

were able to target the DNA into the hair follicles. 355  

Similar results were achieved when DNA encoding a reporter gene Lac-Z (pM-MuLVSV-Lac-Z) 

was used.356 Gene expression was observed in hair follicles of mice three days after topical 

administration of DNA-liposome formulation; providing evidence of preferential uptake of DNA by hair 

follicles.356 Meykadeh et al investigated the ability of topical spray of a DNA-liposomal system 

constructed from pDNA, encoding enhanced green fluorescent protein (EGFP) gene, and soybean 

lecithin liposome to transfect mouse (in vivo) and human skin (in vitro).357 Confocal laser microscopy 

results showed fluorescence in the epicutaneous and intraepidermal layers of skin indicating the 

penetration of the fluorescently labeled pDNA. However, no EGFP expression levels were detected 

(neither in vitro nor in vivo) by confocal laser microscopy and flow cytometry. 357 Nevertheless, the 

immunized animals with the topical spray of DNA-liposome system (with 0.2% DNA) induced GFP-



   (44) 
 

specific antibodies as shown by Western blot analysis.357 These results suggested that the topical spray 

of DNA-liposome formulation can be used for DNA immunization.  

Cationic lipids were introduced as non-viral gene carrier by Felgner and colleagues in 1987 using 

cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) and helper 

lipid 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) as a transfection agent.358 

This work pioneered the use of cationic lipids in gene therapy leading to the commercial production of 

the first lipid-based transfection agent, Lipofectin®.359  

The basic structure of all cationic lipids consists of a polar cationic head group(s) attached by 

linker (spacer) chain to hydrophobic groups (which may be single or double fatty acids, alkyl or 

cholesterol moieties).360 At a specific concentration (i.e., critical micelle concentration, CMC), these 

agents self-assemble to form supramolecular structures, such as liposomes, micelles and cubic- or rod- 

like structures based on their chemical structure. The assembly is an important step in the DNA binding 

and compaction process.361 A great number of combinations are possible for the hydrophobic, 

hydrophilic as well as the spacer regions. Therefore, cationic lipids can be produced with different 

physiochemical properties and uses. Numerous aspects influence the gene delivery efficiency of cationic 

lipids. 260,362 Cationic lipid must be able to condense and encapsulate DNA and form lipid:DNA 

complexes (lipoplexes). These complexes form through the electrostatic interaction of the cationic head 

group(s) of the lipid and the anionic phosphate groups of nucleic acids. Lipoplexes must be overall 

positively charged that allows the association of the lipoplexes with the negatively charged cell 

membrane promoting cellular uptake. Finally, the condensed DNA must escape the lipoplexes once 

enter the cell for gene expression. Structural manipulations of the basic components of cationic lipids 

aim to improve transfection efficiency and reduce cytotoxicity.360,363-365  
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In vivo topical application of lipoplexes onto the skin of mice was performed for the first time by 

Alexander and  Akhurst in 1995.366 A lipoplex system constructed from DNA encoding for β-

galactosidase reporter gene (β-gal) and cationic lipid DOTAP in a ratio of 1:1.6 (w/w) was used. The 

lipoplexes rapidly penetrated the skin and gene expression was detected in the epidermis, dermis and 

hair follicles after 6 h of transfection and high level of gene expression persisted up to 48 h.366 The 

highest gene expression was observed during the active phase of hair growth cycle (anagen phase) 

compared to the telogen phase.366 This showed that lipid-based DNA delivery can target hair follicles. 

Domashenko and co-workers evaluated the efficiency of different cationic lipids to transfect hair 

progenitor cells upon topical application of lipoplexes to mouse skin and to human skin xenografts.367 In 

addition, they investigated the influence of lipid composition and hair cycle stage on transfection 

efficiency. The highest gene expression activity (in vitro and in vivo) was found when lipid Pfx-1 was 

used which correlated with the ability of this polyvalent lipid to compact the DNA more efficiently. 

Similarly to previous findings 366,368, this study showed that proliferating cells are able to express the 

transgene more efficiently than quiescent cells. An ex vivo study on mice skin using topical lipoplexes 

formulated with pDNA, encoding for β-galactosidase reporter gene, and cationic lipid DOTAP without 

application of depilatory agent showed 33-fold higher gene expression in viable epidermis compared to 

control group (DNA alone).369 This study provides evidence that delivery of DNA-lipid complexes to 

skin layers is achievable even without depilatory procedures.  

Due to these promising results and potentials, lipid-based gene delivery to the skin has gained a 

great deal of attention to developing gene therapeutic approaches for a wide spectrum of diseases such 

as DNA-immunization, wound healing, skin autoimmune diseases and melanoma.370,371     

Producing systemic immune response (DNA vaccination) by topical application of lipoplexes 

system has been widely described. In fact, the immuno-gene therapy is the most investigated approach 
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for topical application of lipid-mediated gene delivery.372-378 The immune surveillance components (i.e., 

Langerhans cells) of the skin can be targeted to stimulate the immune system for DNA-based 

vaccination. Niemiec et al evaluated the ability of different lipid-based systems to topically deliver 

plasmid encoding cDNA for human interleukin-1 receptor antagonist (IL-1ra) protein and to achieve 

transient transfection of skin cells in vivo.376 Two lipid-based formulations were evaluated in this work: 

hybrid nonionic/cationic-based formulation contains glyceryl dilaurate:cholesterol: polyoxyethylene-10-

stearyl ether: DOTAP (GDL:Chol:POE-10:DOTAP) and phospholipid-based liposomal formulation 

combined of large unilamellar liposomes (LUV) of egg phosphatidylcholine (PC).376 The hybrid 

nonionic/cationic formulation was able to deliver the DNA and achieve successful transfection not only 

to the epidermis but also to proximal perifollicular cells.376 These results provide evidence that topical 

cationic lipid-DNA complexes can be applied as a therapeutic immunomodulatory. Shi and co-workers 

reported the in vivo use of lipoplexes system composed of DNA, encoding for human growth hormone 

(hGH), and DOTAP/DOPE as a non-invasive vaccination to achieve skin localized transgene expression 

and to induce systematic immune response.377 All topically treated animals were able to produce a 

measurable amount of antibodies against hGH within 7 months. However, the titers of anti-hGH IgG 

produced by lipid-based DNA vaccination were lower than the antibody produced by intramuscular 

administration of naked DNA and when topical DNA/ adenovirus (Ad) particles complexes were 

used.377 Nevertheless, this work demonstrated the feasibility and safety of using topical DNA-cationic 

lipid complexes as non-invasive DNA vaccination. Watabe et al investigated the topical painting of 

lipoplex system composed of cationic lipid 3β[N-(N7′,N7′-dimethylaminoethane)-carba-moyl] 

cholesterol (DC-Chol) , helper lipid (DOPE) and pDNA encoding for the matrix (M) gene of the 

influenza virus A/PR/8/34 to induce humoral and cell-mediated immunity against influenza virus.378  A 

skin stripping technique, by using a fast-acting adhesive glue to remove the outer layer of skin before the 
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transfection, was employed to bypass the SC as a barrier and enhance the gene expression.378 Animals 

subjected to skin stripping before the topical application of lipid-DNA formulation induced a higher 

level of antibody response in comparison to the control non-stripped group. In addition, the topically 

applied formulations were able to induce antibody response similar to that induced by intramuscular 

injection or intranasal routes.378 The in vivo virus challenge test presented evidence that the topical 

immunization with lipid-pDNA complexes showed strong protection action against A/PR/8/34 strain. 

This study demonstrated the feasibility of using non-invasive topical lipid-DNA-based vaccination as a 

protection from viral infection.  

Gemini surfactants are cationic lipids that have been investigated extensively as non-viral gene 

delivery carriers for both in vitro and in vivo applications.200,379-383 Structurally, they are two cationic 

surfactants linked together by a spacer region. These agents have versatile chemical structure, can be 

produced easily on a laboratory scale, are able to compact DNA to nano-sized lipoplexes, and show 

relatively low toxicity compared to monomeric surfactants.202,384,385 Structural modification of gemini 

surfactants resulted in an increase in activity and improvement of cytotoxicity profile.202,383,385,386 

Gemini surfactants have been evaluated for topical gene delivery for different indications.202,387-389 For 

instance, topical delivery of pDNA encoding interferon-gamma (IFN-γ) by using diquaternary 

ammonium gemini surfactant (16-3-16) lipoplexes induced higher gene expression compared to 

untreated control group and naked pDNA delivery in IFN-γ-deficient mouse model.202,387 IFN- γ gene 

expression after topical application of gemini surfactant lipoplexes was also detected in the axillary and 

inguinal lymph nodes in higher levels compared to control Dc-chol formulation and naked pDNA 

intradermal injection.202 The same topical lipoplex system was evaluated in a cutaneous scleroderma 

mouse model (Tsk/+ mice). An improvement in disease manifestation was reported as the IFN-γ 

expression modulate excessive collagen synthesis.390 Modification of gemini surfactant structure by 
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introducing amino acid(s) moieties in the spacer region enhanced the bio-compatibility of lipoplexes and 

produced a pH-sensitive system.385,386 One amino acid modified gemini surfactant 12-7N(gly-lys)-12 

was evaluated in vivo as a proof of concept to develop non-invasive topical lipoplexes for vaginal 

genetic vaccination.389 Using pGT.tdTomato pDNA to express model protein tdTomato, 12-7N(gly-lys)-

12, poloxamer 407  polymer, and penetration enhancer diethylene glycol monoethyl ether, a muco-

adhesive lipoplexes was constructed and applied in rabbit vaginal cavity. Local gene expression 

provided evidence for the possibility of using gemini surfactant-based lipoplexes as noninvasive 

mucosal gene delivery systems.  

Cationic lipid-based gene delivery represents an advantageous therapeutic approach for managing 

melanoma. The potential for these lipid-based gene delivery systems is reflected by the number of 

studies and clinical trials that have been used to investigate these systems for melanoma gene therapy.235 

Lipoplexes have been explored for melanoma treatment by introducing immuno-modulator genes, 

suicide genes, tumor suppressor genes or by inactivating oncogene expression.336,338,391-394 However, all 

clinical trials that evaluated lipid-mediated gene delivery systems for melanoma therapy were either in 

combination with physical methods (e.g, gene gun or electroporation) or by introducing the system 

directly to the tumor (intratumoral injection) to enhance the cellular uptake and achieve higher levels of 

gene expression. For instance, Allovectin®, a lipid-based formulation containing pDNA encoding 

human leukocyte antigen-B7 (HLA-B7) and β2-microglobulin complexed with cationic lipid 

DMRIE/DOPE, has been evaluated in clinical trials for treatment of malignant melanoma for almost two 

decades.395-397 In all clinical trials, Allovectin® introduced to patients through intralesional injection to 

achieve the desired gene expression. In August 2013, the company (Vical Inc.) announced the failure of 

phase 3 clinical trial to demonstrate any statistically significant in patients’ improvement compared to 

first-line chemotherapy (dacarbazine).398  
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1.5. Research Rationale, Hypotheses and Objectives:  

1.5.1. Theme # 1: Design and evaluation of ligand-modified gemini surfactant-based lipoplexes for 

targeted gene therapy of melanoma 

Melanoma is a malignant form of skin cancer and its incidence rate is growing progressively. The 

disease can be cured by surgical excision if diagnosed in early stages. However, the lack of non-invasive 

curative treatment for melanoma in advanced stages has promoted the exploration of more efficient 

therapeutic options. Recent advances in understanding the biology of melanoma and the growing 

knowledge in genetic derivations of melanoma can be utilized to tailor gene therapy-based melanoma-

specific treatments. Different genetic alterations have been identified which can be targeted by gene 

therapy. By utilizing this knowledge about melanoma and the advances in system biology, melanoma-

targeted therapy can be achieved.  

Gemini surfactants are a group of cationic lipids that have been investigated extensively as non-

viral gene delivery carriers for both in vitro and in vivo applications.200,399 These agents have versatile 

chemical structure; can be produced easily on a laboratory scale; are able to compact DNA to nano-sized 

lipoplexes; and show relatively low toxicity compared to monomeric surfactants.202,384,385 Modifications 

in the chemical structure of diquaternary ammonium gemini surfactant resulted in an increase in 

transfections activity and improvement of the cytotoxicity profile.202,383,385,386 Topical delivery of 

plasmid DNA encoding interferon-gamma (IFN-γ) by using gemini surfactant (16-3-16) showed its 

ability to deliver plasmid DNA in vivo in various tissues.202,387 

Gene delivery systems must be efficient, safe and able to limit the gene expression on the targeted 

cancer cells. Lipid-based gene delivery systems can be modified by an including targeting moieties to 

deliver the gene of interest specifically to the melanoma cells. Integrins are a group of cell adhesion 
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proteins that form heterodimeric receptors for extracellular matrix molecules and are overexpressed in 

several tumors, including melanoma. They play a major role in cancer invasion and migration.400-402 

Overexpressed integrins can be targeted with an arginine – glycine – aspartate (RGD) moiety.312,319,403 

Using cell penetrating/adhesion peptide is another method to target gene therapy to melanoma.404-406 

Different peptide sequences have been utilized to increase the uptake of nanoparticles to tumor 

cells.404,407 A peptide sequence of tryptophan – norleucine – glutamic acid – alanine – alanine – tyrosine 

– glutamine – arginine – phenylalanine – leucine (WxEAAYQrFL), abbreviated as peptide 18-4, showed 

selective uptake by MDA-MB-435 (a human metastatic melanoma cell).408,409  

In this theme, I developed and characterized gemini surfactant-based lipoplex system for 

melanoma gene therapy.   

1.5.1.1. Research Hypothesis: 

Modification of gemini surfactant-based nucleic acid lipoplexes with targeting peptides (cRGD or 

p18-4) will improve the specificity of gene expression in melanoma cells.  

1.5.1.2.Research Objectives  

i. To synthesize and characterize peptide modified gemini surfactant (cRGD and p18-4) 

lipoplex system [Figure 1.3] 

ii. To develop and evaluate peptide modified lipoplex formulations (in vitro evaluation): 

transfection efficiency, cellular toxicity and targeting specificity (proof of concept) 
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a) 

 
b) 

 
c) 

 
d)  

 
e)  

 

Figure 1.3.: Chemical structure of a) 12-7N(GK)-12, b) RGD peptide [RGD] c) 12-7N(RGD)-12 

gemini surfactant [RGD-G] d) p18-4 peptide [p18-4] and e) 12-7N(p18-4)-12 gemini surfactant [p18-

4-G] 
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1.5.2. Theme # 2: Design and evaluation of a β–cyclodextrin cationic gemini surfactant conjugate 

for delivery of a poorly soluble chemotherapeutic agent in melanoma models  

Several chemotherapeutic agents with high anti-tumor activity show unfavorable pharmacokinetic 

or stability profiles due to their physiochemical properties. Improving such shortcomings is needed 

which can be achieved via chemical modifications of the drug or by using drug delivery systems. 

Melphalan, a nitrogen mustard-analog alkylating agent, is clinically used for in-transit melanoma. 

However, the lipophilic nature of melphalan, the need to use an organic co-solvent (namely ethanol and 

propylene glycol) and the instability of injectable formulations limited their use in melanoma to isolated 

limb infusion/perfusion.410 Thus, there is a need for formulation development to maximize the potential 

of melphalan for melanoma therapy.  

In this research theme, I developed a novel lipid-based drug delivery system composed of a novel 

β-cyclodextrin (βCD) modified cationic lipid (gemini surfactant) [18:1βCDg] [Figure 1.4]. The βCD-

modified cationic lipid was specifically designed by our group to combine the solubilizing capacity of 

the βCD moiety and the cell-penetrating ability of the gemini surfactant.170,176. 
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Figure 1.4: Chemical structure of a) 18:1βCDg and b) Melphalan  
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1.5.2.1. Hypothesis 

Encapsulation of melphalan, as a model for poorly soluble drug, in a βCD-modified cationic lipid 

construct will improve the chemotherapeutic efficiency of the drug in a melanoma cell culture model.   

1.5.2.2. Objectives  

i. To synthesize and characterize βCD modified gemini surfactant [18:1βCDg] as a drug 

delivery agent for melphalan: physiochemical characterization, solubilization efficiency, 

host-guest interaction 

ii. To evaluate βCD modified gemini surfactant as a drug delivery system for melphalan to treat 

melanoma (in vitro evaluation): chemotherapeutic efficiency, cellular toxicity. 

iii. To assess the in vivo safety of β-CD modified gemini surfactant in an animal model  
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Transitioning rationale: 

 

This chapter is part of theme # 1: Design and evaluation of ligand-modified gemini surfactant-based 

lipoplexes for targeted gene therapy of melanoma 

 

The literature review provided evidence for the potential use of cationic lipids in gene delivery for 

cancer treatment, especially for melanoma gene therapy. The successful use of cationic lipids as gene 

delivery systems depends on designing a carrier that is able to deliver the genetic material specifically to 

the cancer cells with minimum intrinsic toxicity. The objective of this chapter is to provide a proof of 

concept for the applicability of melanoma-targeting by RGD-modified gemini surfactant as a gene 

delivery carrier in a melanoma. Targeting overexpressed integrin receptors by cyclic arginyl-glycyl-

aspartic acid (cRGD) peptide is well-established targeting model in cancer therapy. cRGD moiety was 

chemically attached to the gemini surfactant backbone or physically co-formulated to form the targeting 

lipoplexes. The influence of the targeting peptide on the essential physicochemical properties of the 

lipoplexes was investigated. The targeting efficiency and specificity in human melanoma cell line were 

evaluated.   
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2.1. Abstract 

Cationic gemini surfactants have been extensively studied as non-viral vectors for gene therapy 

and satisfactory levels of gene expression have been achieved. In this work, we have developed and 

evaluated novel peptide-targeted gemini surfactant-based lipoplexes designed for melanoma gene 

therapy. Integrin receptor targeting peptide, arginylglycylaspartic acid (RGD), was either chemically 

coupled to a gemini surfactant backbone or physically co-formulated with lipoplexes. Several 

formulations and transfection techniques were developed in order to achieve cancer cell targeting and 

high transfection activity. Transfection efficiency and cellular toxicity of the lipoplexes constructed from 

plasmid DNA, gemini surfactant, and a helper lipid in the presence or absence of the targeting peptide 

ligand were evaluated in an in vitro human melanoma model. Physiochemical properties of the peptide-

modified gemini surfactant and lipoplexes were examined using dynamic light scattering, zeta potential 

measurements, and small-angle X-ray scattering. RGD modified gemini surfactant based lipoplexes 

showed significant enhancement in gene transfection activity in A375 cell line compared to the standard 

non-targeted formulation, especially when RGD was chemically conjugated to the gemini surfactant 

(RGD-G). Targeting specificity was confirmed by using a positive competitor peptide (free RGD) and 

false-negative control peptide (RAD) and selectivity was probed by using normal human epidermal 

keratinocytes. The free RGD had no effect on the cell toxicity profile of the lipoplex systems. 

Physiochemical characterization (particle size and zeta potential measurements) showed that all 

nanoparticles were in the optimal size range for cellular uptake and there were no significant differences 

between RGD-modified and standard lipoplexes. All lipoplexes adopted an inverted hexagonal 

morphology, and the addition of the targeting peptide showed no significant changes in the nanoparticle 

assembly. These findings indicate the potential of RGD-modified gemini surfactant based lipoplexes for 

use in melanoma gene therapy as an alternative to conventional chemotherapy. 
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2.2. Introduction 

Melanoma is a malignant tumor of melanocytes, the most progressive form of skin cancer, and its 

incidence is growing, causing the majority of skin cancer-related deaths. Melanoma can be cured by 

surgical excision if diagnosed at an early stage. However, at advanced stages, especially in metastatic 

forms, the response to current therapeutic options is poor with a very low survival rate of less than 5% 

over 5 years.14 Therefore, new treatment strategies are required. The advances in elucidating the biology 

of melanoma and the growing knowledge in the genetic derivation of the disease can be utilized to tailor 

melanoma-specific treatment.  

Gene therapy is a promising therapeutic approach for melanoma management. Several gene 

therapy approaches have been investigated in preclinical and clinical trials to control melanoma.235,411 

These include: immuno-gene, oncogene inactivation, tumor suppression and genetic pro-drug activation. 

In fact, gene therapy approaches are expected to revolutionize targeted melanoma therapy as the first 

approved gene therapy treatment in the USA (Talimogene laherparepvec, IMLYGICTM) spearheads 

this approach.275 

Gemini surfactants are a group of cationic lipids that have been studied extensively as non-viral 

gene delivery carriers for both in vitro and in vivo applications.201,399 These agents have versatile 

chemical structure, can be produced easily on a laboratory scale, are able to compact DNA to nano-sized 

lipoplexes and show relatively low toxicity compared to monomeric surfactants.202,384,385 Chemical 

structure modification of gemini surfactants has resulted in an increase in activity and improvement of 

cytotoxicity profile.202 In vivo, topical delivery of pDNA encoding interferon-gamma (IFN-γ) by using 

diquaternary ammonium gemini surfactant (16-3-16) lipoplexes induced higher gene expression 

compared to untreated control group and naked pDNA delivery in an IFN-γ-deficient mice model.387 

The same topical lipoplex system was evaluated in a cutaneous scleroderma mouse model (Tsk/+ mice) 
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and showed a decrease in disease manifestation by modulation of excessive collagen synthesis.390 

Modification of gemini surfactant structure by introducing amino acid(s) moieties in the spacer region 

enhanced the bio-compatibility of the lipoplexes and also produced a pH-sensitive system.385,386,412 One 

of these amino acid modified gemini surfactants, 12-7N(GK)-12  (Figure 1a), was evaluated in vivo to 

develop non-invasive topical lipoplexes for vaginal genetic vaccination.389 Muco-adhesive lipoplexes 

composed of a model pDNA, 12-7N(GK)-12, poloxamer 407, and penetration enhancer diethylene 

glycol monoethyl ether induced gene expression in the mucosa, providing evidence for the possibility of 

using gemini surfactant-based lipoplexes as noninvasive mucosal gene delivery systems. 389 

To improve gene delivery and specifically tailor the lipoplexes towards melanoma therapy, the 

gemini surfactants can be modified with targeting moieties to deliver the gene of interest to the 

melanoma cells. Integrins are a group of cell adhesion proteins that form heterodimeric receptors for 

extracellular matrix molecules. Integrin receptors involved in different essential intracellular functions 

including cell adhesion, differentiation, and apoptosis.413 Integrin receptor consists of two-subunits α 

and β with several sub-classes and numerous dimerization combinations.414 Integrins overexpressed in 

several tumors, including melanoma, playing a major role in cancer invasion and migration.400-402 In 

melanoma, overexpressed α3/β1 integrin found to be substantially involved in disease progress, invasion 

and metastasis.415-417 This integrin phenotype is homogeneously expressed in cutaneous malignant 

melanoma.415 Overexpressed integrins can be targeted with an arginine-glycine-aspartate (RGD) 

moiety.312,319,403 

In this work, a new RGD-modified gemini surfactant (Figure 2.1) was synthesized and lipoplexes 

formulated and characterized for targeted melanoma gene delivery. Various formulation strategies were 

developed to optimize the physicochemical properties of the delivery system and to achieve efficient in 
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vitro transfection. The in vitro targeting efficiency of the lipoplexes was evaluated in the A375 human 

melanoma cell line and normal human keratinocytes. 
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Figure 2.1: Chemical structure of a) 12-7N(GK)-12, b) RGD peptide [RGD] and c) 12-7N(RGD)-12 

gemini surfactant [RGD-G] 
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2.3. Materials and Methods 

2.3.1.  Materials  

Cyclo(Arg-Gly-Asp-D-Phe-Lys) [RGD], cyclo(Arg-Ala-Asp-D-Phe-Lys) [RAD] and cyclo[Arg-

Gly-Asp-D-Phe-Lys(PEG-PEG)] were purchased from Peptides International, Inc (Louisville, KY, 

USA). N, N-diisopropylethylamine (DIPEA), 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxidehexafluorophosphate (HATU) and dimethyl sulfoxide (DMSO spectroscopy grade) 

were purchased from Sigma-Aldrich (Oakville, ON, Canada). Helper lipid 1,2 dioleyl-sn-glycero-

phosphatidylethanolamine (DOPE) was purchased from Avanti Polar Lipids, (Alabaster, AL, USA). 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Invitrogen 

Corporation (Grand Island, NY, USA). All solvents used were HPLC grade. 

2.3.2. Synthesis of gemini surfactants 

The synthesis and characterization of the gemini surfactant 12-7N(GK)-12 used in this study 

(coded as G in lipoplexes) have been previously described.385,418  

Synthesis of RGD modified gemini surfactant [RGD-G] 

Under a N2 atmosphere using standard Schlenk techniques, a 25 mL Schlenk flask equipped with a 

magnetic stir bar was charged with DMF (5 mL), gemini-COOH (synthesis described previously)385 

(9.35 mg, 0.0134 mmol), HATU (5.6 mg, 0.0148 mmol) and DIPEA (0.005 mL, 0.0295 mmol). This 

mixture was stirred at 0°C for 10 -15 min, at which time the color changed from yellow to orange. 

cyclo[Arg-Gly-Asp-D-Phe-Lys(PEG-PEG)] (molecular weight of 893.98 with two PEG moieties 

attached to lysine amino acid) (10 mg, 0.021 mmol) was then added and the reaction mixture allowed to 

warm to room temperature. After stirring for 18 h, DMF was removed under vacuum.  The resultant 

solid was extracted with dichloromethane saturated with NaHCO3. The combined organics were dried 
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over sodium sulfate and solvent removed. The yielded product dissolved in 50:50 H2O/methanol and 

subjected to 3 cycles of cold acetone precipitation. The structure and purity of the yield compound 12-

7N(RGD-PEG-PEG)-12 was confirmed by using high resolution positive ESI API QSTAR XL MS/MS 

hybrid QqToF tandem mass spectrometer (Applied Biosystems Inc., CA, USA), m/z 500.68 [M+3H]3+ 

indicating triply charged ion. No peaks were observed for uncoupled gemini surfactant at m/z 284.79 nor 

for uncoupled cyclo[Arg-Gly-Asp-D-Phe-Lys(PEG-PEG)] (singly charged ion at m/z 894.46 and doubly 

charged ion at m/z 447.735). 

2.3.3. Lipoplex formulations  

The construction of the model plasmid pGThCMV.IFN-GFP, used as a model for a robust 

plasmid, was described previously.202 Plasmid DNA (coded as P in lipoplexes) was isolated and purified 

using QIAGEN Plasmid Giga Kit (Mississauga, ON, Canada) following the manufacturer’s protocol. 

Aqueous solutions of 3 mM gemini surfactants/peptides were used to prepare all lipoplex formulations 

evaluated in this work.  

Lipoplexes, Table 2.1, were formulated using a plasmid to gemini surfactant (-/+) charge ratio of 

1:10 in the presence of (DOPE) as a helper-lipid (coded as L in lipoplexes) creating plasmid/gemini 

surfactant/lipid lipoplexes [P.G.L], as described previously.202 Briefly, The DOPE film was dispersed in 

9.25% sucrose solution (pH 9) in nuclease-free ultrapure water (Gibco, Invitrogen Corporation, Grand 

Island, NY, USA) at 1 mM DOPE final concentration and filtered through Acrodisc® 0.45 µm syringe 

filters (Pall Gelman, Ann Arbor, MI). The [P/G] lipoplexes were prepared by mixing an aliquot of 200 

µg pDNA aqueous solution with an appropriate amount of 3 mM gemini surfactant solution and 

incubated at room temperature for 20 min. The [P.G.L] systems were prepared by mixing [P/G] 
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lipoplexes with the DOPE vesicles at gemini surfactant to DOPE molar ratio of 1:10 and incubated at 

room temperature for 20 min. 

Peptide-modified lipoplex formulations were prepared in two different ways: 10% of total non-

modified gemini surfactant, 12-7N(GK)-12, was replaced by either peptide-modified gemini surfactant 

(RGD-G) in F2 and F3, (Table 2.1) or targeting peptide (RGD) in F4 and F5 (Table 2.1) 

2.3.4.  Size and zeta potential measurements 

Formulations (800 µL of each) were transferred into a special cuvette (DTS1061, Malvern 

Instruments, Worcestershire, UK) for size distribution and zeta-potential measurements using a Zetasizer 

Nano ZS instrument (Malvern Instruments, Worcestershire, UK). Each sample was measured four times, 

and the results are expressed as an average ± standard deviation (SD) of three samples (n=3) with a 

corresponding polydispersity index (PDI) value. 

2.3.5. Small-angle X-ray Scattering (SAXS) analysis 

Small-angle X-ray Scattering (SAXS) technique was performed at Stanford Synchrotron Radiation 

Lightsource, Menlo Park, CA, California. Lipoplexes prepared as described above were concentrated 

(10x) by speed vacuuming at 35 ˚C.  A wavelength of 1.1271 Å (11KeV energy) was utilized. Samples 

were loaded in 1.5mm boron-rich glass capillaries (Charles Supper Company, USA). The scattered X-

ray was detected on MAR225-HE (225 mm x 225 mm (3072 x 3072 pixels, pixel size 73.24 μm) at 20s 

exposure time and at a sample to detector distance of 1.1m. The SAXS detector was calibrated with 

silver behenate. GSASII software was used to plot diffraction intensity versus 2θ (where θ is the 

diffraction angle) or q (scattering vector) by radial integration of the 2D patterns. 
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2.3.6. Cell culture and in vitro transfection  

Human malignant melanoma (A375) cell line (ATCC® CRL-1619™) was cultured in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic and 

incubated at 37 °C under an atmosphere of 5% CO2/95% air. Normal adult human epidermal 

keratinocyte cells (HEKa, C-005-5C, Cascade Biologics, Invitrogen), were grown on a T-75 Cell+ tissue 

culture flask (Sarstedt AG & Co.) in Medium 154 (Gibco) supplemented with Human Keratinocyte 

Growth Supplement (HKGS, Gibco), 10% fetal bovine serum and 1% antibiotic and incubated at 37 ˚C 

under an atmosphere of  5% CO2/95% air.  

The day before transfection, cells were seeded in 96-well tissue culture plates (BD Mississauga, 

ON, Canada) at a density of 1.5×104 cells/well for A-375 cell line and for HEKa cell line at a density of 

2×104 cells/well in 96-well Cell+ tissue culture plate (Sarstedt AG & Co.). One hour prior to 

transfection, the media was replaced with non-supplemented media. Quadruplicate well of cells were 

transfected with lipoplexes containing 0.2 µg pGThCMV.IFN-GFP pDNA/well. Lipofectamine Plus 

reagent (Invitrogen Life Technologies) was used according to the manufacture’s protocol as a positive 

control with 0.2 µg pDNA/well. The 96-well tissue culture plates were then incubated at 37 °C under 

5% CO2 for 5 h. The transfection agents were removed and replaced with fresh supplemented media. 

Supernatants containing the secreted IFN-γ were collected at 24 and 48 h and replaced with fresh 

supplemented media. The collected supernatants were stored at -80 ˚C until further evaluated. 

2.3.7. Transfection activity (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) was performed using Immulon 2 flat bottom 96-

well plates (Greiner Labortechnik, Frickenhausen, Germany) following the BD Pharmingen protocol as 
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previously described.412 The concentration of expressed IFNγ was calculated from a standard IFNγ 

curve using recombinant mouse IFN-γ standard (BD Pharmingen, BD Biosciences). 

2.3.8. Cytotoxicity assay 

MTT assay was used to evaluate cellular toxicity of lipoplex systems in A375 and HEKa cell lines. 

A sterile solution of 4 mg/mL of MTT in PBS buffer was prepared. Cell lines were seeded on 96-well 

plates and transfected with lipoplexes (as described above). After 48 h, the cell lines were evaluated for 

cytotoxicity. The supplemented media was removed from the wells and replaced with 0.5 mg/mL MTT 

in supplemented media and incubated at 37 C in 5% CO2 for 3 h. The supernatant was removed and 

each well washed with PBS. The purple formazan crystal that formed was dissolved in DMSO. Plates 

were incubated for 10 min at 37 C. Absorbance was measured at 580 nm using BioTek microplate 

reader (Bio-Tek Instruments, VT, USA). The cellular toxicity is expressed as a percentage of the non-

transfected control cells ± SD. 

2.3.9. Statistical Analysis 

Statistical analyses were performed using SPSS software (Version 23.0). Results expressed as the 

average of three independent experiments ± SD. One-way analysis of variance (ANOVA, Dunnett's test) 

was used for statistical analyses. Significant differences were considered at p < 0.05 level.
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Table 2.1: Preparation methods and physicochemical properties (particle size and zeta potential measurements) for formulations 

evaluated. All lipoplexes systems prepared at 1:10 -/+ charge ratio and with helper lipid DOPE (L) used in all formulation. P: pDNA, 

G:12-7N(GK)-12, L: DOPE, RGD-G: 12-7N(RGD)-12, RGD: RGD peptide. Size and zeta potential measurements: values are 

average of are average of three independent experiments ± standard deviation (SD). Polydispersity (PDI) index is indicated for the size 

measurements as average of three measurements ± SD. * indicate significant difference (p < 0.05) compared to standard formulation.  

 

Formulation ID 
Preparation method  

Peptide/Peptide-

gemini surfactant 

Particle size 

(nm) ± SD 
PDI ± SD 

ζ-potential 

(+mV) ± SD 

F1:[P.G.L] Conventional -- 172 ± 0.6 0.245 ± 0.007 +26.7 ± 0.6 

F2: Ch[P.G.RGD-G.L]  Chemical conjugation  12-7N(RGD)-12 178 ± 6 0.291 ± 0.003 +22.3 ± 0.6 

F3: Ch[P.G.L].RGD-G Chemical conjugation  12-7N(RGD)-12 183 ± 6 0.319 ± 0.016 +22.7 ± 1 

F4: Ph[P.G.RGD.L] Physical co-formulation  RGD *208 ± 3 0.182 ± 0.004 *+13.3 ± 0.6  

F5: Ph[P.G.L].RGD Physical co-formulation  RGD *304 ± 5 0.208 ± 0.026 *+12.0 ± 0.1 

(6
6
) 
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2.4. Results  

2.4.1. Physiochemical characterization of RGD-modified gemini surfactant lipoplexes 

Particle size and surface charge of the lipoplexes are important factors that determine cellular 

uptake, transfection efficiency, intracellular distribution and lipoplexes stability.419,420 The mean particle 

diameter of standard non-modified lipoplexes [P.G.L] was 172±0.6 nm and all lipoplexes assembled into 

particles less than 200 nm (Table 2.1). The addition of 10% of RGD-modified gemini surfactant [RGD-

G] to the lipoplexes system (i.e., chemically conjugated F2:Ch[P.G.RGD-G.L] and F3: Ch[P.G.L].RGD-

G) caused a slight increase in particle size (~ 10 nm). On the other hand, physical co-formulation of 10% 

free RGD peptide [RGD] with [P.G.L] lipoplexes (F4: Ph[P.G.RGD.L] and F5: Ph[P.G.L].RGD) caused 

a significant increase in particle diameter in comparison to non-modified (~ 30-130 nm,). Zeta potential 

measurements showed that all lipoplexes bear an overall positive charge ranging from 20-26 mV for 

non-modified and chemically conjugated lipoplexes. Incorporation of free RGD [RGD] in the 

formulations caused significant reduction in values of zeta potential (50% reduction) (Table 2.1) (F4: 

Ph[P.G.RGD.L] and F5: Ph[P.G.L].RGD).  

Small-angle X-ray scattering (SAXS) measurements were conducted to evaluate the influence of 

the targeting component on the super-molecular arrangement of the lipoplexes. The standard non-

modified lipoplexes F:1[P.G.L] evaluated in this work retained an inverted hexagonal phase 

arrangement (HII) as the SAXS scattering profile shows distinctive Bragg peaks at q values of 0.104, 

0.181 and 0.209 with corresponding relative ratios of 1, √3 and √4 (Figure 2.2, Table 2.2). The addition 

of RGD peptide into lipoplexes (chemical or physical co-formulation) had no substantial impact on the 

lipid phase arrangement or inter-lattice spacing.  
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Figure 2.2:  SAXS profile of [P.G.L] lipoplexes constructed at 1:10 -/+ charge ratio and with 

helper lipid DOPE (L) used in all formulation. P: pDNA, G:12-7N(GK)-12, L: DOPE, RGD-G: 

12-7N(RGD)-12, RGD: RGD peptide          
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Table 2.2: Scattering peak position and the corresponding Inter-lattice distances for lipoplexes prepared at 1:10 -

/+ charge ratio and with helper lipid DOPE (L) used in all formulation. P: pDNA, G:12-7N(GK)-12, L: DOPE, 

RGD-G: 12-7N(RGD)-12, RGD: RGD peptide as determined from SAXS patterns 

 

 

 

 

 

 

 

 

Formulation ID 
1 √3 √4 

q(Å-1) d (Å) q(Å-1) d (Å) q(Å-1) d (Å) 

F1: [P.G.L] 0.104 60.09 0.181 34.70 0.209 30.00 

F2: Ch[P.G.RGD-G.L] 0.104 60.39 0.180 34.89 0.208 30.18 

F3: Ch[P.G.L].RGD-G 0.105 59.58 0.182 34.49 0.212 29.67 

F4: Ph[P.G.RGD.L] 0.105 59.76 0.182 34.52 0.210 29.88 

F5: Ph[P.G.L].RGD 0.106 59.35 0.183 34.23 0.213 29.54 
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2.4.2. In vitro evaluation  

2.4.2.1. Influence of formulation methods on transfection efficiency  

In this work, we evaluated the influence of the amount of the targeting ligand on the transfection 

and targeting efficiency of developed lipoplex systems. Increasing amounts of RGD-conjugated gemini 

surfactant (RGD-G) or physical co-formulation of free RGD peptide were incorporated in the lipoplexes 

(5%, 10%, 15%, and 20% of the total amount of cationic lipid) and the transfection efficiency was 

evaluated in A375 cell line (Figure 2.S-1). Incorporation of 10% RGD-conjugated gemini surfactant 

(RGD-G) or physical co-formulation of free RGD in the lipoplex systems produced 2-3 times higher 

levels of INF-γ compared to standard non-targeting lipoplexes [P.G.L] (Figure 2.S-1). Increasing the 

amount of targeting ligand in the formulation (20% and more) significantly diminished the IFN-γ levels. 

Based on these findings, 10% targeting ligands (RGD-conjugated gemini surfactant (RGD-G) or 

physical co-formulation of free RGD) was used in our further studies.  

In order to optimize the formulation and to enhance the targeting efficiency, we evaluated different 

preparation techniques (Table 2.1, Figure 2.3). In the F2:Ch[P.G.RGD-G.L] and F4:Ph[P.G.RGD.L] 

systems the targeting ligands (RGD-G or free RGD) were added during the formation of lipoplexes. For 

the other systems, F3:Ch[P.G.L].RGD-G and F5:Ph[P.G.L].RGD, the targeting ligands (RGD-G or free 

RGD) were added after [P.G.L] lipoplexes were formulated with the non-modified gemini surfactant. 

The highest IFN-γ expression (Figure 2.3-A) was obtained when the formulation was prepared by 

adding 10% of RGD-conjugated gemini surfactant (RGD-G) during the formation of lipoplexes 

F2:Ch[P.G.RGD-G.L], namely 1058±246 pg INF-γ/1.5×104 A375 cells, which is more than two-fold 

higher compared to the INF-γ levels achieved by standard non-modified F1:[P.G.L] lipoplexes of 

385±157 pg INF-γ/1.5×104 A375 cells. Physical co-formulation of free RGD in the lipoplexes (F4: 

Ph[P.G.RGD.L] and F5: Ph[P.G.L].RGD) brought no significant improvement on the transfection 
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activity in comparison to the standard F1:[P.G.L] lipoplexes.  As F2:Ch[P.G.RGD-G.L] showed the 

highest  level of enhancement in IFN-γ expression. This lipoplex was used for further evaluation.  

2.4.2.2. In vitro cellular toxicity assay  

The MTT assay was used to assess the effect of the targeting ligands (RGD-G or free RGD) on the 

cellular toxicity of the developed lipoplexes (Figure 2.3-B). After 48 h transfection, standard non-

modified lipoplexes F:1[P.G.L] showed over 80% cell viability and the presence of RGD ligands in the 

lipoplexes showed very little (not significant) change from this value.  



   (72) 
 

 

(A) * 

(7
2
) 



   (73) 
 

 

 

Figure 2.3: (A) IFN-γ expression in A375 cells at 48-h post-treatment with lipoplexes constructed at 1:10 -/+ charge ratio. P: pDNA, G:12-

7N(GK)-12, L: DOPE, RGD-G: 12-7N(RGD)-12, RGD: RGD peptide. (Ch) indicated lipoplexes chemically conjugated RGD-gemini and (Ph) 

lipoplexes physical co-formulation with RGD. IFN-γ level determined by ELISA. Significant increase (* p<0.01, one-way ANOVA) in IFN- 

expression was observed when cell treated with RGD chemically-conjugated lipoplexes (F2: Ch[P.G.RGD-G.L]) compared to non-modified 

lipoplexes (F1:[P.G.L])  (B) Cell viability in the same A375 cells after a 48-h treatment with RGD-modified lipoplex formulations as 

determined by MTT assay. Cell viability values are given as % relative to non-transfected cells. Four wells of each formulations were loaded on 

three different plates. The results are expressed as mean of the three independent experiments. Bars represent standard deviation. * Indicates 

significance at p < 0.01 in comparison to standard formulation [P.G.L] (F1) 

(B) 

(7
3
) 
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2.4.2.3. In vitro targeting efficiency   

In order to evaluate the specificity of the RGD-modified gemini surfactant-based lipoplexes to 

integrin receptors (overexpressed on the melanoma cells), we conducted two control experiments. In the 

first control, we used a positive integrins competitor (free RGD peptide) and a false-negative control 

peptide [cyclo(Arg-Ala-Asp-D-Phe-Lys) (RAD)] which presents a marginal binding to integrin receptors 

(Figure 2.4).421-423 A375 cells, which overexpress αvβ3 integrins, were treated with extra amount of 

RGD or RAD (1 µM) 1 h prior to transfection with RGD-modified lipoplexes. A significant reduction in 

the transfection activity was observed compared to the cells not treated with the control peptides (Free 

RGD or RAD) (Figure 2.4). The level of IFN-γ showed a 5-fold reduction when F2:Ch[P.G.RGD-G.L] 

was used after treatment with free RGD (IFN-γ 375±23 pg) and a 13-fold reduction when pre-treated 

with RAD peptide treated cells (IFN-γ 162±70 pg) compared to cells not pre-treated the with control 

peptides  (IFN-γ 2357±374 pg).     

In the second control experiment, we used primary human epidermal keratinocytes (HEKa) which 

express normal levels of integrin receptors in normal growth conditions (Figure 2.5).424,425 We 

transfected the HEKa cells with three lipoplex formulations: non-modified F1:[P.G.L], F2:Ch[P.G.RGD-

G.L], and F4:Ph[P.G.RGD.L].  A slight, but not significant increase (p>0.05), was observed with 

Ch[P.G.RGD-G.L] lipoplexes compared to standard [P.G.L] lipoplexes and no difference was observed 

with Ph[P.G.RGD.L] (Figure 2.5-A). The addition of targeting ligands to the lipoplexes caused no 

changes to the cellular toxicity profile of the standard formulation [P.G.L] (Figure 2.5-B).  

  



(75) 
 

 

Figure 2.4: RGD specificity study: IFN-γ expression in A375 cells at 48-h post-treatment with (1) non-

modified lipoplexes (F1:[P.G.L]) and (2) RGD chemically-conjugated lipoplexes  (F2: Ch[P.G.RGD-G.L]). (3) 

A375 cells were treated by 1 µM RAD peptide (a negative control for integrins) 1hr prior-transfection with (F2: 

Ch[P.G.RGD-G.L]) lipoplexes. (4) A375 cells were treated by 1 µM free RGD (positive competitor for 

integrins) 1 hr prior transfection with (F2: Ch[P.G.RGD-G.L]) lipoplexes. Significant reduction (* p<0.01, one-

way ANOVA) in IFN-γ expression was observed when cell treated by RAD and free RGD prior transfection 

compared to (2), indicating the specificity of RGD chemically-conjugated lipoplexes (F2: Ch[P.G.RGD-G.L]) 

toward integrins. Four wells of each formulation were loaded on three different plates. The results are 

expressed as mean of the three plates (n = 3). 
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Figure 2.5: (A) IFN-γ expression in HEKA cell line at 48-h post-treatment with lipoplexes constructed at 1:10 

-/+ charge ratio non-modified lipoplexes (F1:[P.G.L]), RGD chemically-conjugated lipoplexes (F2: 

Ch[P.G.RGD-G.L]) and RGD peptide co-formulated with the lipoplexes F4: Ph[P.G.RGD.L]. IFN-γ level 

determined by ELISA. (B) Cell viability of HEKA cells after a 48-h treatment with RGD-modified lipoplex 

formulations as determined by MTT assay. Cell viability values are given as % relative to non-transfected cells. 

HEKA cell line is normal adult human epidermal keratinocyte cells which express normal level of integrins. No 

statistical significances were observed between non-modified lipoplexes and RGD modified lipoplexes. Four 

wells of each formulations were loaded on three different plates. The results are expressed as mean of the three 

plates (n = 3). Bars represent standard deviation 
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2.5.  Discussion  

Achieving the ultimate goal of effective melanoma gene therapy depends on the design of 

efficient, safe and melanoma-specific gene delivery systems. Tumor specific uptake is essential to avoid 

non-specific gene expression and possible related toxicities. Targeted gene delivery can be achieved by 

designing a gene delivery system that preferentially interacts with a cancer-specific bio-molecule (i.e., 

protein) that has an essential role in tumor growth or progression.297 Cancer-specific molecules can be: 

a) a receptor or enzyme that is over-expressed in tumor cells, b) a tumor specific antigen, or c) a cancer 

specific gene (i.e., oncogene). Integrins are a family of cell adhesion proteins that are up-regulated in 

different cancers, including melanoma, and promote tumor growth and metastasis.315 Thus, for this 

study, we synthesized a new RGD-conjugated gemini surfactant to incorporate into the [P.G.L] 

lipoplexes. 

For non-viral gene delivery systems, optimization of the physicochemical properties of lipoplexes 

is essential to achieve a maximum level of gene expression and formulation stability. Several factors can 

influence the cellular uptake, hence the transfection activity, of lipoplexes. These include the particle 

size and shape, overall charge, supramolecular structure and the presence of targeted motifs (surface 

chemistry).419,426 The particle size of the lipoplexes plays an important role in formulation stability, 

cellular uptake, biodistribution and clearance. Addition of new components such as the RGD-modified 

gemini surfactant (RGD-G) to the lipoplexes might influence their assembly, cellular uptake mechanism 

and ultimately their biological behaviour.  

Previously we evaluated the mechanism of cellular uptake of lipoplexes system constructed with 

12-7N(GK)-12 gemini surfactant, the basic cationic lipid we used in the current study, in cottontail 

epithelial cells (Sf 1 Ep cells).386 The results from cellular uptake study, in which several inhibitors of 

main endocytosis cellular uptake pathways were used, showed that gemini surfactant-based lipoplexes 
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can be internalized to the cells either by clathrin-mediated and/or caveolae-mediated endocytosis.386 

Thus, in the current formulation development, our goal was to maintain the innate physicochemical 

characteristics of the non-modified gemini surfactant-based gene delivery nanoparticles. The particle 

size measurements of non-modified lipoplexes (i.e, F1: [P/G/L]) was 172±0.6 and particles were 

narrowly distributed (Table 2.1). The incorporation of 10 % of chemically conjugated gemini surfactant 

(RGD-G) in the lipoplexes (F2: Ch[P.G.RGD-G.L]), which showed the highest transfection, slight but 

not significant increases in particle size with a polymodal particle distribution ranging from 50 nm up to 

400 nm (as indicated by the PDI value). Previously, we reported that [P.G.L] lipoplexes formulated with 

12-7N(GK)-12 gemini surfactant form larger nanoparticles with cylindrical shape while lipoplexes 

formed using 12-7NH-12 gemini surfactant formed spherical-shaped lipoplexes with smaller particle 

size.386 The main cellular uptake pathway for 12-7N(GK)-12 lipolexes was caveolae-mediated uptake. 

The larger cylindrical lipoplexes formed with the peptide-modified gemini surfactant was believed to 

facilitate the cellular uptake especially if the particles formed with a size larger than 150 nm.386,426  In 

the current work we replaced 10% of 12-7N(GK)-12 (G) with RGD-conjugated gemini surfactant 12-

7N(RGD)-12 (RGD-G) in formulation F2:Ch[P.G.RGD-G.L]. Therefore, we speculate that formulation 

(F2) encircles both [P.G.L] and Ch[P.G.RGD-G.L] lipoplexes. The polymodal particles of this 

lipoplexes can be an indication for a heterogeneity of the size and shape which caused a change in 

endocytosis cellular uptake mechanisms. Gao et al showed that the modification of 

poly(ethyleneglycol)-poly(e-caprolactone) nanoparticles PEG-PCL NPs with interleukin 13 (IL-13) 

peptide to target IL-13Ra2 overexpressed receptor, caused significant changes in the endocytosis cellular 

uptake mechanism compared to non-conjugated PEG-PCL NPs. Macropinocytosis was important 

cellular uptake for non-conjugated NPs, while the IL-modified NP showed to be preferably untaken by 

clathrin-dependent pinocytosis and receptor-mediated endocytosis.  
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In addition, the increase of the IFN-γ expression in the case of F2:Ch[P.G.RGD-G.L] lipoplexes 

could be related to the presence of RGD motif. The RGD structure is anticipated to cause specific 

binding to cell surface integrins leading to receptor-mediated endocytosis for the Ch[P.G.RGD-G.L] 

lipoplexes, hence enhance the transfection activity.427-429    

Another important characteristic of the lipoplexes that influences the transfection efficiency is the 

supramolecular arrangement of the lipids in the context of the genetic material. Lipoplexes can form 

different lipid phases including lamellar, cubic, hexagonal and inverted hexagonal phases. All gemini 

surfactant lipoplexes investigated in this work adopted inverted hexagonal phase (HII) (Figure 2.2 and 

Table 2.2). The inverted hexagonal phase was found to be associated with the transfection activity of 

gemini surfactant-based lipoplexes as it can facilitate the fusion of the lipoplexes with the cell membrane 

and boost DNA endosomal escape as a function of helper-lipid, DOPE.202,381 

Optimization of the preparation method is a critical step when evaluating new components or 

formulating novel lipoplex systems. In this study, we have evaluated the influence of chemically-

conjugated RGD gemini surfactant [RGD-G] and the physically co-formulated RGD (Table 2.1) on the 

transfection activity of gemini-based lipoplexes. Only lipoplexes formulated with chemically conjugated 

RGD gemini surfactant (i.e, F2:Ch[P.G.RGD-G.L]) showed improvement in transfection activity (Figure 

2.3). Targeting by physical co-formulation of free RGD in the gemini surfactant lipoplexes had no 

positive effect on the level of gene expression. This can be related to the possibility of dissociation of the 

RGD from the lipoplexes prior to cellular uptake. We found that the optimal amount of RGD-targeting 

ligand that can achieve an increase in transfection activity is 10% of overall cationic lipid concentration. 

Further increase in the proportion of RGD negatively affected gene expression, more noticeably when 

[RGD-G] is used. It is possible that increasing the [RGD-G] content in the formulation caused a 

disturbance in the lipid phase arrangement as the [RGD-G] bears a long PEG chain in the spacer region 
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which can hinder the cellular uptake of the lipoplexes and delay DNA release. In fact, the SAXS profile 

of lipoplexes formulated with 100% [RGD-G] showed the disappearance of the distinctive Bragg peaks 

associated with inverted hexagonal phase (Figure 2.S-2). Consequently, lipoplexes formulated with 

100% [RGD-G] gemini surfactant showed a negligible level of gene expression (Figure 2.3-A), 

underlining the importance of the inverted hexagonal arrangement. The incorporation of 10% of [RGD-

G] during the formation of lipoplexes (i.e, F2:Ch[P.G.RGD-G.L] achieved a significant enhancement in 

gene expression (p < 0.05) with no changes in cytotoxicity (Figures 2.3). In contrast, the addition of 

[RGD-G] after the formation of [P.G.L] (formulation F3: Ch[P.G.L].RGD-G) did not improve the 

transfection activity compared to non-modified lipoplexes. This observation can be explained by the 

hypothesis that the cellular uptake of Ch[P.G.RGD-G.L] lipoplexes was more efficient than the other 

RGD-modified formulations due to the arrangement of the RGD-conjugate on the outer surface of the 

lipoplexes, presenting a higher availability for interaction with the surface integrins. Thus, the capability 

and specificity of RGD modified gemini surfactant to target the over-expressed αvβ3 integrins on A375 

malignant melanoma cells was validated.  

The incorporation of 10% of [RGD-G] in the described formulation F2 caused a significant 

enhancement in transfection activity which implies higher cellular uptake. In addition, the integrin-

competition studies with free RGD peptide and negative RAD peptide controls confirmed that the 

modification of the lipoplexes with RGD-conjugated lipoplexes preferably taken up by melanoma cells 

and a mean of RGD-intergins interaction, which involve a new mechanism of cellular uptake (receptor-

mediated endocytosis) as all lipoplexes failed to achieve a significant transfection level when the A375 

cells were pre-treated with controls peptides (Figure 2.4). Similarly, the transfection studies in HEKa 

cell line, which express low levels of integrins during early and normal cell growth,425,430 indicated the 

targeting specificity of the RGD-modified lipoplexes to melanoma (Figure 2.6).    
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2.6. Conclusion 

In this work the specificity and selectivity of a novel RGD-modified gemini surfactant-based 

nano-platform to target integrin receptors in melanoma. The RGD-conjugated lipoplexes showed higher 

transfection activity in melanoma cells compared to non-modified lipoplexes. The improvement in 

transfection activity associated with RGD-modified lipoplexes can be reverted by blocking the integrin 

receptors with a competitive analog of RGD. The specificity of RGD-conjugated lipoplexes toward 

melanoma cells was proven by transfection in normal keratinocytes cells (HEKa cells) which express a 

normal level of integrins. Lipoplex modification with the RGD-ligands had no significant influence on 

the physicochemical properties of the original lipoplex system or on the cellular toxicity profile. The 

RGD-modified nanoparticles have good potential to deliver tumor-suppressor genes directly into 

melanoma cells, with high specificity, to halt uncontrolled cell proliferation and trigger programmed cell 

death without affecting healthy surrounding cells in the skin. 
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           Supplementary Information 

 

Figure 2.S.1: Influence of the preparation methods and amount of modified gemini surfactant (RGD-

G) or free RGD peptide (RGD) on the transfection activity of different lipoplex formulations. Results 

are average of three independent experiments n ≥ 3 ± SD 
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Figure 2.S.2:  SAXS scattering profile of [P.G.L] lipoplexes constructed with 100% 12-7N(RGD)-12; 

pDNA and DOPE  
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 Transitioning rationale: 

 

This chapter is part of theme # 1: Design and evaluation of ligand-modified gemini surfactant-based 

lipoplexes for targeted gene therapy of melanoma 

 

Targeted gene delivery can be achieved by modifying the lipoplex system with a cancer-targeting 

moiety that can interact specifically with a cancer surface protein as discussed in Chapter 2. In addition, 

cationic lipids also can be modified with a targeting moiety that enhances the binding of the lipoplexes 

specifically to cancer cells. The previous chapter provided a proof of concept for the potential use of 

RGD-modified gemini surfactant-based lipoplexes to target overexpressed surface integrin receptors in 

melanoma. In this chapter, a cancer-specific penetration enhancer peptide (p18-4), that showed specific 

binding to cancer cells, was utilized to develop melanoma targeting lipoplexes. A methodology similar 

to that described in chapter 2 was used to evaluate the targeting efficiency and the influence of the 

targeting peptide on the physicochemical properties of the lipoplexes.      
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3.1. Abstract  

Achieving successful gene therapy requires delivery of a gene vector specifically to the targeted 

tissue with efficient expression and a good safety profile. The objective of this work was to develop, 

characterize and determine if a novel gemini surfactant-based lipoplex system, modified with a cancer 

targeting peptide p18-4 (WxEAAYQrFL), could serve this role. The targeting peptide p18-4 was either 

chemically coupled to a gemini surfactant backbone or physically co-formulated with the lipoplexes. 

The influence of formulation strategies and the addition of targeting ligand on the essential 

physicochemical properties of the lipoplex system (particle size, zeta potential, and lipid phase 

arrangement) was evaluated by dynamic light scattering and small angle X-ray scattering techniques. All 

lipoplex systems showed positive zeta potential values and particle size between 140-180 nm which is 

optimum for cellular uptake and physical stability of the system. The lipoplexes adopted an inverted 

hexagonal lipid arrangement. The lipoplex system modified with a peptide ligand showed no significant 

changes in physicochemical properties or lipoplex assembly. In vitro transfection activity and cellular 

toxicity of lipoplexes constructed with plasmid DNA for interferon-gamma (IFNγ), gemini surfactant, 

and a helper lipid in the presence or absence of peptide ligand were assessed in a model human 

melanoma cell line. The modification of gemini surfactant-based lipoplexes with the cancer targeting 

peptide significantly enhanced IFNγ protein expression (2-6 fold increase) compared to original non-

modified lipoplexes. In addition, p18-4 modified lipoplexes showed significant improvement in the 

safety of the lipoplex system. The ability of the p18-4 modified lipoplexes to selectively express the 

model protein was confirmed by using healthy human epidermal keratinocytes (HEKa). In conclusion, 

these gemini surfactant-based lipoplexes modified with p18-4 peptide showed improved efficiency and 

safety compared to the system that did not contains a cancer targeting peptide and provide evidence for 

their potential application to achieve targeted melanoma gene therapy.  
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3.2. Introduction  

In gene therapy, the efficiency of non-viral vectors depends on the successful delivery and 

expression of the exogenous genetic material in the targeted tissue, while causing minimum toxicity. For 

cancer gene therapy, non-viral gene delivery systems, which usually assemble as nano-sized particles, 

have the ability to non-specifically target the tumor (passive targeting) by an enhanced permeability and 

retention (EPR) effect, extravasation through the leaky vasculature surrounding the tumors and 

entrapment in the tumor mass.108  However, passive cancer targeting can be challenged by several 

factors including, but not limited to, the type of cancer, the heterogeneity of the tumor, blood supply, the 

interaction of the nanoparticles with the tumor and surrounding tissue, and the characteristics of the 

delivery system.297,431 On the other hand, cancer-specific targeting can be achieved by decorating the 

non-viral delivery system with cancer-specific ligands (active targeting). Such ligands can be a small-

molecule moiety, protein, peptide or antibody (monoclonal antibody or fragment) that can specifically 

bind to an overexpressed enzyme, a receptor or a cancer-specific antigen.432 Such targeting can enhance 

the accumulation and interaction of the ligand-modified nanoparticles which can improve their specific 

cellular internalization. As a result of specific uptake by cancer cells, off-target gene expression and 

toxicity can be avoided or at least minimized.433  

In cancer gene and drug delivery, different ligands have been explored for cancer specific 

targeting. These ligands include monoclonal antibodies such as trastuzumab to target HER2 receptor in 

breast cancer, peptides such as arginyl-glycyl-aspartic acid (RGD) to target overexpressed integrins, and 

small molecules such as folic acid to target the folate-binding protein.297 Among different peptide 

ligands that have been explored for cancer targeting is p160, a linear dodecapeptide 

(VPWMEPAYQRFL) that was identified by phage display. It displayed superior affinity for 

neuroblastoma cells and selective internalization in different breast cancer cell lines but not by normal 
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umbilical vein/vascular endothelium cells (HUVEC).434,435 Based on the structure of p160, several linear 

decapeptides have been engineered with higher affinity to cancer cells (MDA-MB-435, and MCF-7) and 

better enzymatic stability.436 Among these targeting peptides, p18-4 (WxEAAYQrFL) [Figure 3.1] 

demonstrated the highest affinity and selectivity toward breast cancer cells and showed resistance to 

proteolytic degradation.436 Decoration of liposomal-doxorubicin with p18-4, as a cancer targeted drug 

delivery system, significantly improved the cellular uptake and cytotoxicity of doxorubicin selectivity in 

breast cancer.409 In mice bearing MDA-MB-435 tumour, the anti-cancer activity of the p18-4 modified 

liposomal-doxorubicin was improved in comparison to the unmodified liposomal system.437  

Cationic gemini surfactants are cationic lipids that have been comprehensively evaluated and 

characterized for gene delivery.201,399 The versatility in the chemical structure of gemini surfactants 

makes it easy to produce highly efficient gene delivery systems with a good safety profile.202,387,389 For 

example, chemical modification in the basic structure of gemini surfactant by introducing amino acid 

substituents in the spacer region, producing 12-7N(GK)-12 [Figure 3.1], has led to the production of an 

efficient biocompatible carrier that showed applicability as a noninvasive mucosal gene delivery system 

in an animal model.389 Recently, we have reported the development and evaluation of an RGD-modified 

gemini surfactant lipoplex system that shows specificity to melanoma.438 The introduction of the RGD 

moiety into the gemini surfactant structure enhanced the transfection activity by more than two fold 

compared to non-modified lipoplexes.438 The successful targeting of overexpressed integrin in a 

melanoma model provided evidence for the potential of using gemini surfactant-based lipoplexes for 

targeted cancer gene therapy.  

The objective of this work was to develop and characterize a novel cationic gemini surfactant-

based lipoplex decorated with the specific cancer-targeting ligand p18-4 and to evaluate its activity in an 

in vitro melanoma model. As well, we investigated the influence of the ligand modification on the 
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essential physicochemical properties of the lipoplex system that govern the transfection activity. The 

specificity of the developed ligand-modified lipoplexes to target melanoma cells was also examined.  
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3.3.Materials and Methods  

3.3.1. Materials  

N, N-diisopropylethylamine (DIPEA), 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxidehexafluorophosphate (HATU), trifluoroacetic acid (TFA) and dimethyl sulfoxide 

(DMSO spectroscopy grade) were purchased from Sigma-Aldrich (Oakville, ON, Canada). Helper lipid 

1,2 dioleyl-sn-glycero-phosphatidylethanolamine (DOPE) was purchased from Avanti Polar Lipids, 

(Alabaster, AL, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

purchased from Invitrogen Corporation (Grand Island, NY, USA). All solvents used were HPLC grade. 

3.3.2. Synthesis of gemini surfactant and peptide p18-4 

Synthesis and characterization of 12-7N(GK)-12 gemini surfactant was reported previously.385 

Synthesis and characterization of linear peptide p18-4 were described previously.409  

Synthesis of p18-4 modified gemini surfactant 

Peptide p18-4 on the chlorotrityl resin (with all side chain groups protected with Boc) was 

provided by Dr. Kaur’s group. 436 The synthesis of gemini surfactant backbone [3-(bis 3-(N-dodecyl-

N,N-dimethylamino)propyl)carbamoyl propanoic acid]2+ 2Cl- was described previously.170 In brief, 

under a N2 atmosphere using standard Schlenk techniques, a Schlenk flask equipped with a magnetic stir 

bar was charged with 3,3′-iminobis(N,N-dimethylpropylamine) (1.682 g, 8.989 mmol) and succinic 

anhydride (0.988 g, 9.873 mmol) in 15 mL of DMF to form a homogeneous solution. After 3 days of 

stirring at ambient temperature, the reaction mixture was concentrated under vacuum to obtain an 

orange–yellow oily substance as the desired compound in quantitative yield. The compound was 

charged in a round-bottom flask with propanoic acid, (800.0 mg, 2.785 mmol) and 1-iodododecane 

(2.063 g, 1.720 mL, 6.933 mmol) in DMF (20 mL) to form a yellow homogeneous solution. After 12 h 
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of stirring at ambient temperature, the solvent was removed under vacuum and the residue washed 

several times with diethyl ether to remove the excess iodododecane. The sample was dried, yielding an 

orange oily substance that was dissolved in 10 mL of distilled water and 2.5 equivalents of Amberlite® 

IRA-400(Cl) (2.400 g, 6.933 mmol) was added to the solution. After stirring for 1 h, the Amberlite resin 

was removed by filtration and the residue washed with water. An orange, oily substance [3-(bis 3-(N-

dodecyl-N,N dimethylamino)propyl)carbamoyl propanoic acid]2+ 2Cl- was obtained in almost 

quantitative yield after removing excess water by freeze-drying.  

The gemini backbone was activated under a N2 atmosphere in a round bottom flask, by reacting 

[3-(bis 3-(N-dodecyl-N,N dimethylamino)propyl)carbamoyl propanoic acid]2+ 2Cl- (M.W. 696.96 

g/mol) with (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, HATU) 

(1.2 eq, M.W. 380.23 g/mol) and (N,N-diisopropylethylamine, DIPEA) (2 eq, M.W. 129.25 g/mol) in 10 

mL of dry DMF at room temperature for 15 min.  

For the coupling reaction, a solid phase peptide synthesis vessel [Medium Frit, GL 25 thread, 

Fritted Disc. Dia./25] (Chemglass Life Sciences, Vineland, NJ, USA) was charged with [p18-4]-

chlorotrityl resin and activated gemini surfactant (1:5 moles) in 10 mL of dry DMF. The coupling 

reaction was carried out for 3 days with continuous shaking and the solution removed from the vessel. 

The peptide-gemini surfactant was cleaved from the resin and all protecting groups were removed by 

using 50:50 TFA/DCM, 5% TIPS at room temperature for 1 h (3 times). The solution containing the 

modified gemini surfactant [p18-4-G] was collected and concentrated by rotary evaporation. The 

product was dissolved in 50:50 (v/v) H2O/methanol and subjected to 3 cycles of cold acetone 

precipitation. The structure of the compound was confirmed by using an API QSTAR XL MS/MS 

hybrid QqToF tandem mass spectrometer equipped with an ESI source (Applied Biosystems Inc., CA, 

USA). ESI m/z 634 [M+H]3+ (expected m/z for [M+H]3+ is 634.758) 
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3.3.3. Lipoplex formulations  

The construction of the plasmid pGThCMV.IFN-GFP, used as a model for a plasmid, was 

described previously.202 Plasmid DNA (coded as P in lipoplexes) was isolated and purified using 

QIAGEN Plasmid Giga Kit (Mississauga, ON, Canada) following the manufacturer’s protocol. Aqueous 

solutions of 3 mM gemini surfactant/peptide were used to prepare all lipoplex formulations evaluated in 

this work.  

Lipoplexes, Table 3.1,were formulated using a plasmid to gemini surfactant (phosphate/nitrogen) 

charge ratio of 1:10 in the presence of (DOPE) as a helper-lipid (coded as L in lipoplexes) creating 

plasmid/gemini surfactant/lipid lipoplexes [P.G.L], as described previously.438 In brief, The DOPE were 

vesicles formed by sonication in 9.25% sucrose solution (pH 9) at a final concentration of 1 mM DOPE 

and filtered through Acrodisc® 0.45 µm syringe filters (Pall Gelman, Ann Arbor, MI). The [P/G] 

lipoplexes were prepared by mixing an aliquot of 200 µg pDNA aqueous solution with an appropriate 

amount of 3 mM gemini surfactant solution and incubated at room temperature for 20 min. The [P.G.L] 

systems were prepared by mixing [P/G] lipoplexes with the DOPE vesicles at gemini surfactant to 

DOPE molar ratio of 1:10 and incubated at room temperature for 20 min. 

Peptide-modified lipoplex formulations were prepared in two different ways (as described 

earlier)438. Briefly, 10% of total non-modified gemini surfactant, 12-7N(GK)-12, was substituted by 

either peptide-modified gemini surfactant (p18-4-G) in L2 and L3, (Table 3.1) or targeting peptide (p18-

4) in L4 and L5 (Table 1). 
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Figure  3.1: Chemical structure of a) 12-7N(GK)-12, b) p18-4 peptide [p18-4] (WxEAAYQrFL) and 

c) 12-7N(p18-4)-12 gemini surfactant [p18-4-G] 
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3.3.4. Size and zeta potential measurements 

Formulations (800 µL of each) were transferred into a special cuvette (DTS1061, Malvern 

Instruments, Worcestershire, UK) for size distribution and zeta-potential measurements using a Zetasizer 

Nano ZS instrument (Malvern Instruments, Worcestershire, UK). Each sample was measured four times, 

and the results are expressed as an average ± standard deviation (SD) of a triplicate with corresponding 

polydispersity index (PDI) value (Table 3.2). 

3.3.5. Small-angle X-ray Scattering (SAXS) analysis 

Small-angle X-ray Scattering (SAXS) measurements were carried out at the Stanford Synchrotron 

Radiation Lightsource, Menlo Park, CA, California. Lipoplexes prepared as described above were 

concentrated (10x) by speed vacuuming at 35 ˚C.  A wavelength of 1.1271 Å (11KeV energy) was 

utilized. Samples were loaded in 1.5mm boron-rich glass capillaries (Charles Supper Company, USA). 

The scattered X-ray was detected on MAR225-HE (225 mm x 225 mm (3072 x 3072 pixels, pixel size 

73.24 μm) at 20s exposure time and at a sample to detector distance of 1.1m. The SAXS detector was 

calibrated with silver behenate. GSASII software was used to plot diffraction intensity versus 2θ (where 

θ is the diffraction angle) or q (scattering vector) by radial integration of the 2D patterns. 

3.3.6. Cell culture and in vitro transfection  

Human malignant melanoma (A375) cell line (ATCC® CRL-1619™) was cultured in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic and 

incubated at 37 °C under an atmosphere of 5% CO2/95% air. Normal adult human epidermal 

keratinocyte cells (HEKa,C-005-5C, Cascade Biologics, Invitrogen), were grown on a T-75 Cell+ tissue 

culture flask (Sarstedt AG & Co.) in Medium 154 (Gibco) supplemented with Human Keratinocyte 
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Growth Supplement (HKGS, Gibco), 10% fetal bovine serum and 1% antibiotic and incubated at 37 ˚C 

under an atmosphere of  5% CO2/95% air.  

The day prior to transfection, cells were seeded in 96-well tissue culture plates (BD Mississauga, 

ON, Canada) at a density of 1.5×104 cells/well for A375 and HEKa cell line at a density of 2×104 

cells/well in 96-well Cell+ tissue culture plate (Sarstedt AG & Co.). One hour before treatment, the 

media was replaced with non-supplemented media. Four wells per formulation were transfected with 

lipoplexes containing 0.2 µg pGThCMV.IFN-GFP plasmid/well. Lipofectamine Plus reagent (Invitrogen 

Life Technologies) was used according to the manufacturer’s protocol as a positive control with 0.2 µg 

pDNA/well. The 96-well tissue culture plates were then incubated at 37 °C under 5% CO2 and 95% air. 

After 5 h, the media was removed and replaced with fresh supplemented media. Supernatants containing 

the secreted IFN-γ were collected at 24 and 48 h and replaced with fresh supplemented media. The 

collected supernatants were stored at -80 ˚C until further evaluated. 

3.3.7. Transfection activity (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) was performed using Immulon 2 flat bottom 96-

well plates (Greiner Labortechnik, Frickenhausen, Germany) following the BD Pharmingen protocol as 

previously described.412 The concentration of expressed IFN-γ was calculated from a standard IFN-γ 

curve using recombinant mouse IFN-γ standard (BD Pharmingen, BD Biosciences). 

3.3.8. Cytotoxicity assay 

The MTT assay was used to evaluate the cellular toxicity of lipoplex systems in A375 and HEKa 

cell lines. A sterile solution of 4 mg/mL of MTT in PBS buffer was prepared. Cell lines were seeded on 

96-well plates and transfected with lipoplexes (as described above). After 48 h, the cell lines were 

evaluated for cytotoxicity. The supplemented media was removed from the wells and replaced with 0.5 
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mg/mL MTT in supplemented media and incubated at 37 C in 5% CO2 and 95% air for 3 h. The 

supernatant was removed and each well washed with PBS. The purple formazan crystal that formed was 

dissolved in DMSO. Plates were incubated for 10 min at 37 C. Absorbance was measured at 580 nm 

using BioTek microplate reader (Bio-Tek Instruments, VT, USA). The cellular toxicity is expressed as a 

percentage of the non-transfected control cells ± SD. 

3.3.9. Statistical Analysis 

Statistical analyses were performed using SPSS software (Version 23.0). The results are expressed 

as the average of three independent experiments ± SD. One way analysis of variance (ANOVA, 

Dunnett's test) was used for statistical analyses. Significant differences were considered at p < 0.05 

level. 
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3.4.Results 

3.4.1. The influence of p18-4-modification on the physicochemical characteristics of the lipoplexes  

Physicochemical properties that control the transfection activity and stability of lipoplexes are: 

particle size, surface charge and lipid assembly.419,426 All lipoplexes formed particles with an average 

diameter of less than 180 nm. The average particle size of the non-modified lipoplexes (L1: [P.G.L]) 

was 157±2.5 nm (Table 3.2). Substitution of 10% of the parent gemini surfactant [12-7N(GK)-12] with 

the p18-4 conjugated gemini surfactant (p18-4-G)  (L2: Ch[P.G.p18-4-G.L] and L3: Ch[P.G.L].p18-

4-G), caused a decrease in particle size to 144±0.5 nm and 145±2.4, respectively. On the other hand, 

physical co-formulation of free p18-4 peptide with the lipoplex system caused an increase in the average 

size of the assembled nanoparticles with wide poly dispersity index values. For example, the addition of 

10% free p18-4 to the formed lipoplexes [P.L.G] (L5:  Ph[P.G.L].p18-4) caused an increase of 17 nm 

compared to non-modified lipoplexes (L1: [P.G.L]). Zeta potential measurements indicated that all 

lipoplexes carry an overall positive charge in the range of 22-15 mV. The substitution of 10% of non-

modified gemini surfactant (12-7N(GK)-12) with p18-4 gemini surfactant or free p18-4 peptide caused a 

decrease in zeta potential values. For example, L5:Ph[P.G.L].p18-4 showed the most significant 

reduction in zeta potential value of over 30% compared to the non-modified formulations (L1).(Table 

3.2).   

The influence of the addition of the targeting peptide on the lipid phase arrangement and 

transitions of the lipoplexes was examined using SAXS [Figure 3.2]. All lipoplexes exhibited Bragg’s 

peaks with relative ratios of 1, √3 and √4, characteristic of an inverted hexagonal phase arrangement 

(HII).  The preparation method and presence or absence of targeting peptide-modified gemini surfactant 
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or free targeting peptide in the lipoplex system did not cause any alteration in the lipid phase 

arrangement.  

3.4.2. In vitro evaluation 

3.4.2.1.Transfection efficiency and cellular toxicity 

To determine the optimum formulation strategy and amount of targeting peptide leading to the 

highest gene expression and lowest cellular toxicity, the transfection efficiency of the p18-4-modified 

lipoplexes was evaluated in human malignant melanoma (A375) cell line. Four concentrations of p18-4 

modified gemini surfactant or free p18-4 (5, 10, 15, and 20% of the total amount of cationic lipid) were 

tested [data not shown]. The highest levels of gene expression (IFN-γ level by ELISA) was observed 

when 10% of p18-4 conjugated gemini surfactant (p18-4-G) or physical co-formulation of free p18-4 

was used [Figure 3.3 A]. Incorporation of p18-4 modified gemini surfactant in the lipoplexes (either 

during the formation of lipoplexes, L:2 Ch[P.G.p18-4-G.L] , or after the formation of [P.L.G] 

lipoplexes, L3: Ch[P.G.L].p18-4-G) resulted in a 3-fold increase in IFN-γ level compared to standard 

non-targeting lipoplexes [P.G.L] [Figure 3.3 A]. The highest level of gene expression was obtained 

when lipoplexes were formulated by physical co-formulation of free p18-4 (L4: Ph[P.G.p18-4.L] and 

L5: Ph[P.G.L].p18-4) with over a 6-fold increase being observed (1252±402 and 1152±328 pg IFN-

γ/1.5×104 A375 cells, respectively) [Figure 3.3 A].  

The influence of targeting peptide on the cellular toxicity of the lipoplexes was assessed by MTT 

assay [Figure 3.3 B]. 48-h post-transfection, the cell viability for non-modified lipoplexes L1:[P.G.L] 

was approximately 30% of the non-transfected cells [Figure 3.3 B]. Higher cell viability values were 

reported for lipoplexes formed with 10% chemically modified gemini surfactant (L2: Ch[P.G.p18-4-

G.L] and L3:Ch[P.G.L].p18-4-G). Physical co-administration of free p18-4 with lipoplexes also 

showed an improvement in cellular viability compared to standard lipoplexes. Both p18-4 modified 
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gemini surfactant (p18-4-G) and free targeting peptide (p18-4) caused no or minimal toxicity to A375 

cells [Figure 3.3 B].  

3.4.2.2.Targeting efficiency  

The specificity of p18-4 modified lipoplexes to target melanoma cell lines was examined by 

transfecting primary human epidermal keratinocytes (HEKa) with standard lipoplexes, p18-4-G 

modified lipoplexes and lipoplexes co-formulated with free p18-4 (L1: [P/G/L], L2: Ch[P.G.p18-4-

G.L] and L5: Ph[P.G.L].p18-4) [Figure 3.4 A]. The IFN-γ level after 48 h of transfection with L2: 

Ch[P.G.p18-4-G.L] was similar to the level achieved by standard non-modified lipoplexes L1: 

[P/G/L]. Transfection with L5: Ph[P.G.L].p18-4 showed a slight, but not significant (p>0.05), increase 

in expressed IFN-γ level compared to standard [P.G.L] lipoplexes.  

The MTT assay suggested that targeting lipoplexes marginally enhanced the cellular viability in 

HEKa cell lines in comparison to standard [P.G.L] lipoplexes, but it wasn’t statistically significant 

[Figure 3.4 B]. 
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Table 3.1: Preparation methods used for formulations evaluated.  All lipoplex systems prepared at 1:10 -/+ charge ratio and with 

helper lipid DOPE. P: pDNA, G:12-7N(GK)-12, L: DOPE, p18-4-G: 12-7N(p18-4)-12, p18-4: p18-4 linear peptide  

ID Preparation of Peptide modified lipoplex  Peptide/Peptide-gemini surfactant System produced  

L1 Conventional -- [P.G.L]  

L2 Chemical conjugation  10% 12-7N(p18-4)-12 Ch[P.G.p18-4-G.L] 

L3 Chemical conjugation  10% 12-7N(p18-4)-12 Ch[P.G.L].p18-4-G 

L4 Physical co-administration  10% p18-4 Ph[P.G.p18-4.L] 

L5 Physical co-administration  10% p18-4  Ph[P.G.L].p18-4 

L6 Chemical conjugation  100% 12-7N(p18-4)-12 Ch[P.G.p18-4-G.L] 

. 

(9
9
) 
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Table 3.2: Physiochemical properties (size and zeta potential) of different p18-4 modified lipoplexes formulations.  Size and zeta 

potential measurements: values are an average of n = 3 ± standard deviation (SD). The polydispersity (PDI) index is indicated for the 

size measurements as an average of three measurements ± SD 

  

Preparation Method System produced 
Particle size 

(nm) ± SD 
PDI ± SD 

ζ-potential 

(mV) ± SD 

Conventional L1: [P.G.L] 157 ± (2.5) 0.251 ± (0.003) 22 ± (1.03) 

Chemical conjugation L2: Ch[P.G.p18-4-G.L] 144 ± (0.5) 0.296 ± (0.019) 19.5 ± (0.68) 

Chemical conjugation L3: Ch[P.G.L].p18-4-G 145 ± (2.4) 0.268 ± (0.002) 17.7 ± (1.45) 

Physical co-administration L4:  Ph[P.G.p18-4.L] 163 ± (2) 0.295 ± (0.014) 17 ± (2.32) 

Physical co-administration L5:  Ph[P.G.L].p18-4 174 ± (2.8) 0.364 ± (0.014) 15.2 ± (1.76) 

(1
0
0
) 
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Figure 3.2: SAXS profile of [P.G.L] lipoplexes constructed at 1:10 -/+ charge ratio and with 

helper lipid DOPE (L) in all formulation. P: pDNA, G:12-7N(GK)-12, L: DOPE, p18-4-G: 

12-7N(p18-4)-12,  p18-4: p18-4 linear peptide 
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Figure 3.3: (A) IFN-γ expression in A375 cells at 48-h post-treatment with lipoplexes constructed at 1:10 -/+ charge ratio. P: pDNA, 

G:12-7N(GK)-12, L: DOPE, p18-4-G: 12-7N( p18-4)-12,  p18-4: p18-4 linear peptide. (Ch) indicates lipoplexes chemically 

conjugated p18-4-G and (Ph) lipoplexes physically co-formulated with free p18-4. IFN-γ level determined by ELISA. Significant 

increases (* p<0.01, one-way ANOVA) in IFN- expression were observed in all p18-4 modified lipoplexes compared to non-modified 

lipoplexes (L1:[P.G.L]). (B) Cell viability in the same A375 cells after a 48-h treatment with p18-4-modified lipoplex formulations as 

determined by MTT assay. Cell viability values are given as % relative to non-transfected cells. Four wells of each formulations were 

loaded on three different plates. The results are expressed as the mean three independent experiments (n = 3). Error bars represent standard 

deviation. * Indicates significance at p < 0.01 in comparison to standard formulation [P.G.L] (L1) 

 

(B) 

(1
0
3
) 
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Figure 3.4: (A) IFN-γ expression in HEKA cell line at 48-h post-treatment with lipoplexes 

constructed at 1:10 -/+ charge ratio non-modified lipoplexes (L1:[P.G.L]), p18-4 chemically-

conjugated lipoplexes (L2: Ch[P.G.p18-4-G.L]) and p18-4 peptide co-formulated with the 

lipoplexes (L5: Ph[P.G.L].p18-4). IFN-γ level determined by ELISA. (B) Cell viability of 

HEKA cells after a 48-h treatment with p18-4-modified lipoplex formulations as determined by 

MTT assay. Cell viability values are given as % relative to non-transfected cells. HEKA cell 

line is normal adult human epidermal keratinocyte cells which express normal level of 

integrins. No statistical significances difference were observed between non-modified 

lipoplexes and p18-4- modified lipoplexes. Four wells of each formulations were loaded on 

three different plates. The results are expressed as the mean of three independent experiments (n = 

3). Bars represent standard deviation 
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3.5. Discussion  

Gene therapy for cancer is the most extensively explored amongst worldwide gene therapy clinical 

trials as 64.6% ( 1,590 trials) are investigating the potential of cancer gene therapy.235 Creating an 

efficient and targeted gene delivery agent with effective therapeutic outcomes and good safety profile 

are required for successful clinical applications. Targeting tumors with lipid-based gene delivery 

systems can be achieved by chemically modifying the lipoplexes with tumor specific ligands.319,320,439  

Gemini surfactant-based lipoplexes have been widely explored for gene delivery as they show good 

transfection efficiency and low cellular toxicity. The glycyl-lysine modified gemini surfactant used in 

this work, 12-7N(GK)-12, showed potential application as a non-invasive topical transfection agent for 

development of vaginal genetic vaccination.389 In addition, by chemically modifying the 12-7N(GK)-12 

with cRGD, to target over-expressed integrin receptor on melanoma, led to a significant increase of gene 

expression.438 The ability of the RGD-modified lipoplexes to specifically target overexpressed α3/β1 

integrin in melanoma was confirmed by using a positive competitor peptide (free RGD) and false-

negative control peptide (RAD). As well, the RGD-modified gemini surfactant lipoplex did not enhance 

the transfection activity in normal human epidermal keratinocytes (HEKa), indicating the selectivity of 

the system toward the target.438 

The nature of the nano-carriers, such as modification of the chemical structure, and formulation 

strategies can influence the physicochemical properties of the lipoplex system, ultimately affecting the 

transfection efficiency. The size, shape and overall charge of the assembled lipoplexes can influence the 

physicochemical stability of the gene delivery system, its bio-distribution, cellular uptake, gene 

expression, and cellular toxicity.440 Gemini surfactant-based lipoplexes [P.L.G] can be internalized by 

mammalian cells via clathrin-mediated or caveolae-mediated endocytosis pathways.386 Modification of 

the chemical structure of the gemini surfactant influenced the shape of the lipoplexes and hence the main 
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endocytosis uptake mechanism. For example, lipoplexes build with 12-7NH-12 gemini surfactant 

formed spherical-shape nanoparticles and were internalized mainly through a clathrin-mediated 

pathway. On the other hand, the modification of the gemini surfactant with a dipeptide moiety in the 

spacer region (i.e., 12-7N(GK)- 12) resulted in the formation of cylindrically shaped lipoplexes with 

larger particle size. This lipoplex system demonstrated pH sensitive characteristics and internalized the 

cells through caveolae-mediated endocytosis.386 In the current work, co-formulation of lipoplex systems 

with free p18-4 (L4: Ph[P.G.p18-4.L] and L5: Ph[P.G.L].p18-4) showed the highest transfection 

efficiency with a 6-fold increase in IFN-γ level compared to standard lipoplexes L1: [P.G.L] [Figure 3.3 

A]. The lipoplexes assembled in larger nanoparticles (>150 nm) with a polymodal particle distribution 

compared to the standard lipoplexes (L1 [P.G.L]). The heterogeneity of the size of these lipoplexes 

might have contributed to alterations in cellular uptake mechanisms, leading to an improvement in gene 

expression.386,441 The modifications of the lipoplexes with targeting p18-4 peptide did not influence the 

supramolecular assembly, as all lipoplexes evaluated in this work arranged into inverted hexagonal 

structures (HII) [Figure 3.2]. This lipid phase arrangement is believed to contribute to the ability of the 

gemini based lipoplexes to interact with the cell membrane and facilitate the endosomal escape of the 

pDNA.202,381      

The use of penetration-enhancer peptides has been widely explored to enhance the delivery of 

highly hydrophobic drugs and in gene delivery. For skin delivery, certain penetration-enhancer peptides  

show preferable interaction with specific skin proteins leading to enhanced transcellular uptake of drug 

molecules.442  

The linear decapeptide p18-4 is able to bind preferably to cancerous cells (MDA-MB-435 and 

MCF-7) and internalize through endocytosis.409,437 In a MDA-MB-435 xenograft mouse model, p18-4 

conjugated doxorubicin showed a 5-fold reduction in tumor size compared to the free drug.409,437 p18-4 
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specifically interacts with overexpressed KRT-1 in MDA-MB-435 and MCF-7 cells.443 In the current 

work, we evaluated the ability of p18-4 modified lipoplexes to target melanoma using a model cell line 

(A375) showing overexpression of keratins.444,445 The increase in gene expression by the p18-4 modified 

lipoplexes could be attributed to the specific interaction of p18-4 with keratins and lead to improvement 

of cellular uptake of the lipoplexes and higher transfection activity [Figure 3.3 A].443 We believe that the 

combination of heterogeneity of particle size and the availability of free p18-4,on the surface of the 

lipoplexes to interact with keratins in formulations L4 and L5, can explain the significant increase in 

transfection compared to non-modified (L1) and chemically modified lipoplexes (L2 and L3).      
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3.6. Conclusion  

The results of this study show that gemini surfactant based lipoplexes modified with targeting 

peptide (p18-4) are able to deliver pDNA to melanoma and achieve higher gene expression with a good 

safety profile. The specificity of melanoma targeting for the lipoplexes was demonstrated by the higher 

transfection activities achieved by peptide-modified lipoplexes in comparison to standard formulation. 

The high transfection efficiency and the lower cellular toxicity of peptide-modified lipoplexes indicate 

the potential future applications of the developed system for targeted gene delivery in melanoma 

therapy.     
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CHAPTER 4 

Overall Discussion: Design and evaluation of ligand-modified gemini surfactant-based lipoplexes for 

targeted gene therapy of melanoma  

4.1. Discussion 

Gene therapy can be the answer for curing/treating different cancer types at varying stages. The 

design and tailoring of cancer-specific gene therapy have been advancing because of the progress made 

in understanding the genetic contributions in the pathogenesis and progression of cancer. The gene 

therapy to the clinic is perceived through the large number of clinical trials in progress. In fact, cancer is 

the most targeted disease in gene therapy clinical trials as 64.6% (1,590 trials) of all clinical trials 

worldwide have investigated the potential of cancer gene therapy using different gene carriers and 

vectors.235 The success of cancer gene therapy is based on creating a cancer-specific vector that can 

deliver and express the exogenous genetic material specifically in the cancerous tissue. Targeting cancer 

with non-viral gene delivery systems can be achieved either by bio-engineering the genetic material to 

be expressed specifically in cancer cells or through the chemical modification of the carrier with cancer-

specific ligands.319,320,446    

In the past 20 years, cationic gemini surfactants have been widely explored as non-viral gene 

delivery systems with encouraging successes both in vitro and in vivo. In our group, several generations 

of diquaternary ammonium gemini surfactants have been developed and characterized with the ultimate 

goal to design a topical/transdermal lipoplex-based gene delivery system that is able to target the 

therapeutic gene to the unhealthy cells. Modifications in the basic structure of the gemini surfactant led 

to a significant increase in transfection activity and reduction in cellular toxicity.412,447 Gemini 

surfactants are able to compact pDNA to nano-sized complexes that bear positive surface charge. The 
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applicability of topical gene delivery by cationic gemini surfactants was evaluated previously for skin, 

vaginal and ocular applications.202,388,389 The promising results provided evidence for the viability of 

using gemini surfactant-based lipoplexes for topical and transdermal gene delivery.  

The main objective of my first research theme was to assess the feasibility of targeting melanoma 

through developing melanoma-targeting gemini surfactant-based lipoplexes. 12-7N(GK)-12 gemini 

surfactant was selected as the main carrier to create the melanoma-targeting lipoplexes. I developed two 

cancer-specific gemini surfactant-based lipoplex systems and evaluated their targeting efficiencies in a 

melanoma cell line. The first targeting peptide was a cyclic arginyl-glycyl-aspartic acid peptide (cRGD) 

that targets surface integrin receptors (CHAPTER 2). Integrin receptors are a group of surface cell 

adhesion proteins that have essential intracellular functions that include cellular adhesion, 

differentiation, and apoptosis.413,414 In different tumors, including melanoma, integrins are 

overexpressed which leads to disease progress, invasion, migration and metastasis.415-417 The melanoma 

cell line used in this work (A375) is known to overexpress integrin, which can be targeted by the RGD 

moiety.448,449  The second targeting approach was based on using an engineered linear cell-binding 

peptide that showed specific binding to a variety of cancer cell lines (CHAPTER 3). The linear 

decapeptide p18-4 (WxEAAYQrFL), with enhanced enzymatic stability, showed a high affinity to 

cancer cells (MDA-MB-435, and MCF-7).436 The two targeting peptides were either chemically attached 

to the gemini surfactant backbone or physically co-formulated (as a free peptide) with the lipoplexes. I 

investigated the influence of the targeting peptides on the physicochemical properties of the gemini 

surfactant-based lipoplexes. In addition, the targeting efficiency was also evaluated by using normal 

keratinocytes or by using a competitor peptide. The incorporation of 10% peptide-conjugated gemini 

surfactant or free peptide in the lipoplex systems produced the highest gene expression during screening 

experiments. Therefore, 10% targeting ligand was used in subsequent evaluations. In the discussion 
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sections of previous chapters (CHAPTER 2 and 3), I assessed different formulation strategies within the 

same group of targeting peptides (e.g., cRGD or p18-4). In the following discussion, I present a 

comparison between cRGD modified lipoplexes and p18-4 modified lipoplexes.    

For both targeting peptides, I investigated the influence of incorporating the targeting moieties and 

the preparation methods on the main physicochemical characteristics of the lipoplex systems (particle 

size, ζ-potential and lipid phase arrangement) and the transfection activity. The peptide-modified 

lipoplexes prepared with chemically modified gemini surfactant formed smaller particles in both cRGD 

and p18-4 lipoplexes compared to lipoplexes prepared by physically co-formulating the free targeting 

peptide [Tables 2.1 and 3.2]. Lipoplexes prepared with the cRGD peptide tend to form larger particles 

compared to p18-4 (for either chemical conjugation or physical co-formulation). This can be explained 

by the fact that p18-4 is a linear decapeptide that can enhance the pDNA compaction, producing a more 

stable lipoplex system due to the presence of arginine and glutamine cations.450,451 In addition, the long 

PEG linker in the structure of the cRGD peptide could lead to the formation of lipoplexes with larger 

particle size when the RGD-G gemini surfactant is used. Another factor that influences the size of the 

lipoplexes and the transfection efficiency is the preparation method. In the case of the cRGD-modified 

lipoplexes, the highest transfection activity was reported when the lipoplexes were prepared by 

incorporating 10% of RGD-conjugated gemini surfactant (RGD-G) during the formation of lipoplexes 

(i.e., F2:Ch[P.G.RGD-G.L], Figure 2.3-A). On the other hand, the highest levels of transfection in the 

case of p18-4 modified lipoplexes were obtained when the lipoplex was formed by physical co-

formulation of free p18-4 (L4: Ph[P.G.p18-4.L] and L5: Ph[P.G.L].p18-4, Figure 3.3 A).  

To explain such observations, the different targets of RGD and p18-4 should be considered. For 

example, cyclic RGD targets surface integrins, whereas p18-4 is a cell-binding peptide that interacts 

preferably with Keratin 1 (KRT-1) that is overexpressed in some cancer cells.443,452 In melanoma, 
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overexpressed α3/β1 integrin is involved in disease progression, invasion and metastasis.415-417 It is 

homogeneously expressed in most cutaneous malignant melanoma.415 Therefore, the cRGD in the 

lipoplexes should be available for interaction with the surface integrin. This can explain the high level of 

IFN-γ in the case of F2:Ch[P.G.RGD-G.L], in which it was speculated that the cRGD moiety is arranged 

on the outer surface of the lipoplexes, showing a preferable orientation to interact with the surface 

integrins. On the other hand, p18-4 targets the intermediate filaments composed of keratin, enhancing 

the intracellular penetration of p18-4 modified lipoplexes.415 In addition, it is proposed that linear p18-4 

can facilitate the compaction of pDNA, due to the presence of cationic amino acids (arginine and 

glutamine), and consequently assembles as a part of the lipoplex when is co-formulated as a free 

peptide.  

The specificity of the targeted lipoplexes to interact with the specific ligand on the melanoma cell, 

was confirmed either by pre-treating the cells with competitor peptides or evaluating the transfection 

with targeting lipoplexes in a cell line that expresses the normal level or the target (normal human 

keratinocytes, HEKa cell line) [Figures 2.5 and 3.4]. In addition, the effect of the incorporation of the 

targeting peptide(s) on the cellular toxicity was evaluated [Figures 2.3B, 2.5B, 3.3B and 3.4B]. 

Interestingly, the increase in the transfection as a result of incorporating the targeting peptide (both 

cRGD and p18-4) did not correlate with an increase in cell toxicity. In fact, lipoplexes formulated with 

p18-4 showed improvement in cell viability compared to standard lipoplexes [P.G.L] [Figures 3.3B and 

3.4B]. It is possible that the free linear p18-4 minimizes the toxic effect of the cationic gemini surfactant 

leading to high cell viability. The ζ-potential measurements showed that p18-4 modified lipoplexes carry 

lower positive charge compared to standard lipoplexes.       
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4.2. Challenges and limitations 

Cellular toxicity 

Following the optimization of the targeted lipoplexes, I evaluated the ability of peptide-modified 

lipoplexes to achieve targeting transfection using different melanoma cell lines to prove the concept of 

melanoma-targeting. I used MDA-MB-435s (a human metastatic melanoma cell) to evaluate the peptide 

modified lipoplexes considering the previous findings the Kaur group that showed a selective uptake of 

p18-4 modified liposome by this cell line.408,409 

After 48 h of transfection, the MTT assay showed low cellular viability with all lipoplex 

formulations (10-20%) at 10,000 cells/well density when MDA-MB-435s was used. By increasing cell 

density (i.e., 15,000 cell/well in 96-well plate), an enhancement in cell viability (16-50 %)was observed, 

but remained lower than the results from A 375 in vitro analysis [Figure 4.1]. In addition, a slight 

increase in cell viability was achieved when cRGD and p18-4 peptide was incorporated in the lipoplexes 

compared to the standard formulations [P/G/L] [Figure 4.1]. Due to high toxicity, no gene expression 

was detected.   

The toxicity profile of the gemini surfactant was determined by carrying out an IC50 experiment. In 

the standard lipoplex formulation, 30 µM of the gemini surfactant is applied in each well (96-well plate) 

at 1:10 charge ratio. The IC50 for the gemini surfactant in A375 cell line was ≈ 57 µM which is almost 

twice the concentration used in the transfection formulation that applied to the cells. However, the IC50 

evaluation in MDA-MB-435s cell line revealed that the IC50 value for the gemini surfactant is 9.6 µM 

which is almost one-third of the concentration of the 12-7N(GK)-12 used in transfection treatment. 

These results can explain the high cell viability in A375 cell line (> 70%) and the low cell viability in 

the metastatic melanoma cell line (MDA-MB-435s).  
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One of the theories that can explain the high toxicity of the diquaternary ammonium gemini 

surfactants in metastatic melanoma cell line is the overexpression of the organic cation transporter 

(OCT), especially the SLC22 family in melanoma.453,454 Organic cation transporter is a family of protein 

transporters that facilitate the transfer of organic cations through cell membranes. One of the main 

substrates for the SLC22 transporter is carnitine, a quaternary ammonium compound used in bio-

transportation of fatty acids.455 To evaluate this hypothesis, cell viability study was carried out in two 

breast cancer cell lines, MDA-MB-231 and MCF-7 [Figures 4.2 and 4.3, respectively]. The MDA-MB-

231cell line has a similar genetic characterization as the MDA-MB-435s (human metastatic melanoma 

cell) and a similar cluster of SLC22 family gene expression.456 In contrast, the genetic profile for SLC22 

genes in MCF-7 cell line showed no clusters for overexpression of organic cation transporters genes.456 

Cell viability assay (MTT assay) after 48 h of transfection in MDA-MB-231 showed similar results as 

that of MDA-MB-435s cell line with low cell viability (20-40%) [Figure 4.2].  On the other hand, MTT 

assay in MCF-7 cell line that are transfected with gemini surfactant lipoplexes demonstrated a similar 

cellular viability as in A375 cell line (cell viability ≈ 75 %) [Figure 4.3].  In fact, the enhancement of 

cell viability when cells are treated with p18-4 modified lipoplexes [Figures 3.3B] can also be explained 

by the organic cation transporter (OCT) theory, in which the linear p18-4 can compete with free cationic 

gemini surfactant and potentially reduce cellular toxicity.  
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Figure 4.1: Cell viability in MDA-MB-435s Cell line after a 48-h treatment with lipoplexes 

constructed at 1:10 -/+ charge ratio. P: pDNA, G:12-7N(GK)-12, L: DOPE, RGD-G: 12-

7N(RGD)-12, RGD: RGD peptide, p18-4-G: 12-7N( p18-4)-12,  p18-4:  p18-4 linear peptide. 

(Ch) indicats lipoplexes chemically conjugated with peptide modified-gemini surfactant and 

(Ph) lipoplexes physically co-formulated. Cell viability values are given as % relative to non-

transfected cells. Results are averages of n ≥ 5. Error bars represent standard deviation 
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Figure 4.2: Cell viability of MDA-MB-231 cell line, metastatic mammary gland breast cancer 

cells, after a 48-h treatment with lipoplexes constructed at 1:10 -/+ charge ratio. P: pDNA, 

G:12-7N(GK)-12, L: DOPE, p18-4-G: 12-7N( p18-4)-12,  p18-4:  p18-4 linear peptide and 

Lipofectamine Plus. (Ch) indicats lipoplexes with chemically conjugated peptide modified-

gemini surfactant and (Ph) lipoplexes physically co-formulated. Cell viability values are given 

as % relative to non-transfected cells. Results are averages of n ≥ 5. Error bars represent 

standard deviation 
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Figure 4.3: Cell viability assay in MCF-7 cell line, metastatic mammary gland breast cancer 

cells, after a 48-h treatment with lipoplexes constructed at 1:10 -/+ charge ratio. P: pDNA, 

G:12-7N(GK)-12, L: DOPE, p18-4-G : 12-7N( p18-4)-12,  p18-4:  p18-4 linear peptide and 

Lipofectamine Plus. (Ch) indicates lipoplexes with chemically conjugated peptide modified-

gemini surfactant and (Ph) lipoplexes physically co-formulated. Cell viability values are given 

as % relative to non-transfected cells. Results are averages of n ≥ 5. Error bars represent 

standard deviation 
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4.3. Future directions  

The main objective of this research theme was to investigate the possibility of targeting 

melanoma by using peptide-modified gemini surfactant-based lipoplexes. The in vitro 

evaluations demonstrated the feasibility of targeting without influencing cellular toxicity. The 

findings provide valuable data for establishing different future research approaches to assist in 

translating the use of targeted cationic gemini surfactant lipoplexes (cationic lipid in general) to 

advanced pre-clinical and clinical applications.  

First, the differences in the physicochemical properties that were observed when different 

targeting moieties were incorporated in the lipoplexes need to be investigated in more details. 

Physicochemical characterizations can be useful in determining the structural correlation 

between the peptide-modified gemini surfactant and the transfection activity, targeting 

efficiency, toxicity and formulation stability. Comprehensive characterization includes, but is not 

limited to, cationic lipid-pDNA interaction (circular dichroism, electron microscopy), critical 

micelle concentration determination, lipid packing parameter, detailed lipid phase arrangement 

and structural-activity relationship. The results from detailed characterizations can lead to re-

designing the carrier, optimizing the lipoplexes preparation method and adjusting in vitro 

transfection conditions to achieve the highest level of targeted transfection and lowest possible 

toxicity. For instance, the nature of the linker between the gemini surfactant backbone and 

targeting peptide can influence the assembly of the lipoplex system and hence the 

physiochemical properties and the transfection efficiency. In the RGD-modified gemini 

surfactant (RGD-G) the cyclic-RGD is linked to the gemini surfactant backbone by a long 

amide-PEG linker. The presence of the PEG structure in the linker disturbed the inverted 

hexagonal lipid phase when RGD-G is used alone as a cationic lipid (Figure 2.S-2). The 
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influence of the preparation method can also be re-visited to improve the activity and the 

stability of the peptide modified lipoplexes. Previously, we showed that by using a lyophilization 

technique in the preparation of gemini surfactant lipoplexes, the transfection activity and 

physicochemical stability of the system were significantly improved.457     

Second, evaluating the targeting efficiency in different melanoma cell lines with diverse 

genetic profiles can aid in understanding the correlation between the homogeneity of the targeted 

receptor and transfection activity. For instance, the expression level and heterogeneity of the 

integrin receptors in different melanoma cell lines can vary significantly.458,459 Therefore, 

evaluation of the lipoplex targeting system in different melanoma cell lines will assist in finding 

the correlation between the level of receptor expression and targeting efficiency. In addition, 

screening the transfection activity in different melanoma cell lines will be beneficial in 

determining the proper xenograft animal model for in vivo evaluation. Similarly, using different 

melanoma cell lines can assist in addressing the mechanism of gemini surfactant toxicity that 

was discussed above. The organic cation transporter (OCT) theory can be investigated by pre-

treating the cells with a transporter-specific substrate, such as acetyl-l-carnitine (endogenous) or 

verapamil (exogenous), prior to transfection.460,461 Understanding the influence of target’s 

expression and the possible mechanism of the carrier specific-toxicity facilities the design of 

effective lipoplex system.         

Finally, the evaluation of the targeted lipoplexes in an appropriate animal model is the 

next step after detailed physicochemical characterization and re-design of the targeting carrier. 

For successful translation to an animal melanoma model, several factors should be considered. 

First, the melanoma animal model must be suitable for achieving active targeting by the peptide-

modified lipoplexes. This can be done through creating a xenograft animal model (i.e., mice) by 
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using a melanoma cell line that shows overexpression of the target (integrins and KRT-1). 

Second, therapeutic genetic material (pDNA or siRNA) must be designed and characterized. 

Designing a therapeutic transgene (pDNA) that can induce tumor apoptosis or can suppress the 

tumor growth in melanoma is preferred. Such genes include wild-type p53 gene or melanoma 

differentiation-associated gene-7 (MDA-7 gene).462,463 In addition, appropriate formulation, 

depending on the proposed route of administration, must be developed and characterized. 
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Transitioning rationale: 

 

This chapter is part of theme # 2: Design and evaluation of a β–cyclodextrin cationic gemini 

surfactant conjugate for delivery of a poorly soluble chemotherapeutic agent in melanoma 

models 

 

The significance of using gene therapy and novel drug delivery systems in improving the current 

treatment options in melanoma therapy was discussed in the literature review section (Chapter 

1). In the previous chapters (CHAPTERS 2 and 3) we explored the modifications of gemini 

surfactant based lipoplexes with cancer-targeting ligands for melanoma-targeted gene therapy. 

Herein, a novel cationic lipid construct, as a potential drug delivery system for a 

chemotherapeutic agent in melanoma therapy, is evaluated. The novel drug delivery system is 

based on the structures of gemini surfactant and β-cyclodextrin. β-cyclodextrin (βCD) is an 

established model for drug delivery of a poorly soluble drugs. βCD is chemically conjugated to 

the gemini surfactant structure to produce a βCD cationic lipid construct (18:1βCDg) that 

incorporates the encapsulation properties of βCD and the cell-penetrating ability of cationic 

gemini surfactants. The efficiency of the developed βCD cationic lipid construct (18:1βCDg) to 

enhance the solubility of melphalan, a model for a poorly soluble chemotherapeutic agent used in 

melanoma therapy, is assessed. A rapid and simple flow injection analysis tandem mass 

spectrometric (FIA-MS/MS) method is developed and validated to quantify melphalan in the 

developed drug delivery system.  
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5.1. Abstract 

The use of the anticancer drug melphalan is limited due to its poor water solubility. To 

address such limitation, it is incorporated within a novel delivery system using β-cyclodextrin-

gemini surfactants (18:1βCDg). Herein, two fast and simple FIA-MS/MS methods are developed 

for the quantification of melphalan (Mel) within the drug delivery system so that the 

solubilization efficiency of the system can be assessed. FIA-MS/MS methods are developed 

using a triple -linear ion trap mass spectrometer, equipped with electrospray ionization (ESI) in 

the positive ion mode. A deuterated form of melphalan (melphalan-d8) was used as an internal 

standard (IS). The methods were validated according to the FDA guidance. A linearity in the 

range of 2–100 ng/mL and accuracy and precision below 15% were observed for all standard 

points and quality control samples. The intra- and inter-day variations, freeze-thaw stability were 

within the acceptable range according to the criteria set by regulatory guidelines. On the other 

hand, other stability measures, such as room temperature stability and long-term stability did not 

meet the required guidelines in some cases, indicating the need for quick sample analysis upon 

preparation. Such a fact could have been overlooked if full method validation was not performed.  

The developed methods were applied to determine the encapsulation/solubilization of 

[18:1βCDg-Mel] delivery system. 18:1βCDg enhances the aqueous solubility of melphalan 

without the need for co-solvent. The highest melphalan solubility was observed at the 

18:1βCDg-Mel complex molar ratio of 2:1. This study demonstrated that a fast analysis for the 

purpose of quantifying a chemically unstable drug, such as melphalan is feasible and important 

for the development of commercial dosage forms.   
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5.2. Introduction  

Several effective chemotherapeutic agents, such as melphalan, show unfavourable 

solubility or stability due to their physiochemical properties that affect their therapeutic use.93-95 

Melphalan (L-phenylalanine mustard) [Figure 5.1-A] is an alkylating agent primarily used in the 

management of multiple myeloma and as an adjunctive therapy in regionally in-transit metastatic 

melanoma.41 It is a lipophilic drug with low aqueous solubility, requiring the use of a co-solvent 

(namely, propylene glycol) for parenteral administration. Propylene glycol can cause adverse 

effects when used in high concentrations, including, nephrotoxicity, cardiac arrhythmia, and 

metabolic acidosis.464 In addition to poor solubility, melphalan shows minimal chemical stability 

in aqueous medium as it hydrolyzes into hydroxymelphalan.465 Therefore, attempts to improve 

melphalan’s solubility and stability were conducted by either chemical modifications or by 

engineering novel drug delivery systems, such as nano-systems.466-469    

Nanotechnology is being applied for developing novel therapies that can improve the 

solubility of poorly soluble drugs.470 For example, cyclodextrin-based drug delivery systems 

have been widely investigated to improve the delivery of melphalan as well as other 

chemotherapeutics.471-474 β-Cyclodextrin (β-CD) is a natural product with low toxicity.229 It has 

the ability to enhance the delivery of hydrophobic drugs by forming gust-host complexes.229 β-

CD has cyclic ring structure containing seven D-(+) glucopyranose units attached by a-(1,4) 

glucosidic bonds which create a lipophilic inner cavity and hydrophilic outer surface. Such 

architecture creates a moiety capable of interacting with a large variety of guest molecules to 

form non-covalent inclusion complexes. To enhance the drug delivery capacity of the β-CD, we 

conjugated the molecule to gemini surfactants moieties. Gemini surfactants are composed of two 

hydrophobic portions, commonly quaternary amines, and two hydrophobic portions with the two 
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polar groups connected via a spacer region. They have the ability to interact electrostatically with 

the negatively charged cell surface, enhancing cellular uptake of the delivery system201. 

The resulting conjugate, 18:1-7NβCD-18:1 (18:1βCDg) [Figure 5.1-C] combines the 

encapsulation properties of β-CD and the cell-penetrating ability of cationic gemini 

surfactants.176,199,475 This novel drug delivery system can incorporate lipophilic drugs, such as 

melphalan, into the β-CD moiety and form nanoplatform.476 Recently, we showed the efficiency 

of β-CD-modified gemini surfactant (12βCDg) in improving the delivery of melphalan in 

melanoma cell line.477 The IC50 of melphalan improved significantly and demonstrated efficiency 

in melphalan- resistant melanoma. To optimize the stability of the complex and to maximize the 

solubilization efficiency, various analytical methods were developed. Higuchi and Connors 

described an analytical approach to study the CD/drug solubility relationship known as the 

phase-solubility method.149 This method examines the effect of the solubilizer (CD or a ligand) 

on the drug being solubilized (the substrate). Therefore, the development of analytical methods 

to determine the encapsulation/solubilization efficiency of the β-CD moiety is critical in the 

development of efficient β-CD modified drug delivery system.  

Numerous high-performance liquid chromatography (HPLC) analytical methods have been 

developed to quantify melphalan in pharmaceutical and biological systems for pharmacokinetic 

and quality control studies.478-484 For instance, Cummings and co-workers described an HPLC 

method for the determination of nitrogen mustard compounds, including melphalan, in plasma 

samples after chemical derivatization process with diethyldithiocarbamic acid (DDTC).483 C18 

column was used with a linearity range of 0.1 – 100 g/mL. However, this method lacked 

sensitivity and required long sample preparation time (30 min) with a run time of 14.6 minutes. 

Pinguet et al developed a simplified HPLC method, requiring 3.3. min run time.484 Despite 
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improvements, the lower limit of quantification (LLOQ) at 20 ng/mL may not be sufficient for 

many pharmaceutical applications. To improve melphalan quantification, mass spectrometry 

(MS) have also been used.485-489 A rapid HPLC-MS method for the quantification of melphalan 

in serum and plasma demonstrated a retention time of ≈ 2 min with LLOQ of 2 ng/mL.486 

However, the method requires a relatively complicated extraction procedure with specialized 

instrumentation (96 well solid phase extraction (SPE) blocks). The use of HPLC-tandem mass 

spectrometry (MS/MS) was reported by Mirkou and colleagues using two different HPLC 

conditions/columns and two extraction methods.487 In the first method, a cold methanol protein 

precipitation is applied prior to injection onto a C18 column while the second one was based on 

solid phase extraction followed by hydrophilic interaction chromatography (HILIC)-MS/MS. 

The linearity of the methods were 1-500 ng/mL and 25-200 ng/mL, respectively with ≈ 7 min 

retention time in both cases.  

Despite the wide use of HPLC-MS, a simpler MS-based approach for quantification is flow 

injection analysis-tandem mass spectrometry (FIA)-MS/MS in which the analytical column is 

removed and quantification is reliant on MS response in multiple reaction monitoring mode 

(MRM). (FIA)–MS/MS has been widely utilized as a simple and high throughout methods in 

comparison to LC-hyphenated techniques. It provides cost and time effective strategy that have 

been explored for the analysis of pharmaceuticals in different matrices.490-493 For example, a 

fully validated simple FIA-MS/MS method was recently developed to quantify metformin in dog 

serum.490  The method was simple and fast (2 min run time), achieving a sensitivity comparable 

to the relatively complicated conventional HPLC-MS/MS methods.494,495 The main shortcoming 

of FIA, however, is seen in complex matrices, particularly with multi-analyte analysis in which 

the linearity range of the method can be affected. In addition, the removal of the LC column can 
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cause saturation of the MS detector with either the analyte(s) or matrix components, which can 

negatively affect method sensitivity.496 However, the advances in sample extraction techniques 

and in ionization efficiency (especially in ESI and nano-ESI) can overcome such hurdles, which 

is reflected in the large number of methods employing FIA.497     

In this paper, we developed and validated a rapid and simple FIA–MS/MS methods that 

were applied for the quantification of melphalan in 18:1βCDg surfactant formulations. The 

methods were used to assess the solubilisation efficiency of 18:1βCDg as a potential drug 

delivery system for melphalan.  
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Figure 5.1: Chemical structure of (A) melphalan, (B) melphalan-d8 and (C) 18:1-7NβCD-18:1 

(18:1βCDg)  gemini surfactant 
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5.3.Materials and Methods 

5.3.1. Materials and apparatus  

Melphalan (Mel, 99 %Purity) was purchased from Sigma-Aldrich (Oakville, ON, Canada). 

Melphalan-d8 dihydrochloride (Mel-d8), used as internal standard (IS), was purchased from 

Toronto Research Chemicals Inc (Toronto, ON, Canada). Synthesis and characterization of 18:1-

7NβCD-18:1 gemini surfactant was previously described.475,476 Formic acid was purchased from 

EMD (Gibbstown, NJ,USA). Water (LC-MS grade), acetonitrile (LC-MS grade) and Dimethyl 

Sulfoxide DMSO (Certified ACS) were purchased from Fisher (Ottawa, ON, CA). Chemical 

structure of the drug, IS and 18:1βCDg are shown in Figure 5.1.  

5.3.2. Standard Preparation  

5.3.2.1.Method#1:  

Stock solutions of melphalan (1 mg/mL) was prepared in 10% acidified ethanol (0.1% 

HCl), to achieve complete aqueous solubility, and stored at - 80 °C. Fresh standard solutions 

were prepared daily by serial dilutions in water (LC/MS grade) to eight standard points in a 

range from 3 ng/mL to 100 ng/mL. The stocks of standard solutions were stored at -80 °C for 

method validation. A stock solution of Melphalan-d8 (1 mg/mL) in DMSO was prepared and 

stored at -20 °C. Working stock of melphalan-d8 (4 µg/mL in DMSO) was prepared daily and 10 

µL was added to each standard and sample to a final concentration of 40 ng/mL. The purpose of 

this method is to compare the solubility of melphalan between acidified aqueous solution and the 

18:1βCDg gemini surfactant formulations (i.e. control).  
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5.3.2.2.Method#2:  

Method#2 was developed to quantify the analyte in lipid-based drug delivery systems. 

Stock solution of melphalan (1 mg/mL) was prepared in acidified ethanol (0.1% HCl). An 

appropriate volume of melphalan solution was mixed with 18:1βCDg gemini surfactant aqueous 

solution to yield a final molar ratio of 2:1 [18:1βCDg-to-Mel]. 18:1βCDg-Mel formulation were 

frozen at -80 °C for 2 h. After freezing, the formulation was transferred to a Labconco® 

Freezone Plus 6 L cascade freeze dryer (Labconco, Kansas City, MO, USA) at -80 °C and 0.03 

mBar vacuum and lyophilized for 24 h.  Lyophilized formulations were rehydrated to a final 

concentration of 1mg/mL melphalan. Eight standard points in a range from 3 ng/mL to 100 

ng/mL (melphalan) were prepared. Melphalan-d8 (IS) were spiked in all standards at final 

concentration of 40 ng/mL. The stocks of standard solutions were stored at -80 °C for method 

validation.  

5.3.3. Mass Spectrometry conditions 

FIA–MS/MS methods were developed and validated using a 1200 Agilent High 

Performance Liquid Chromatography (HPLC) system (Mississauga, ON, CA) interfaced by 

connector to an ABSciex QTRAP 4000, a hybrid quadrupole linear ion trap mass spectrometer 

(Q-LIT), equipped with a Turbo-V IonSpray® electrospray ionization (ESI) source (Concord, 

ON, CA). ABSciex Analyst software (Version 1.6.0) was used for system control and 

quantification.  

Sample injection was performed using 1200 Agilent auto-injector set to 4 °C and 2 µL of 

each sample was delivered with isocratic mobile phase consisting of water/acetonitrile (50:50, 

v/v) with 0.1% formic acid at a flow rate of 0.2 mL/min for a run time of 2 minutes. Multiple 
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reaction monitoring (MRM) was achieved using (ESI) source in the positive ion mode. Source 

temperature was set to 600 °C, ion spray voltage (ISV) 5500 V, curtain gas (CUR) 40, nebulizer 

gas (GS1) 40, heater gas(GS2) 40, collision gas (CAD) 6 and using an exit potential of 16 V for 

all MRM transitions. Dwell time for all transitions was 150 ms at unit resolution. Nitrogen was 

used as the gas for all cases. Table 5.1 summarizes the monitored ion transitions, for both the 

analyte and the internal standard, and the corresponding MS conditions. Acceptance criteria for 

the ratio between the quantifier/qualifier ions was set at ±20% as recommended by the 

Commission of the European communities498. In fact, all our acquired data showed variations 

less than 7% expect for two points showing 13% and 18%. 

Table 5.1: MRM transitions for melphalan and melphalan-d8 (IS) and optimized MS conditions 

 

 Melphalan Melphalan-d8 (IS) 

305  168 

(Quantification) 

305  246 

(Conformation)  

314  172 

(Quantification) 

314  254 

(Conformation) 

De-clustering potential (DP) 55 50 56 52 

Collision energy (CE) 45 33 38 35 

Collision exit potential (CXP) 16 16 16 16 
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5.3.4. Method Validation  

FDA Guidance for Bioanalytical Method Validation was used as a guideline to validate 

both FIA-MS/MS methods,499 to ensure the a validity of the quantitative data. The following 

parameters were evaluated for method validation:  selectivity, accuracy, precision, sensitivity, 

recovery, reproducibility, matrix effect, dilution integrity and stability.  

Selectivity was tested at the lower limit of quantification (3 ng/mL) for the ability to 

distinguish the analyte in the presence of other components in the formulation. Five sets of the 

formulation were used.  

A standard (calibration) curve of eight concentration points, ranging from 3 ng/mL to 100 

ng/mL, were constructed for each method by determining the best fit of peak area ratios (peak 

area ratio of the analyte to internal standard) versus the analyte concentration. A linear regression 

analysis weighing the standard curve with 1/X was applied for best fit.  

To evaluate the accuracy and precision of the standard curve, five replicate of each quality 

control (QC) sample (LLOQ = 3 ng/mL, low QC (LQC) = 9 ng/mL, middle QC (MQC) = 35 

ng/mL and high QC (HQC) = 80 ng/mL) were used. Accuracy of QCs passed only if the mean 

values of the QC were within 15% of the actual concentration except for (LLOQ) where it should 

be ±20% of the nominal value. For precision, each value of QC replicates must not exceed 15% 

of the coefficient of variation (CV) except for (LLOQ) where is should be ±20% of the CV. 

Inter- and intra-day accuracy and precision were also evaluated in a similar manner.  

Dilution integrity was evaluated to assess the effect of dilution on the accuracy and 

precision of undiluted sample. Formulations were prepared without the drug as described above 
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and spiked with 1 µg/mL of the drug. Spiked samples were then diluted with acidified water to 

100 ng/mL (10x) and 10 ng/mL (100x).  

The stability of melphalan in formulation matrix was tested using freshly prepared 

calibration curve and QC samples for a) short-term stability (at bench top and auto-sampler); b) 

long-term stability at -80 °C; and c) freeze / thaw stability. A set of five replicates of each QC 

were prepared for each stability evaluation. For bench top short-term stability, samples stored at 

room temperature for 12 and 24 h and re-analyzed. Another set of QC samples were prepared 

and analyzed then stored in the auto-sampler for 24 h at 4 °C and re-injected. QC samples for the 

freeze / thaw stability were stored in the −80 °C freezer and were subjected to three freeze–thaw 

cycles. The samples were allowed to thaw completely and remained at room temperature for at 

least 1 h. Then samples were re-analyzed and returned to the −80 °C freezer for the next freeze–

thaw cycle. The long-term stability was conducted on QC samples stored at −80 °C for 30 days.  

5.3.5. Method Application: Solubility Evaluation 

The developed methods were used to determine the solubilizing efficiency of cyclodextrin-

modified gemini surfactant. 18:1βCDg-Mel formulations were prepared in different carrier-to-

drug molar ratios (0:1, 1:1, 2:1, 3:1 and 5:1) as shown in Table 5.2. First, gemini surfactant stock 

solutions were prepared. Then, 1 mg of melphalan powder was added to each vial and placed in 

orbital shaker for 1 hour. Samples were subsequently lyophilized as described above. Upon 

freeze drying, samples were re-hydrated with 1 mL water and filtered through 0.45 µM syringe 

filter to remove any insoluble melphalan. Samples were diluted 100X in acidified water and IS 

spiked in each sample to a final concentration of 40 ng/mL.  For samples containing free drug, 
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Method 1 was used to quantify the analyte and for samples containing melphalan:18:1βCDg 

complex, Method 2 was used.  
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Table 5.2: molar ratios of 18:1βCDg-Melphalan formulations evaluated in this work 

Formulation 

ID 

Molar Ratio 

18:1βCDg/Mel  

Amount of 18:1βCDg 

mg (Molarity) 

Amount of melphalan 

mg (Molarity) 

1 0:1 0 1 (3.28 mM) 

2 1:1 6.49 (3.28 mM) 1 (3.28 mM) 

3 2:1 12.98 (6.56 mM) 1 (3.28 mM) 

4 3:1 19.47 (9.84 mM) 1 (3.28 mM) 

5 5:1 32.41 (16.4 mM) 1 (3.28 mM) 
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5.4.Results and Discussion 

5.4.1. Method development and selectivity  

The main purpose of this work is to develop fast and simple FIA-MS/MS quantification 

methods for melphalan by removing the need for chromatographic separation while solely 

utilizing the MRM capability of the MS instrument, ensuring specificity and selectivity. In 

addition, no extraction process was needed for the drug from the formulation, indicating the 

simplicity of the analytical procedure. The methods were developed to assess the novel β-CD 

modified drug delivery system 18:1βCDg and for quality control purposes.  

To ensure the robustness of the methods that are reliant only on the MS, the following 

strategies were adopted. First, two MRM transitions were selected and the monitored product 

ions for melphalan were diagnostic with relatively high abundance [Figure 5.2]. In addition, the 

MS conditions (i.e. DP, CE and CXP) were optimized for each MRM transition to ensure the 

ions stability and abundance [Table 5.1].  

Second, a deuterated melphalan analogue that bears 8 deuterium atoms (melphalan-d8) was 

used as an internal standard to account for any possible effects of formulation excipients/drug 

delivery system on the ionization and quantification of the drug. The internal standard 

(melphalan-d8) was spiked into standard curve samples, the QCs, and experimental samples to 

give a final concertation of 40 ng/mL prior to sample analysis. The similarity in the 

physicochemical properties of the deuterated internal standard (melphalan-d8) to the analyte 

(melphalan) confirmed the validity of the data and prevented any crosstalk between the two 

molecules. Figure 5.2 shows the MS/MS spectra of melphalan [Figure 5.1A] and the internal 

standard melphalan-d8 [Figure 5.1B] and the proposed structures of the selected product ions. 
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The ion observed at m/z 168 for melphalan and at m/z 172 for melphalan-d8 are the most 

abundant ions in the spectra and they were selected as the MRM transition for quantification. 

The second MRM transition, 305  246 for melphalan and 314  254 for melphalan-d8, were 

used as a confirmation transitions.   

Finally, two FIA-MS/MS methods were developed and validated in this work: method#1 to 

quantify melphalan in aqueous solution with the use of a co-solvent and method#2 to quantify 

the drug from 18:1βCDg delivery system to eliminate any possible interferences caused by 

formulation excipients. A typical FIA-MS/MS chromatogram for a double blank of 18:1βCDg 

drug delivery system (control: not spiked with melphalan nor internal standard) is presented in 

Figure 5.3A. It shows no interference from the drug delivery system components at the 

analyte/internal standard retention time (0.17 min) or during the full run time (2 min). Similar 

observations were reported during the construction of standard curve at different melphalan 

concentrations.  
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Figure 5.2: MSMS spectra of [M+H]+ of melphalan (A) and the internal standatd melphalan-d8 (B), the product ions used in MRM 

are shown  
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Figure 5.3: FIA-MS/MS chromatograms for method#2 (A) double blank 18:1βCDg drug delivery system (B) 18:1βCDg drug 

delivery system spiked with melphalan (10 ng/mL) and melphalan-d8 (40 ng/mL)  
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5.4.2. Linearity and sensitivity  

An 8-point standard curve was constructed [Figure 5.4, Method#1] by calculating the peak 

area ratio of melphalan to melphalan-d8 versus melphalan concentration and establishing a linear 

regression analysis weighting the standard curve with 1/X for best fit. The average correlation 

coefficient (n = 3) was found to be 0.9944 for method 1 and and 0.9991 for method 2. The 

LLOQ was 3 ng/mL and ULOQ was 100 ng/mL. Such values are ideal for the intended 

application and provide the needed quantitative power to assess the solubilization potential of the 

novel formulations without the need for tedious chromatographic separation.  

5.4.3. Accuracy and precision  

The precision and accuracy were evaluated according to the FDA guidelines and are shown 

in Tables 5.3 and 4.4. The LQC (9 ng/mL) was 3 fold higher than the LLOQ and the HQC was 

80% of the ULOQ, as stipulated by the regulatory guidelines.  

The intra-day precision and accuracy [Table 5.3] of the methods were evaluated by running 

three sets of QCs in three different days with five replicates of each QC in each run. The 

accuracy was reported as a percentage of the theoretical concentration ranging from 89.89 to 

103.73% for method#1 and from 89.07 to 107.87% for method#2. The precision was also within 

the acceptable range as the coefficient of variation (CV%) was in the range of 1.69 – 9.35% and 

0.9 – 10.39 % for methods#1 and#2, respectively.  

Similarly, the inter-day accuracy and precision data for the 15 replicates from the three-day 

runs yielded a precision in range of 1.08 and 5.56 %and accuracy between 93.62% and 101.56% 

for method#1. The inter-day precision and accuracy range for method#2 were 1.49 to 6.43 and 
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93.9 to 100.47% respectively [Table 5.4]. All these values were within the acceptable range 

according to the FDA guidelines.  

 

5.4.4. Stability   

Determining the chemical stability of QC samples in different storage conditions is 

essential for ensuring the accuracy of the method. The suitability of the experimental and storage 

conditions are assessed. Stability of the QC samples at bench top (stability at room temperature) 

for 24 h results showed over 50% reduction in the initial concentration of all QC samples for 

both methods. This is expected as hydrolysis of melphalan is fast in an aqueous solution at room 

temperature.465,487  Stability of QCs in the auto-sampler (at 4 °C) for 24 hrs showed 30% 

reduction of the initial concentrations for all QCs for method#1. For method # 2, at auto-sampler 

condition (4 °C) for 24 h, the precision and accuracy for the 5 replicates were 93.2 % to 98.52 

and 2.72 to 6.72%, respectively. Such data suggests the need for quick analysis of melphalan 

samples to ensure no loss of the analyte during the analysis; hence the value of developing fast 

FIA-MS/MS method.   

For the freeze-thaw stability, each batch of the QC samples was subjected to three freeze-

thaw cycles. Upon the third cycle, the precision and accuracy were in the range of 93.55-102.8% 

and 5.01-6.6%, respectively for method#1 in comparison to 92.67-104.22% and 3.32-6.38% for 

method#2. In both cases, the analyte was stable after three cycles of freezing and thawing, 

meeting the required regulatory criteria of ±15%.  

For the long term stability (35 days at -80 °C), the precision and accuracy failed to meet 

the FDA guidelines as more than 2 QCs in each level were out of the range of 15-20% for 
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method#1. On the contrary, the precision and accuracy of QC replicates were between 91.7 to 

100.6% and 3.34 to 8.76 for method#2. These results indicate that samples for method#2 can be 

stored up to one month at -80 °C without affecting method’s validity. Such discrepancy between 

the two methods is most likely due to ability of β-CD to preserve the physiochemical stability of 

melphalan during freezing and storage.  

In summary, method#2, with the 18:1βCDg/melphalan complexes, showed acceptable 

stability in all conditions, except for room temperature. However, significant instability was 

observed for method#1. As a result, all experimental samples were freshly prepared and analyzed 

including the standard curve and QC samples to ensure the accuracy and the validity of the 

results.     
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Figure 5.4: A typical 8 points standard curve ranging from 3 ng/mL to 100 ng/mL with a regression coefficient of 0.9995 (Method # 

1) 

(1
4
4
) 
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Table 5.3: Intra-day accuracy and precision 

 

 

 

 

 
Method # 1 Method # 2 

Quality 

control 

Replicates Analysis 

day 

Observed concentration  

(mean ± SD; ng/mL) 

Precision 

(RSD%) 

Accuracy  

(%) 

Observed concentration  

(mean ± SD; ng/mL) 

Precision 

(RSD%) 

Accuracy 

(%) 

LLOQ  

(3 NG/ML) 

5 1 2.93 ± 0.13 4.59 97.67 3.24 ± 0.089 2.73 107.87 

5 2 3.11 ± 0 4.07 103.73 2.93 ± 0.3 10.39 97.60 

5 3 3.10 ± 0.08 2.67 103.27 2.88 ± 0.18 6.09 95.93 
        

LQC 

(9  

NG/ML) 

5 1 9.04 ± 0.16 1.81 100.44 8.88 ± 0.08 0.9 98.62 

5 2 8.85 ± 0.15 1.69 98.311 8.02 ± 0.39 4.87 89.07 

5 3 8.92 ± 0.41 4.57 99.13 8.93 ± 0.35 3.92 99.27 
        

MQC 

(35  

NG/ML) 

5 1 33.14 ± 1.39 4.21 94.69 32.48 ± 1.79 5.5 92.80 

5 2 31.46 ± 1.31 4.18 89.89 33.42 ± 1.94 5.8 95.48 

5 3 33.7 ± 3.15 9.35 96.29 32.7 ± 1.50 4.59 93.43 
        

HQC 

(80  

NG/ML) 

  

5 1 77.64 ± 5.17 6.62 97.05 78.8 ± 4.88 6.19 98.50 

5 2 73.2 ± 4.87 1.88 91.50 78.26 ± 3.28 4.2 97.83 

5 3 81.82 ± 2.48 3.12 102.27 80.82 ± 2.66 3.29 101.03 

(1
4
5
) 
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Table 5.4: Inter-day accuracy and precision 

 
Method # 1 Method # 2 

Quality 

control 

Concentration 

(ng/mL) 

Replicates Observed 

concentration  

(mean ± SD; ng/mL) 

Precision 

(RSD%) 

Accuracy  

(%) 

Observed 

concentration  

(mean ± SD; ng/mL) 

Precision 

(RSD%) 

Accuracy 

(%) 

LLOQ 3 15 3.05 ± 0.10 3.32 101.56 3.01 6.43 100.47 

LQC 9 15 8.94 ± 0.09 1.08 99.30 8.61 5.97 95.65 

MQC 35 15 32.77 ± 1.17 3.56 93.62 32.87 1.49 93.90 

         

HQC 80 15 77.55 ± 4.31 5.56 96.94 79.29 1.7 99.12 

(1
4
6
) 
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5.4.5. Application 

Both methods described above were utilized to characterize and evaluate the 18:1βCDg 

delivery system as a potential carrier for melphalan. β-CD has the ability to form an inclusion 

complex with hydrophobic drugs.229 This property of β-CD has been employed widely in the 

pharmaceutical industry to increase the aqueous solubility of hydrophobic moieties with several 

β-CD-based formulations available in the market, such as VFEND® (voriconazole, an azole 

antifungal agent) and NEXTERONE® (amiodarone, an antiarrhythmic medication) among 

others, and hundred in clinical trials.229 Previously, our group reported that the βCD modified 

gemini surfactant (12βCDg) is capable of forming host-guest complexes with a hydrophobic 

anticancer molecule.199  

To investigate the efficiency of the novel 18:1βCDg drug delivery system in increasing the 

solubility of melphalan, the validated methods were applied [Figure 5.5]. 18:1βCDg-Mel 

complexes were prepared in different β-CD gemini (host) to melphalan (guest) molar ratios. At 

[0:1] ratio (i.e., without the use of 18:1βCDg) the aqueous solubility of melphalan was 

203±16.60 µg/mL as determined by method #1. Increasing the molar ratio to [1:1] resulted in an 

almost 85% increase in melphalan’s solubility (377±16.4 µg/mL). The highest level of 

solubilization was achieved when the 18:1βCDg to Mel molar ratios was at [2:1], with melphalan 

solubility reaching 605±5 µg/mL which is more than two-fold increase compared to melphalan 

aqueous solution. Upon increasing the molar ratio above [2:1], a substantial reduction in 

melphalan’s solubility was observed at 450±6.5 µg/mL and 507±25.2 µg/mL for [4:1] and [5:1] 

molar ratios, respectively. We propose that at [2:1] 18:1βCDg-Mel molar ratio, two 18:1βCDg 

molecules encapsulate one melphalan molecule forming stable inclusion complexes leading to 
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the higher solubilizing effect. This result is in  support of the previous model proposed by our 

group.199    
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Figure 5.5: Solubilization Efficiency of β-CD-gemini surfactant: determined by FIA-MS/MS analysis (n=3, ± SD) 

 

(1
4
9
) 
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5.5.Conclusion  

In this study, two FIA-MS/MS methods for melphalan were successfully developed and 

validated. The methods were applied for the determination of melphalan in novel 18:1βCDg drug 

delivery system. The simplicity and speed of the methods were appropriate with the requirement 

of efficient analytical approaches to quantify highly unstable drugs such as melphalan.  In fact, to 

process a batch of 96 samples will only require 5.6 hours and we demonstrated that the samples 

are stable in such timeframe within an autosampler of an HPLC system. The removal of the 

HPLC column did not affect the sensitivity, accuracy, and precision of the methods as they were 

validated according to FDA guidelines.  An important finding that could have been overlooked if 

a full validation was not conducted is the stability of the samples.  It was shown that fresh 

samples should be prepared and analyzed as various storage conditions resulted in degradation 

beyond the acceptable limit of 15%.  

The sensitivity and specificity of the methods allowed for the characterization of the 

solubility efficiency of a novel β-CD conjugated drug delivery system and it was shown that the 

solubility was significantly enhanced by 18:1βCDg delivery system. Such findings are critical as 

increasing the solubility of melphalan will enhance the bioavailability of the drug in a biological 

system and improve its chemotherapeutic effects. In addition, the results provide essential data in 

understanding the basic behavior governing the use of the novel drug delivery system, 18:1βCDg 

surfactants.  Currently, the pharmacokinetics of the formulation is being assessed in animal 

model using FIA-MS/MS and it will be reported upon completion.  
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CHAPTER 6 

β-cyclodextrin cationic gemini surfactant conjugate as a safe drug delivery system that 

increases the solubility and enhances cytotoxic efficiency of a poorly soluble 

chemotherapeutic agent in melanoma models  
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Transitioning rationale:  

This chapter is part of theme # 2: Design and evaluation of a β–cyclodextrin cationic gemini 

surfactant conjugate for delivery of a poorly soluble chemotherapeutic agent in melanoma 

models 

 

In the previous chapter, we evaluated the solubilization efficiency of the developed βCD cationic 

lipid construct (18:1βCDg) as a drug delivery system for a poorly soluble drug (melphalan). In 

this chapter, we further characterized the 18:1βCDg-Mel formulation to understand the nature of 

the formed complex and to determine an optimized formulation. The in vitro efficiency and 

toxicity of an optimized 18:1βCDg-Mel complex were evaluated in melanoma cell line models.     
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6.1. Abstract  

β-cyclodextrin (βCD) has been widely explored as a carrier for drug delivery as it can form 

stable host-guest inclusion complexes and enhance the solubility of poorly soluble drugs. To 

enhance intracellular drug delivery, βCD was chemically conjugated to a cationic gemini 

surfactant (18:1βCDg) which undergoes self-assembly forming a nanoscale complex. The novel 

βCD-modified gemini-surfactant (18:1βCDg) host was designed to combine the solubilization 

and encapsulation capacity of the βCD macrocycle and the cell-penetrating ability of the gemini 

surfactant conjugate. Melphalan (Mel) was selected as a model for a poorly soluble drug. It 

currently is used as a chemotherapeutic agent for melanoma, but it requires an organic co-solvent 

for solubilisation, leading to poor stability and significant toxicity. Physicochemical properties 

and in vitro chemotherapeutic efficiency of the inclusion complex are presented in this work. 

Characterization of the 18:1βCDg-Mel host-guest complex was carried out by 1D/2D 1H 

ROESY NMR spectroscopy and dynamic light scattering (DLS). The in vitro chemotherapeutic 

evaluations were performed using monolayer, spheroid and Mel-resistant melanoma cell lines. 

1D/2D ROESY-NMR spectral results indicated that the aromatic moiety of Mel is included 

within the βCD inner cavity of the 18:1βCDg to form a stable inclusion complex at the 2:1 host-

guest molar ratio. An increase in 18:1βCDg-Mel (host-guest) molar ratio reduced the interaction 

of Mel with the βCD cavity due to host-host self-assembly which accounts for the reduction in 

the Mel solubility as we reported previously. The 18:1βCDg-Mel complex showed significant 

enhancement in the chemotherapeutic efficacy of Mel in the monolayer, 3D spheroid and Mel-

resistant melanoma cultures with 2 – 3 fold decrease in Mel IC50 values. The findings 

demonstrate the potential applicability of the 18:1βCDg delivery system as a safe and efficient 

carrier for poorly soluble chemotherapeutic in melanoma therapy.  
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6.2. Introduction  

Melanoma, the malignant cancer of melanocytes, is the most aggressive form of skin 

cancer which causes the most skin-cancer related deaths90. According to the World Health 

Organization (WHO), over 132,000 new cases of melanoma are diagnosed annually.500 In its 

early stages melanoma can be treated by surgical incision with high survival rate. In the stage of 

in-transit metastases, in which the metastases are > 2 cm from the primary lesion but within the 

nodal basin, the response to local and systemic therapeutic options is moderate with 5-year 

survival of 32.8 %.7,501   However, advanced metastatic melanoma shows low response to current 

therapeutic options with very low survival rate (below 5% over 5-years).14 Systemic 

chemotherapy is the first-line option for most patients with metastatic melanoma.  

Melphalan (Mel) (Figure. 6.1a) is used regionally as an adjunctive therapy for in-transit 

metastatic melanoma.41 The lipophilic nature of Mel requires the use of a co-solvent (propylene 

glycol) for parenteral administration. Propylene glycol, used for the commercial product, is 

known to cause toxicity that includes nephrotoxicity, cardiac arrhythmia, and metabolic 

acidosis.464 As a result, the use of Mel in melanoma therapy is limited to isolated limb 

perfusion/infusion which is an invasive method that requires special medical care.41 Therefore, 

attempts to improve the solubility and stability of Mel were conducted by either chemical 

modification of the molecule or by engineering novel drug delivery systems, such as nano-

systems.466-469 Nano-scale drug delivery system have several advantages, they can: 1) improve 

solubility of poorly soluble drugs, 2) enhance chemical/biological stability, 3) improve 

pharmacokinetic profile and biodistribution, 4) increase tumor-specific uptake (passive 
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targeting), 5) minimize drug resistance, 6) achieve drug controlled release, and 7) and delivery of 

multiple drug components.105,106  

Our strategy is to create delivery systems that could improve the therapeutic use of Mel 

addressing both issues of solubility and biological activity at the same time. Cyclodextrins (CDs) 

were targeted as they have been widely employed as versatile carriers for poorly soluble 

drugs.229 CDs (Figure 6.1 b,c) are naturally occurring cyclic oligosaccharides consisting of α-D-

glucopyranose units linked by (α-1,4) glycosidic bonds. CDs form a truncated cone with a 

toroidal structure (Figure 6.1c) in which the hydroxyl groups of α-D-glucopyranose units reside 

at the narrow (primary) and wide (secondary) tori of the CD annular structure. The CD 

macrocycle  has a hydrophilic outer surface and lipophilic inner cavity that is capable of forming 

non-covalent inclusion complexes with a large variety of guest molecules.502 Capitalizing on the 

ability of the CDs to form host-guest inclusion complexes, such systems have been used in 

pharmaceutical formulations to increase the apparent water solubility of poorly soluble drugs so 

as to improve their bioavailability. In addition, CDs and derivatives provide enhanced drug 

stability (thermal, photosensitivity and chemical), reduced drug mucosal irritation, reduced drug 

resistance, and controlled release of the drug.145,146 Several synthetic strategies have been 

employed to engineer CD-based carriers with enhanced pharmaceutical properties along with 

reduced systemic toxicity.145 For example, the introduction of bulky derivatives can limit the 

formation of intramolecular hydrogen bonding, consequently enhancing the aqueous solubility of 

CDs whilst improving their inclusion capacity.229 For instance, sulfobutyl-ether-β-cyclodextrin 

(SEB-β-CD) is an amorphous hydrophilic derivative of βCD that was reported to show a 35-fold 

increase in aqueous solubility compared to native βCD.230 In addition to chemical derivatization, 

CDs have been chemically conjugated to a variety of functional moieties (i.e., polymers, lipids 
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and peptides) to create biofunctional and supramolecular complexes.153,154 For instance, several 

amphiphilic moieties have been conjugated to CDs to create self-assembling supramolecular 

structures with improved drug loading capacity and enhanced cellular uptake.155-158  

We previously reported the engineering of cationic gemini surfactant-βCD conjugate with 

12-carbon tail region (denoted as 12βCDg in this work), for the delivery of poorly-soluble drugs 

including curcumin analogs.170,176,199 More recently, we evaluated the efficiency of  the 12βCDg 

carrier to enhance the chemotherapeutic efficiency of Mel in a melanoma cell line model.477 The 

12βCDg-Mel complex significantly improved the efficiency of Mel, as the inhibitory 

concentration (IC50) was decreased from 82 µM for Mel-alone to 32 µM for the complexed drug. 

Furthermore, the 12βCDg carrier showed no intrinsic toxicity as it did not alter the cellular death 

triggered by Mel.477 However, the physicochemical characterization of the 12βCDg-drug 

complexes indicated the self-inclusion of the 12-carbon tail region within the βCD cavity, 

reducing the stability of the formed host-guest inclusion complex and the efficiency of the 

produced system.176,199,477  

In the present work, we evaluate a newly designed βCD-based carrier modified with an 

unsaturated 18-carbon chain gemini surfactant conjugate, herein referred to as 18:1βCDg (Figure 

6.1d), as a potential advanced drug delivery system for Mel in melanoma therapy. The objectives 

of the study are generally two-fold; 1) to synthetically engineer a novel CD-based carrier for Mel 

with improved therapeutic efficiency and low carrier-cellular toxicity, and 2) to characterize the 

structure of the host-guest interaction between the carrier and drug.  The host-guest complex of 

the 18:1βCDg-Mel system was investigated using one and two-dimensional 1H NMR 

spectroscopy in solution. The in vitro chemotherapeutic efficiency of the 18:1βCDg-Mel 

complex was explored for monolayer, 3D spheroid, and Mel-resistant melanoma cell lines. This 
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study is anticipated to provide a greater understanding of the structure-function relationship of 

18:1βCDg as a carrier agent for poorly soluble drugs with optimal therapeutic properties.  

6.3. Materials and Methods 

6.3.1. Preparation of inclusion complexes 

 Melphalan [Mel] and β-Cyclodextrin [βCD] were purchased from Sigma-Aldrich 

(Oakville, ON, Canada). Synthesis and characterization of 18:1-7NβCD-18:1 gemini surfactant 

[18:1βCDg] was described elsewhere.475,476 Figure 6.1 shows the chemical structures of Mel, 

βCD and 18:1βCDg. For physicochemical characterization, the complexes of Mel with βCD or 

18:1βCDg were prepared in different carrier-to-drug molar ratios (1:1, 2:1, 3:1 and 5:1). A stock 

solution of Mel (1 mg/mL) was prepared in acidified ethanol (0.1% HCl). Stock solutions of 

βCD and 18:1βCDg were prepared in Milli-Q water at 10 mM concentration. An appropriate 

volume of Mel solution was mixed with βCD and an aqueous 18:1βCDg dispersion to yield the 

required carrier-to-drug molar ratios. Formulations were frozen at -80 °C for 2 h and transferred 

to a cascade freeze dryer (Labconco, Kansas City, MO, USA) at -80 °C and 0.03 mBar vacuum 

and lyophilized for 24 h. The lyophilized formulations were rehydrated in water (or in deuterium 

oxide for 1H NMR and 1D/2D ROESY experiments) and shaken in the orbital shaker for 1h at 

room temperature prior to evaluation.  
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Figure 6.1. Chemical structure of a) Melphalan (Mel), b) β-Cyclodextrin (βCD) macrocycle, 

c) βCD toroidal structure showing cavity and external protons, and d) 18:1βCDg host-carrier. 
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6.3.2. Physicochemical characterization 

6.3.2.1. Size and Zeta potential measurements 

800 µL of rehydrated formulations were transferred into a special cuvette (DTS1061, 

Malvern Instruments, Worcestershire, UK) for size distribution and zeta-potential measurements 

using a Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire, UK). Each sample 

was measured in triplicate and the results are expressed as an average ± standard deviation (SD), 

where n=3 with a corresponding polydispersity index (PDI) value. 

6.3.2.2. NMR Spectroscopy  

1D/2D 1H ROESY NMR spectra in solution were recorded on a 500 MHz 3-channel 

Bruker Avance spectrometer in D2O at 298 K. Chemical shifts (δ) are reported in ppm with 

respect to trimethylsilane (TMS; δ 0.0 ppm) as external standard. 1H one-D spectra were 

obtained with water solvent suppression, a 2s recycle delay, and a 90° pulse length (10 µs). 2D 

ROESY NMR spectra were obtained at variable parameters which were optimized as follows: 

spin-lock time of 350 ms, recycle delay of 3 s with 8 scans and 1k data points. Complexation-

induced chemical shift (CIS) values were calculated as Δδ = δ free − δ complex. 

6.3.3. In vitro evaluation   

The human malignant melanoma (A375) cell line (ATCC® CRL-1619™) was cultured 

in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 

1% antibiotic and incubated at 37 °C under an atmosphere of 5% CO2/95% air. For all experiments, 

culturing conditions and passage numbers were kept constant.  
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6.3.3.1. Determination of IC50 in monolayer melanoma cell culture  

A375 cells were seeded at a density of 1×104 cells/well and incubated for 24 h. Cells were 

treated with serial concentrations of Mel (32 nM to 250 µM), either alone or as 18:1βCDg-Mel 

complexes at a 2:1 molar ratio, and 18:1βCDg alone (64 nM – 500 µM) in quadruplicate. Mel-

resistant cell culture denoted as A375-R, were also generated and used in these experiments. 

After 24 h of treatment, cell viability was assessed using MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide) assay. The supplemented DMEM containing the treatment was 

removed from the wells and replaced with 0.5 mg/mL MTT in supplemented media and 

incubated at 37 C for 3 h. The supernatant was removed and each well washed with phosphate-

buffered saline (PBS). The formed formazan was dissolved in DMSO. Plates were incubated for 

10 min at 37 C. Absorbance was measured at 580 nm using BioTek microplate reader (Bio-Tek 

Instruments, VT, USA). The half maximal inhibitory concentration (IC50) was determined by 

calculating the fraction of dead cells and plotting the data with a 4-parameter curve generated by 

GEN5 software from BioTek.  

6.3.3.2. In vitro cytotoxic efficiency in melanoma spheroids 

To evaluate the efficiency of developed formulations in three-dimensional cell culture, 

melanoma cells (A375) were cultured at a density of 1×104 cells/well in 96 well spheroid 

microplate (Corning Inc., ME, USA). Cells were incubated at 37 °C under an atmosphere of 5% 

CO2/95% air for 48 h prior to treatment with Mel and 18:1βCDg-Mel complexes. After 48 h, 

cells were treated twice (2nd treatment 24 h after the first) with Mel alone and with 18:1βCDg-

Mel complexes at 2:1 molar ratio with final Mel concentrations of 30 and 80 µM in 

quadruplicate. The CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega, USA) 
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was used to determine the lactate dehydrogenase (LDH) activity in the medium 12 h after the 2nd 

treatment. An equal volume of CytoTox-ONE™ Reagent (100 µL) was added to cell culture 

medium in each well and incubated at 23 °C for 10 min. 50 µl of Stop Solution was added to 

each well and fluorescence was measured using an excitation wavelength of 560 nm and an 

emission wavelength of 590 nm by using a BioTek microplate reader. Maximum LDH Release 

was used as a control by adding 2 µl of Lysis Solution to 4 wells of non-treated cells.  % Cell 

Toxicity was calculated as follows:   

% Cell Toxicity =
(Experimental –  Culture Medium Background)

(Maximum LDH Release –  Culture Medium Background)
 

 

6.3.3.3. In vitro cytotoxic efficiency in Mel-resistant melanoma cell lines 

Mel-resistant melanoma cultures were created by using the A375 cell line, as described 

previously.477 In brief, A375 cells cultured in 25 cm2 tissue culture flasks and treated with 

increasing concentrations of Mel from 100 nM to 60 µM over 9 weeks to induce drug resistance. 

The Mel-resistant cells (denoted as A375-R in this work) were seeded at a density of 1.5×104 

cells/well in 96-well plate and incubated for 24 h. After the incubation period, cells were treated 

with Mel alone and with 18:1βCDg-Mel complexes at 2:1 molar ratio with final Mel 

concentrations of 30 and 80 µM in quadruplicate. The MTT assay, as described above, was used 

to determine % cell toxicity (compared to non-treated cells). 

6.3.4. Statistical analysis  
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Statistical analyses were performed using SPSS software (v 24.0). Independent t-test and 

one-way analysis of variance (Dennett’s post hoc tests) were used. Significant differences were 

considered at P<0.05 level. 

6.4. Results and Discussion 

6.4.1. Physicochemical characterization  

6.4.1.1. Size and zeta potential  

 Size of the carrier-drug complex can determine their route of administration and can affect 

stability, cellular uptake, bio-distribution, toxicity and clearance pathway.503-505 For instance, 

optimal endocytosis requires particle size of the nanoparticles to be within the range of 100-200 

nm.426 In the current work, the particle size measurements showed that 18:1βCDg forms a 

complex with Mel at a 2:1 host-guest molar ratio and has a particle size of 160± (15) nm (Table 

6.1). βCD-modified gemini surfactant (18:1βCDg) possess an average size of 170± (17) nm 

characteristic of nanoparticles.  At the same concentration and molar ratio, βCD-Mel and βCD 

alone failed to form a particles with a measurable particle size (Table 6.1). Previously, we 

reported that the 12-carbon chain βCDg gemini surfactant (12βCDg) forms an inclusion complex 

with Mel at a 2:1 molar ratio with particle size of 225±(11) nm only when 0.5% methylcellulose 

was used as suspending agent.477 In the current work, the reported particle size of 18:1βCDg-

Mel complex was measured in an aqueous medium without the need of a suspending agent and 

no visible precipitation was observed even after 24 h. It is hypothesized that the replacement of 

saturated 12-carbon tails with unsaturated 18-carbon tails in the case of 18:1βCDg results in the 

formation of a stable inclusion complex.  
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Another factor that can affect the physiochemical stability and biological behavior of a 

carrier-drug formulations is the surface charge.506 The 18:1βCDg-Mel complex carried a larger 

positive charge (+46 mV) compared to the 18:1βCDg carrier of +14 mV (cf. Table 6.1). This 

effect can be explained by the difference in pH values between the complex (pH 2.8) and the 

18:1βCDg aqueous dispersion (pH 4.7). Low acidic pH can lead to the protonation of melphalan, 

causing higher ζ–potential values.465   

 

Table 6.1: Physiochemical properties (size and zeta potential) of different melphalan formulations. 

(--) indicates unmeasurable size or zeta potential. aResults are an average of n ≥ 3 ± standard deviation 

(SD) 

 

Componenta Size 

nm±(SD) 

PDI Zeta Potential 

mV±(SD) 

Mel (1 mM) -- -- -- 

βCD (2 mM) -- -- -- 

18:1βCDg (2 mM) 170±(17) 0.329±(0.047) +14±(3) 

βCD-Mel (2:1 mole ratio) -- -- --  

18:1βCDg-Mel (2:1 mole ratio) 160±(15) 0.430±(0.04) +46±(2) 
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6.4.1.2. 1H NMR and 1D/2D ROESY   

Several spectroscopy methods (NMR, circular dichroism (CD), and FT-IR) have been 

utilized to characterize the structure of host-guest inclusion complexes, along with X-ray 

diffractometry (XDR) and mass spectrometry (MS).507,508 Solution state NMR spectroscopy is a 

powerful tool for elucidating the host-guest interactions at the molecular level by analysing the 

complexation-induced shifts (CIS) and other parameters.  In particular, two-dimensional NMR 

affords an understanding of the through-space dipolar interactions and inclusion geometry of the 

guest within the βCD cavity.199,509,510 In 2D ROESY NMR, the nuclear Överhauser effect (NOE 

also ROE) is employed to elucidate the noncovalent interactions between nuclei that reside in 

close spatial proximity (~ 5 Å).511,512 Although 2D NMR ROESY cross-correlations are related 

to NOE, other correlations may arise due to chemical and conformational (rotational) 

exchanges.513 

In the current work, 1D/2D ROESY 1H NMR was employed to elucidate the structure of 

the 18:1βCDg and its complexes with Mel. The 1H signals in Figure 6.2 were assigned according 

to previous reports and the simulated spectra (Figures 6.S1 and 6.S2 Supporting 

information).199,514 Evidence of the formation of the gemini surfactant-grafted βCD is shown by 

the substantial broadening of the βCD resonance lines (~ 3.0 – 4.5 ppm) relative to the native 

βCD (Figures 6.2 a and c ,respectively), along with the emergence of the gemini surfactant 

signals at δ ~ 0.5 – 1.0 ppm (Figure 6.2c).  The downfield shifts (Δδ ~ 0.04 – 0.10 ppm, Table 

6.2) of the external and framework protons of the 18:1βCDg (i.e,. H1, H4, and H6; cf. Figure 

6.1b) indicate an induced conformational change of the βCD macrocycle upon grafting. The 

internal cavity protons H3 and H5 of the βCD moiety of the 18:1βCDg carrier (Figure 6.2 

highlighted area II) are characterized by downfield shifts (~ -0.03 and -0.08 ppm) that indicate a 
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possible inter- or intra-molecular inclusion of part of the gemini surfactant moiety (Figure 6.2c). 

The alkenic signals of the gemini surfactant ~5.4 ppm (Figure 6.2 highlighted area I,) are 

characterized by substantial broadening and upfield shift indicating a change of conformation 

and/or environment upon drug complexation.  

In the case of the 18:1βCDg-Mel, varioue complexes (1:1, 2:1, 3:1 and 5:1 host-guest 

mole ratios) were studied. Of all mole ratios of 18:1βCDg-Mel, the 1:1 and 2:1 18:1βCDg-Mel 

complexes showed the most affected CIS values as listed in Table 6.2.  The 1D 1H NMR 

spectrum of the 18:1βCDg-Mel complex at the 2:1 mole ratio reveals substantial shielding of the 

βCD internal protons (~ 3.7 – 4.0 ppm) and the gemini surfactant (~0.5 -1.0 ppm) resonances. 

This provides evidence for the inclusion of the Mel within the cavity of the βCD moiety with a 

possible involvement of the gemini surfactant moiety. 
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Figure 6.2: 1H NMR spectra of a) βCD, b) Mel, c) 18:1βCDg and d) 18:1βCDg-Mel complex 

at 2:1 molar ratio obtained in D2O at 298 K. The insets show enlarged resonance regions for the 

alkenic signal (H11) of the gemini (I) and βCD signals (II). Some signals for the drug (H1’, H2’) 

and the interior and exterior protons of βCD are labelled.  

 

 

(a) 

(d) 

(c) 

(b) 

(I) (II) 

H11 
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Table 6.2. Complexation-induced chemical shift (CIS) data of the host (βCD and 18:1βCDg) and its complexes with 

Melphalan. The CIS values (in brackets) were calculated as ∆δ = δcomplex - δfree, where negative and positive values 

represent shielding (downfield) and deshielding (upfield) effects, respectively. * Chemical shift values are difficult to decipher 

Nuclei βCD βCD-Mel (2:1) 18:1βCDg 
18:1βCDg-Mel 

(1:1) 

18:1βCDg-Mel 

(2:1) 

18:1βCDg-Mel 

(3:1) 

18:1βCDg-Mel 

(5:1) 

H1 4.98 
4.97 

(-0.01) 

5.02 

(0.04) 

4.97 

(-0.01) 

4.98 

(0.00) 

4.99 

(0.01) 

5.01 

(0.03) 

H2 3.56 
3.57 

(0.01) * 
3.57 

(0.01) 

3.57 

(0.01) 

3.57 

(0.01) 

3.60* 

(0.04) 

H3 3.87 
3.85 

(-0.02) 

3.84 

(-0.03) 

3.80 

(-0.07) 

3.81 

(-0.06) 

3.81 

(-0.06) 

3.83 

(-0.04) 

H4 3.49 
3.48 

(-0.01) 

3.59* 

(0.10) 

3.50 

(0.01) 

3.52 

(0.03) 

3.52 

(0.03) 

3.55* 

(0.06) 

H5 3.77 
3.70 

(-0.07) 

3.69 

(-0.08) 

3.61 

(-0.16) 

3.62 

(-0.15) 

3.63 

(-0.14) 

3.67 

(-0.10) 

H6 3.76 
3.78* 

(0.02) 

3.83 

(0.07) 

3.77 

(0.01) 

3.79 

(0.03) 

3.79 

(0.03) 

3.82 

(0.06) 

 

(1
6
6
) 
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The 2D 1H ROESY NMR spectra of 18:1βCDg and its complexes with Mel are shown in 

Figures 6.3-6.5. In Figure 6.3, the spectra of the empty 18:1βCDg carrier displayed cross-peaks 

due to typical interactions between the backbone H1 proton of βCD with the cavity interior 

(panel a). Furthermore, various cross-peaks are arising from intra-/inter-molecular interactions of 

the 18:1βCDg carrier (Figure 6.3, highlighted areas b-c). More recently, the self-inclusion of a 

12-carbon chain gemini (12βCDg) within the βCD cavity was reported.199 In Figure 6.3, cross-

peaks between the βCD cavity and the alkyl chain of the gemini surfactant (highlighted area b) 

are relatively weak and characterized by positive correlations (green contours in Figure 6.3, 

highlighted area c) due to possible conformation (rotational) and chemical exchanges. The 

formation of host-guest inclusion complexes is expected to be thermodynamically more 

favorable for a saturated long hydrocarbon chain than a shorter ones.515  However, 

intermolecular aggregation of the gemini surfactant chain is anticipated to be more prominent in 

the case of 18:1βCDg due to the presence of the unsaturated bond that causes the tail to bend 

with less flexibility, which can reduce the self-inclusion of the tail region within the βCD cavity.    
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Figure 6.3. 2D ROESY 1H NMR spectra of unbound 18:1βCDg in D2O and 295 K. The 

inter-/intra-molecular cross-peaks are shown as highlighted areas a – c, and the bar to 

the right shows positive and negative correlations. 
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The 2D ROESY spectra of the complexes of 18:1βCDg with Mel at various host-to-guest 

mole ratios (1:1, 2:1, 3:1, and 5:1) also provide information to evaluate the effect of 

stoichiometry on maximum solubility and the inclusion geometry of Mel in the complex (Figure 

6.4). The 2D ROESY spectra show various cross-peaks due to the interactions between the 

internal cavity of the βCD-moiety of 18:1βCDg with the drug (highlighted area A) and the alkyl 

chain of the gemini surfactant moiety (highlighted area B). The interaction between the gemini 

surfactant and the βCD moiety of the carrier in the presence of the Mel co-guest illustrates the 

importance of “cooperativity” in the host-guest inclusion complex. Evidence of cooperative 

binding/association was reported recently for other βCD-based complexes.513,516 In the present 

study, the “cooperative interaction/binding” only occurred when Mel was added to the 

18:1βCDg. Increased interactions of the drug with the carrier at the 1:1 and 2:1 18:1βCDg-Mel 

mole ratios are evidenced by the intense cross-peaks in Figure 6.4 a-b (highlighted area A), and 

suggest optimal solubilizing conditions for the drug, more so at the 2:1 mole ratio. These 

foregoing results agree with the CIS data (Table 6.2) and with solubility evaluation results 

reported previously.517 The efficiency of 18:1βCDg to increase the aqueous solubility of Mel 

was evaluated using mass spectrometry, where the highest aqueous solubility was determined at 

the 2:1 host-guest mole ratio.517 Increasing the mole ratios to 3:1 and 5:1 caused significant 

reduction in Mel solubility, as evidenced by the reduced intensities in panels A (βCD-Mel 

interaction) at the expense of the intensities in panel B (βCD-gemini surfactant interaction) 

(Figure 6.4 c-d). Furthermore, the solubility profile of the Mel drug can be inferred from the 1H 

NMR CIS data in Table 6.2, where the upfield shifts of the βCD framework nuclei (i.e., H1, H6 

and H4) at higher 18:1βCDg mole ratios provide evidence of destabilization of the inclusion 

complex due to complexation-induced conformational changes of the 18:1βCDg (Table 6.2, 
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Figure 6.4). The foregoing discussion suggests increased interaction of the gemini surfactant 

moiety with the βCD cavity at higher host ratio. Additionally, such observations indicate a 

possible geometry where the gemini surfactant of one 18:1βCDg molecule may interact with 

another 18:1βCDg molecule intermolecularly in a rotaxane-like fashion (Scheme 6.1). The 

growing interactions between the gemini surfactant moiety at the alkenic region (~5.4 ppm; see 

highlighted areas and arrows in Figure 6.4a-d) with the βCD interior/exterior protons at higher 

host ratio indicate a possible intermolecular aggregation of the gemini surfactant around the βCD 

at higher carrier-to-drug ratio, consistent with the 1D 1H NMR results. This suggests an 

increased interaction of the gemini surfactant moiety with the βCD cavity at higher host to drug 

ratio. It is noteworthy to mention that the increased gemini surfactant-βCD interaction at the 3:1, 

and 5:1 mole ratios of 18:1βCDg-Mel correlate with the limited solubility of the drug at these 

conditions (Scheme 6.1e).  
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Figure 6.4. 2D ROESY 1H NMR of the 18:1βCDg-Mel complexes at (a) 1:1, (b) 2:1, (c) 3:1), and (d) 5:1 

mole ratios. The cross-peaks for the βCD-Mel and βCD-gemini interactions are shown in panels A and B, 

respectively. The boxes and arrows show interactions between gemini surfactant alkenic protons with βCD. 
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Dipolar interactions between Mel and the internal cavity of the βCD moiety of the 

18:1βCDg carrier are noted in Figure 6.4a-b (Highlighted area A) and are of interest in drug 

delivery systems. However, the dipolar interactions are weakened at relative host-guest ratios 

beyond the 2:1 mole ratio, as evidenced by the reduced cross-peak intensity in Figure 6.4 c-d. 

The expanded 2D NMR plots for the 2:1 18:1βCDg-Mel complex in Figure 6.5 reveals NOE 

correlations due to interactions between the internal cavity of the βCD moiety (H3, H5) and the 

aromatic moiety of the drug at the H1’ and H2’ positions (Figure 6.5 and Figure 6.1a). These 

results provide unequivocal evidence for the formation of the 18:1βCDg-Mel complexes, and are 

consistent with the 1D 1H CIS data. Mel is directionally encapsulated within the βCD cavity of 

the 18:1βCDg carrier, as evidenced by the more intense cross-peaks at H5 compared to H3 

(Figure 6.5), depicted in Scheme 6.1. Similar geometry was deduced from the inclusion complex 

of Mel with pure βCD according to 2D ROESY NMR results of the βCD-Mel complex (cf. 

Figure 6.S3).  
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Figure 6.5. Expanded 2D ROESY 1H NMR of the 18:1βCDg-Mel complex at 2:1 molar ratio in D2O at 

295 K. The cross-peaks between βCD and Mel are indicated with dotted lines. 
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e) 

 

 

Scheme 6.1. Schematic presentation of the possible inclusion geometry of the Mel and gemini surfactant; 

(a) 1:1 βCD-Mel, (b) 18:1βCDg-Mel at 1:1 molar ratio, (c and d) 18:1βCD-Mel at 2:1 molar ratio and 

(e) 18:1βCD-Mel at 3:1 molar ratios. Note that other possible geometries are possible, and also the 

structures are not drawn to scale. 
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6.4.2. In vitro chemotherapeutic evaluation  

The in vitro cytotoxic activity of 18:1βCDg-Mel complex, optimized at the 2:1 mole ratio, 

was evaluated in different melanoma cell models. The in vitro studies were performed to 

evaluate the ability of the carrier to: 1) enhance the efficiency of Mel in standard monolayer cell 

lines; 2) enhance the penetration of the Mel in 3D melanoma tissue culture; 3) overcome drug 

resistance in Mel-resistant cells.  

A standard monolayer A375 cell line was used to determine the IC50 of Mel (Table 6.3).  

The concentration of Mel required to induce cell death in the presence of 18:1βCDg carrier at 

the 2:1 (18:1βCDg-Mel) molar ratio was significantly lower with IC50 values of 27±1 µM 

compared to Mel-alone with IC50 = 98±1 µM (p<0.05).  Additionally, the IC50 value for the 

empty carrier 18:1βCDg was ~ 89 µM. These results indicate that the 18:1βCDg-Mel complex 

can improve significantly the efficiency of Mel with low carrier-specific toxicity of the cells. 

Recently, we reported that 12βCDg system itself did not alter the cell death pathway induced by 

Mel, as shown by apoptosis and cell cycle analyses, indicating that the βCD-modified gemini 

surfactant bears no intrinsic toxicity to the cells.477  

 To mimic the complex three-dimensional (3D) architecture of a solid tumor and to 

investigate the cell penetration ability of the βCD-modified gemini surfactant and hence the 

improvement in the drug permeability, a spheroid melanoma cell culture was created. Treatment 

of spheroid melanoma cell culture with 30 µM 18:1βCDg-Mel complexes at Mel final 

concentration of 30 µM (the approximate IC50 value in monolayer culture) caused 10% cell 

death, a two-fold increase in cell toxicity compared to Mel alone (Figure 6.6). These results were 

expected on the basis of the differences in IC50 values for Mel (98 µM) and 18:1βCDg-Mel (27 
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µM) in monolayer A375 cell lines (cf. Table 6.3). Similarly, treatment of spheroid melanoma cell 

culture at greater Mel final concentration of 80 µM (recapitulating the IC50 value of naked Mel in 

monolayer) showed 24% cell toxicity with 18:1βCDg-Mel complexes, compared to 14 % for 

Mel-alone at same conditions (Figure 6.6). While cell toxicity for 18:1βCDg-Mel complexes (at 

both 30 and 80 µM) were lower than cell death in A375 monolayer cell lines, the results are 

encouraging for future formulation development accounting for the higher complexity of the 

spheroid cell culture and smaller direct contact area with the drug dispersed in the cell culture 

medium compared to monolayer cultures. Nevertheless, formulating Mel with 18:1βCDg caused 

a significant increase in the cytotoxicity of the drug at both concentrations. In our previous work, 

12βCDg did not improve the delivery of Mel in the tumor spheroids of A375 cells as no such 

difference were found between the IC50 values between Mel-alone and the Mel-12βCDg 

formulation.477 Thus, we hypothesize that the 18:1βCDg, with unsaturated 18:1 tail, forms more 

favourable inclusion complexes with Mel than the 12βCDg with 12-carbon alkyl tail. This may 

be attributed to the combined effect of a more prominent inclusion binding along with secondary 

interactions due to association of the non-included C18:1 gemini chain that resides in the 

interstitial region of 18:1βCDg (Scheme 6.1).  

 Advanced drug delivery systems can provide a potential avenue to overcome drug 

resistance by enhancing the bioavailability of the drug target at the tumor site, by shielding the 

drug molecule via complex formation and minimize its efflux from the cell.518 Previously, we 

reported that formulating Mel with 12βCDg significantly improved the efficiency of the drug in 

Mel-resistant A375, whereas, as expected, Mel alone showed minimum cell death at the same 

concentration.477 In the current work, we evaluated the capability of newly designed βCD-

modified gemini surfactant (18:1βCDg) to enhance the cytotoxic action of melphalan in Mel-
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resistant cultures (Figure 6.7). Treating the Mel-resistant A375 melanoma cells (A375-R) with 

Mel-alone at 30 and 80 µM caused low cell death (4% and 27%, respectively). However, after 

treating the Mel-resistant cells with 18:1βCDg-Mel complexes at final Mel concentration of 30 

and 80 µM, a significant recovery of the activity was observed (46 and 76% cell death, 

respectively), as shown in Figure 6.7. These results suggest that the 18:1βCDg delivery system 

was able to overcome the drug resistance and achieve considerable treatment success.    

Table 6.3: The 50% of inhibitory concentration (IC50) of: [A] Mel-alone, [B] 18:1βCDg alone and [C] 

18:1βCDg-Mel complexes at 2:1 molar ratio. IC50 determined in A375 monolayer cells by using the MTT 

assay. (IC50) was established by calculating the fraction of dead cells and plotting the data with a 4-

parameter curve. N=3 ± SD.   

  IC50  

[A] Mel  98 (±1) µM 

[B] 18:1βCDg 89 (±2) µM 

[C] 18:1βCDg-Mel [2:1 molar ratio] 27 (±1) µM 
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Figure 6.6: Cytotoxic effect of the Mel-alone and 18:1βCDg-Mel complexes (at 2:1 molar ratio) in 3D 

spheroid A375 melanoma cells. A375 cells were seeded at 1×104 cells/well in Corning® spheroid 96-

well microplates and treated twice (24h and 48 h after seeding) with Mel-alone and 18:1βCDg-Mel 

complexes with final Mel concentrations of 30 µM and 80 µM. Cell toxicity was reported as lactate 

dehydrogenase (LDH) activity. Results are average of three independent experiments n = 3±SD * 

indicates significantly different (p<0.05) compared to Mel alone 
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Figure 6.7: Cytotoxic effect of the Mel-alone and 18:1βCDg-Mel complexes (at 2:1 molar ratio) in Mel-

resistant A375-R melanoma cells. A375-R cells were seeded 1.5×104 cells/well in 96-well plate and after 

24h treated with Mel-alone and 18:1βCDg-Mel complexes with final Mel concentrations of 30 µM and 

80 µM. Cell death was reported as using MTT Assay in comparison with non-treated cells. Results are 

average of three independent experiments n = 3±SD * indicates significantly different (p<0.05) compared 

to Mel alone 
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6.5. Conclusion  

  In this work, we demonstrated the potential utility of the novel 18:1βCDg delivery 

system as a safe and efficient carrier for a poorly soluble chemotherapeutic in melanoma 

treatment. 18:1βCDg improves the solubility of Mel by formation of favourable inclusion 

complexes at the 2:1 mole ratio, as supported by 1D/2D 1H NMR spectroscopy. The inclusion 

geometry of Mel involves a directional encapsulation of the drug within the internal cavity of the 

βCD moiety of the carrier, through an exchange with the alkyl chain of the host. The self-

inclusion of the terminal part of the gemini alkyl chain within the βCD cavity cannot be ruled out 

especially at equimolar ratios of the carrier and the drug; however, further investigation is 

warranted to obtain a greater understanding of this supramolecular system. The modification in 

the chemical structure of the βCDg carrier system by alteration of the alkyl chain length resulted 

in more stable host-guest complexes. The optimized 18:1βCDg-Mel formulation led to improved 

cytotoxic efficiency of the Mel in all melanoma models. We are envisioning future studies to 

elucidate the pathways of cell penetration and of mechanism overcoming drug resistance of the 

18:1βCDg-drug complexes. This knowledge will enable us to further optimize the structure 

aiming to improve efficiency and increase penetration ability into spheroids. 
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Supplementary information  

 

 

Figure 6.S1: Predicted 1H NMR spectra of Melphalan. Spectra created using nmrdb online tool 

(www.nmrdb.org)519 
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Figure 6.S2: Predicted 1H NMR spectra of 18:1 gemini surfactant. Spectra created using nmrdb online 

tool (www.nmrdb.org)519 
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Figure 6.S3: 2D ROESY spectrum of βCD-Mel at a 2:1 host-guest mole ratio, showing cross-peaks 

between βCD internal 1H cavity and Mel nuclei. 
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CHAPTER 7 

Acute toxicity evaluation of a β-cyclodextrin cationic gemini surfactant construct designed 

as a drug delivery agent for poorly soluble chemotherapeutic agent   
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Transitioning rationale:  

This chapter is part of research theme # 2: Design and evaluation of a β–cyclodextrin cationic 

gemini surfactant conjugate for delivery of a poorly soluble chemotherapeutic agent in 

melanoma models 

 

In vitro hemolytic activity and in vivo acute toxicity study for the 18:1βCDg were conducted for 

βCD-modified drug carriers to facilitate progress towards wide clinical applications. 
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7.1. Abstract  

Conjugation of β-cyclodextrin (βCD) to lipids and polymers has been developed to improve the 

solubility of natural βCD and reduce its nephrotoxicity and hemolytic activity. In this work, we 

investigated the safety of a cationic lipid βCD conjugate (18:1βCDg) which is able to self-

assemble, enhance the solubility of poorly soluble drugs and form a supramolecular inclusion 

complexes with low toxicity. The in vitro hemolytic activity of the 18:1βCDg drug delivery 

system was evaluated in erythrocytes from Sprague Dawley rats. In addition, a single-dose 

intraperitoneal acute toxicity study (low dose 30 mg/kg, mid-dose 100 mg/kg and high-dose 250 

mg/kg) was conducted in female and male Sprague Dawley rats. The in vitro hemolytic activity 

showed that 18:1βCDg has low hemolytic effect in comparison to native βCD and the basic 

gemini surfactant molecule. The acute toxicity study (histopathological and blood-analysis) 

indicated that 18:1βCDg was well-tolerated without significant toxicity in all treatment groups. 

No degenerative lesions were observed even at the high dose. These findings demonstrate the 

potential applicability of the 18:1βCDg delivery system as a safe and efficient carrier for poorly 

soluble drugs.  
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7.2. Introduction  

The poor aqueous solubility of several chemotherapeutics limits their use in the clinic to 

certain routes and modalities of administration. In addition, thousands of new chemical entities 

that show great in vitro and in vivo anti-cancer effect fail to reach patients as a result of 

unfavorable solubility and physiochemical properties.93-95  Drug delivery systems provide great 

opportunities to improve the apparent aqueous solubility of poorly soluble drugs and to develop 

efficient cancer therapies.105,106 One group of a unique delivery system that has been widely used 

to improve the efficiency of the poorly soluble drug is cyclodextrin (CD). 

Cyclodextrins form a truncated cone giving CDs a hydrophilic outer surface and lipophilic 

inner cavity. In addition to improving drug solubility, cyclodextrins and derivatives have been 

developed and employed to enhance drug stability (thermal, photosensitivity and chemical), 

reduce mucosal irritation, reduce drug resistance and to achieve drug controlled-release.145,146  

βCD is the most investigated, characterized and utilized natural CDs for pharmaceutical 

applications. The size of the inner hydrophobic cavity of βCD (6.0-6.5 Å) is optimum to fit most 

small molecule drugs and able to form a stable host-guest inclusion complex.145 However, the 

limited aqueous solubility of natural βCD, the nephrotoxicity and hemolytic effect restricted its 

broad applications, especially for parenteral administration.147,148 The safety profile of βCD 

depends on the solubility of the system and the route of administration. The main toxic effects of 

natural βCD results from the limited aqueous solubility and the ability of the CD cavity to 

interact and solubilize different cell membrane components (i.e. lipids and peptides).204,205 

Nephrotoxicity is a major limitation for parenterally administrated βCD , as the kidney is the 

major excretion organ for the compound .206 In addition to nephrotoxicity, hemolytic activity of 
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the βCD moiety is another toxicological concern for parenteral administration. Cyclodextrins can 

induce morphological changes in the membrane of red blood cells as a result of solubilizing and 

extracting membrane lipids and peptides, which can lead to cell lysis (hemolytic effect).208  

With the aim of enhancing the aqueous solubility and therefore improving the 

pharmaceutical applications of βCD and reducing systemic toxicity, numerous derivatives have 

been synthesized and characterized.145 The purpose of chemical modifications is to reduce the 

formation of intramolecular hydrogen bonds, thus enhance the solubility and the stability of drug 

inclusion complexes.229,230 Along with chemical derivatizations, βCD-conjugates with polymers 

and lipids have been investigated aiming to produce an amorphous drug delivery system that 

combines the inclusion ability of βCD and the bio-function of the conjugated moiety.153,154 For 

example, different amphiphilic structures have been conjugated to βCD, creating self-assembling 

molecules that showed improving stability of βCD-drug inclusion complex and drug delivery 

efficiency.155-158 

We previously described a cationic βCD-gemini surfactant conjugate (12βCDg) for the 

delivery of poorly-soluble drugs for melanoma therapy.170,176,199 Cationic gemini surfactants have 

the ability to self-assemble at a low critical micelle concentration (CMC) and demonstrated 

efficiency to enhance in vivo cutaneous permeation of large drug molecules, making them a 

suitable conjugate for drug delivery.202,203 In addition, they exhibit lower toxicity and higher 

biocompatibility in comparison to monomer surfactants.202,203 In vitro evaluations of a poorly 

soluble curcumin analog (NC 2067) formulated with 12βCDg in a human melanoma cell line 

(A375) showed that 12βCDg-NC 2067 complex was able to induce higher cellular apoptosis 

compared to the control groups. In addition, 12βCDg-NC 2067  complex showed lower toxicity 

on normal human epidermal keratinocytes (HEKa) compared to melanoma cells.170 Similarly, the 
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efficiency of 12βCDg in improving the chemotherapeutic activity of chemotherapeutic agent 

melphalan (Mel) was evaluated in a melanoma cell line model.477 The 12βCDg-Mel complex 

significantly improved the activity of Mel without any intrinsic toxicity caused by the carrier 

(12βCDg).477  

In addition to efficiency studies, detailed toxicological evaluations are fundamental to 

determine the full in vivo potential of novel drug delivery system. In this work, we evaluated the 

hemolytic activity of the newly designed βCD-modified gemini surfactant conjugate [18:1βCDg] 

[Figure 7.1] as a potential carrier for poorly soluble chemotherapeutic agents. In addition, an 

acute intraperitoneal single-dose toxicity study of the delivery system in rats was conducted. The 

acute single dose toxicity study provides critical information regarding the selection of a safe 

dose for multiple-dosing pre-clinical studies, organ-specific toxicity and possible chronic 

toxicity.520  

  



(190) 
 

7.3. Materials and Methods 

7.3.1. Materials 

Synthesis and characterization of 18:1-7NβCD-18:1 gemini surfactant [18:1βCDg] was 

previously described.475,476 Figure 7.1 shows the chemical structure of 18:1βCDg.  Sucrose for 

molecular biology, (≥99.5%) was purchased from Sigma-Aldrich. Gibco™ Water for Injection 

(WFI) was purchased from Thermofisher. Neutral buffered formalin (10%) was obtained from 

VWR.  
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Figure 7.1: chemical structure of 18:1-7NβCD-18:1 gemini surfactant [18:1βCDg]   
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7.3.2. In vitro hemolytic activity assessment  

Whole blood was collected from three female Sprague Dawley rats (20 weeks old) in 

heparin-coated tubes (BD Vacutainer, Toronto, Ontario). Erythrocytes were separated from 

heparinized blood by centrifugation (2000x g, 10 min) and then were washed twice with (PBS). 

Separated erythrocytes were suspended in PBS with final cell count of 2×107 cells/mL. Aliquots 

of 200 µL of cell suspension were added to aqueous solutions of βCD, 18:1βCDg and gemini 

surfactant backbone 18:1-7N(Glycine)-18:1 to final concentrations of 2 mM, 8.75 mM, 25 mM 

and 60 mM. The cell suspensions then incubated at 37 °C with gentle mixing for 20 min. After 

the incubation, tubes were centrifuged at 2000 x g for 15 min and the supernatants containing the 

released hemoglobin were transferred to 24-well plates. The absorbance of hemoglobin was 

recorded at 540 nm using BioTek microplate reader. 200 µL of erythrocyte suspension mixed 

with a similar volume of PBS was used as negative control. Full hemolysis was achieved by 

mixing the cell suspension with pure water. Hemolytic activity was measured as % of hemolysis 

caused by agents (βCD, 18:1βCDg and 18:1-7N(Glycine)-18:1) compared to hemolysis in water. 

7.3.3. In vivo acute toxicity study  

The study was approved by the University of Saskatchewan Animal Care Committee 

(UACC) and was conducted in accordance with FDA guidelines for single-dose acute toxicity 

evaluation for pharmaceuticals.520 Sprague Dawley rats (male and female, age of 12 weeks at 

arrival) were obtained from Charles River Laboratories (Montreal, QC, Canada). Upon arrival, 

the animals’ weights were recorded and housed in a group (two or three animals of the same 

gender per cage) for 10 days for acclimatization period. Standard pellet diet and reverse osmosis 

water were available ad libitum.  
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A prospective, randomized single dose 14 days study of four groups: one control group and 

three groups of escalating dosages of 18:1βCDg delivery system (n=5/gender/dose). Female and 

male Sprague-Dawley rats were administered a single intraperitoneal injection (IP) (1.5 mL total 

volume). The control group received 1.5 mL IP 9.25% sucrose solution, low dose group received 

18:1βCDg 30 mg/kg in sucrose solution, mid-dose group received 18:1βCDg 100 mg/kg and 

high-dose group received 18:1βCDg 250 mg/kg. Standard rat food and water were available ad 

libitum during the study period.  

After injection, the animals were monitored for clinical signs of toxicity, times of onset and 

duration of clinical signs, possible reversal of clinical signs, and possible mortality every 6 h for 

the first day. Body weight and general conditions of animals were recorded daily for the first 7 

days following the administration and every-other-day for the second week. On day 14 post-

administration, blood was collected in heparin-coated tube by cardiac puncture (under deep 

isoflurane anesthesia) then, rats were euthanized (CO2). Gross necropsy was performed (organ 

weights recorded and preserved in 10% neutral buffered formalin). 

7.3.3.1. Histopathological examination  

After gross examination, brain, heart, lungs, liver, kidneys, spleen, stomach, urinary 

bladder, testes, ovaries, and abdominal wall at the site of injection were collected, weighed and 

preserved in 10% neutral buffered formalin for complete histopathological examination. The 

formalin-fixed tissues were paraffin embedded, sectioned into 4μm micro-sections, mounted on 

glass slides and stained with hematoxylin and eosin (HE) (Prairie Diagnostic Services, 

Saskatoon, Saskatchewan). Stained tissue samples were evaluated by light microscopy. Blinded 

evaluation of all stained slides was performed by a board certified veterinary pathologist. 
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7.3.3.2. Blood analysis  

At day 14 post-injection, blood samples were collected from three animals (randomly 

selected) of each group in heparin-coated vials from rats through cardiac-puncture (under 

isoflurane deep anesthesia). Blood samples were analyzed for basic hematological parameters 

and blood chemistry (Prairie Diagnostic Services, Saskatoon, Saskatchewan) [Table S7.1]. 

Normal values for blood hematology and chemistry were obtained from published records for 

Sprague Dawley rats of 12 to 22 weeks old.521,522 

7.3.4. Statistical analysis  

Statistical analyses were performed using SPSS software (v 24.0). Independent t-test and 

one-way analysis of variance (ANOVA, Dunnett’s test) were used. Significant differences were 

considered at P<0.05 level. 
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7.4. Results and Discussion 

7.4.1. In vitro hemolytic activity evaluation  

One of the major drawbacks of βCD as a drug delivery is hemolytic toxicity, especially 

when the delivery system is intended for parenteral administration. The hemolytic toxicity of 

βCD is caused by the low aqueous solubility and the ability of βCD to interact with erythrocytes 

membrane components (lipids, cholesterol and peptides). As a result, βCD can cause 

morphological changes to erythrocytes and cell lysis.208 Assessing the hemolytic activity of βCD 

conjugate can be used as a good indicator for the extent of other possible toxicological 

effects.147,210,211 Therefore, in this work we evaluated the hemolytic toxicity of the βCD-modified 

gemini surfactant (18:1βCDg) and compared it to the hemolysis caused by the native βCD and 

parent (non-modified) gemini surfactant (18:1-7N(Gly)-18:1, Figure 7.2).  

The highest hemolytic activity was observed for the non-modified gemini surfactant, 

which at the lowest tested concentration (2 mM) caused over 60% cell lysis (Figure 7.2, black 

bars). Increasing the concentrations of the non-modified gemini surfactant, causes complete 

hemolysis. This observation was expected as hemolytic activity of cationic surfactants is well-

documented, as these agents interact with the membrane of the erythrocytes and cause cell lysis 

by osmotic lysis and by solubilizing membrane phospholipids.523-525 The native βCD caused 

moderate hemolysis, similarly to the previously published findings.526,527 At 2 mM and 8.75 mM, 

βCD caused no significant hemolysis (Figure 7.2, grey bars). However, at higher concentrations 

(25 and 60 mM), βCD caused complete hemolysis. At these concentrations of βCD, insoluble 

crystals start to form, which could explain the complete hemolysis.145 The βCD-modified gemini 

surfactant (18:1βCDg) showed the lowest hemolytic activity (Figure 7.2, white bars). At the 

lowest concentration of 2 mM, no significant hemolysis was observed. At 8.75 mM, less than 
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10% hemolysis was observed. Increasing the 18:1βCDg concentration to 25 mM – 60 mM, 

caused less than 25% cell lysis. It should be noted that at 60 mM, 18:1βCDg start to form visible 

aggregates. The low hemolytic activity of the 18:1βCDg can be explained by the following: a) 

grafting the βCD with the cationic lipid changed the crystalline structure of the βCD to 

amorphous mass which shows higher aqueous dispersity, and b) the conformational changes in 

the 18:1βCDg structure at high concentration can reduce the availability of the βCD cavity and 

the cationic head group of the gemini surfactant to interact with erythrocytes membrane limiting 

their hemolytic capability (as discussed in CHAPTER 6, Scheme 1e). 
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Figure 7.2: Relative hemolytic activity of 18:1βCDg (white bars), βCD (grey bars) and gemini surfactant 

backbone (black bars). % Hemolysis calculated as % of hemolysis caused by agents compared to the 

hemolysis in water by measuring the released hemoglobin level. Results are average of three independent 

experiments n = 3±SD. * Indicates statistically significant differences (p<0.05) in comparison to gemini 

surfactant backbone. ¥ Indicates statistically significant differences (p<0.05) in comparison to βCD. 
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7.4.2. In vivo acute toxicity study  

Assessment of the toxicity of the drug delivery system is essential to determine the safety 

and possible adverse effects caused by acute or chronic administration of the system. The single 

dose acute toxicity study can assist in determining a safe dose for multiple-dosing pre-clinical 

studies, organ-specific toxicity, possible chronic toxicity and selecting a safe dose for a clinical 

trial. 520      

 The single IP injection of 18:1βCDg at all tested doses was well-tolerated. No deaths 

were reported and generally, the injection did not cause any severe or prolonged pain. Signs of 

mild to moderate pain were observed in some animals only in the high doses group (2 female and 

5 males). These signs include guarding and licking the site of the injection, horizontal stretching 

and abdominal writhing. These signs disappeared 1 h after injection. The treatment did not cause 

any effect on animal body weights compared to the control group in either genders (Tables 7.1 

and 7.2).  
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Table 7.1: Relative increases in female rats’ body weight compared to the weight of the animal at time received. n=5±(SD). 

No statistical significances were observed (p<0.05) when compared to control group.  

Weight date 

Age  

(Days) 

Control  

(9.25% Sucrose) 

%±(SD) 

Low-Dose  

(35 mg/kg) 

%±(SD) 

Mid-Dose  

(100 mg/kg) 

%±(SD) 

High-Dose  

(250 mg/kg) 

%±(SD) 

Day before injection 60 10.36±(3.58) 7.29±(1.02) 8.30±(1.42) 8.22±(5.00) 

Injection day 61 10.55±(4.98) 7.20±(2.82) 8.34±(1.78) 8.42±(5.52) 

One-day after injection 62 12.54±(4.08) 8.31±(2.08) 8.82±(1.94) 9.59±(6.79) 

One-week after injection 68 17.74±(3.24) 16.15±(1.21) 14.85±(0.60) 16.70±(7.06) 

Last day of study 73 24.02±(1.75) 21.85±(2.27) 20.71±(2.21) 22.03±(7.45) 

Table 7.2: Relative increases in male rats’ body weight compared to the weight of the animal at time received. n=5±(SD). 

No statistical significances were observed (p<0.05) when compared to control group.    

Weight date 

Age  

(Days) 

Control  

(9.25% Sucrose) 

%±(SD) 

Low-Dose  

(35 mg/kg) 

%±(SD) 

Mid-Dose  

(100 mg/kg) 

%±(SD) 

High-Dose  

(250 mg/kg) 

%±(SD) 

Day before injection 61 27.09±(2.48) 29.23±(3.79) 29.17±(2.73) 28.05±(1.32) 

Injection day 62 32.14±(1.97) 33.19±(2.73) 33.87±(3.72) 32.06±(2.13) 

One-day after injection 63 35.57±(3.25) 38.36±(2.94) 38.63±(4.20) 37.07±(1.66) 

One-week after injection 69 56.86±(5.90) 62.14±(6.42) 62.57±(5.39) 59.78±(2.99) 

Last day of study 74 77.44±(6.91) 85.26±(7.56) 86.74±(9.80) 81.91±(4.77) 

(1
9
8
) 
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7.4.2.1. Blood Analysis  

Basic blood parameters and hematological blood chemistry are good indicators for severe 

or chronic toxicities. Monocytes counts in female rats showed a significant reduction compared 

to the reference values and to the control group (Tables 7.3 and 7.4). Reference values were 

obtained from published records for Sprague Dawley rats of 12 to 22 weeks old.521,522 Red blood 

cells count and erythrocytes characteristics showed no changes 14 days after IP injection 

compared to the references values in both female and male groups. 

The blood chemistry analysis at the last day of the study showed moderate elevations in 

serum level of urea and creatine kinase (CK) in both female and male groups in almost all animals 

when compared to published reference values (Tables 7.5 and 7.6). However, compared to the 

control group, creatine kinase level shows no significant differences. On the other hand, urea serum 

levels in female showed significant increase compared to control group in mid- and high-dose 

groups. Serum glucose was also elevated in all mid-dose animals and one animal in the high-dose 

compared to reference values and the control group. Increased serum gamma-glutamyl transferase 

was observed in control, low-dose and mid-dose male rats when compared to published reference 

values. 
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Table 7.3: Blood parameters analysis for female rats at day 14 after single dose IP injection. * Indicates >10% reduction in parameter value 

compared to published reference, ** Indicates >10% increase in parameter value compared to published reference.521,522 # Indicates statistically 

significant differences (n=3, p<0.05) compared to control group. For abbreviations look Table S7.1 p.211 

 

Table 7.4: Blood parameters analysis for male rats at day 14 after single dose IP injection. * Indicates >10% reduction in parameter value 

compared to published reference, ** Indicates >10% increase in parameter value compared to published reference.521,522 # Indicates statistically 

significant differences (n=3, p<0.05) compared to control group. For abbreviations please see Table S7.1 p.211 

 

  

1C 2C 3C Mean 6LD 7LD 8LD Mean 11MD 12MD 13MD Mean 16HD 17HD 18HD Mean Min Max

WBC (10
3
/µL) 9.1 18.3 9.2 12.20 8 7.8 4* 6.6 3.6* 7.9 4.1* 5.2 10.4 4.7* 5.3* 6.8 7 10.69

Segs (10
3
/µL) 0.546* 0.366* 0.368* 0.43 0.4* 1.326 0.12* 0.62 0.36* 0.869 0.123* 0.45 0.208* 0.235* 0.159* 0.2 0.58 8.1

Eosinophils (10
3
/µL) 0.091 0.184* 0.184* 0.15 0.06 0.078 0.04 0.06 0.036 0.158 0.082 0.09 0.104 0.047* 0.053 0.07 0.06 0.15

Lymphocytes (10
3
/µL) 8.19 17.202** 8.004 11.13 7.52 6.162 3.76 5.81 3.06 6.636 3.813 4.5 9.776 4.371* 4.929* 6.36 5.8 9.25

Monocytes (10
3
/µL) 0.273 0.732* 0.644* 0.55 0.08 0.234 0.08 0.13# 0.144 0.237 0.082 0.15# 0.312** 0.047* 0.159 0.17# 0.1 0.25

Platelets (10
3
/µL) 927 493* 661* 693.67 504* 810 732* 682 623* 683* 424* 576.67 858 828 717* 801 787 1021

RBC (10
6
/µL) 7.39 7.86 7.29 7.51 6.79 7.36 7.47 7.21 6.68 7.44 7.51 7.21 7.78 7.79 6.31* 7.29 7.23 8.11

HGB  (g/L) 141 150 139 143.33 128 144 137 136.33 126 139 146 137 145 138 122 135 135 155

HCT (L/L) 0.408 0.431 0.41 0.42 0.369 0.439 0.412 0.41 0.376 0.417 0.438 0.41 0.438 0.417 0.355 0.4 0.396 0.46

MCV (fl) 55.2 54.8 56.3 55.43 54.3 59.7 55.2 56.4 56.3 56.1 58.3 56.9 56.2 53.5 56.2 55.3 53.5 58.3

MCH (pg) 19.1 19.1 19 19.07 18.9 19.6 18.4 18.97 18.9 18.6 19.4 18.97 18.7 17.8 19.3 18.6 18.5 19.5

Ref ValuesLow-Dose (35 mg/Kg) Mid-Dose  (100 mg/Kg) High-Dose  (250 mg/Kg) 
Parameter  (Unit)

Control  (9.25% Sucrose)

21C 22C 23C Mean 26LD 27LD 28LD Mean 31MD 32MD 33MD Mean 36HD 37HD 38HD Mean Min Max

WBC (10
3
/µL) 5.6* 10.5 9.7 8.60 17.9** 9.5 7.8* 11.73 5.7* 6.6* 9.2 7.17 12.7 15.9** 18.6** 15.73 9.78 12.9

Segs (10
3
/µL) 0.28* 0.945 0.388* 0.54 4.117** 1.235 1.638 2.33 0.513 1.254 0.46 0.74 1.143 0.795 3.162** 1.7 0.91 1.65

Eosinophils (10
3
/µL) 0.081 0.204 0.194 0.16 0.358** 0.285 0.078 0.24 0.057 0.123 0.092 0.09 0.153 0.159 0.186 0.167 0.06 0.2

Lymphocytes (10
3
/µL) 5.152* 9.345 8.73 9.04 12.53 7.6 5.616* 8.58 5.016* 4.95* 8.188 6.05 10.922 14.469** 13.95** 13.11 8.1 10.65

Monocytes (10
3
/µL) 0.168 0.201 0.291 0.22 0.895** 0.38 0.468 0.58 0.114* 0.264 0.46 0.28 0.635** 0.477 1.302** 0.8 0.14 0.52

Platelets (10
3
/µL) 790 706 888 794.67 812 835 967 871.33 776 726 622* 708 1007 814 580* 800.33 765 1029

RBC (10
6
/µL) 6.74* 6.74* 7.55 7.01 7.11 7.1 7.12 7.11 7.4 7.06* 6.83 7.1 7.05 7.06 7.68 7.26 7.89 8.9

HGB  (g/L) 134 133 143 136.67 143 139 133 138.33 137 135 134 135.33 128 131 142 133.67 147 166

HCT (L/L) 0.406 0.412 0.422 0.41 0.426 0.412 0.419 0.42 0.428 0.42 0.414 0.42 0.403 0.412 0.443 0.42 0.283 0.492

MCV (fl) 60.3 61.2 58.5 60.00 59.9 58 58.8 58.9 57.9 59.5 60.5 59.3 57.1 58.3 57.7 57.7 51.7 58.4

MCH (pg) 19.8 19.7 18.9 19.47 20.2 19.5 18.7 19.47 18.5 19.2 19.6 19.1 18.2 18.6 18.5 18.43 17.7 19

MCHC (g/L) 329 321 324 324.67 337 337 317 330.33 320 322 323 321.67 319 319 321 319.67 330 353

Parameter (Unit) 
Ref ValuesControl  (9.25% Sucrose) Low-Dose (35 mg/Kg) Mid-Dose  (100 mg/Kg) High-Dose  (250 mg/Kg) 

(2
0
0
) 
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Table 7.5: Blood chemistry analysis for female rats at day 14 after single dose IP injection. * Indicates >10% reduction in parameter value 

compared to published reference, ** Indicates >10% increase in parameter value compared to published reference.521,522 # indicates statistically 

significant differences (n=3, p<0.05) compared to control group. For abbreviations please see Table S7.1 p.211 

 

 

  

1C 2C 3C Mean 6LD 7LD 8LD Mean 11MD 12MD 13MD Mean 16HD 17HD 18HD Mean Max Min

Sodium mmol/L 144 142 144 143.33 142 144 144 143.33 145 144 145 144.67 143 144 143 143.33 141 148

Potassium mmol/L 3.2 4.1 3.8 3.70 3.8 4.1 4 3.97 4 3.9 4.2 4.03 3.9 3.8 4.1 3.93 4.3 5.9

Chloride mmol/L 99 98 97 98.00 99 99 99 99.00 101 99 102 100.67# 100 100 102 100.67# 101 108

Calcium mmol/L 2.62 2.66 2.64 2.64 2.48 2.7 2.72 2.63 2.59 2.62 2.65 2.62 2.69 2.68 2.34 2.57 2.4 2.79

Phosphorus mmol/L 2.07 2 2.1 2.06 2.07 2.19 2.13 2.13 1.87 1.65 1.77 1.76 1.68 1.86 1.48* 1.67 1.81 2.78

Urea mmol/L 5.8 5 8.1 6.30 6 5.2 5.9 5.70 6.4 6.8** 7.5** 6.9# 6.7 6.6 7.6** 6.67# 3.9 6.1

Creatinine µmol/L 28 28 37 31.00 27* 28* 37 30.67 37 37 42 38.67 32 36 30* 32.67 35 62

Glucose mmol/L 9 8.3 8.9 8.73 9.3 10.6 11.2 10.37 9.9 11.1 11.2 10.73 11.9 11.8 9.2 10.97 6.66 11.1

Cholesterol mmol/L 1.67 1.81 1.85 1.78 1.39* 1.64 1.99 1.67 1.77 1.3* 1.66 1.58 1.72 1.35* 1.38* 1.48 1.71 2.51

Total Bilirubin mg/dL 0.6 0.5 1.2 0.77 0.3 0.2 0.6 0.37 0.2 0.6 0.7 0.50 0.4 0.4 0.2 0.33 0.2 1

Alk Phos U/L 111 103 124 112.67 112 111 108 110.33 116 129 130 125.00 93 160 101 118.00 65 117

GGT U/L 1 4 1 2.00 1 0 2** 1.00 0 2** 6** 2.67 0 0 0 0.00 0 1

ALT U/L 41 42 34 39.00 32 40 37 36.33 3* 36 25 21.33 28 28 7* 21.00 25 45

CK U/L 122 481 347 316.67 1221 108* 136* 488.33 1084** 111 87* 427.33 135* 95* 312 180.67 180 381

Total Protein g/L 62 65 67 64.67 61 62 64 62.33 62 62 66 63.33 62 60 53 58.33 64 75

A:G Ratio 1.7 1.71 1.79 1.73 2.21 1.95 1.91 2.02 1.82 2.1 2.14 2.02 1.95 1.86 2.12 1.98 1.1 2

Control (9.25%  Sucrose) Low-Dose (35 mg/Kg) Mid-Dose (100 mg/Kg) High-Dose (250 mg/Kg)
Parameter Units

Ref Values

(2
0
1
) 
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Table 7.6: Blood chemistry analysis for male rats at day 14 after single dose IP injection. * Indicates >10% reduction in parameter value 

compared to published reference, ** Indicates >10% increase in parameter value compared to published reference.521,522 # indicates statistically 

significant differences (n=3, p<0.05) compared to control group. For abbreviations please see Table S7.1 p.211 

   

21C 22C 23C Mean 26LD 27LD 28LD Mean 31MD 32MD 33MD Mean 36HD 37HD 38HD Mean Max Min

Sodium mmol/L 145 143 145 144.33 144 144 146 144.67 146 144 141 143.67 145 145 143 144.33 141 149

Potassium mmol/L 4.2 4.2 4.8 4.40 4.7 4.6 4.3 4.53 5.1 4.7 4.7 4.83 4.2 4.2 4.1 4.17 4.6 6.1

Chloride mmol/L 101 100 100 100.33 100 100 100 100.00 101 100 98 99.67 100 100 99 99.67 101 107

Calcium mmol/L 2.65 2.6 2.83 2.69 2.74 2.71 2.66 2.70 2.7 2.6 2.63 2.64 2.57 2.57 2.69 2.61 2.4 2.72

Phosphorus mmol/L 2.47 2.48 2.45 2.47 2.38 2.58 2.59 2.52 2.49 2.6 2.43 2.51 2.24 2.24 2.5 2.33 2.26 3.07

Urea mmol/L 5.6 7.1** 8** 6.90 7.9** 5.2 6.8** 6.63 8.5** 7.9** 8.1** 8.17 8.4** 8.4** 6 7.60 3.6 5.7

Creatinine µmol/L 30 31 31 30.67 25 23 30 26.00 30 36 31 32.33 32 32 26 30.00 33 53

Glucose mmol/L 12.1 12.5 10.5 11.70 11.8 12.3 12.5 12.20 13.4** 14.5** 16.1** 14.67# 12.7 12.7 14.6** 13.33# 6.72 11.8

Cholesterol mmol/L 1.6 1.76 1.95 1.77 1.94 1.34 1.74 1.67 1.52 1.45 1.36 1.44 2.05 2.05 1.35 1.82 1.42 2.3

Total Bilirubin mg/dL 0.1 0.4 0.2 0.23 0.4 0.5 0.8 0.57 0 0.5 0.2 0.23 0.3 0.3 0.4 0.33 0.2 2

Alk Phos U/L 170 195 214 193.00 171 208 247 208.67 235 261 200 232.00 193 193 209 198.33 104 290

GGT U/L 3** 0 4** 2.33 2** 0 2** 1.33 0 3** 0 1.00 1 1 0 0.67 0 1

ALT U/L 25 27 40 30.67 43 46 32 40.33 40 34 39 37.67 34 34 35 34.33 27 46

CK U/L 236 220 262 239.33 256 169 204 209.67 287 298 281 288.67 234 234 261 243.00 203 437

Total Protein g/L 56 55 63 58.00 59 57 58 58.00 59 55 59 57.67 57 57 56 56.67 60 71

A:G Ratio 1.55 1.5 1.42 1.49 1.46 1.48 1.64 1.53 1.36 1.39 1.36 1.37 1.48 1.48 1.43 1.46 1.1 1.9

Low-Dose (35 mg/Kg) Mid-Dose (100 mg/Kg) High-Dose (250 mg/Kg) Ref ValuesControl (9.25%  Sucrose) 
Parameter Units

 

(2
0
2
) 
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7.4.2.1. Histopathological evaluation  

No differences in liver or kidneys’ weights were observed in all tested groups (female and 

male) compared to control group (Tables 7.7 and 7.8). Similarly, no changes in the spleen weight 

were found in the treated female group when compared to the control group. However, male rats 

form all treatment groups displayed a slight increase in splenic weight compared to the control 

group.  

Histopathological evaluation of collected tissues revealed only one significant lesion in 

treated animals compared to controls, namely the presence of inflammation within the abdominal 

wall at the site of injection (Table 7.9, Figure 7.3). A mild to severe lymphoplasmacytic infiltrate 

was present multifocally in between muscle fibers in nine animals receiving middle and high 

doses of 18:1βCDg (Table 7.9, Figure 7.4a). The severity of the lesions was more pronounced in 

the high-dose male group in which the myofiber necrosis and mineralization were also present 

along with moderate fibroblast proliferation (Figure 7.4b). This lesion was likely triggered by the 

accidental injection of 18:1βCDg directly into muscle fibers and has been previously reported.210 

Mild to moderate splenic lymphoid hyperplasia was also observed in all treatment groups 

compared to the control group being more pronounced in males receiving mid-or high doses 

(Table 7.9, Figure 7.4). Specifically, the spleen of all male rats in the high-dose group displayed 

this change. Our findings of increased splenic weight and splenic lymphoid hyperplasia are 

consistent with previous reports in rodents treated with natural cyclodextrins and HP-β 

cyclodextrin.528,529 These changes are considered non-specific, have no known clinical 

significance and are likely due to antigenic stimulation.  
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Another, less important histological finding in all treated and control animals was the 

presence of rare mineralization in renal proximal convoluted tubules (Table 7.9, Figure 7.5); a 

lesion known to be occasionally present in all normal rats and is, therefore, referred to as a 

“background anomaly”.  
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Table 7.7: % relative weight of selected organs of female rats compared to the body weight at day 14 after single dose IP 

injection. Means (N=5)±SD. No statistical significances were observed (p<0.05) when compared to control group. 

 
Control (9.25% Sucrose) 

%±(STDV) 

Low-Dose (35 mg/kg) 

%±(SD) 

Mid-Dose (100 mg/kg) 

%±( SD) 

High-Dose (250 mg/kg) 

%±( SD) 

Liver 4.40±(0.31) 4.69±(0.58) 4.11±(0.71) 4.33±(0.81) 

Kidneys 0.86±(0.07) 0.87±(0.09) 0.78±(0.12) 0.85±(0.23) 

Spleen 0.25±(0.01) 0.23±(0.04) 0.25±(0.01) 0.24±(0.02) 

 

Table 7.8: % relative weight of selected organs of male rats compared to the body weight at day 14 after single dose IP injection. 

(N=5)±SD. No statistical significances were observed (p<0.05) when compared to control group. 

 

 Control (9.25% Sucrose) 

%±( SD) 

Low-Dose (35 mg/kg) 

%±(SD) 

Mid-Dose (100 mg/kg) 

%±(SD) 

High-Dose (250 mg/kg) 

%±(SD) 

Liver 4.40±(0.89) 5.18±(0.77) 4.95±(0.67) 4.48±(0.96) 

Kidneys 0.85±(0.10) 0.90±(0.21) 0.85±(0.13) 0.90±(0.23) 

Spleen 0.19±(0.02) 0.21±(0.03) 0.22±(0.02) 0.22±(0.03) 

 

 

(2
0
5
) 



(206) 
 

A 

 

B 

 

Figure 7.3: H&E histological examination of abdominal wall (site of injection, high-dose female rat): 

A) Long arrow: multinucleate giant cells. Short arrow: lymphoplasmacytic inflammation. Arrow head 

moderate fibrosis and collagen deposition. B) mineralisation of muscle fibers 
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Figure 7.4: H&E histological examination of spleen tissue (high-dose, male rat). Enlarged lymphoid 

follicles (moderate lymphoid hyperplasia) 
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Figure 7.5: H&E histological examination of kidney tissue (mid-dose female rat). A few tubules within 

the cortex display mineralisation.  
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Table 7.9: Main histopathological observations at day 14 after single dose IP injection. Values indicate 

numbers of animals that showed the histopathological observation.   

 

Histopathological 

observation 

Control (9.25% 

Sucrose) 

Low-Dose (35 

mg/kg) 

Mid-Dose (100 

mg/kg) 

High-Dose (250 

mg/kg) 

Female Male Female Male Female Male Female Male 

Kidney 

Renal tubules display 

mineralisation 

1 0 2 1 2 0 3 1 

Spleen 

Moderate lymphoid 

hyperplasia 

0 0 1 0 1 3 0 5 

Abdominal wall 

Lymphoplasmacytic 

infiltrate 

0 0 0 0 2 2 1 4 
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7.5. Conclusion  

In this work, the pre-clinical safety of novel βCD-cationic lipid conjugate (18:1βCDg) was 

reported. The conjugation of the βCD moiety to the cationic lipid structure (gemini surfactant) created 

an amorphous supramolecular delivery system with low hemolytic activity, in comparison to natural 

βCD and gemini surfactant, indicating the safety of the carrier even for an injectable formulation. The 

single IP injection at all doses was well-tolerated without significant toxicity or adverse effects. No 

degenerative lesions were reported especially in kidney or liver.   Toxicity evaluation will allow us to 

design controlled future pharmacokinetic studies, dose selection for animal study and bio-distribution 

studies. These findings demonstrate the potential applicability of the 18:1βCDg delivery system as a 

safe and efficient carrier for poorly soluble drugs. 
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Supplementary Information  

Table S7.1: Basic hematological and blood chemistry parameters evaluated in the in vivo toxicity study 

Hematological parameters Blood chemistry 

Leukocytes 

WBC count 

Segmented neutrophils (Segs) 

Eosinophils 

Lymphocytes 

Sodium 

Potassium 

Chloride 

Calcium 

Phosphorus 

Urea 

Creatinine 

Glucose 

Cholesterol 

Total Bilirubin 

Alkaline phosphatase test (ALP) 

Gamma-glutamyl transferase (GGT) 

Alanine Aminotransferase (ALT) 

Creatine kinase (CK) 

Total Protein 

Albumin to globulin (A/G) ratio 

Erythrocytes 

RBC count 

Hemoglobin (HGB) 

Hematocrit (HCT) 

Mean corpuscular volume (MCV) 

Mean Corpuscular Hemoglobin (MCH) 

Mean corpuscular hemoglobin concentration (MCHC) 

Platelets counts 
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CHAPTER 8 

Overall Conclusion: Design and evaluation of a β–cyclodextrin cationic gemini surfactant conjugate for 

delivery of a poorly soluble chemotherapeutic agent in melanoma models 

8.1. Discussion 

The ability of cyclodextrins to form non-covalent complex structures with a wide variety of drug 

molecules has been utilized extensively in pharmaceutical formulation development, from increasing the 

aqueous solubility of a lipophilic drug to achieving a controlled release formulation. 145,146 Beta-

cyclodextrin (βCD) is the most investigated/used form of naturally occurring cyclodextrins in 

formulation development. The inner cavity of the βCD moiety has a diameter of (6.0-6.5 Å) that  

provides an appropriate space to accommodate most small molecule drugs and produce reasonably 

stable inclusion complexes.145 However, the limited aqueous solubility of natural βCD (1.85 g/100 mL) 

and the related nephrotoxicity and hemolytic activity limit its use, especially in parenteral 

formulations.147,148 Different chemical modifications have been evaluated to enhance the solubility of 

the βCD and broaden its applications. Chemical derivatization of βCD, by introducing a bulky 

substituent in the primary or secondary hydroxyl groups, aims to minimize the intra-molecular 

interaction and create an amorphous structure with improved aqueous solubility.145,229,230 Similarly, 

attaching functional conjugates, such as aliphatic alkyl chains and polymers, to βCD has been 

investigated as a means to produce supramolecular drug delivery systems, enhance their loading 

capacity and create stable carrier-drug complexes.153-158        

 In our research group, novel βCD-based supramolecular drug delivery systems have been 

developed to enhance the solubility and bioavailability of poorly soluble drugs, i.e., βCD-conjugated 

gemini surfactants. These novel drug delivery systems were designed to combine the solubilizing 
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capacity of the βCD moiety and the tissue penetrating ability of cationic gemini surfactant. Gemini 

surfactants have the ability to self-assemble at a lower critical micelle concentration (CMC) compared to 

single hydrocarbon tail monovalent surfactants and demonstrating enhanced in vivo cutaneous 

permeation efficiency of large drug molecules when formulated as nanoparticles.202,203 The first 

generation of βCD-conjugated gemini surfactant was synthesized by attaching the backbone of a 12 

carbon-tail gemini surfactant to the primary hydroxyl group of βCD either by an ester or amide linker 

(12-7N(βCD)-12) [Figure 8.1].170 Theses carriers were characterized and evaluated as a potential drug 

delivery system for poorly soluble curcumin analogs for the treatment of melanoma.170,176,199 In vitro 

toxicity evaluation showed that 12-7N(βCD)-12  with an ester linker triggered significantly lower cell 

death compared to the carrier with an amide linkage, and therefore, the latter was excluded from further 

characterizations.176  In fact, in a recent study, we found that 12-7N(βCD)-12, with an ester linker 

(denoted as 12βCDg in this research), bears no intrinsic toxicity as it did not alter cell death pathway 

caused by melphalan in a melanoma cell line.477 However, structural characterization (using 1H NMR, 

1D/2D ROESY NMR, thermogravimetric analysis (TGA) and SAXS techniques) of host-drug 

complexes formulated with 12βCDg, indicated that the alkyl tail region of the gemini surfactant was 

self-included in the βCD moiety of the 12βCDg which can lead to instability of the carrier-drug 

inclusion complexes.199   

Based on the findings expressed above, we redesigned the βCD-gemini surfactant aiming to 

improve the stability of the carrier-drug complexes and to enhance the efficiency of the poorly soluble 

chemotherapeutic agent (Mel) used in the treatment of melanoma (melphalan). In the newly designed 

βCD-gemini surfactant, we replaced the saturated 12 carbon tail with an 18:1 unsaturated tail (denoted 

as 18:1βCDg in this research). The gemini surfactant is linked to the βCD primary hydroxyl by an ester 

linker. The presence of the 1:18 cis-Δ9 unsaturated bond causes the tail to bend with less flexibility, 



(214) 
 

which can reduce/prevent the degree of self-inclusion of the tail within the βCD cavity.515,530 Following 

the synthesis and characterization of the new carrier (18:1βCDg) I conducted several studies to elucidate 

the nature of the carrier-drug complex, so that to optimize the formulation and to evaluate its in vitro 

efficiency and in vivo toxicity. Mel was chosen as a model for a poorly soluble drug. It is currently used 

for the management of in-transit metastatic melanoma. For the injectable formulation, Mel needs to be 

prepared with a co-solvent (ethanol and propylene glycol) shortly before administration to achieve 

complete solubilization of the drug. Propylene glycol, when administrated in high dose, can cause 

several toxicities including, nephrotoxicity, cardiac arrhythmia, and metabolic acidosis.464 

 The characterization began with an evaluation of the solubilization efficiency of the new carrier 

by developing and validating flow injection analysis-tandem mass spectrometry (FIA-MS/MS) methods 

(CHAPTER 5). FIA-MS/MS provides a simple, fast and accurate strategy for the analysis of 

pharmaceuticals in different matrices.490-493 Analytical methods were developed to accurately quantify 

Mel in standard aqueous solution and in formulations with 18:1βCDg at different carrier-to-drug molar 

ratios. They were applied to determine the highest aqueous solubility of Mel that can be achieved as a 

function of 18:1βCDg-Mel molar ratio [Figure 5.5]. The aqueous solubility of Mel increased 

significantly (more than two-fold increase compared to Mel aqueous solution) when the 18:1βCDg-Mel 

complex was prepared at 2:1 carrier-to-drug molar ratio. When the carrier-drug molar ratios increased 

above 2:1, a significant reduction in the solubility of Mel was observed. Based on the phase-solubility 

diagram of Higuchi and Connors [Figure 1.1]149,  it is proposed that the relationship between the 

solubility of the substrate (Mel) and the concentration of the host (18:1βCDg) follows either AN or ABS-

type model. AN-type model indicates formation of a host-drug soluble complex with negatively 

deviating isotherms, whereas the ABS-type indicates the formation of a complex with limited 

solubility.531 βCD-drug complexes usually follow a B-type model as a result of the limited aqueous 
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solubility of βCD (1.85 g/100 mL). On the other hand, 18:1βCDg exhibits behavior characteristic of 

both βCD and cationic gemini surfactant (amorphous molecule) and shows better water dispersity (≈ 

6g/100 mL) in which no precipitation or visible particles are observed. Therefore, it is expected that 

18:1βCDg will have superior solubilization compared to native βCD. However, it should be mentioned 

that the phase-solubility relationship only indicates the solubilizing effect of the host on the drug 

molecule but not the actual formation of inclusion complexes as CD can also form non-inclusion 

complexes.150,151  

The negative deviation from linearity (i.e., decrease in solubilization activity at higher host-to-

guest mole ratios) can be caused either by changes in the dielectric constant of the solvent or self-

association/inclusion of the conjugate at high host concentrations.531 After evaluation of the 

solubilization efficiency of the carrier, a study of the nature of the complex formed by carrier 

(18:1βCDg) and the drug (Mel) was carried out (CHAPTER 6). The results from 1H NMR spectra and 

the 1D/2D ROESY of the 18:1βCDg, alone, (Table 6.2 and Figures 6.2 and 6.3) indicated a 

conformational change as a result of grafting the βCD molecules with the cationic gemini surfactant. 

The possibility of inter- or intra-molecular inclusion of part of the gemini surfactant moiety within the 

βCD cavity of the carrier could not be excluded. However, due to the absence of positive cross-peak 

correlations between the internal cavity protons (H3 and H5 of the βCD moiety) and the alkyl tail region 

of the gemini surfactant graft (in the case of free 18:1βCDg) (Figure 6.3); it can be concluded that the 

modification of the βCD-gemini surfactant with 1:18 cis-Δ9 unsaturated tails was successful in 

reducing\preventing the degree of self-inclusion. As a result, the new carrier (18:1βCDg) was able to 

form a stable inclusion complex with Mel at a 2:1 host-to-guest mole ratio (Figure 6.4). At this mole 

ratio, stable nano-sized particles (≈160 nm) are formed, that require no suspending agent (Table 6.1), 

unlike the complex formed with 12βCDg.477 The increase in host:guest mole ratios (3:1 and 5:1) was 
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associated with an increase in the intensities of cross-peak interaction, “cooperative interaction” 

between the alkenic region of the gemini surfactant and the internal protons of the βCD cavity (Figure 

6.4 c and d). This interaction induced conformational changes in 18:1βCDg causing destabilization of 

the inclusion complex (Table 6.2, Figure 6.4). This phenomenon can explain the reduction in the 

solubilization efficiency of the carrier, at higher host:guest mole ratio, as observed in FIA-MSMS results 

(Figure 5.5).     

Since stability of the carrier-drug complex influences the therapeutic activity of the drug, the 2:1 

mole ratio complex was used in further work to investigate the effectiveness of the 18:1βCDg to 

enhance the chemotherapeutic efficiency of Mel in melanoma cell culture models (CHAPTER 6). The 

18:1βCDg-Mel complex induced significant higher cell death compared to Mel alone in monolayer 

melanoma cell line (Table 6.3). The increase in cytotoxicity of Mel in 18:1βCDg-Mel is a result of 

improving the solubility and delivery of the drug as our previous study showed that βCD-modified 

gemini surfactant bears no intrinsic toxicity in melanoma cell line.477  In addition to standard monolayer 

melanoma cell lines, I explored the efficiency of the 18:1βCDg to improve the delivery of Mel in 

spheroid and Mel-resistant cell cultures (Figures 6.6 and 6.7, respectively). Three-dimensional spheroid 

(3D) cell culture offers a suitable model for tumor microenvironment compared to a 2D monolayer. It 

can mimic the complicated biological barriers and heterogeneity of tumors due to the rich environment 

of extracellular matrix (ECM) which can influence cell migration, cell-cell interactions and 

nutrients\drug uptake.532,533 Therefore, evaluating the drug delivery system in 3D cell culture can 

provide essential information regarding the efficiency of the carrier in enhancing the drug uptake by the 

tumor and the potential applicability of the system in an in vivo model. In addition, failure of cancer 

therapy also can be attributed to acquired drug resistance. Drug delivery systems have been shown to 

successfully overcome drug-resistance.518,534 Our work indicated that 18:1βCDg significantly enhanced 
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the activity of Mel in spheroid melanoma and Mel-resistant monolayer cultures in comparison to Mel-

alone (Figures 6.6 and 6.7, respectively). It is possible that the increase in the Mel activity when 

18:1βCDg-Mel is applied in the 3D cell culture is a result of the ability of 18:1βCDg to disturb the 3D 

architecture, hence enhancing the drug permeation. In addition, the increased cytotoxic effect of Mel 

could be attributed to the protection of the drug against degradation in the 18:1βCDg-Mel inclusion 

complex at the 2:1 ratio.  

Evaluating the safety of drug delivery systems is essential for successful therapeutic applications. 

Drug carriers must exhibit minimum or no intrinsic toxicity to normal tissues. The major drawback of 

natural βCD in pharmaceutical applications is their hemolytic activity and nephrotoxicity.147,148 These 

toxicities are more prominent in parenteral administration. The toxicity of natural βCD is related to its 

limited aqueous solubility and the ability of the βCD cavity to interact and solubilize cell membrane 

components (i.e., lipids and peptides).204,205 Chemical modifications of natural βCD have been explored 

to enhance the aqueous solubility and reduce the toxicological effects.229,230 Previous evaluations of in 

vitro toxicity of βCD gemini surfactant conjugate, 12βCDg, indicated that the carrier system did not 

alter the cellular death mechanism triggered by Mel and did not induce apoptosis.170,477 In the current 

research, comprehensive toxicological evaluations of 18:1βCDg were conducted to determine the safety 

profile of the carrier (CHAPTER 7). The 18:1βCDg caused significantly lower hemolysis of red blood 

cells in comparison to natural βCD and non-modified gemini surfactant (Figure 7.2). At 25 mM, 

18:1βCDg caused >25% hemolysis whereas βCD and non-modified gemini surfactant caused full blood 

lysis. The increase in the molar concentration of 18:1βCDg to 60 mM did not cause further hemolysis. 

We believe that at higher concentrations 18:1βCDg molecules self-assemble and form aggregates which 

can prevent further interaction with red blood cells. This theory is supported by the ROSEY NMR 

results (Figure 6.4 and scheme 6.1).  
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In addition to the hemolytic assessment, a single IP dose acute toxicity study was carried out in 

Sprague Dawley rats. The study was designed to determine any tissue-specific toxicity. In addition, the 

acute toxicity evaluation can aid in selecting a safe and tolerable dose for multiple-dosing and 

pharmacokinetic studies. The IP injection was well-tolerated in all treatment groups and no death or 

prolonged pain was reported. In addition, during the 14-day study, no clinical signs of toxicity were 

observed. At the end of the monitoring period, full blood analysis and complete histopathological 

evaluations were conducted. The blood analysis showed no treatment-specific alterations compared to 

the control group and previously published reference values (Tables 7.3 – 7.6). Likewise, 

histopathological evaluations of all collected organs showed no treatment-specific abnormalities or 

degenerative damages when compared to the control group. The insignificant histopathological 

observation of mineralization of renal tubules and lymphoid hyperplasia of the spleen that were reported 

in a small number of animals within different treatment groups were determined to be background 

lesions that are not a result of the treatment (Figure 7.3 and 7.4, Table 7.9). No degenerative dose-

dependent lesions were reported in kidney, liver or spleen. The only dose-related abnormalities we 

observed was the lymphoplasmacytic infiltrate in the abdominal muscles around the injection site 

(Figure 7.5). These lesions were reported in nine animals at medium and high dose administration in 

different severity (Table 7.9) and most likely resulted from inaccurate injection in muscles tissue. In two 

male animals of the high dose group, these lesions were associated with fat necrosis and moderate 

fibroplasia. Previous reports indicated there was inflammation and irritation of muscle tissue when βCD 

was injected intramuscularly.210,535,536                 

          In this research, I demonstrated the potential application of a newly designed βCD gemini 

surfactant conjugate (18:1βCDg) as an efficient and safe drug delivery system for a poorly soluble 

chemotherapeutic agent in melanoma. 18:1βCDg significantly enhanced the apparent aqueous solubility 
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of the model drug (melphalan) as shown by FIA-MSMS methods. Physicochemical characterization of 

18:1βCDg-Mel indicated the formation of stable inclusion complexes at 2:1 host-guest mole ratio. 

Grafting the βCD with 1:18 cis-Δ9 unsaturated hydrocarbon tail region increased the aqueous 

dispersibility of the carrier, enhanced the stability of the carrier-drug complex, improved the in vitro 

activity of the drug and reduced the toxicity of the carrier. The in vitro evaluation in melanoma 3D and 

Mel-resistant cell cultures showed that the 18:1βCDg enhanced the activity of the drug. The hemolytic 

activity assessment and the in vivo acute toxicity study demonstrated the safety of the carrier.      

 

 
 

Figure 8.1: Chemical structure of first generation βCD-conjugated gemini surfactant with a 

dodecyl alkyl tail [12-7N(βCD)-12] A) 12-7N(βCD)-12 linked by ester linker, B) 12-

7N(βCD)-12 linked by amide linker 
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8.2. Challenges and limitations 

The main challenge that can affect the wide applications of the carrier (18:1βCDg), especially if 

used as an injectable formulation, is its aqueous dispersability. Grafting the βCD with 1:18 cis-Δ9 

unsaturated tail significantly enhanced the aqueous dispersability of the carrier compared to the βCD-

gemini surfactant with a 12 carbon tail (12βCDg) and to non-grafted βCD. For instance, the highest 

concentration used in the in vivo acute toxicity was around 25 mM which showed a clear dispersion with 

no visible aggregates. However, increasing the aqueous concentration of 18:1βCDg to 50 mM caused 

the formation of a cloudy dispersion system. Such a result can limit the parenteral application of the 

formulation when a high concentration of the carrier is required.537 The results from the 

physicochemical characterization of 18:1βCDg-Mel complex (CHAPTER 6) indicated that at high 

concentration, 18:1βCDg undergoes conformational changes which led to self-assembly and formation 

the of aggregates.  

During the validation of the FIA-MSMS method (CHAPTER 5), the chemical instability of Mel 

was a challenge that required attention. The poor chemical stability of melphalan in aqueous solution  

due to hydrolysis into an inactive hydroxymelphalan byproduct is well-established in the literature.465,487 

The stability of melphalan in aqueous solution depends on the pH, ionic strength and buffer system 

components.538 In the current work (CHAPTER 5), the stability of quality control (QC) samples of Mel 

in acidic solution when stored on the bench-top (at room temperature) and in an auto-sampler (at 4 °C) 

failed to meet FDA guidelines for stability as over 50% and 30%, respectively, of initial concentrations 

were lost within 24 h. Similar results were reported for 18:1βCDg-Mel QCs samples when stored on the 

bench-top, with over 50% loss of initial concentration. On the other hand, the precision and accuracy of 

18:1βCDg-Mel QC samples when stored at 4 °C and -20 °C met the stability limits. These results imply 

that the formation of the inclusion complex enhanced the stability of the Mel. However, to avoid any 
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variations or inaccurate results arising from the instability of Mel, all other physicochemical 

characterizations and in vitro evaluations were conducted with freshly prepared formulations.  

8.3. Future directions 

The main objective in this research theme was to design and characterize a βCD-gemini surfactant 

conjugate (18:1βCDg) as a carrier system for a poorly soluble drug (Mel) and to investigate its in vitro 

efficiency and in vivo toxicity. The physicochemical characterization of the 18:1βCDg-Mel complex 

(FIA-MSMS, NMR, and DLS) showed that the carrier was able to form a stable host-guest inclusion 

complex and significantly increase the aqueous solubility of Mel when formulated at the 2:1 mole ratio. 

The in vitro evaluations demonstrated the potential use of 18:1βCDg-Mel complex in melanoma 

therapy. In addition, the in vitro and in vivo toxicity assessments indicated the safety of the carrier 

system. The promising results of my research provide useful information for further investigations and 

future research directions that focus on the translational aspects of drug delivery. 

Detailed physicochemical characterization of the carrier system and the carrier-drug complex that 

was conducted in this research present fundamental information about the nature of the inclusion 

complex and the solubilizing efficiency of the carrier (18:1βCDg). In addition, the results demonstrated 

the importance of the nature of the conjugate on the activity and stability of the carrier and the complex. 

Further physicochemical characterizations could reveal different aspects of the complex’s nature and 

stability. The influence of the carrier concentration on the vehicle system can be evaluated by measuring 

the polarity, viscosity and conductivity of the dispersion system. The conformational changes and 

stereochemistry of the carrier-drug complex can be investigated by advanced separation techniques such 

as capillary electrophoresis and ion mobility techniques. These physicochemical characterizations can 

help build a realistic model for the inclusion system and provide essential structural information for 
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possible redesign or improvement of the current carrier. In addition to characterization in solution, solid-

state characterizations can provide crucial information about the nature and stability of the inclusion 

complex in lyophilized formulation. Such techniques include, but are not limited to; X-ray diffraction, 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier-transform infra-red 

(FT-IR) spectroscopy and scanning electron microscopy (SEM).  

Cyclodextrins have been utilized to improve the chemical stability of unstable drug molecules.539-

541 In the current research (CHAPTER 5), we observed an indication of the instability of Mel during the 

FIA-MSMS method validation, is in agreement with previously published work.465,542 In addition, the 

analysis of 18:1βCDg-Mel quality control samples (method #2) provided evidence for improving the 

chemical stability of Mel when formulated with 18:1βCDg. Therefore, investigating the mechanism by 

which the carriers improve the stability of the host drug can provide valuable data for further 

formulation development.   

Finally, comprehensive in vivo pre-clinical studies are needed for successful translation of the drug 

delivery system to clinical evaluations. The toxicological assessments conducted in my research 

(CHAPTER 7) provide basic evidence for the safety of the developed carrier. These findings can help in 

the determination of a safe dose for multiple-dose efficiency evaluation in xenograft animal model and 

for pharmacokinetic studies. In addition, sub-chronic and chronic toxicity studies with different routes of 

administration can help in evaluating the long-term safety of the carrier.     
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