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ABSTRACT 

 

Malignant melanoma is the most aggressive type of skin cancer. Despite the recent 

progress in the survival rates, the worldwide incidence has been rising annually at a more 

rapid rate as compared to any other type of cancer. Dacarbazine (DTIC) monotherapy is 

approved for first-line treatment for malignant cutaneous melanoma. Resveratrol (RES) is 

a natural polyphenol that has shown to induce growth inhibition and cell apoptosis in 

melanoma cells. However, there are several challenges associated with delivery of these 

drugs which include lack of selectivity for tumor tissue, poor bioavailability, high 

photosensitivity, and dose-limiting systemic toxicity specifically associated with DTIC that 

limits its therapeutic efficacy.  

Nanostructured lipid carriers (NLC) serve as a potential platform for co-

administration and protection of encapsulated drugs from degradation, enhance their 

pharmacokinetic profile and therapeutic efficacy, improve cellular uptake and 

biodistribution to tumor cells, minimize systemic toxicity and enhance accumulation at 

target site. The premise of this study is to design and characterize a lipid based injectable 

nanoparticulate delivery system for targeted delivery of both agents for the treatment of 

cutaneous malignant melanoma.  

An HPLC method was developed that enabled the simultaneous quantification of 

DTIC and RES which was validated for its specificity, linearity, precision, and accuracy as 

per USP guidelines. Nanostructured lipid carriers loaded with DTIC and RES were 

successfully developed and characterized while keeping the drugs protected from 

degradation. Melt-emulsification and solvent evaporation method along with 
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ultrasonication was used for the formulation of NLC. The NLC were less than 200 nm in 

size and lyophilized NLC showed a significant increase in particle size up to 350 nm on 

freeze drying. Entrapment of RES was seen to be higher than DTIC in the lipid matrix. 

Both drugs were present in a non-crystalline state in the lipid matrix and all formulations 

remained stable over a period of 60 days. The formulation was found to be safe for 

intravenous administration. Future studies for this drug delivery system needs to address 

its efficacy and uptake in various cell lines. The possible synergism of both drugs in the 

formulation needs future investigation. 
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CHAPTER 1 

Introduction 
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1.1 Skin 

 

Skin, the largest organ of the body has a surface area of about 1.8 m2 and occupies 

8% of the total body mass of an adult. The primary functions of the skin are to serve as a 

barrier, prevent pathogens from entering the body, act as a sensory organ and regulator for 

water retention and heat loss (Naves et al.,2017). The surface of the skin has its pH 

influenced by the sweat, hydration, gender, and anatomical site (Tinkle et al., 2003). The 

pH of the skin is acidic, around 4.2–5.6 (Schmid-Wendtner & Korting, 2006). The pH of 

the skin supports penetration of nanoparticles and by a solution of lowered pH, it is possible 

to achieve a decreased electrostatic force (Murphy et al., 2010). 

The skin structure as shown in Figure 1 is divided into two main layers, the 

epidermis, and the dermis. The epidermis is separated from the dermis by a basement 

membrane, surrounded by extracellular lipid matrix, containing subcutaneous (SC) tissue 

containing keratinocytes, and corneocytes (arranged in bilayers, packed into the 

extracellular lipid matrix, and in some studies this is reported as ‘‘brick and mortar’’ 

arrangement) (Elias & Menon, 1991). The dermis is located under the epidermis, which is 

formed by a variety of connective tissues, as the lymphatic system, nerves, blood vessels, 

and many types of cells.  

The topical drug delivery has been practiced since the end of 70´s, using 

transdermal patches, and nanoparticles have been developed in the last decades to 

administer readily available local therapies (Roy et al., 1996).  
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Figure 1 : A schematic diagram of human skin. 

Human skin| Stock Image - C036/6235. (2019) 

1.2 Skin cancer 

 

The three commonest types of skin cancer are basal cell carcinomas (BCCs) and 

squamous cell carcinomas (SCCs) (both referred as non-melanocytic skin cancer—NMSC) 

and cutaneous malignant melanomas as shown in Figure 2 (CMMs) (Didona et al., 2018). 

Melanoma develops from genetic mutations in pigment producing cells called 

melanocytes, which can be found in the skin, eye, inner ear, and leptomeninges 

(Domingues et al., 2018). Melanoma represents the most aggressive form of skin cancer, 

even though it accounts for approximately 5% of the skin cancer cases, because of the 

lethality rate of  91% (Yuxin Liu & Sheikh, 2014). 
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    Figure 2: Types of Skin Cancer. 

(Domingues et al., 2018) 

1.3 Melanoma 

 

1.3.1 Background 

Melanoma is a malignant tumor that arises from uncontrolled proliferation of 

melanocytes, pigment-producing cells. While the most common form of melanoma is 

cutaneous, it can also arise in mucosal surfaces, the uveal tract, and leptomeninges 

(Weinstock, 1993). In the skin, melanocytes as shown in Figure 3 reside in the basal layer 

of the epidermis as well as in the hair follicles. Their homeostasis is regulated by the 

epidermal keratinocytes. In response to ultraviolet (UV) radiation, keratinocytes secrete 

factors that regulate melanocyte survival, differentiation, proliferation, and motility leading 

to their stimulation to produce melanin resulting in skin tanning. Thereby, they have a key 
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role in protecting our skin from the damaging effects of UV radiation and in preventing 

skin cancer (McCourt et al., 2014). Consequently, people lacking functional melanocytes 

in pigmentary disorders such as vitiligo and albinism are hypersensitive to UV radiation 

(Elias & Menon, 1991).  

 

Figure 3: Melanoma of the skin. 

Melanoma Illustration - Stock Image - C036/6235. (2019) 

1.3.2 Pathogenesis of Melanoma 

Mutations in critical growth regulatory genes lead to the production of autocrine 

growth factors and the loss of adhesion receptors which contribute to the disrupted 

intracellular signaling in melanocytes, allowing them to escape their tight regulation by 

keratinocytes (Haass et al., 2004). Consequently, melanocytes can proliferate and spread, 

leading to formation of a naevus or common mole. There are various stages of melanocytic 

lesion, each of which is marked by a new clone of cells with growth advantages over the 
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surrounding tissues as described in Figure 4 below (Gray-Schopfer et al., 2007). It depicts 

the progression of the melanocyte transformation in normal skin. 

a) Normal skin: This shows an even distribution of dendritic melanocytes within 

the basal layer of the epidermis.  

b) Naevus: In the early stages, benign melanocytic naevi occur with increased 

numbers of dendritic melanocytes. According to their localization, naevi are 

termed either junctional, dermal, or compound.  Some naevi are dysplastic with 

morphologically atypical melanocytes. 

c) Radial-growth-phase (RGP) melanoma: This is the primary malignant stage. 

d) Vertical-growth-phase (VGP) melanoma: This is the first stage that is 

considered to have malignant potential and leads directly to metastatic 

malignant melanoma, the deadliest stage, by infiltration of the vascular and 

lymphatic systems.  Pagetoid spread describes the upward migration or vertical 

stacking of melanocytes that is a histological characteristic of melanoma. 

 

Figure 4: Progression of melanocyte transformation. 

(Gray-Schopfer et al., 2007) 
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1.3.3 Staging and diagnosis of melanoma  

In terms of staging, four systems are followed that include (i) the Clark scale, (ii) 

the Breslow scale, (iii) TNM (Tumor, Node, Metastases) staging and (iv) Number stages. 

The Clark scale evaluates the depth of lesion in various skin layers. The Breslow scale 

evaluates as to how thick the melanoma is in the skin. The TNM staging is based on 

thickness of the lesion and evaluation of its spread to lymph nodes and different tissues in 

the body which is also used for clinical staging as per the American Joint Committee on 

Cancer (AJCC) (Yuxin Liu & Sheikh, 2014). Figure 5 describes the various numbered 

stages of melanoma. 

 

 

 

 

 

 

 

 

Figure 5: Staging of melanoma. 

(“Malignant Melanoma Calgary AB | Skin Cancer Treatment,” 2019) 
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Early Melanomas 

Stage 0 and I are localized, meaning they have not spread. Melanoma is localized 

in the outermost layer of skin and has not advanced deeper. This noninvasive stage is also 

called melanoma in situ, which means ‘in its original place’. 

Stage I: The cancer is smaller than 1 mm in Breslow depth, and may or may not be 

ulcerated. It is localized but invasive, meaning that it has penetrated beneath the top layer 

into the next layer of skin. Invasive tumors, considered Stage IA, are classified as early and 

thin if they are not ulcerated and measure less than 0.8 mm ("Melanoma Stages - The Skin 

Cancer Foundation", 2020). 

Intermediate or High-Risk Melanomas 

Localized but larger tumors may have other traits such as ulceration that put them 

at high risk of spreading. 

Stage II: Intermediate, high-risk melanomas are tumors deeper than 1.0 mm that 

may or may not be ulcerated. Although they are not yet known to have advanced, the risk 

of spreading is high, and physicians may recommend a sentinel lymph node biopsy (SLNB) 

(as shown in Figure 6) to verify whether melanoma cells have spread to the local lymph 

nodes. Thicker melanomas, greater than 4.0 mm, have a very high risk of spreading, and 

any ulceration can move the disease into a later stage ("Melanoma Stages - The Skin Cancer 

Foundation", 2020).  
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Figure 6: Sentinel lymph node biopsy (SLNB) for melanoma diagnosis. 

(“Sentinel Lymph Node Biopsy for Melanoma | Basicmedical Key,” 2020.) 

 

Advanced Melanomas 

Spread beyond the primary tumor to other parts of the body. There are also 

subdivisions within these stages. 

Stage III.  These tumors have spread to either the local lymph nodes or more than 

2 cm away from the primary tumor through a lymph vessel but not yet to the local lymph 

nodes. Thickness no longer plays a staging role. Melanomas that have spread to very small 

areas of nearby skin or underlying tissue but have not reached the lymph nodes are known 

as “satellite tumors” which are also included in stage III ("Melanoma Stages - The Skin 

Cancer Foundation", 2020). 

Stage IV. The cancer has advanced to distant body areas, lymph nodes or organs, 

most often the lungs, liver, brain, bone, and gastrointestinal tract. The two main ways to 

determine the degree of advancement in stage IV melanoma are the site of the distant 

tumors and the presence of elevated serum lactate dehydrogenase (LDH) levels. LDH is an 

enzyme that turns sugar into energy; the more found in blood or body fluids, the more 

damage has been done ("Melanoma Stages - The Skin Cancer Foundation", 2020). 
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1.3.4 Epidemiology of melanoma 

The incidence of melanoma is rising faster than other types of cancer worldwide, 

resulting in an important socio-economic problem. Although most patients have localized 

disease at the time of the diagnosis and are treated by surgical excision of the primary 

tumor, many patients develop metastases (Kyrgidis, 2017). From being a rare cancer a 

century ago, the average lifetime risk for melanoma has now reached 1 in 50 in many 

Western populations (Meyle & Guldberg, 2009). Originating in the 1960s, the incidence 

of melanoma has augmented in Caucasian populations and, thus, melanoma has become 

one of the most frequent cancers in fair-skinned populations (Caini et al., 2009).  

The incidence increases linearly after the age of 25 years until the age of 50 years, 

and then decreases, particularly in the female sex especially in younger age groups. When 

analyzing incidence data in relation to sex, the male sex prevails from the age of 55 

onwards (Leonardi et al., 2018). Melanoma is now regarded as the fifth most common 

cancer in men and the sixth most common cancer in women in the United States (Rastrelli 

et al., 2014). The American Cancer Society’s estimates for melanoma in the United States 

for 2020 are: About 100,350 new melanomas will be diagnosed (about 60,190 in men and 

40,160 in women) (Melanoma Skin Cancer Statistics, American Cancer Society, 2020). In 

the past decade (2010–2020), the number of new invasive melanoma cases diagnosed 

annually increased by 47 % in the US across all stages of melanoma, the average five-year 

survival rate in the US is 92 %. The survival rate falls to 65 % when the disease reaches 

the lymph nodes and 25 % when the disease metastasizes to distant organs. Figure 7 shows 

the melanomas of skin across all age groups seen in the US, collected by the CDC in the 

year 2016 as rate per 100,000 people (“Melanoma of the Skin Statistics | CDC,” 2019). 
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Figure 7: Melanomas of the Skin, All Ages, All Races/ Ethnicities, Male and Female. 

 (“Melanoma of the Skin Statistics | CDC,” 2019). 

1.3.5 Treatment of cutaneous melanoma 

The treatment of melanoma has evolved significantly over time, beginning from 

surgery to chemotherapy, to radiation therapy, and nowadays to modern targeted therapies. 

When melanoma is diagnosed at an early stage, surgical excision can provide efficient 

tumor resection, if there are no metastases. Radiation therapy is used in severe cases, 

sometimes in conjunction with surgery to increase the efficiency of treatment (Foletto & 

Haas, 2014). However, in case of advanced melanoma complex, surgical and medical 

treatment is necessary, and the clinician is often faced with difficult therapeutic challenges 

because long-term responses being difficult to achieve. Despite recent advancements and 

development of novel antineoplastic therapies, melanoma remains a disease that continues 
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to outpace the solutions. The efficacy of the currently available melanoma therapies is 

limited with multiple drawbacks. The complexity of the treatment of advanced or 

metastatic melanoma is related to the evolution and heterogeneity of this cancer as well as 

the development of therapy resistance through several molecular and cellular mechanisms, 

including high mutation rate, alteration of membrane drug transporters, increased DNA 

repair and evasion of apoptosis (Grossman & Altieri, 2001). Various therapeutic agents 

and combination therapies approved by the FDA for melanoma are listed in Table 1 and 2. 

Table 1: FDA approved melanoma drugs.  

(Wróbel et al., 2019) 
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Table 2: FDA approved melanoma combination therapies. 

(Wróbel et al., 2019) 

Drugs combination Brand Type First FDA 

Approved 

Trametinib (Mekinist©) 

+ Dabrafenib 

(Tafinlar©) 

Novartis Small-molecule 

targeted therapy 

January 2014 

Nivolumab (Opdivo©) + 

Ipilimumab (Yervoy©) 

Bristol Mayer 

Squibb 

Antibody-

immune therapy 

September 2015 

Vemurafenib 

(Zelboraf©) + 

Cobimetinib (Cotellic©) 

Roche/Genentech Small-molecule 

targeted therapy 

November 2015 

Encoraffenib 

(Braftovi©) + 

Binimetinib (Mektovi©) 

Array BioPharma Small-molecule 

targeted therapy 

June 2018 

 

1.4 Nanoparticle therapies for melanoma treatment 

 

Metastatic melanoma is a highly aggressive malignancy with very limited scope of 

treatment once the tumor has metastasized. However, after decades of basic research in 

into the signal transduction pathways that promote cancer cell survival, chemoresistance, 

growth, and crosstalk with the immune system, targeted therapies have now been 

developed that offer improved survival for patients with metastatic melanoma (Bombelli 

et al., 2014). Some of the most promising therapies that have significantly improved patient 

survival, include ipilimumab, an anti-cytotoxic T lymphocyte antigen 4 antibody that 

enhances T-cell activity in the tumor, and selective BRAF inhibitors, such as vemurafenib 

that blocks tumor cell proliferation in patients with activating BRAF mutations. These 

treatments have offered a substantial hope for melanoma patients. However, their efficacy 



 

14 
 

is restricted by their limitations, which include adverse side-effects, drug resistance, and 

eventual relapse (Dianzani et al., 2014). 

Nanotherapeutics represents a promising strategy to circumvent these shortcomings 

and provides scope for development of novel targeted therapies for cancer. 

Nanotechnology refers to objects sized under micrometer or with one-dimension under 100 

nm. Due to their nanoscale size, nanocarriers bring numerous advantages (Pautu et al., 

2017). They can protect sensitive therapeutic agents from degradation, improve the 

bioavailability, enhance the efficacy, and increase the tolerability of drugs. Nanocarriers 

can target specifically tumor cells and tissue to enhance drug accumulation in tumor 

environment and increase their penetration into cells. Finally, nanocarriers can deliver a 

wide range of agents, such as chemotherapeutics imaging and contrast agents (Swami et 

al., 2012). 

1.4.1. Mechanisms of drug targeting through nanoparticles 

Nanoparticle mediated delivery systems have been comprehensively studied for 

their ability to navigate through various physiological as well as anatomical barriers and 

deliver drugs directly to the target site i.e. the tumor cells without affecting healthy cells. 

Drug targeting by nanoparticles can be achieved through both passive and active 

mechanisms.  

1.4.1.1 Passive targeting 

 

The term, “enhanced permeability and retention (EPR)-effect” of macromolecules 

and lipids in tumor tissues, was first coined by Maeda and his colleagues to describe this 

characteristic feature of tumor neovascularization that forms the basis of nano-based 

delivery systems. The EPR effect bridges the advances in nanotechnology and the advances 
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in understanding of tumor vascular biology, marking a new era for more effective cancer 

treatments (Matsumura and Maeda 1986). The tumor blood vessels differ from healthy 

cells in many aspects. In tumor vasculature, blood vessels are discontinuous, resembling 

pipes with nano-holes  (Pautu et al., 2017). Therefore, nanoparticles can exit the circulation 

and penetrate the tumor interstitial space (Beiu et al., 2020). Furthermore, lymphatic 

filtration is poor within tumors, which facilitates easy drug accumulation. Thus, the high 

permeability and increased retention processes leads to the accumulation of nanoparticles 

in solid tumors where the loaded therapeutic agents can get released (Müller et al., 2000). 

Contrarily in healthy tissues, the blood vessels do not possess the same large fenestrations. 

Therefore, the nanoparticles cannot exit the blood circulation and enter the healthy tissues 

(Iyer et al., 2006). These findings led to the emergence of novel nanotechnology based 

delivery systems with ability to deliver drug molecules to the target site without affecting 

healthy cells in the body (Maeda, 2015). A schematic representation of the enhanced 

permeability (through nano-holes) and retention of nanoparticles in malignant tissues is 

shown in Figure 8. 

 

Figure 8: Passive targeting of nanotechnology drug delivery systems in melanoma. 

(Beiu et al., 2020) 
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1.4.1.2 Active Targeting  

 

Active targeting (also called ligand-based targeting) represents a similar strategy 

but with increased specificity in binding to certain tissues. This is due to the attachment of 

targeting ligands (such as antibodies, peptides, and other functional groups) to the nano-

carriers. Ligands are able to recognize surface receptors on the specific targeted cells and 

effectively bind to the receptor site, increasing the drug’s specificity (Beiu et al., 2020). 

1.4.2 Nanoparticulate delivery systems for melanoma 

Nanoparticle-based therapeutics is an emerging treatment modality in cancer 

therapy. The toxicity of currently available anticancer drugs and the inefficiency of 

chemotherapeutic treatments, especially for advanced stages of the disease, urges the need 

for development of nanocarriers which actively target the skin cancer cells. A general 

nanoparticle consists of a core that can have a constitution ranging from very simple to 

highly complex, depending on the intended application. Nanoparticles are used as delivery 

systems for the construction of multifunctional nanoscale carriers. These carriers can 

combine with diagnostic, imaging, targeting and therapeutic agents in the same package 

(Recent Nanoparticulate Approaches of Drug Delivery for Skin Cancer, 2017.).  

Thus far, several kinds of nanoparticles have been engineered and used in skin 

cancer applications, nanoparticulate delivery systems range from hydrogels, polymeric 

nanoparticles, solid lipid nanoparticles and nanostructured lipid carriers, liposomes, 

hydrophilic polymer-photosensitizer conjugates, dendrimers to gold nanoparticles. 

Recently, silica-based nanoparticles have been widely developed as an efficient means for 

drug and gene delivery owing to their unique advantages such as small and uniform pore 

size, large surface area and pore volume, as well as biocompatibility (Q. Liu et al., 2017). 
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Figure 9 describes the various nanoparticulate systems available for delivery of drug 

molecules. 

 

Figure 9: Schematic illustration of several nano systems for drugs. 

(Q. Liu et al., 2017) 

1.4.2.1 Solid lipid nanoparticles (SLN) 

 

SLN have been intensively studied as drug delivery systems for several routes of 

administration such as parenteral, dermal, and topical delivery. The crystallinity of solid 

lipids affects the release characteristics of the drug from the SLN which may partially 

crystallize in high-energy modifications with many imperfections in the crystal lattice 

(Mishra et al., 2011). However, they have certain limitations like payload which is too low 

for most of drugs, drug expulsion during storage, and high-water content in the nano lipid 

dispersions. To overcome drug expulsion during storage, use of lipid blends, which do not 

form a highly ordered crystalline arrangement, is needed. Similarly, to overcome low 

payload, nanostructured lipid carriers (NLC) can be used which is composed of mixture of 
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spatially different lipid molecules, normally mixture of solid and liquid lipid, that makes 

more imperfection in the matrix to accommodate more drug molecules than SLN (Li et al., 

2017). A schematic representation of SLN and NLC is described in Figure 10.  

 

Figure 10: Schematic representation of SLN and NLC. 

(Subramaniam et al., 2020) 

1.4.2.2 Nanostructured lipid carriers (NLC) 

 

A new generation of NLC, consisting of a lipid matrix which utilizes both liquid 

and solid lipids, has been developed which possess a special nanostructure (Singh and 

Kumar, 2010). NLC are a delivery system in which partial-crystallized lipid particles with 

mean radii ≤ 500 nm are dispersed in an aqueous phase containing emulsifier(s), as a 

potential delivery system possess when compared with other colloidal carriers (Tamjidi et 

al., 2013). Described below are some of the advantages of NLC for use in tumor therapy 

(Fang et al., 2013): 
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1. Better physical stability 

2. Ease of preparation and scale-up 

3. Increased dispersibility in an aqueous medium,  

4. Controlled particle size 

5. Small size of the lipid particles ensures close contact to the stratum corneum thus 

enhancing drug penetration into the mucosa or skin, 

6. NLC can be loaded with hydrophobic or hydrophilic drugs with a wide range of drug-

loading properties (D. Liu et al., 2011) 

7. The carrier materials used in development of NLC are biodegradable and often exhibit 

low in vivo toxicity (C. H. Liu & Wu, 2010) 

8. NLC provide a high incorporation capacity (due to the liquid lipid) and control of drug 

release (due to the encapsulating solid lipid) (Lin et al., 2007) 

9. NLC can also be surface-modified exhibiting a certain organizational targeting pattern 

to the tumor cells (W. L. Zhang et al., 2010) 

10. Increase of skin hydration and elasticity (Müller et al. 2009) 

11. These carriers are highly efficient systems due to their solid lipid matrices, which are 

also generally recognized as safe or have a regulatory accepted status (Araújo et al. 

2009) 

12. Passive and active drug targeting of nanocarriers are possible 

Types of NLC 

There are three different types of NLC depending on the various production 

techniques and the composition of the lipid blends. The primary aim of NLC is to provide 

a nanostructure of the lipid matrix with increased pay load for active compounds and 
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reduce the expulsion of compound during storage. Radtke & Müller, 1991 studied three 

kinds of NLC structures: disordered, amorphous, and multiple types as depicted in Figure 

11 (Zheng et al., 2010). The disordered structure involves mixed solid and liquid lipids that 

conform to the disordered state. The disordered lipid structure appears between the crystal 

and liquid lipid; therefore, they increase the drug penetration capacity through the lipid 

layer. The second is the amorphous structure (non-crystalline state). The amorphous 

structure (i.e. lack of a crystalline structure) can prevent or significantly reduce the leakage 

of the loaded drug. Since crystals are formed during cooling, the addition of a mixture of 

lipids prevents crystal formation. Finally, the multiple structure contains a higher liquid 

lipid concentration than the other structures. Drug solubility in liquid lipid is higher than 

in solid lipid. Therefore, the NLC can achieve slow drug release and high drug loading, 

thereby avoiding loss prior to the decomposition of the solid lipid. This structure is similar 

to that of the water-in-oil-in-water (W/O/W) microemulsions. (Radtke & Müller, 1991) 

 

Figure 11: Schematic diagram illustrating structures of NLC. 

(Zheng et al., 2010) 



 

21 
 

Method of preparation of NLC 

NLC can be produced by various methods like high pressure 

homogenization, nano/micro emulsion technique, solvent evaporation, melt -

emulsification and ultrasonication which can be modified to yield lipid particle 

dispersions with solid contents in the range of  30-80% (Vyas et al., 2012).Table 

3 [modified from Iqbal et al. (2012) and Das and Chaudhury (2011)] summarizes 

the advantages and limitations of each of these methods (Gordillo -Galeano & 

Mora-Huertas, 2018).  

Table 3: Method of preparation of NLC. 

(Gordillo-Galeano & Mora-Huertas, 2018) 

Method Advantages Limitations Reference 

High pressure 

homogenization 

(HPH) 

• Low cost 

• Good stability 

• Large-scale 

production 

• Energy 

intensive 

process 

• High 

polydispersity 

• High 

temperature 

Battaglia and 

Gallarate (2012) 

Ultra-sonification • High shear 

mixing 

• Small particle 

size 

• Metallic 

contamination 

Das and 

Chaudhury 

(2011) 
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• Energy 

intensive 

process 

Microemulsion 

technique 

• Low energy 

input 

• Avoidance of 

heating 

• Low yield 

• Excessive use 

of surfactants 

Puri et al. (2009) 

Solvent 

emulsification 

(or diffusion)-

evaporation 

• Low energy 

input 

• Avoidance of 

heating 

• Small particle 

size 

• Instability of 

emulsion 

• Residual 

organic 

solvent 

Muller et al. 

(2008) 

 

1.4.2.3 Rationale of utilizing NLC for antitumor delivery  

 

Numerous forms of malignancy, especially solid tumors, have historically 

presented important challenges to chemotherapy-based treatments. Regardless of the 

advancement in therapeutic cocktails, the conclusion of chemotherapy remains 

unsatisfactory (Selvamuthukumar & Velmurugan, 2012b). In comparison to other 

pharmaceutical classes, cytotoxic anticancer pharmaceuticals present unique difficulties 

such as poor specificity, high toxicity, and susceptibility to induce drug resistance. 

Conventionally administered cytotoxic agents often bind extensively and indiscriminately 

to body tissues and serum protein in a highly unpredictable manner. Therefore, only a 
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minimum amount of drug reaches the tumor which may reduce the therapeutic efficacy as 

well as boost systemic pharmaceutical toxicity (Schilsky, Milano, & Ratain, 1996). The 

poor specificity of cytotoxic drugs in terms of both biodistribution as well as 

pharmacological action at the cellular level is a significant challenge to develop an effective 

anticancer therapy (Handbook of Cancer Chemotherapy, 2011). Such challenges could be 

overcome or at least minimized by using NLC as an alternative drug carrier for delivering 

anticancer drugs.  

A tumor is often affiliated with a defective, leaky vascular architecture because of 

tumor angiogenesis. Additionally, the interstitial fluid inside a tumor is generally 

insufficiently drained by a badly formed lymphatic system. Thus, tumors are more 

permeable, but, less drainable (Matsumura & Maeda, 1986). This EPR effect can be 

exploited by a correctly conceived nanoparticle scheme such as NLC to achieve passive 

tumor targeting.  

Thus, NLC can aid in improving targeting to tumor cells which can be further 

manipulated by modifying the surface properties of the NLC for tumor targeting and help 

in reduction of systemic toxicity (Mehnert & Mäder, 2001). In addition to the natural 

proficiency of NLC to effectively incorporate lipophilic mixtures, they can incorporate a 

wide range of materials such as hydrophilic, ionic mixtures, numerous biocompatible and 

biodegradable lipids (Müller et al., 2000). NLC formulations are compatible with most 

emulsifiers (e.g. poloxamer 188, polysorbate 80, lecithin, sodium glycocholate) accepted 

by pharmaceutical regulatory bureaus (Li et al., 2017).  
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1.4.2.4 Surface modification of NLC 

 

NLC could be rapidly taken by the reticuloendothelial system (RES) and shuttled 

out of circulation to the liver, spleen, or bone marrow, and bound non-specifically to non-

targeted or non-diseased areas. However, NLC toxicity often arises because of its RES 

accumulation. Aggregation can lead to NLC entrapment in the liver, lungs, or elsewhere 

due to capillary occlusion (Jokerst, Lobovkina, Zare, & Gambhir, 2011). 

When a particulate drug carrier is surface modified with a hydrophilic polymer like 

polyethylene glycol (PEG), the carrier becomes more resistant to RES clearance (Moghimi 

& Szebeni, 2003). Additionally, it is reported that the surfaces of drug carriers coated or 

modified with PEG may improve the surface hydrophilicity and reduce such uptakes 

thereby, prolong the drug half-time by decreasing their kidney clearance (Cole, David, 

Wang, Galbán, & Yang, 2011). In particular, the hydrophilic layer may create a barrier 

preventing their adsorption onto lipoproteins and opsonins to surfaces of drug carriers by 

reducing the charge-based contact typical of proteins and small-molecule interactions 

(Yoshizawa, Kono, Ogawara, Kimura, & Higaki, 2011). This type of polymer-coated drug 

consignment scheme is often mentioned as “stealth”, for their ability to evade the 

surveillance of immune system. Therefore, NLC are rightly called “long – circulating” drug 

carriers and this kind of delivery system can stay in the circulation for prolonged times. 

The prolongation of half-life may be as high as a couple of hours in rodents and may be as 

high as 55 hours in humans (Selvamuthukumar & Velmurugan, 2012a). Therefore, 

PEGylated NLC could provide new insight into nanotechnology which is helpful for 

designing true site-specific delivery nanocarriers (L. Wang et al., 2015). Figure 12 

describes the PEGylation of nanoparticles. 
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Figure 12: PEGylation of nanoparticles. 

(Muralidharan et al., 2014) 

1.5 Dacarbazine 

 

Dacarbazine (DTIC), an alkylating agent as shown in Figure 13 is the only 

chemotherapeutic agent approved by the FDA in 1974 for treatment of metastatic 

melanoma. Response rates to single-agent DTIC are between 15% to 20% (Atallah & 

Flaherty, 2005). It is also given to patients with Hodgkin’s disease, notably with 

doxorubicin, bleomycin, and vinblastine. DTIC is used in combination with other drugs in 

the treatment of soft tissue sarcoma and may be given in neuroblastoma, Kaposi’s sarcoma, 

and other tumors (Al-Badr & Alodhaib, 2016a). The physicochemical properties of DTIC 

have been summarized in Table 4. 

 

 

 

 

Figure 13: Structure of DTIC 
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Table 4: Physicochemical properties of DTIC. 

(Dacarbazine-  PubChem) 

Property Value 

IUPAC Name 5-[3,3-dimethyl-1-triazenyl]-imidazole-4-

carboxamide 

Empirical formula C6H10N6O 

Molecular Weight 182.20 g/mol 

Log P -0.24 

Aqueous Solubility <1mg/mL 

Solubility characteristics Slightly soluble in water and in anhydrous 

alcohol. Practically insoluble in 

dichloromethane 

pKa 4.4 

Appearance White or off -white crystalline powder 

 

1.5.1 Mechanism of Action 

DTIC is an antitumor prodrug used for the treatment of malignant metastatic 

melanoma and Hodgkin’s disease (Amirmostofan et al., 2013). It has an imidazole ring in 

its structure and is structurally a 1-aryl-3, 3-dimethyltriazene that undergoes in vivo 

metabolic N-demethylation (4, 5) to yield ultimately 5-aminoimidazole-4- carboxamide 

(AIC) as shown in Figure 14. DTIC requires metabolic activation, principally in the liver, 

by cytochrome P450 (CYP450) isoforms, including CYP1A1, CYP1A2, and CYP2E1 

(Reid et al., 1999).The activation process consists in the formation of a hydroxy methylated 

compound,5,(3-hydroxymethyl-3-methyl-1-triazeno) imidazole-4-carboxamide (HMTIC). 
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Loss of formaldehyde converts this to the monomethyl derivative, methyl-triazeno-

imidazolecarboxa mide (MTIC). Spontaneous cleavage of MTIC yields the 5-

aminoimidazole-4-carboxamide (AIC), and an alkylating moiety, diazomethane, which 

spontaneously produces molecular nitrogen and methyldiazonium cation as shown in 

Figure 14. This cation is highly reactive and binds nucleophilic centers of DNA bases 

forming methyl adducts (Bonmassar et al., 2013).  

 

Figure 14: DTIC mechanism of action. 

(Bonmassar et al., 2013) 

1.5.2 Clinical use, safety, and toxicity of DTIC in treatment of melanoma 

DTIC is administered via the intravenous route and injections may be given over 1 

min. DTIC is licensed for use as a single agent for metastatic melanoma in doses of 2–4.5 

mg/kg daily for 10 days, repeated at intervals of 4 weeks, or 200–250 mg/m2 daily for 5 
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days, repeated at intervals of 3 weeks. The drug can also be given in a dose of 850 mg/m2 

by intravenous infusion at 3-week intervals (Al-Badr & Alodhaib, 2016a; Eggermont & 

Kirkwood, 2004). Common toxicities include mild nausea and vomiting, 

myelosuppression, and fatigue, but most patients were able to maintain their baseline 

quality of life (Bhatia, Tykodi, & Thompson, 2009).  Despite these common adverse 

effects, DTIC was the standard of care because other single agents or combination 

chemotherapies did not exhibit improvements in the overall survival of melanoma patients. 

Many clinical trials are still ongoing, using DTIC monotherapy in comparison or in 

combination with other chemotherapies, immunotherapies, and targeted therapies (Kim et 

al., 2010). 

1.6 Resveratrol 

 

Resveratrol (RES), chemically a 3,5,40-trihydroxy-trans-stilbene, is a naturally 

occurring   polyphenol presented in many dietary substances, such as grapes, nuts, berries, 

and many other natural foods (Berman et al., 2017). Its chemical structure is shown in 

Figure 15. The molecular skeleton of RES is composed by two phenolic rings, one with a 

para hydroxyl group, and the other with an ortho double hydroxyl groups. The two benzene 

rings are connected through a double bond that affords isomers with cis and trans 

configuration. Usually, the most preferred RES is the trans isomer, which is the most 

abundant and biologically active compound (Xiao et al., 2019). Exposure to heat and UV 

radiation can cause the trans-isoform of RES to convert into the cis isoform, whose 

structure closely resembles the synthetic estrogen diethylstilbestrol (Soleas, Diamandis, & 

Goldberg, 1997).The physicochemical properties of this natural polyphenol (RES) have 

been summarized in Table 5. 
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Table 5: Physicochemical properties of Resveratrol. 

(“Resveratrol | PubChem,” 2019) 

 

Property Value 

IUPAC Name 5-[(E)-2-(4-hydroxyphenyl) ethenyl] benzene-1,3-

diol) 

Empirical formula C14H12O3 

Molecular Weight 228.24 g/mol 

Log P 3.1 

Aqueous Solubility 30 µg/mL 

Solubility characteristics Soluble in organic solvents such as ethanol, DMSO 

and dimethyl formamide at approximately 65 

mg/mL; solubility in PBS (phosphate buffered saline) 

at pH 7.2 is approximately 100 ug/mL 

pKa pKa1 = 8.99 

pKa2 = 9.63 

pKa3 = 10.64 

Appearance Off -white crystalline powder 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C14H12O3
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Figure 15: Structure of cis and trans isoform of RES.  

(Berman et al., 2017). 

1.6.1 Mechanism of action 

Resveratrol affects the processes underlying all three stages of carcinogenesis: 

namely, tumor initiation, promotion, and progression (Athar et al., 2007.) The chemo 

protective effects of RES are indicated by its anti-oxidizing property for scavenging 

reactive oxygen species (ROS) and improving the activities of some anti-oxidizing 

enzymes. The use of RES in human cancer chemoprevention is supported by in vitro and 

in vivo studies, in a combinatorial approach with either chemotherapeutic drugs or 

cytotoxic factors for the highly efficient treatment of drug refractory tumor cells (Seve et 

al., 2005). In melanoma cells, conversion of early benign skin lesions to metastatic tumors 

occurs in stages. Akt/PKB, a serine/threonine kinase, is thought to play a significant role 

in this conversion (Govindarajan et al., 2007). Akt/PKB is positioned at the crossroads of 

multiple oncogenic and tumor suppresser signaling networks. It promotes epithelial to 

mesenchymal transition and thus, plays a pivotal role in enhancing the metastatic potential 

of cells (Bhattacharya, Darjatmoko, & Polans, 2011).The inhibition of Akt activity works 
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as an effective strategy in development of anti-cancer agents, however, toxicity and 

pharmacologic variables associated with potent Akt inhibitors has been a major obstacle 

when considering the use of such candidate drugs for the treatment of cutaneous melanoma 

(Meier et al., 2007).  

In vitro studies of RES in B16F10 murine melanoma cells revealed that RES 

inactivates Akt. The deactivation and attenuation of Akt underlie the resveratrol-mediated 

decrease of melanoma cell migration and invasiveness (Bhattacharya et al., 2011).In vitro 

and pre-clinical studies of RES in melanoma has shown to affect tumor cells in a nontoxic 

manner via attenuation of anti-apoptotic proteins, the activation of caspases and the loss of 

mitochondrial function specifically in tumor cells (Busquets et al., 2007; Sareen et al., 

2006).  

1.6.2 Uses and applications of RES 

RES has been reported to show many biological properties such as e.g., anti-

inflammatory, anti-oxidative, and anti-aging qualities (Baur et al., 2006; Ray et al., 1999). 

It is a constituent of red wine, and therefore it is often postulated that RES is a significant 

element in the French Paradox, the reduced risk of cardiovascular disease in French 

populations despite the high intake of saturated fats; that has been associated with high red 

wine consumption (Renaud & Lorgeril, 1992).   

It has been shown that RES exerts in vitro cytotoxic effects against a large range of 

human tumor cells, including myeloid and lymphoid cancer cells, and breast, skin, cervix, 

ovary, stomach, prostate, colon, liver, pancreas, and thyroid carcinoma cells (Jang et al., 

1997; Tomé-Carneiro et al., 2013). RES acts on each stage of cancer by affecting the 
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diverse signal-transduction pathways that control cell growth and division, inflammation, 

apoptosis, metastasis, and angiogenesis. While the bioavailability of RES in serum is low, 

its relatively low level is still sufficient to cause significant inhibition of tumor growth in 

animal models of melanoma and other types of cancer without signs of significant toxicity 

to healthy cells (Subramanian et al., 2010). 

1.7 Combination therapy for melanoma 

DTIC, which was first introduced some 30 years ago, is the single reference agent 

for the management of advanced cutaneous melanoma, with objective tumor responses in 

approximately 13–20% of patients (Chapman et al., 1999). Multiple alternative treatment 

approaches have been investigated, and numerous studies published since the regulatory 

approval of DTIC. Several clinical studies regarding DTIC-based combination 

chemotherapy or biochemotherapy (with Interferon and/or Interleukin-2) showed slightly 

higher efficacy but didn’t bring about more significant survival benefit while increasing 

side effects compared to DTIC alone (Sasse, Sasse, Clark, & Clark, 2018).  

In recent years, advancements in molecular biology and better understanding of 

molecular pathogenesis of melanoma, targeted therapies have achieved major 

breakthroughs in improving treatment efficacy. They include monoclonal antibodies or 

inhibitors targeting to cell surface antigens or receptors, kinase inhibitors acting on cellular 

pathways, immune targeting drugs (such as anti-cytotoxic T lymphocyte-associated 

antigen-4 monoclonal antibody), anti-angiogenic drugs and BCL-2 antisense 

oligonucleotide drugs and so on. These drugs show good therapeutic potential, but there is 

no reliable evidence on whether the clinical response of DTIC could be enhanced by their 

simultaneous use (Jiang, Li, Sun, Liu, & Zheng, 2014).  
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Natural polyphenols such as RES have shown to reverse drug resistance in a variety 

of tumor cells by sensitizing them to chemotherapeutic agents (Lee et al., 2016; Mondal & 

Bennett, 2016). Upon co-administration with chemotherapeutic agents, RES could    

decrease the associated-side effects while enhance the therapeutic efficacy concomitant 

with cancer chemotherapy (Xiao et al., 2019).  

UVR exposure is also regarded as one of the dominant causes for skin cancer (65–

90%), in addition to the genetic and environmental factors (Bowden, 2004, Lucas et al., 

2008). Literature reported for RES indicates that it can protect against UVR-induced skin 

cancer via modulating the proteins that are involved in apoptosis (Reagan-Shaw et al., 

2004; Aziz et al., 2005a; Ndiaye et al., 2011). RES   modulates   multiple   pathways   

involved   in   cell   cycle, apoptosis, and inflammation. In addition to the chemo preventive 

and chemoprotective   effects, RES   also   demonstrates potent anticancer activity (Sarkar 

et al., 2009). Combination therapy of RES with other drugs or chemotherapeutic agents has 

significantly helped in improving the therapeutic outcome of treatment. Lee et al. (2013) 

investigated the efficacy of the combined action of RES and clofarabine in malignant 

mesothelioma MSTO-211H cells. This combined treatment produced a strong synergistic 

antiproliferative effect in MSTO-211H cells. The effect of RES on the human colonic 

adenocarcinoma cell line (Caco-2) was studied and it showed inhibition of cell growth in 

a concentration-dependent manner. These findings suggested that RES exerts chemo 

preventive effects on colonic cancer cells by inhibition of the cell cycle (Wolter, Akoglu, 

& Clausnitzer, 2018).  

In addition to the direct induction of the apoptosis, RES is capable of sensitizing 

drug-refractory tumor cells to apoptosis induced by chemotherapeutic drugs or 
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immunotherapeutic agents. It has been demonstrated that RES could sensitize 

neuroblastoma, glioblastoma, and medulloblastoma cells to TNF-related apoptosis-

inducing ligand (TRAIL)-mediated apoptosis through the induction of p21WAF-1 and cell 

cycle arrest at G1, which in turn downregulated the expression of survivin (Ivanov et al., 

2008).  

The extensive use of DTIC in treatment of malignant melanoma and the associated 

harmful genotoxic side effects attracts attention to reduce the toxicity of DTIC by 

combination with natural antioxidants and test its application of a new and safer 

chemotherapeutic protocol. Combination of DTIC and RES has been studied to evaluate 

the effect of RES in improving the genotoxicity of DTIC in mice. It was found that RES 

treatment significantly reduced the increased averages of CA, percentages of Mn-Ret and 

DNA fragmentation induced by DTIC. It was concluded that, administration of RES 

improved the genotoxic effects of DITC that leads to the development of potential therapy 

using combination of both agents for treatment of melanoma (Ife Science Journal & 

[ramadan, 2011). No formulation has been reported in literature for combination of DTIC 

and RES in treatment of cutaneous melanoma. All these findings suggested the use of RES 

in combination with the chemotherapeutic agent DTIC to study the possible synergism of 

the combination therapy and evaluate its potential in improving the therapeutic efficacy in 

the treatment of cutaneous melanoma while decreasing the side effects.  

1.8. Objective, hypothesis, and specific aims  

The objective of this study was to design and characterize a nanoparticulate 

delivery system for targeted delivery of DITC and RES for treatment of cutaneous 

melanoma 
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The underlying hypothesis of the study was:  

Combination therapy of dacarbazine and resveratrol loaded in nanostructured lipid carriers 

provides targeted delivery and improved therapeutic efficacy in the treatment of metastatic 

melanoma  

To test this hypothesis, four specific aims were designed. The specific aims for this 

investigation were: 

1. Development and validation of an HPLC method for the simultaneous quantification 

of DTIC and RES in aqueous solution 

2. To study the degradation profile of DTIC in solid-state and in solution 

3.    Preparation and characterization of DTIC and RES loaded NLC 

4.    In vitro evaluation of NLC for drug release and cytotoxicity testing on cell  

       culture models 
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CHAPTER 2 

Development and validation of an HPLC method for 

the simultaneous quantitation of dacarbazine and 

resveratrol in an aqueous solution
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2.1 Introduction 

 

The proposed nanoparticulate system designed for this study is intended for co-

delivery of DTIC and RES in NLC for treatment of malignant melanoma. Thus, a simple 

and rapid analytical method needed to be developed for detection and quantitation of both 

drugs simultaneously. 

DTIC is a member of the class of alkylating agents that destroy cancer cells by 

adding an alkyl group to their DNA. It is currently used as the first-line chemotherapy 

medication against malignant melanoma (Q. Liu et al., 2017). However, application of 

DTIC has been limited by its poor aqueous solubility and erratic absorption on intravenous 

administration. DTIC is highly photosensitive, and its photo-degradation product(s) is 

responsible for some adverse reactions such as pain at injection site, nausea, vomiting and 

hepatic toxicity (Iran & Soc, 2016a). The pharmacokinetic profiles of DTIC and its 

metabolites are determined mainly by conventional liquid–liquid extraction and reverse-

phase high performance liquid chromatography (HPLC). Various studies also explored the 

use of modern sensitive methods such as mass spectrometry (MS) and LC-MS-MS for 

quantitation of DTIC. The photodegradation of DTIC has been studied under various pH 

conditions and 2-azahypoxanthine has been identified as the major degradation product 

using HPLC (Iran & Soc, 2016b). The simultaneous estimation of DTIC and its two 

reactive metabolites, 5-(3-hydroxymethyl-3-methyl-1-triazeno) imidazole-4-carboxamide 

and 5-(3-methyl-1-triazeno) imidazole-carboxamide haVE been determined using reverse-

phase HPLC (Safgren et al., 2001) and LC-MS-MS (Yanhong Liu et al., 2008). 
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RES is a plant phytoalexin derived from Veratrum glandiflorum (grape vine) 

possessing various pharmacological properties such as cardio-protection, 

chemoprevention, and anti-tumor activities. RES has been investigated as an anti-cancer 

agent and it has been found that it is capable of inhibiting the growth of melanotic and 

amelanotic cells through apoptosis induction (Chinembiri et al., 2014). RES exists as both 

cis-and trans-isomers, however; the trans-isomer is the most abundant and biologically 

active form (Singh & Pai, 2014). Several HPLC-based spectrophotometric methods have 

been reported for quantitation of RES (He et al., 2006,Vian et al., 2005). LC-MS-MS 

(Wang et al., 2002) and GC-MS (Wild et al., 2014) has also been explored for sensitive 

quantification of RES in wines and juices. 

Chromatographic methods for simultaneous detection of DTIC and RES in solution 

have not been reported yet in literature for combination of both drugs. Pre-liminary 

experiments carried out for this study based on literature reported for individual drugs 

revealed reverse-phase HPLC spectrophotometry to be optimum for detection of DTIC and 

RES using a C-18 column. Hence, the objective of the study was to develop and validate 

an HPLC method for simultaneous identification and quantitation of DTIC and RES as per 

USP and ICH guidelines. 

2.2. Materials  

 

Dacarbazine (DTIC) and Resveratrol (RES) were purchased from TCI America 

(USA). Orthophosphoric acid (OPA), optima grade water and acetonitrile were all 

purchased from Fischer Scientific (Fair Lawn, USA). The Zorbax Eclipse XDB-C18 

column (250 x 4.6 mm column) was obtained from Agilent (Santa Clara, CA).  
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2.3. Methods  

 

2.3.1. Chromatographic conditions   

An analytical method was developed using reverse-phase-HPLC for detection and 

quantitation of both drugs based on the chromatographic conditions are mentioned in Table 

6. The method consisted of an isocratic elution of a mixture of 60:40 acetonitrile: 0.5% 

OPA solution at pH 2.4 as the mobile phase. The stationary phase comprised of a Zorbax 

Eclipse XDB 5 µm C18, 250 x 4.6 mm column. The column temperature was maintained 

at 60ºC with a flow rate of 1.0 mL/min. The detector employed was a photodiode array 

(PDA) detector and the wavelengths of detection were 306 nm for DTIC and 323 nm for 

RES. The length of each run was determined to be 4.0 minutes. The developed technique 

was validated to comply with United States Pharmacopoeia (USP) and International 

Conference on Harmonization (ICH) guidelines.  

Table 6: Chromatographic conditions for HPLC method development. 

Parameter Specifications 

Method HPLC (reverse-phase) 

Column Zorbax Eclipse XDB-C18 5 µm C18, 250 x 4.6 mm 

column 

Mobile Phase 0.5% Orthophosphoric acid (OPA) solution: 

Acetonitrile (60:40 v/v) 

Flow rate 1.0 mL/min 

Instrument Shimadzu Prominence-i LC-2030 

Column temperature 60°C 

Wavelength of detection 306 nm (DTIC) ,323 nm (RES) 

Injection volume 10 µL 

Concentration range 1.6-200.0 µg/mL 
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2.3.2 Preparation of mobile phase solutions  

The mobile phase used consisted of 0.5% OPA solution at pH 2.4 and acetonitrile 

(60:40 v/v). The aqueous phase was prepared by dissolving 5 mL of OPA in 800 mL of 

deionized water. The volume of the solution is then made up to 1 L by addition of filtered 

deionized water and the pH was adjusted to 2.4 using 0.1 N NaOH. Subsequently the 

aqueous phase was filtered through a 0.45 μm polycarbonate filter.  

2.3.3 Preparation of standard drug solutions  

To determine the concentrations of both drugs in solution a standard curve was 

prepared from solutions containing known amounts of DTIC and RES. The standard 

solutions were prepared through serial dilution to the concentration range of 1.6-200.0 

μg/mL for DTIC and RES from a stock solution of 400 μg/mL. DTIC (20 mg) and RES 

(20 mg) and were weighed in a 100 mL volumetric flask and dissolved using the mobile 

phase consisting of 0.5% OPA solution at pH 2.4 and acetonitrile (60:40 v/v) to prepare 

the stock solution. Two standard curves were constructed representing each drug by 

plotting area/height under the peaks vs concentrations. 

2.3.4. Determination of unknown drug concentration  

The standard curve plot of signal (peak area) on the Y-coordinate against its known 

concentrations on the X-coordinate was plotted. The unknown concentration of each drug 

was calculated from the equation of the calibration curve. Least-squares method was used 

to obtain parameters for the regression equation (y = mx +c) for quantitation of DTIC and 

RES.  
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2.4 Results and Discussions 

 

The developed HPLC method was validated as per as USP and ICH guidelines. The 

method was validated for specificity, linearity, intra and interday precision, accuracy in the 

range of 1.6-200.0 µg/mL. 

2.4.1 Specificity   

Specificity is defined as the ability of an analytical method to differentially identify 

the analyte in the presence of any interfering components like impurities, degrading 

products or matrix as per the USP guidelines ("General Chapters: Validation of 

Compendial Methods", 2020). The current method was tested for specificity for detecting 

and quantifying DTIC and RES by comparing the chromatograms obtained by injecting a 

mobile phase sample without the drugs and a mobile phase sample containing the drugs 

under similar experimental conditions.  

Figure 16 (a) and (b) depict representative blank chromatogram and the drug 

solution chromatogram, respectively. It was observed that there was a chromatographic 

resolution of 1.94 ± 0.4 min and 3.1 ± 0.2 min for DTIC and RES, respectively. The 

wavelengths of detection were chosen to be 306 nm for DTIC and 323nm for RES as they 

were found to be the λmax for both drugs in the UV spectrum, respectively. The identity of 

an individual compound was confirmed by comparison against individual reference for 

each drug. The blank solution showed no defined peaks at both the drugs retention peaks 

confirming that there was no interference by the mobile phase at the λmax of both drugs. 

Thus, the HPLC technique was found to be specific for the detection of DTIC and RES as 

per the USP and ICH specifications.    
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(a) 

 

 

 

      

 

(b) 

Figure 16: Representative chromatogram at 306 nm for (a) blank solution (mobile phase 

only) and (b) DTIC and RES in solution eluted at 1.9 minutes and 3.1minutes retention 

times, respectively. 

2.4.2 Linearity 

Linearity of an analytical technique is the ability to produce test results directly 

proportionate to the concentrations within the given range as stated in the ICH guidelines 

("Q2B Validation of Analytical Procedures: Methodology", 2020). DTIC and RES were 

tested for linearity by injecting eight standard solutions with both drugs in solution over a 

Dacarbazine 

1.94 ± 0.4 min 

Resveratrol 

3.1 ± 0.2 min 
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concentration range of 1.6–200.0 µg/mL using the developed HPLC method. Table 7 

depicts the linear equations and the Spearman’s rank coefficient (R²) values for DTIC and 

RES standards for both peak area and peak height for the defined concentration range. The 

peak areas and peak heights for both drugs plotted against the respective concentrations as 

shown in Figure 17 (a) and (b) and linear correlation was determined.  

A high R² value suggests a strong relationship between the peak area/peak height 

and the concentration. An R² value of ≥ 0.99 is an acceptable measure of the linearity of 

an analytical procedure. All the R² values for drugs in the given concentration ranges were 

≥ 0.99. The standard curves for DTIC and RES were found to be linear in the concentration 

ranges of 1.6-200.0 µg/mL. 

Table 7: Linearity for DTIC and RES. 

Drug Concentration 

range 

Regression equation 

(Peak area/peak height) 

Spearman rank 

coefficient 

(R2) 

DTIC 1.6-200.0 

µg/mL 

y = 46079x – 4825 R² ≥ 0.99 

y = 4738.7x - 4120.3 R² ≥ 0.99 

RES 1.6-200.0 

µg/mL 

y = 28385x – 15060 R² ≥ 0.99 

y = 3208.9x - 1046.9 R² ≥ 0.99 
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(a) 

 

 

 

   (a) 

 

 

 

(b) 

 

 

 

  (b) 

Figure 17: Standard curve for DTIC and RES plotted for peak area vs concentrations 

(1.6-200.0 μg/mL) and (b) Standard curve for DTIC and RES plotted for peak height vs 

concentrations (1.6-200.0 μg/mL). 
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2.4.3 Precision 

The USP defines the precision of an analytical procedure as the degree of agreement 

among individual test results, when the procedure is applied repeatedly to multiple 

evaluations of an individual sample (USP-NF, 2001). The closer the values are for each 

sample after multiple measurements under similar experimental conditions, higher is the 

precision. The precision is determined by evaluation of a series of measurements and 

determination of the standard deviation or the relative standard deviation (RSD), which is 

also called the coefficient of variation. Precision can broadly be classified as intra–day 

precision and inter day precision also known as repeatability and intermediate precision 

respectively (ICH Topic Q 2 (R1) Validation of Analytical Procedures, 1995). 

Both intra and inter day precision studies were carried out using the developed 

HPLC method. Intraday precision as shown in Table 8 was evaluated by injecting standard 

solutions of known concentrations at multiple (five different times) times of the same day, 

and under the same chromatographic conditions. Interday precision as shown in Table 9 

was determined by injecting standard solutions of known concentrations on different days 

(three days) over a period of one month in the same environment. The percent RSD was 

determined by plotting the signal obtained (peak area) against the concentration. 

Variability of the peak area at each concentration was used to determine the precision of 

the assay. The results were conducted and expressed in triplicates as mean ± SD (n=3). 

The percent RSD for all standards was within 10% which was within the acceptable 

limits as per the USP and ICH guidelines and thus, the HPLC method was found to be 

precise for both DTIC and RES.  
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Table 8: Intraday and interday precision found in quantification of DTIC. 

  Intraday Interday 
 

Concentration 

(µg/mL) 

Mean Peak Area 

(x 103) 

%RSD Mean Peak Area 

(x 103) 

% RSD 

1.6 25.4 ± 0.1 0.5 26.0 ± 0.6 2.1 

3.1 59.3 ± 1.2 2.0 60.6 ± 0.9 1.5 

6.3 111.3 ± 0.5 0.4 114.4 ± 5.7 5.0 

12.5 225.6 ± 0.2 0.1 235.5 ± 10.0 4.3 

25.0 454.6 ± 1.1 0.3 457.8 ± 4.5 1.0 

50.0 880.1 ± 2.8 0.3 888.3 ± 10.9 1.2 

100.0 1635.4 ± 3.0 0.2 1666.8 ± 26.3 1.6 

200.0 3265.0 ± 13.0 0.4 3458.1 ± 204.2 5.9 

 

Table 9: Intraday and interday precision found in quantification of RES. 

  Intraday 
 

Interday 
 

Concentration 

(µg/mL) 

Mean Peak Area 

(x 103) 

%RSD Mean Peak Area 

(x 103) 

% RSD 

1.6 37.3 ± 0.1 1.0 38.5 ± 1.4 3.6 

3.1 78.4 ± 0.4 0.7 78.1 ± 1.6 2.1 

6.3 148.0 ± 0.1 0.4 151.2 ± 6.0 4.0 

12.5 312.0 ± 0.2 0.2 312.1 ± 1.0 0.3 

25.0 641.6 ± 0.3 0.3 650.8 ± 15.7 2.4 

50.0 1267.0 ± 0.7 0.4 1253.8 ± 10.2 0.8 

100.0 2385.7 ± 1.7 0.2 2383.0 ± 0.5 0.0 

200.0 4827.5 ± 2.8 0.4 4782.7 ± 63.6 1.3 

 

2.4.4 Accuracy 
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ICH guidelines define accuracy as the ability of the analytical method to accurately 

measure the quantity of a substance in a sample to its true or theoretical value (ICH Topic 

Q 2 (R1) Validation of Analytical Procedures, 1995). Accuracy of the developed HPLC 

method was tested by injecting three quality control samples of known concentrations 

within the tested range against their experimentally determined values as required by the 

USP. The accuracy of the developed HPLC method was determined by injecting known 

quantity of three quality control samples in the low, medium, and high concentration ranges 

for DTIC and RES at the same chromatographic conditions as shown in Table 10 and Table 

11. The experimental value was then compared with the theoretical value to determine the 

accuracy using the following formula: 

Percent Accuracy =
Measured concentration

Theoretical concentration
 × 100 

Table 10: Percent Accuracy of the HPLC technique for DTIC. 
 

Dacarbazine 

Sr. No. Theoretical 

Concentration (µg/ml) 

Measured 

Concentration 

(µg/ml) 

% Accuracy 

1 2.0 2.1 ± 0.1 106.1 ± 4.9 

2 30.0 30.9 ± 0.4 103.1 ± 1.2 

3 150.0 149.5 ± 1.1 99.7 ± 0.7 

 

Table 11: Percent Accuracy of the HPLC technique for RES. 
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Resveratrol 

Sr. No. Theoretical 

Concentration 

(µg/ml) 

Measured 

Concentration 

(µg/ml) 

% Accuracy 

1 2.0 2.0 ± 0.1 102.3 ± 2.2 

2 30.0 30.9 ± 0.4 103.2 ± 1.3 

3 150.0 150.5 ± 1.2 100.4 ± 0.8 

 

Percent Accuracy was calculated for all three quality control samples. As per the 

guidelines provided by the ICH, an analytical method must be > 95% and < 105% accurate 

(ICH Topic Q 2 (R1) Validation of Analytical Procedure, 1995). The results were 

conducted and expressed in triplicates as mean ± SD (n=3). The % accuracy was found to 

be within 10% standard deviation for RES for all three quality control samples. Hence, the 

HPLC method was found to be accurate for both drugs. 

2.5 Applications 

The developed and validated HPLC method was further used in the determination 

of drug loading, encapsulation efficiency of the NLC and for the in vitro release studies for 

both DTIC and RES. The results for these studies are depicted in chapters 3, 4 and 5. 

 

2.6. Summary 
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A rapid and robust HPLC-based quantification method was developed and 

validated for the simultaneous quantitation of DTIC and RES in an aqueous solution. The 

developed method allowed DTIC and RES to elute at 1.94 min and 3.1 min, respectively 

showing good separation and resolution. The method was validated according to ICH and 

USP specifications for its specificity, linearity, intraday and interday precision and 

accuracy.  
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CHAPTER 3 

Preparation and characterization of dacarbazine 

and resveratrol loaded nanostructured lipid carriers 
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3.1 Introduction  

DTIC is the most active single agent used in the treatment of advanced metastatic 

melanoma and has remained the standard chemotherapy for this malignancy for more than 

30 years (Quirin et al., 2007). DTIC methylates nucleic acids, causing DNA damage 

resulting in growth arrest and cell death (Eggermont & Kirkwood, 2004). Unfortunately, 

the response rates for single-agent DTIC are low, ranging from 10% to 20%, with complete 

responses seen in less than 5% of patients (Middleton et al., 2000). Owing to its apparent 

disadvantages, application of DTIC in melanoma therapy is limited. Some of the 

disadvantages include : i) It is conventionally administered in blood by intravenous route 

making it extremely painful and shows reduced patient compliance (Tatsuya Ohtsubo et 

al., 2017). ii) DTIC generally shows erratic, slow and incomplete absorption owing to its 

limited water solubility, and therefore it cannot be administered orally (Tagne et al., n.d.). 

iii) DTIC is photo-sensitive and unstable in aqueous solutions leading to formation of toxic 

degradation product(s) (Almousallam et al., 2015). Fourth, DTIC causes myelosuppression 

and its application in combination therapy is further restricted by its short elimination half-

life (Bei, Marszalek, & Youan, n.d,2009). Like other chemotherapeutic agents, it imparts 

non-specific toxicity on normal cells.  

RES i.e. 3,5,40-trihydroxy-trans-stilbene is a naturally occurring   polyphenol   

presented in lots of dietary substances, such as grapes, wine, nuts, berries, and many other 

natural products (Berman et al., 2017). The broad range of biological activities of RES are 

primarily ascribed to its unique structure character with multiple phenolic hydroxyl groups, 

as polyphenol compounds are capable of scavenging free radicals to form more stable 

molecules with less  toxicity  than  the  original  radicals (Frémont, 2000). Many reports 
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have been attributed to RES for its cancer preventive properties because of its ability to 

interfere with tumor initiation, promotion, and progression (Athar et al., 2009). These 

effects are related to the inhibition of cyclooxygenase (Kundu et al., 2006) as well as free 

radical scavenging (Lu et al., 2006) or induction of cell differentiation (Wolter and Stein, 

2002). Subsequent in vitro and in vivo studies have demonstrated that RES has both anti-

proliferative and pro-apoptotic actions in melanoma (Yang, 2005). However, poor 

bioavailability of RES in humans has been a critical concern due to its poor water solubility 

and rapid metabolism of RES, thus limiting its clinical efficacy.  It had also been reported 

in literature that RES can reverse drug resistance in a variety of tumor cells by sensitizing 

them to chemotherapeutic agents (Lee et al., 2016; Mondal & Bennett, 2016). Upon co-

administration with chemotherapeutic agents, RES could decrease the associated-side 

effects while enhancing the therapeutic efficacy concomitant with cancer chemotherapy 

(Xiao et al., 2019). Thus, combinatorial therapy of DTIC and RES in a nanoparticulate 

delivery system aims to improve therapeutic efficacy of DTIC in combination with RES 

and achieve targeted delivery to metastatic melanoma cells. 

Nanotechnology-based drug delivery systems have been widely explored in 

enhancing melanoma therapy; the most common nano systems include hydrogel, 

cyclodextrins, liquid crystalline phase, and nanoparticulate pharmaceutical drug delivery 

systems (NDDSs) such as liposomes; polymeric nanoparticles; polymeric micelles; silica, 

gold, silver, and other metal nanoparticles; carbon nanotubes; solid lipid nanoparticles and 

nanostructured lipid carriers; niosomes; and dendrimers (Rigon et al., 2015). Nanoparticles 

serve as an attractive platform for co-administration of drugs as they can protect 

encapsulated drugs from degradation, enhance their pharmacokinetic profile, improve 
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cellular uptake and biodistribution to tumor cells, minimize systemic toxicity and enhance 

accumulation at target site. Nanostructured lipid carriers (NLC) have been demonstrated 

to be a potentially alternative colloidal lipid-based drug delivery system due to its 

biocompatibility, biodegradation, high bioavailability, improved solubility and drug-

loading capacity, and large-scale production ability (Dove Press, 2018). NLC were 

formulated using melt-emulsification solvent evaporation method in combination with 

probe sonication. Surface modification of NLC was explored using polyethylene glycol 

(PEGylation) due to their ability improve the surface hydrophilicity and impart stealth 

properties by preventing the adsorption of lipoproteins and opsonins (L. Jia et al., 2012). 

Modification of NLC with PEG has been used as a strategy to increase the half-life of the 

carried drugs(Suk et al., 2016). Additionally, the PEGylated nanoparticles can protect the 

drugs from biological and chemical degradation, and have favorable biological properties, 

including biocompatibility, biodegradability, and long-circulating behavior (Balguri et al., 

2017; Schöttler et al., 2016). 

Melanoma is the most aggressive and deadliest form of skin cancer with very 

limited treatment options once the tumor has metastasized. Novel combination therapies 

and newer delivery systems need to be explored enhance delivery of drugs into tumor cells. 

The premise of this study is to design and characterize nanostructured lipid carriers for 

targeted delivery of both DTIC and RES for the treatment cutaneous malignant melanoma. 

The objective of the study involved development and optimization of the NLC and 

surface-modified NLC (PEG-NLC) for their particle size and zeta potential. They were 

further characterized for their solid-state properties and thermal stability using thermal 

analyses like differential scanning calorimetric and thermogravimetric analysis. Powder 
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X–ray diffraction analysis was used to determine the physical state of the drugs in the 

nanoparticulate lipid matrix. Transmission electron microscopy was used to study the 

morphology of these NLC. The lyophilized NLC were also tested for their physical stability 

on storage. 

3.2 Materials 

 

List of materials used in this study are listed in the Table 12 below: 

Table 12: Materials used in formulation and development of NLC. 

Materials CAS no. Lot no. Company & 

Location 

Dacarbazine (DTIC) 4342-03-

4 

D3634 TCI America, USA 

Resveratrol (RES) 501-36-0 R0071 TCI America, USA 

Pluronic F-68 9003-11-

6 

MFCD00082049 Sigma Aldrich, St. 

Louis, MO 

Stearic Acid (SA) 

(Purified) 

57-11-4 A292-500 (Prill/Laboratory), 

Fisher Chemical 

Glyceryl monostearate 

(GMS) 

31566-

31-1 

IAB0110 Spectrum Chemicals, 

New Brunswick, NJ 

Labrafac CC 

Medium Chain Triglyceride 

(MCT) EP 

73398-

61-5 

22274 Gattefosse 

France, Europe 
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Synonym: Caprylic/Capric 

Triglycerides 

Labrafac CC 

Tween®80 9005-65-

6 

T164-500 Fischer Scientific, 

Fair Lawn, NJ 

Polyoxyethylene (40) 

stearate (PEG-40-SA) 

Synonym: Myrj 52, PEG 40 

Stearate 

9004-99-

3 

MKBV6365V Sigma Aldrich, St. 

Louis, MO 

D (+)- Trehalose dihydrate 6138-23-4 AC182550250 ACROS Organics, 

Fischer Scientific, 

Fair Lawn, NJ 

Ethanol, 200 Proof (100%), 

USP/EP/ACS 

64-17-5 A40920 Fischer Scientific, 

Fair Lawn, NJ 

 

3.3 Methods 

 

3.3.1 Preparation of DTIC and RES loaded NLC 

Drug loaded (D.L.) NLC and PEGylated drug loaded (PEG D.L.) NLC were 

prepared using melt emulsification-solvent evaporation method using both lipid and 

aqueous phases. A lipid mixture comprising of solid lipids [stearic acid (SA), 

polyoxyethylene (40) stearate (PEG-40-SA) and glyceryl monostearate (GMS)] and liquid 

lipid, e.g. medium chain triglyceride (MCT) were weighed precisely and co-dissolved in 

2mL of absolute ethanol to form the organic phase. The lipid mixture was melted at 70°C 
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on a magnetic stirrer hot plate (PCCA, USA). Ten mg each of DTIC and RES were added 

to the organic phase and allowed to mix for 15 minutes. Organic phase (ethanol) aided in 

complete dissolution of both drugs. Two hundred mg of Pluronic F-68 (P-F68) was added 

to 20mL of 0.45µm filtered deionized (DI) water to make a 1% (w/v) P-F68 solution 

forming the aqueous phase. The aqueous phase was also maintained at 70°C on the 

magnetic stirrer hot plate. An (o/w) emulsion was formed by adding the organic phase to 

the aqueous phase and was stirred at 600 rpm for 30 minutes for emulsification. The 

prepared nano-emulsion (o/w) was then probe sonicated using the ultrasonicator (Misonix 

Sonicator 300, Melville NY) at 30W with a pulse mode (3 seconds on and 2 seconds off) 

for 3 minutes. The NLC were collected using an ultracentrifuge (Sorvall Discovery 90SE, 

Woburn, MA) at a relative centrifugal force (RCF) of 30,000G for 15 minutes and freeze 

dried using trehalose dihydrate (2% (w/v)) as the cryoprotectant in a freeze dryer (Millrock 

Technology LD85, Kingston, NY). The lyophilized formulations were collected and stored 

at 25°C and reconstituted with phosphate-buffered solution (PBS) pH 7.4 as per the 

requirements for subsequent experiments. Blank NLC were formulated using the same 

procedure, except it was devoid of the drug. The formulations of D.L. NLC and PEG D.L. 

NLC were presented in Table 13 and the method of preparation of NLC was schematically 

represented in Figure 18. 

Table 13: Drugs and Excipients used in preparation of NLC. 

Sample Lipid components of 

each formulation 

Quantity 

(mg) 

Blank NLC (without drug) 

D.L. NLC (with drug) 

Solid lipids: SA, GMS 

Liquid lipid: MCT 

600mg (200mg each) 
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DTIC, RES 

PEG NLC (without drug) 

PEG D.L. NLC (with drug) 

Solid lipids: PEG-40 

SA, GMS 

Liquid lipid: MCT 

DTIC, RES 

600mg (200mg each) 

 

 

Figure 18: Method of preparation of nanoparticles using melt emulsification-solvent 

evaporation method. 

3.3.2. Determination of Particle size and Zeta potential 

The particle size (PS) and zeta potential (ZP) of the prepared NLC was determined 

before and after freeze drying using Brookhaven Zetameter (ZetaPlus, Brookhaven 

Instruments Corporation, Holtsville, NY) and Cilas Nano DS (3P INSTRUMENTS GmbH 

& Co. KG, Germany). Five hundred microliters of the nano-emulsions were diluted to 5 

mL with 0.45 μm filtered DI water, and the particle size and zeta potential was determined. 
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Polydispersity index, which is a measure of sample homogeneity, was also simultaneously 

determined using the same instrument. The samples were measured in three-fold dilutions. 

The particle size and zeta potential measurement for lyophilized NLC was carried out by 

making a 0.1 mg/mL solution in filtered water. The lyophilized suspension was bath 

sonicated for 30 minutes before size measurement. All measurements were performed in 

triplicates. All samples for blank and drug loaded NLC were measured five times and 

reported as mean ± standard deviation (SD). 

3.3.3. Evaluation of physical state of the drugs by Differential Scanning Calorimetry 

(DSC) 

The physical state of DTIC and RES in the prepared NLC was evaluated using 

differential scanning calorimetry (DSC) (Shimadzu DSC-60, Kyoto, Japan) with a thermal 

analysis operating system (Shimadzu TA-60WS, Kyoto, Japan). About 4 mg of sample was 

weighed in an aluminum pan and crimped which was used as the sample pan. An empty 

crimped aluminum pan was used as the reference pan. The pans were heated from room 

temperature to 300°C at the rate of 10°C/minute in a nitrogen environment (flow rate 20 

mL/min). Samples used for the DSC study contained pure DTIC, pure RES, Blank-NLC, 

D.L. NLC, PEG-NLC and PEG D.L. NLC. 

3.3.4. Determination of thermal stability of NLC by Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) studies were conducted on thermogravimetric 

analyzer Shimadzu TGA–50 (Kyoto, Japan). Known amount of samples (4-5 mg) were 

weighed and added to an aluminum pan and placed in the instrument. The samples were 

heated at a constant rate of 10˚C per minute from room temperature to 300˚C. The weight 

change was determined under nitrogen purge flowing at 20 mL/min and analyzed by 
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thermal analysis operating system (Shimadzu TA-60WS, Kyoto, Japan).The weight loss of 

the pure drugs in comparison with the blank and drug loaded freeze dried nanoparticles as 

a function of temperature was determined. The percent weight loss of the sample was 

reported (n=3). 

3.3.5. Evaluation of chemical interaction by Fourier-Transform Infrared (FTIR) 

spectroscopy 

Fourier Transform Infrared (FTIR) spectra were obtained using the FTIR 

spectrophotometer (Shimadzu IR Prestige-21, Tokyo, Japan) equipped with horizontal 

attenuated total reflectance (ATR) crystal (ZnSe). Spectra were recorded in % 

transmittance mode with sample placed directly onto the ATR crystal. A background was 

performed prior to sample scan to account for any interference that the environment might 

provide. Measurements were done between 4000 and 1000 cm-1. Spectra were analyzed 

using IR Solution® software. IR spectra was determined for pure drugs and blank and drug 

loaded NLC to ensure the chemical integrity of dacarbazine and resveratrol and other lipid 

components in the lyophilized formulations. 

3.3.6. Determination of Drug loading (DL) and Entrapment efficiency (EE) of NLC 

The entrapment efficiency was evaluated by dissolving weighed amount (10mg in 

10mL of 0.45µm filtered DI water) of lyophilized nanoparticles for both formulations i.e. 

D.L NLC and PEG D.L. NLC. The nanosuspension was then vortexed for 5 minutes and 

ultra-centrifuged at 50,000 G for 15 minutes using the ultra-centrifuge. About 0.5 mL of 

the supernatant was collected and placed in 10kD centrifugal filters (Amicon Ultra-0.5 

Centrifugal Filter Unit, Sigma Aldrich, USA). The samples were then placed in the 

microcentrifuge (AccuSpin™ Micro 17, Thermo Fischer Scientific, USA) to separate the 
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free drugs from the supernatant at 13,300rpm for 30 minutes. The total drug was extracted 

from the sample by using 10 mg of the lyophilized and suspending them in 10 mL solution 

of 1:1 ratio of ethanol: ethyl acetate to extract the pure drugs from the formulation. The 

solution was covered and kept for 3 hours and the free and total drug content for all samples 

was determined using HPLC. 

The amount of drugs loaded in the NLC was determined using the formula shown 

below:  

% 𝐷𝐿 =
Amount of drug extracted in formulation (mg)

Total weight of formulation (mg)
 × 100 

Entrapment efficiency is the percent of drugs encapsulated in the NLC was 

determined using the equation shown below:  

% EE =
Amount of drug extracted in formulation (mg) 

Initial drug added to formulation (mg) 
 × 100 

3.3.7. Testing of NLC for physical stability 

The particle size and zeta potential stability of freeze-dried nanoparticles were 

measured over a period of 60 days. The lyophilized NLC were resuspended in 0.45µm 

filtered DI water at a concentration of 0.1 mg/mL and bath sonicated (Bransonic® 

Ultrasonic Bath, Thermo Fischer Scientific, USA) for 30 minutes prior to analysis. Both 

blank and drug loaded NLC were measured for their long-term stability. The measurements 

were made after 30 days and 60 days after preparation, using the Cilas Nano DS. All 

experiments were performed in triplicate.  
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3.3.8 X–ray diffraction analysis of NLC (XRD)  

The physical state of DTIC and RES in the drug loaded NLC was studied using 

powder X-ray diffraction. The XRD analysis was performed at University of Minnesota. 

Blank and drug loaded NLC were analyzed and the scan was compared with the XRD scan 

of pure DTIC and RES. The data in the 2θ range 5–60 degrees was collected in focusing 

geometry using PANalytical Empyrean Diffractometer (Almelo, the Netherlands), exposed 

to Cu Kα radiation at 40 kV and 45 mA. Thin layer of powder sample was placed on a 

zero-background silicon plate and the sample holder was continuously spun at the rate of 

90 deg/s during the measurement. Solid state PIXcel3D detector was scanned at a rate of 

0.135 deg/s to collect data. To enhance the signal–to–noise ratio, a focusing geometry 

(Bragg Brentano) and diffracted beam monochromator were used. 

3.3.9. Transmission electron microscopy (TEM) of NLC 

The surface morphology of both type of blank and D.L. NLC formulations were 

characterized by transmission electron microscope before and after freeze drying (TEM, 

JEOL, JEM1200EX, Jeol Ltd., Tokyo, Japan). The freeze-dried NLC were diluted (1:10) 

with deionized water filtered through 0.45 µm membrane. The NLC dispersion was spread 

on a 200-mesh copper grid and negatively stained with osmium tetroxide.  The grid was 

dried at room temperature and then observed by TEM. 

3.4 Results and Discussions 

 

3.4.1 Formulation and optimization of NLC 

Blank and D.L. NLC were formulated using melt emulsification-solvent 

evaporation method in combination with ultrasonication. The preparation method was 
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developed based on the method used for preparation of NLC for solubilizing hydrophobic 

drugs in the lipid matrix (J. Jia et al., 2010). This method was subjected to some 

modifications with respect to the processing parameters. Aqueous and oil phase were 

emulsified together using ultrasonication to form a nano-emulsion. The nano-emulsions 

were treated with cryoprotectant solutions and lyophilized to form the NLC.  

The influence of increasing lipid and surfactant concentration on the particle size 

of the NLC was studied using various combinations and ratios of lipids and surfactants. 

The particles showed a decrease in size with increase in lipid content and decrease in 

surfactant concentration. The size of the nanostructured lipid carriers is directly dependent 

on the lipid concentration and this can be explained in terms of the tendency of the lipid to 

coalesce at high lipid concentration. According to Stokes’ law, this behavior can be 

explained by a difference in density between the internal and external phases (X. Zhang et 

al., 2010). Muller has shown that increasing the surfactant concentration to 1% was 

effective in producing smaller size of solid lipid nanoparticles and was sufficient to cover 

the surface of nanoparticles effectively and prevented agglomeration during the 

homogenization process (Müller, 2007). An increase in the particle size of the NLC was 

seen using 1.5 % surfactant concentration. Hence, high concentration of surfactant (1.5%) 

was avoided to prevent decrease in the EE and also the toxic effects associated with 

surfactants (Gordillo-Galeano & Mora-Huertas, 2018). Thus, the final lipid and surfactant 

concentrations were chosen to be 3% and 1% respectively as they showed the least impact 

on particle size of the NLC. Figures 19 and 20 describe the influence of lipid and surfactant 

concentrations (in %) on the particle size of the NLC. 
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Figure 19: Influence of Lipid concentration (% w/v) on particle size of NLC. 

 

Figure 20: Influence of Surfactant concentration (% w/v) on particle size of NLC. 
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Various lipids and surfactants were screened in different ratios to form drug loaded 

NLC. The NLC were optimized and characterized for their particle size, zeta potential, 

drug loading capacity and entrapment efficiency. The final lipids chosen for the study were 

solid lipids: stearic acid and glyceryl monostearate; liquid lipid: medium chain 

triglycerides. Stearic acid forms lipid structures with high crystallinity (Almeida et al., 

2012). This polymorphic state repels the drug from NLC core to its surface and to the 

matrix of mixture (Müller et al., 2000). GMS was added to lipid phase to decrease the 

degree of lipid phase crystallinity and to increase the loading capacity (Ebrahimi et al., 

2015). Addition of liquid lipids like MCT to the NLC decreases the crystallinity in the lipid 

matrix. A less ordered crystal or amorphous lipid matrix would be favorable for 

encapsulating more drug molecules (Lin et al., 2007). Figure 21 shows the schematic 

representation of the research rationale used in development of NLC. 

 

Figure 21: Research Rationale for NLC. 

(X. Liu et al., 2015) 
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Colloidal carriers are generally recognized by macrophages due to their 

characteristic physicochemical properties such as particle size, surface charge and surface 

hydrophobicity.  NLC modified with PEG-40-SA was developed to prolong the circulation 

time in blood. Nanoparticles modified by PEG can oppose uptake by the RES and increase 

the half-life in the circulation (Stolnik et al., 1995). PEG-40-SA, an amphiphilic polymeric 

derivative of hydrophilic PEG modified by attaching a hydrophobic moiety, was reported 

to be easily incorporated into the lipid core (Shen et al., 2009), The incorporation of PEG-

40-SA into the lipid matrix could increase the surface hydrophilicity of NLC, and inhibit 

NLC to aggregate. As a result, NLC modified by PEG-40-SA showed smaller particle size 

than that without it (Yuan et al., 2007). Figure 22 shows the schematic representation of a 

PEGylated nanoparticle. 

 

Figure 22: PEGylation of NLC. 

(Shen et al., 2009) 

+ 

Liquid lipid 
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3.4.2 Determination of Particle size and Zeta potential 

Particle size analysis of the nanoparticles was done using the principle of dynamic 

light scattering. The blank and D.L. NLC were characterized for their particle size and 

before and after freeze drying. The particle size of the blank and D.L. nano-emulsions 

before lyophilization is listed in the Table 14 below. 

Table 14: Particle size of nano-emulsions of all batches. 

Nano-emulsion (Type of NLC) Particle size (nm) 

Blank NLC 150 ± 7.6 nm 

D.L. NLC 162 ± 3.0 nm 

PEG NLC 112 ± 7.8 nm 

PEG D.L. NLC 121 ± 4.9 nm 

 

The blank and drug loaded nano-emulsions for both batches of NLC showed no 

significant difference (p<0.05) in their particle size. The particle size of the nano-emulsions 

was found to be constant within the size range of 100-200 nm. The particle size of the 

resuspended freeze-dried NLC was found to be significantly higher than the nano-

emulsions. Variability was seen in the measurements of the freeze-dried particles indicated 

by the high standard deviations. The lyophilized NLC upon dispersion into aqueous 

medium showed 2 to 3-folds increase in particle size as compared to the nano-emulsions 

as shown in Figure 23. A possible reason for this could be the aggregation of nanoparticles 
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upon redispersion. Freeze dried nanoparticles show strong tendency for aggregation, as the 

lyophilized product undergoes various stresses and cooling cycles during the process which 

results into an increase in particle size (Abdelwahed et al., 2006). 

Two-way ANOVA test was performed to investigate statistical significance if any 

for comparison of particle size difference between nano-emulsions and freeze-dried NLC. 

Particle size of freeze-dried NLC were found to be significantly higher (p<0.0001) than the 

nano-emulsions across all batches. Results of this comparison is shown in Figure 23. The 

results are expressed mean ± SD (n=3). 

 

 

 

Different cryoprotectants were evaluated for their ability to inhibit particle size 

growth upon freeze-drying. Mannitol, sucrose and trehalose were the three cryoprotectants 
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tested and added to the nano-suspensions before freeze drying with respect to the lipid 

ratios used in the formulation in concentrations ranging from 0.5%-2% (w/v). The results 

obtained are shown in Figure 24 below. The results are expressed mean ± SD (n=3). A 

substantial increase in particle size was observed in the lyophilized NLC even despite the 

use of cryoprotectants. Trehalose produced the smallest particle size particle size as 

compared to all other cryoprotectants and was selected as the cryoprotectant for further 

studies. Trehalose in 2% (w/v) concentration resulted in the most stable and smallest 

particles and was selected as the final concentration for lyophilization of the NLC. 

 

 

The surface charge on the nanoparticles is an indicator of the colloidal stability of 

the nanoparticles. The reduction in zeta potential is well in agreement with the reduction 

in physical stability. A minimum zeta potential of greater than −60 mV is required for 
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excellent stability, of greater than −30 mV for a good physical stability (Freitas & Müller, 

1998). Positively charged particles have been reported to show better cellular uptake, while 

the negatively charged particles have longer circulation times (Gratton et al., 2008).  

The negative charge of zeta potential was conferred by the lipids used in the 

formulation of the NLC (Schwarz & Mehnert, 1999). Nanoparticle with zeta potential 

values ≥ ± 25 mV typically has high degrees of stability due to electric repulsion between 

particles. Dispersions with a low zeta potential value will aggregate due to Van Der Waal 

inter-particle attraction (Müller et al., 2000). All the NLC formulations showed negative 

zeta potential values which indicate the stable nature of nanoparticles due to electrostatic 

repulsion. Table 15 below summarizes the zeta potential values for all batches of NLC 

prepared and tested.  The results are expressed mean ± SD (n=3) 

Table 16: Zeta Potential Analysis of NLC 

 

 

Types of NLC Zeta Potential (mV) Acceptance 

criteria 

Blank NLC -29.89 ± 3.21 

ZP > +25 mV 

ZP < -25 mV 
 

D.L. NLC -34.75 ± 2.80 

PEG NLC -25.18 ± 2.83 

PEG D.L. NLC -24.89 ± 1.92 

Table 15: Zeta potential analysis of blank and drug loaded NLC. 
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3.4.3 Evaluation of physical state of the drugs by Differential Scanning Calorimetry 

(DSC) 

DSC is an analytical technique that involves identification of characteristic features 

of compounds such as melting point, crystallization, and glass transition temperatures when 

the substance is subjected to controlled heating. It relies on the measurement of the 

difference between the heat flow vs. temperature relation of the sample and the heat flow 

vs. temperature relation of a known standard. The temperature of both the sample and 

reference are increased at a constant rate. Samples show typical endothermic (heat 

absorbed) or exothermic (heat given out) peaks which helps in analysis of the physical state 

of the compound and analyzing its interactions with other excipients. 

DSC analysis of the pure drugs as well as the formulations was performed to 

evaluate the thermal behavior of individual formulation components and their interaction 

if any with each other and to test the physical state of the drugs used in the formation of 

NLC. Figure 25 shows the DSC thermograms for pure DTIC, pure RES, blank NLC, and 

drug loaded The melting point of DTIC has been reported at 205°C with melting behavior 

shown between 250-255°C (Al-Badr & Alodhaib, 2016b; Dacarbazine, PubChem). 

Unfortunately, no such melting peak was observed for DTIC, however, a sharp exothermic 

peak observed at 220° C. The sharp exothermic peak seen at 220 °C with absence of 

melting of the pure DTIC that could indicate possible degradation which would be 

discussed in further detail in Chapter 4.  RES showed an endothermic peak at 268°C close 

to its melting point of 265.78°C (Hao et al., n.d.). The crystalline drug peaks of DTIC and 

RES were found to be absent in the drug loaded NLC containing both drugs. The 

disappearance of the peaks may indicate that the drugs are present either in the molecularly 
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dispersed or amorphous state in the NLC, embedded inside the lipid matrix or core. This 

can further be confirmed by XRD analysis of the formulations to determine the non-

crystalline state of the drugs in the lipid matrix. HPLC analysis of the NLC have already 

revealed the presence of both drugs in the NLC but they may be existing in different 

physical forms. Studies suggest that the presence of the drug in a dissolved state 

(molecularly dispersed) in nanoparticles may enhance their in vitro release characteristics. 

A broad endothermic peak was observed for blank NLC in the range of 45-55°C, 

due to melting of the lipid components in the formulation. Glyceryl monostearate and 

stearic acid show similar melting peaks in the range of 50-60°C (Ebrahimi et al., 2015).The 

shift in the melting peaks as compared to the reported data of the individual components 

could be due to the interaction between the two lipid components in the matrix.  

 

 

 

 

 

 

 

 

          Figure 25: DSC thermograms for pure DTIC, pure RES, blank NLC,  

and drug loaded NLC. 

Overlay

Exo Up

220°C 

268°C 



 

72 
 

3.4.4 Determination of thermal stability by Thermogravimetric analysis (TGA) 

TGA is a method of thermal analysis to determine a material's thermal stability by 

monitoring the weight change that occurs as a sample is heated at a constant rate. This 

measurement provides information about physical phenomena, such as phase transitions, 

absorption, and desorption; as well as chemical phenomena including thermal 

decomposition, and solid-gas reactions (e.g., oxidation or reduction). 

TGA of blank and drug loaded NLC was performed to determine the effect 

temperature on the weight loss of the NLC. Figure 26 shows the TGA thermograms for 

pure DTIC, pure RES, blank NLC, and drug loaded NLC. As seen in the thermogram, 

DTIC shows a significant weight loss of approximately 57.86% when heated up to 300°C. 

The weight loss occurs at 220°C, i.e. the same temperature showing an exothermic peak 

seen by the DSC analysis of the pure drug. The strong exothermic reaction taking place at 

the temperature shows evolution of heat in the form of a gas also confirmed by thermal 

microscopic studies conducted in the laboratory to support the DSC findings. No weight 

loss was seen for RES when subjected to 300°C. Both blank and drug loaded NLC showed 

no significant weight loss (<1%) up to 200°C indicating absence of any moisture in the 

formulation. Traces of water/solvent in the nanoparticulate formulation can result in loss 

of long-term stability of drugs in lipid matrix (Gokce et al., 2012). In addition, no other 

obvious weight loss was observed until 230°C, indicating that no degradation of 

drugs/lipids occurred during the heating process of TGA and during the preparation of the 

NLC. The significant weight loss (>50%) for DTIC is due to the strong exothermic reaction 

taking place at 220°C as confirmed by the DSC analysis and will be discussed in further 

detail in Chapter 4. The dramatic weight loss seen from 230-300 °C for the NLC is due to 
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thermal decomposition of glyceryl monostearate and stearic acid as reported in the 

literature (Tian et al., 2018).  

 

 Figure 26: TGA thermograms for pure DTIC, pure RES, blank NLC, and drug loaded 

NLC. 

 

1.4.5 Evaluation of chemical interaction by FTIR Spectroscopy 

FTIR is an analytical technique that measures the absorption of infrared radiation 

by the sample material versus wavelength. The infrared absorption bands identify 

molecular components and structures. When IR radiation is passed through a sample, some 

of it is absorbed by the sample and some passes through. The resulting signal at the detector 

is a spectrum representing a molecular ‘fingerprint’ of the sample. FTIR provides a 

confirmation for the presence or absence of functional groups, chemical bond, or bond 
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strength, thus, allowing the identification of components within a sample on basis of their 

molecular fingerprints. 

FTIR analysis gives insights into the structure and interactions between both drugs 

(DTIC and RES) and their interaction with other components of the system depicted by 

their characteristic peaks due to the vibrational spectra of the functional groups. It also 

provides understanding of drug-drug interactions and complements data provided by DSC 

analysis indicating compatibility of drug and excipients used in the formulation. The FTIR 

Spectra for pure DTIC, pure RES, blank NLC, and drug loaded NLC are shown in Figure 

27. 

 

Figure 27: FTIR Spectra for pure DTIC, pure RES, blank NLC, and drug loaded NLC. 
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The FTIR spectrum of blank NLC shows spectra similar to reported spectra for 

stearic acid and glyceryl monostearate. Minor displacements for 2918 cm−1(OH stretching) 

and 2849 cm-1(CH stretching) in the spectra for the blank NLC is related to inter-molecular 

forces and re-arrangement of molecules in NLC structure (Ebrahimi et al., 2015) 

Additional peaks in blank NLC spectrum are probably related to surfactants/other 

excipients used in the study. Upon comparing the spectra of the blank and drug loaded 

particles it was observed that the characteristic spectra of the drugs were diminished in the 

drug loaded particles while retaining the characteristic peaks of the lipids used in 

preparation of blank NLC.  

No major shifting as well as no loss of functional peaks were seen in the drug loaded 

NLC indicating that there is no interaction between the drugs in the lipid matrix (Priyanka 

& Abdul Hasan Sathali, 2012). This data is also confirmed by the DSC that indicates the 

non-crystalline state of the drugs in the formulation. Thus, the study revealed that no 

formation of chemical bonds was seen between the NLC and both encapsulated drugs 

ensuring the stability of the drug structure in the formulation process (Qushawy et al., 

2019).  

3.4.6. Determination of Drug loading (DL) and Entrapment efficiency (EE)  

The entrapment efficiency of DTIC and RES in the D.L. NLC and PEG D.L. NLC 

was determined using the developed and validated HPLC method mentioned in chapter 2 

and the values are listed in the Table 16 below. The results are expressed mean ± SD (n=3). 

The drug loaded NLC formulations were loaded with 10mg each of DTIC and RES. The 

entrapment efficiency for RES was found to be higher than that of DTIC due to its 

hydrophobic nature and higher affinity for encapsulation in the lipid matrix. 



 

76 
 

 

 

Type of NLC % Entrapment Efficiency % Drug Loading 

D.L. NLC DTIC 42.19 ± 0.19 DTIC 0.70 ± 0.69 

RES 96.36 ± 1.09 RES 1.80 ± 0.21 

PEG D.L. 

NLC 

DTIC 47.58 ± 0.12 DTIC 0.97 ± 1.01 

RES 98.53 ± 0.34 RES 2.01 ± 0.79 

 

3.4.7. Testing of NLC for physical stability 

The particle size and zeta potential measurement data was plotted over a period of 

60 days is represented in Figures below 28 and 29, respectively. The results are expressed 

mean ± SD (n=3). The particle size of the freeze-dried blank and drug loaded nanoparticles 

showed no substantial increase in particle increase on storage for a period of 60 days. 

Overall, the particle size of all formulations was seen to be less than 400 nm. The zeta 

potential was found to remain negative for both blank and drug loaded nanoparticles over 

a period of 60 days. 

The freeze-dried nanoparticles were re-dispersible over the entire course of study. 

The particle size was found to be within a size range of 300-400 nm for blank and drug 

loaded NLC from all batches. Two-way ANOVA test was performed to investigate 

statistical significance if any for comparison of particle size difference between the freeze-

dried formulations on storage. It was found that no significant difference (*p>0.05) was 

seen in the particle size on storing the samples for up to 60 days.  

Table 16: % Entrapment efficiency and % Drug loading for DTIC and 

 RES in drug loaded NLC. 
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The zeta potential of blank and drug loaded NLC was found to remain negative, in 

the range of -30 to -60 mV. These values fall within the range of high stability for NLC 

indicating all formulations were found to be stable throughout the 60-day period. 

 

 

 

 

     Figure 29: Physical stability (zeta potential) of blank and drug loaded NLC over 

 60-day period. 
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Figure 28: Particle size stability of blank and drug-loaded NLC over 60-day 

period. 
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3.4.8 X–ray diffraction analysis of NLC (XRD)  

XRD analysis is used to identify whether a material exists in a crystalline or non–

crystalline state based on diffraction pattern of the material. Crystalline materials exhibit 

unique and sharp peaks matching their fingerprints whereas non–crystalline materials, 

show a broaden peak or ‘halo’ like patterns, since these materials lack the presence of a 

long-range periodicity in the lattice structure. 

Powder XRD analysis of pure drugs and NLC formulations was performed to 

confirm the results obtained by DSC. Figure 30 shows the XRD plots for pure DTIC, pure 

RES and blank and drug loaded NLC formulations. The crystalline state of the pure drugs 

DTIC and RES was revealed by the unique fingerprint pattern seen in the XRD plot. Such 

a fingerprint pattern was not observed in case of drug loaded NLC formulations indicating 

the non-crystalline nature of both drugs in the formulations. 

 

Figure 30: XRD plot of pure DTIC, pure RES and blank and drug loaded NLC 

formulations. 
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3.4.9 Transmission electron microscopy analysis (TEM) of NLC 

 

TEM analysis of the NLC formulations was performed before and after freeze 

drying. The spherical nature of the NLC was confirmed by TEM and the particles appeared 

to have a smooth surface and they conferred to the particle size revealed by the Zetameter 

as shown in Figure 31. No agglomeration of the NLC formulations was seen before freeze 

drying. 

 

 

 

 

Figure 31: TEM Analysis of NLC before freeze drying 

TEM analysis of the lyophilized was performed to study their morphology on 

freeze-drying. The spherical nature of the NLC was retained on freeze drying of the 

formulations. However, agglomeration of the NLC was seen on freeze drying seen at 

10000x magnification as shown in Figure 32. 

 

 

 

 

 

 

 

Figure 32: TEM Analysis of NLC after freeze drying 
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3.5 Conclusions 

 

Lipid-based nanostructured lipid carriers were successfully developed and 

characterized with nanoparticles less than 200 nm in size for both blank and drug loaded 

nano-emulsions. Lyophilized NLC showed an apparent increase in particle size on freeze-

drying. However, the use of cryoprotectant in the formulation helped in maintaining the 

particle size below 350 nm for all batches of nanoparticles. The DSC thermogram showed 

the absence of exothermic peak for DTIC and melting peak for RES in the drug loaded 

NLC indicating its presence in a non-crystalline state in the lipid matrix. TGA analysis 

revealed no significant weight loss (<1%) for all batches of NLC indicating absence of 

moisture or other solvents in the formulation. The FTIR spectra revealed that there was no 

interaction between both drugs in the nanoparticles. Entrapment of RES was seen to be 

higher than DTIC in the lipid matrix owing to its lipophilic nature. The stability studies 

indicated that the formulation was stable and both drugs remained in non-crystalline form 

over a period of 60 days which will be further confirmed by XRD analysis. 
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CHAPTER 4 

 

Degradation of DTIC in solid-state and in solution 
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4.1 Introduction 

 

DTIC is   routinely   employed   in   combination   with   other   chemotherapy   

agents   for   the treatment of metastatic melanoma. The anti-tumor activity of DTIC is a 

consequence of DNA methylation by reactive products formed by cytochrome P450 1A2 

catalyzed DTIC   metabolism in the   liver. The   intermediate formed upon DTIC oxidation 

yields the reactive product 5-(3-methyltriazeno-1-yl)-imidazole-4-carboxamide (MTIC) 

following loss of the hydroxy methyl moiety as formaldehyde (Wang et al., 1995). MTIC 

has demonstrated in vitro anti-proliferative activity (Tsang et al., 1991). Methyl purine 

adducts are formed in vitro and in vivo following exposure to or administration of 14C 

methyl DTIC (Skibba & Bryan, 1971).  

The pharmacokinetic profiles of DTIC and its metabolites are determined mainly 

by conventional liquid–liquid extraction and reversed-phase HPLC methods. After 

intravenous administration of DTIC, its disappearance from the plasma is biphasic with 

initial half-life from 5 to 20 min and a terminal half-life of a few hours. DTIC is also highly 

photosensitive, and its photo-degradation product(s) is responsible for some adverse 

reactions such as pain at injection site, nausea, vomiting and hepatic toxicity (Baird, Gillian 

M. et al.). DTIC is prone to both hydrolytic and photolytic degradation confirmed by HPLC 

and LC-MS (Shetty, Schowen, Slavik, & Riley, 1992). DTIC when exposed to different 

pH conditions degraded into 4-carbamoyl-imidazolium-5-olate or 2-azahypoxanthine, 

depending on the pH value of the solution (J Horton, M Stevens, 1981). 

DTIC has been approved as the first-line agent for treatment of metastatic 

melanoma by the US-FDA in 1974. The degradation profile of the pure drug in solution 

has been comprehensively studied in literature (Fiore et al., 1985; Iran & Soc, 2016a). 
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Studies report the theoretical melting point of the pure drug to be 205°C (Dacarbazine-

Drug Bank; Dacarbazine-Pub Chem).Few studies have reported the melting of the pure 

DTIC to be an explosive decomposition seen at 250-255°C (Al-badr, 2016; A. Murray 

2016). However, no conclusive studies have been published supporting the thermal 

degradation of the compound and its nature and analysis of the degradation product(s) 

obtained on thermal degradation. The following chapter focuses on investigating the 

degradation profile of DTIC in solution and thermal stability of DTIC in the solid-state. 

The analysis of the degradation profile has been studied with the aid of techniques like 

DSC, TGA XRD, 1HNMR, HPLC, LC-Mass Spectrometry. The objectives of this given 

study are as follows: 

1. To perform thermal analysis of DTIC using DSC and TGA 

2. To study the degradation profile of DTIC using XRD Analysis, 1HNMR and LC-Mass 

Spectrometry 

3. To study forced degradation of pure DTIC in solution in presence of UV-light when 

exposed to three different pH conditions (pH 1-2 0.01M HCl, pH 7.4 phosphate buffer 

and pH 12-14 0.01M NaOH) 

4.2 Materials 

 

Dacarbazine (DTIC) was purchased from TCI America (USA). Optima grade water 

and acetonitrile, formic acid, hydrochloric acid, sodium hydroxide was all purchased from 

Fischer Scientific (Fair Lawn, USA).  

 



 

84 
 

4.3 Methods 

 

4.3.1 Melting point determination of DTIC 

The melting point of the pure drug (DTIC) sample was determined using the 

Automatic Melting Point Apparatus (SMP50, USA). A known quantity of DTIC was 

weighed in capillary tubes and placed in the sample holder. The experiment was carried 

out in triplicate. The sample was heated up to 300°C at a rate of 10°C/min. Physical 

changes in the sample on heating was visually observed, monitored, and recorded 

throughout the time of exposure. 

4.3.2 DSC and TGA analysis of DTIC 

 

DSC and TGA analysis of the pure drug was performed to determine the thermal 

stability and monitor the change in the physical state of the compound on being exposed to 

heating under controlled conditions. The physical state of DTIC was evaluated using DSC 

(Shimadzu DSC-60, Kyoto, Japan) with a thermal analysis operating system (Shimadzu 

TA-60WS, Kyoto, Japan). About 5 mg of sample was weighed in an aluminum pan and 

crimped which was used as the sample pan. An empty crimped aluminum pan was used as 

the reference pan. The pans were heated from room temperature to 300°C at the rate of 

10°C/minute in a nitrogen environment (flow rate 20 mL/min). Similar studies were 

conducted using the TGA to monitor the weight loss in the sample on heating it up to 

300°C. The percent weight loss of the sample was reported (n=3). Additionally, two 

different TGA samples of DTIC were prepared by heating the samples up to 195°C and 

220°C and with a hold time of 10 min. Samples were heated at a rate 10°C/minute with 

nitrogen purge. Three samples were prepared: 



 

85 
 

i) DTIC was heated on a TGA pan from room temperature to 300°C 

ii) DTIC was heated on a TGA pan from room temperature to 195°C and held at that 

temperature for 10 mins 

iii) DTIC was heated on a TGA pan from room temperature to 220°C and held at that 

temperature for 10 mins  

4.3.3 Powder-X-Ray Diffraction (XRD) Analysis of DTIC 

 

The physical state of pure DTIC and DTIC TGA samples heated up to 195°C and 

220°C, respectively was studied using powder X-ray diffraction. The XRD analysis was 

performed at University of Minnesota. The data in the 2θ range 5–60 degrees was collected 

in focusing geometry using PANalytical Empyrean Diffractometer (Almelo, the 

Netherlands), exposed to Cu Kα radiation at 40 kV and 45 mA. Thin layer of powder 

sample was placed on a zero-background silicon plate and the sample holder was 

continuously spun at the rate of 90 deg/s during the measurement. Solid state PIXcel3D 

detector was scanned at a rate of 0.135 deg/s to collect data. To enhance the signal–to–

noise ratio, a focusing geometry (Bragg Brentano) and diffracted beam monochromator 

were used. 

4.3.4 LC-MS Analysis of DTIC 

 

Chromatographic separation of the pure drug sample was performed with an 

isocratic mobile phase containing 30:70 (v/v) of 0.1% formic acid in water (A) and 0.1% 

formic acid in acetonitrile (B) at a flow rate of 0.50 mL/min. Positive mode was utilized 

for operation of Electrospray ionization (ESI) source. The source temperatures, ion spray 

voltage and gas pressures were optimized through flow injection analysis (FIA) by infusing 
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mobile phase using LC. The pure drug and DTIC TGA samples heated up to 195°C and 

220°C were dispersed in known volume of DMSO and vortexed for 5min. This sample was 

then bath sonicated to dissolve excess impurities and injected in the instrument to analyze 

the m/z ratios of the peaks obtained on separation. 

4.3.5 1HNMR Analysis of DTIC 

 

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical chemistry 

technique used in quality control and research for determining the content and purity of a 

sample as well as its molecular structure. All samples were prepared by dissolving 3-4 mg 

of the sample in DMSO-d6 and utilizing the Brooker Avance III HD 400 MHz 

spectrometer. NMR was used to confirm the presence to study the molecular interactions 

and analyze the individual peaks of the pure compound in comparison with the DTIC TGA 

sample collected at 220°C. 

4.3.6 Forced UV-based photo-degradation of DTIC in aqueous solution  

Forced degradation studies of DTIC in presence of UV light were carried out three 

different pH conditions using UV-Strata Linker apparatus. Three different pH conditions 

were tested for this study: pH 1-2 0.01M HCl, pH 7.4 phosphate buffer and pH 12-14 

0.01M NaOH. The concentration of DTIC was kept constant across the samples i.e. 200 

µg/mL. The study was carried out at room temperature with an exposure time of 25 min to 

UV light. The experiment was carried out in triplicate. 

4.4 Results and Discussions 

The degradation profile of DTIC was analyzed using DSC, TGA, X-Ray 

Diffraction, LC-MS and 1HNMR.  
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4.4.1 Melting point determination of DTIC 

 

Melting point of DTIC was determined using an Automatic Melting Point 

Apparatus. Visual changes in the physical appearance of the sample were observed on 

heating the sample up to 200°C as seen in Figure 33. The pure drug sample was off-white 

in appearance at room temperature. Heating the sample under controlled temperature 

conditions had a significant impact on the physical appearance of the sample. Browning of 

the sample was seen throughout the time of exposure on being heated up to 200°C. Visual 

recording of the sample revealed that between 195-200°C, complete blackening of the 

sample was seen along with an evolution of gas confirmed by the droplets deposited on the 

sides of the capillary tube. The exothermic reaction seen in the DSC was confirmed by this 

study indicating degradation of the compound on heating. However, a reported melting at 

205°C was not observed during the DSC analysis and melting point determination study of 

the sample. 

 

 

 

 

 

Figure 33: Physical melting point of the pure drug sample observed at 150°C, 190°C and 

198°C. 

4.4.2 DSC and TGA Analysis of DTIC 

 

Thermal analysis including DSC and TGA are useful techniques that have been 

successfully applied in the pharmaceutical industry to reveal important information 
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regarding the physicochemical properties of drug and excipients such as polymorphism, 

stability, interaction and purity (Attia & Abdel-Moety, 2013).  

The DSC thermogram of the pure drug sample for DTIC as shown in Figure 34 

showed a sharp exothermic peak at 220°C close to the reported melting point of the drug 

(Al-badr, 2016). The strong evolution of heat taking place at 205°C was visually confirmed 

as a gas by thermal microscopy. The exothermic reaction taking place at this temperature 

could indicate possible degradation of the drug at the temperature.  

 

Figure 34: DSC analysis of DTIC. 

 

TGA analysis of the pure drug on heating up to 300°C revealed >50% weight loss 

at the same temperature i.e. 220°C as seen in Figure 35. The significant weight loss seen 

at the temperature indicates loss of mass from the parent compound or complete loss of the 

pure drug due to the degradation was further confirmed by LC-MS. No significant weight 

loss (<1%) was seen in the sample heated up to 195°C on a TGA pan as seen in Figure 36. 
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Figure 35: TGA Analysis of DTIC. 
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Figure 36: TGA sample heated up to 195°C. 

4.4.3 Powder-XRD Analysis of DTIC 

 

The crystalline nature of the DTIC has been reported in literature as monoclinic 

from published three-dimensional X-ray data as shown in Figure 37. (Freeman & 

TGA Sample 195°C 
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Hutchinson, 1979). The asymmetric unit contains two molecules. In one molecule, the 

protonated N in the imidazole ring is adjacent to the triazene group, and in the other, it is 

adjacent to the carboxamide group. Intermolecular hydrogen bonding produces sheets of 

molecules lying approximately perpendicular to the b-axis. Macroscopically, DTIC also 

occurs as white to ivory-colored microcrystals that are soluble in water (Bei et al., 2010).  

 

Figure 37: P-XRD Spectra of pure DTIC 

(Freeman & Hutchinson, 1979) 

XRD analysis of the pure drug sample and the TGA samples after heating it up to 

195°C and 220°C, respectively as shown in Figure 38. The crystalline nature of the pure 

drug was confirmed by the analysis and in conjunction with published data. The TGA 

sample collected at 195°C retained the characteristic peaks of the pure drug. However, the 

TGA sample at 220°C showed a broad halo peak indicating a change in the crystalline state 

of the compound to amorphous state. This confirms the possible degradation of the 

compound at 220° C indicating loss or absence of pure drug at the observed temperature 
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or decomposition of the pure compound with the loss of the crystal lattice. These results 

were further confirmed by HPLC analysis of the sample that showed the absence of the 

drug peaks. 

 

Figure 38: XRD pattern overlay of (i) pure DTIC (the API) 

(ii) DTIC TGA sample 195° C (iii) DTIC TGA sample 220° C 

 

4.4.4 LC-MS Analysis of DTIC 

 

The electrospray ionization mass spectrum of DTIC was obtained using mass 

spectrometer. LC-MS analysis of three samples chosen for the study (pure drug sample, 

TGA samples collected at 195°C and 220°C was performed to confirm the degradation of 

the pure DTIC to complement the data obtained in DSC,TGA and XRD analysis of the 

samples.  

Fabrizi et al studied the mass fragmentation of dacarbazine and reported the m/z 

ratios of the molecular fragments obtained on ionization of the molecule (Fabrizi et al., 

2012). LC-MS analysis revealed the characteristic peaks of pure DTIC as reported in 

Dacarbazine TGA sample 220 C

Dacarbazine TGA sample 195 C

Pure dacarbazine
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literature as seen in Figure 39. The TGA sample heated up to 195°C showed the same 

characteristic spectra as the pure drug sample indicating the presence of pure DTIC in the 

sample. However, the MS spectra of the TGA heated up to 220°C as highlighted in Figure 

40 showed no characteristic peaks of the pure DTIC sample. The molecular ion (M+H) + 

peak with m/z ratio of 183.1 was absent indicating the loss of the pure drug. Further 

analysis of the sample was conducted using 1HNMR to support this data. Figure 40 shows 

MS spectra of the pure drug, TGA sample at 195 and 220°C. 

 

Figure 39: Reported MS Spectra of DTIC 

(Fabrizi et al., 2012) 
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(iii) 

Figure 40 : LC-MS Spectra of i) pure DTIC, ii)TGA samples heated up to 195°C and iii) 

TGA sample heated up to 220°C 

 

To further support the data obtained from the DSC analysis of the sample, an 

additional experiment was performed in an airtight glass vial and known quantity of DTIC 

was weighed and heated at 220°C. A known volume of DMSO was added to the sealed 

vial without disrupting the integrity of the container using a syringe. The charred sample 

in the vial was vortexed and bath sonicated for 5 minutes. The dispersion was then injected 

in the mass spectrometer. The MS-spectra of the degraded compound was studied carefully 

to predict the masses of the possible metabolites on breakdown of the pure DTIC.  
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Figure 41: MS-Spectra of degraded DTIC 

 

The MS-spectra of the degraded sample were studied based on the isotopic 

abundances of the molecular fragments. The spectra revealed the absence of the (M+H) + 

ion at 183.1 as seen in the previous study indicating the absence of the pure drug in the 

sample. Interpretation of the MS-spectra revealed other additional peaks at 168.9,72.1 and 

45.3 which could be due to demethylation of DTIC, loss of dimethyl azide and loss of 

amide group respectively clearly illustrated in Figure 41. Figure 42 shows the charred 

product obtained on heating the pure DTIC sample up to 220°C. 

 

Figure 42: Charred product obtained on heating DTIC up to 220° C. 
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4.4.5 1HNMR Analysis of DTIC 

 

NMR analysis of the pure drug and TGA sample collected at 220° C was carried 

out to complement the data obtained by LC-MS analysis. The fingerprint peaks of the pure 

drug were compared to the TGA sample heated up to 220° C to evaluate the 

presence/absence of pure drug. Table 17 shows the reported 1H NMR Spectrum of DTIC. 

Table 17: 1H NMR Spectrum of Dacarbazine 

(Al-badr, 2016) 

 

The 1HNMR analysis of the pure drug sample revealed the same fingerprint peaks 

as reported in published literature indicating the purity of the drug sample. The TGA 

sample heated up to 220° C showed absence of all fingerprint peaks of the pure drug 

sample. This data is thus conclusive in indicating the degradation of the pure drug sample 

on heating up to 220°C and in conjunction with the previous characterization studies 

carried out to confirm the thermal degradation of DTIC. Figures 43 and 44 show the 

observed 1H NMR spectra of the pure drug sample and TGA sample at 220° C. 
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Figure 43:1HNMR of pure DTIC 

 

Figure 44:1HNMR of TGA sample of DTIC at 220°C 

4.4.6 Forced UV-based photo-degradation of dacarbazine in aqueous solution  

The degradation of the pure drug sample was analyzed in presence of light under 

three different pH conditions. Figure 46 shows the pH dependent degradation profile of 

DTIC when exposed to UV light. The sample was found to be the most stable in the acidic 

pH, followed by alkaline pH and was seen to be the least stable in neutral pH. This study 

revealed that due to the photosensitive nature of DTIC, the degradation of the compound 

was enhanced in presence of light. 
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The degradation of DTIC in aqueous solution has been reported in literature (Shetty 

et al., 1992). Shetty et al., has extensively studied hydrolytic degradation of DTIC under a 

broad pH range of 1-14. The reported solubility of the pure drug was consistent with the 

ionization scheme (Figure 45) involving protonation of the trienzyl side chain (pK1, = 

3.35), protonation of the imidazole ring (pK2, = 4.60) and deprotonation of the imidazole 

ring (pK3 = 11.3-11.8) There was no apparent relationship between the rate of hydrolysis 

and the rate of photolysis of the various Bjerrum species, even though the single final 

product of degradation, 2-aza hypoxanthine, was the same for both reactions (Shetty et al., 

1992). On the contrary, Horton and Stevens reported two degradation of DTIC i.e. 4-

carbamoyl-imidazolium-5-olate or 2-azahypoxanthine, depending on the pH value of the 

solution (Horton & Stevens, 1981). Figure 47 shows the representative chromatograms 

obtained on forced degradation of DTIC in presence of light in three different pH 

conditions: (0.01M HCl,   0.01M NaOH and pH 7.4 phosphate buffer) at room temperature. 

 

Figure 45: Proposed ionization scheme for the photolysis and hydrolysis of DTIC in 

aqueous solution (Shetty et al., 1992) 
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   Figure 46: Degradation of DTIC under three tested pH conditions (0.01M HCl,    

0.01M NaOH and pH 7.4 phosphate buffer) at room temperature. 

 

 

 

 

(a)                                      (b)                                  (c) 

 

 

 

 

 

(d) 

Figure 47: Representative chromatograms for DTIC (a) in 0.01 M HCL (b) in 0.01 M 

NaOH (c) in pH 7.4 phosphate buffer (d) Overlay spectra of stacked chromatograms 
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DTIC preparations are conventionally administered via IV route by i.v. injection or 

short-term infusion. The solubility of the pure DTIC is the lowest at neutral (pH 7) and 

reported as 1.53 mg/mL. However, under light-protected conditions the shelf-life of the 

reconstituted product is the highest at this pH (Shetty et al., 1992). Reconstitution of the 

pure drug at neutral pH is of clinical relevance for formulations administered via IV 

delivery. As demonstrated by Kirk (Photostability of Drugs and Drug Formulations, 

Second Edition - Google Books.), exposure to daylight causes rapid degradation and results 

in the loss of DTIC after 2 hours. Fluorescent light is less detrimental, as 90% DTIC was 

retained up to a period of 24 hours. Light protection with aluminum foil extends DTIC 

stability to 72 hours (Aatmani et al., 2002). A strong relationship has been suspected 

between the degradation products of DTIC and adverse reactions like local venous pain, 

nausea, vomiting, hematotoxicity, and influenza-like syndrome on administration (Baird 

& Willoughby, 1978; Koriech & Shükla, 1981). 

Clinical studies would serve the potential to determine the actual effects of 

degradation products of DTIC. However, considering the lack of anticancer activity in 2-

azahypox-anthine, studies in humans would be of no clinical relevance (Shükla, 1980). The 

highly unstable nature of the DTIC emphasizes on the need to store the pure drug samples 

and final product (lyophilized NLC) under light protected conditions prior to 

reconstitution. Rapid reconstitution and dilution, aluminum foil wrapping, storage at 2–6 ° 

C before ad-ministration, and opaque infusion tubing are recommended to preserve DTIC 

and prevent the administration of the inactive and potentially harmful degradation product 

(s) (Aatmani et al., 2002).  
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4.5 Conclusions 

The thermal degradation of the compound was extensively studied using different 

characterization techniques such as DSC, TGA, XRD, LC-MS, 1HNMR spectroscopy. 

DSC and TGA analysis revealed exothermic peak for DTIC and significant weight loss 

(>50%) respectively at 220°C. XRD analysis, LC-MS, 1HNMR, supported this data 

indicating degradation of the drug at that temperature. However, further conclusive studies 

are needed to provide a better understanding of the nature of the product (s) formed on 

degradation of DTIC. Future studies involve using GC-MS method to experimentally 

determine and quantify the degradation product(s) of DTIC based on the obtained mass 

spectra. Hydrolytic degradation of pure DTIC is dependent on the pH solution and is 

enhanced in the presence of light. Pure drug samples and any formulations containing pure 

DTIC should always be stored away from light and in the refrigerator to avoid degradation 

of the compound. 
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CHAPTER 5 

In vitro evaluation of NLC for release and 

cytotoxicity testing on cell culture models 
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5.1 Introduction 

 

In vitro evaluation of the formulations in cell culture models plays a key role in 

testing the research hypothesis. These studies also provide valuable insight that allows one 

to better tailor subsequent in vivo studies. Cell culture models serve as a strong 

representation of the disease or condition for which the treatment is investigated or a target 

site at which the therapeutic action is desired. These tests may help in assessing the safety 

of the pharmaceutical formulation as well as the mechanism in which it acts and its overall 

efficacy. Cell culture models and in vitro studies are valuable and essential for testing 

potential therapies and understanding the biological processes, molecular physiology, and 

pathology, as well as effects of gene alterations in melanoma treatment. We have 

formulated two novel nanostructured lipid carriers encapsulating DTIC and RES within the 

lipid matrix as a potential therapy for cutaneous melanoma.  

Drug release kinetics from a formulation plays a critical role in providing 

information on the dosage form behavior and is a key parameter used to assess product 

safety and efficacy (Souza & Keck, 2014). Of all the methods used to assess drug release 

from nano-sized dosage forms, the dialysis method (DM) is the most versatile and popular. 

In this method, physical separation of the dosage forms is achieved by usage of a dialysis 

membrane which allows for ease of sampling at periodic intervals. The ease of set-up and 

sampling with the DM make it a very simple and straightforward technique to study drug 

release from a wide variety of nano-sized dosage forms like nanospheres, liposomes, 

nanoemulsions, nanosuspensions, and so forth (Calvo et al., 1996). The formulations for 

this study were evaluated to study the in vitro release profile of both drugs using dialysis 
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membrane apparatus. The two drugs DTIC and RES (with and without surface 

modification) were compared for their in vitro release profile across both batches of NLC. 

MTT assay was employed to evaluate the cytotoxicity of the formulation. MTT (3-

(4, 5- Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H tetrazolium bromide) is an agent that 

indicates the metabolic activity of the living cells. Living cells possess certain 

mitochondrial NAD(P)H-dependent cellular oxidoreductase enzymes that absent in non-

viable cells. When the MTT dye is added to cells, the viable cells containing these enzymes 

can metabolize the dye to form purple colored insoluble formazan crystals. The quantity of 

formazan crystals can be determined through colorimetric determination using a 

spectrophotometric analysis. The extent of reduction would be proportional to the number 

of viable cells thus reflecting the toxicity encountered by cells due to any xenobiotic 

exposure. Two cell lines were chosen for this study that include B16F10 murine melanoma 

cells to best mimic the metastatic tumor cells and HEKa primary epidermal keratinocyte 

cells to monitor the safety of the formulation on healthy skin cells. 

AMJ2 mouse macrophage cells were used to visualize the uptake of the drug solutions 

and nanoparticles in vitro.  The safety of the formulation intended to be delivered for 

parenteral route was tested by performing the hemolysis assay. It was essential to determine 

the effect of the formulation on red blood cells when injected. The cytotoxicity and 

hemolytic effect of the individual components of the formulation was also studied to 

determine the overall safety of the excipients used in the formulation. 
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5.2 Materials 

 

B16F10 mouse melanoma cell line and HEKa primary epidermal keratinocyte cell 

line was purchased from American Type Culture Collection (ATCC) (Manassas, VA. The 

Dulbecco’s Eagle’s Minimum Essential Medium (DMEM), Minimum Essential Medium 

(MEM) penicillin-streptomycin, L-glutamine and sodium pyruvate were purchased from 

CellGro® (Manassas, USA). MTT was purchased from Acros Organics (New Jersey, 

USA), DMF and DMEM/F-12 was purchased from Fisher Scientifics (Fair Lawn, USA), 

Gibco® 0.25%, Trypsin-EDTA, FGF, EGF and Sodium Dodecyl Sulphate (SDS) was 

purchased from Thermo Fisher Scientific, Fetal Bovine Serum (FBS) was purchased from 

Atlanta Biologicals (Flowery Branch, GA).AMJ2 mouse macrophage cells were purchased 

from American Type Culture Collection (ATCC) (Manassas, VA). FluoroshieldTM with 

DAPI was purchased from Sigma. LysoTracker® Red DND-99 was obtained from Thermo 

Fisher Scientific. Blood used for hemolysis study was single donor human whole blood 

obtained from a Caucasian male (Age:39 years) and purchased from InnovativeTM 

Research (Novi, MI) 

5.3 Methods 

 

5.3.1 In vitro release studies of DTIC and RES loaded NLC  

In vitro release of DTIC and RES from the two different types of drug-loaded NLC 

was analyzed using dialysis membranes (Spectrapor cellulose membrane) having 12–14 

kDa MWCO. The release medium included phosphate buffer pH 7.4 with 0.5% (w/v) 

Tween 80. Surfactant (Tween 80) was used in the dissolution medium to enhance the 

solubility of both drugs in the aqueous release medium. A 2.0 mg/mL suspension of 
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nanoparticles was prepared in the release medium. Two mL of this suspension was sealed 

into the dialysis bag (donor compartment) which was inserted into a 100 mL amber glass 

tight container containing 50 mL of release medium (receiver compartment). Dialysis clips 

(Spectra/Por Closures, weighted and non-weighted) were used to support the membrane to 

float on the surface of the release media. Three containers were placed in the incubator-

shaker (Precision™ Shaking Water Baths, Thermo Scientific). The setup was maintained 

at a temperature of 37 ± 2˚C and 80 RPM and covered with a lid for light protection. The 

release media was equilibrated for 10 min at the same temperature before addition of the 

dialysis bags. One mL sample was collected from the receiver compartment at pre-

determined time intervals (0, 0.25, 1, 2, 4, 6, 8, 10, and 16 hours).The volume of sample 

collected each time was replaced with an equal volume of fresh release media at each time 

point. The aliquots were filtered through 0.2 µm syringe filter and analyzed for drug 

content using the validated HPLC method. Calculations were carried out to plot a graph of 

% cumulative drug release vs time in hours and thus the total amount of drug released was 

determined. The results were conducted and expressed in triplicates as mean ± SD (n=3). 

5.3.2 Cellular localization studies 

The cellular localization studies were performed on AMJ2 mouse macrophage 

cells. Briefly, sterile gelatin was plated on to BD Falcon 8-well slides and 100 µL of AMJ2 

cells diluted 1:40 with Dulbecco's Phosphate-Buffered Saline (D-PBS) were added to the 

wells and incubated in a humidified chamber at 37°C for 2 hours. Freeze-dried NLC for 

both types of nanoparticles, with and without surface modification (Blank NLC and PEG 

NLC) containing equivalent amounts of curcumin used as the fluorescent dye, was 

suspended in cold D-PBS to form 1 mg/mL nano-suspensions. Lysotracker red (0.5 µL) 
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was added to both nanoparticle suspension prior to treatment. The media in the 8-well 

plates was removed and 100 µL of nanoparticle suspension were added to the wells after 

2.5 min and 5 min respectively. Two hundred µL of 10% glutaraldehyde solution was 

added to the wells for cell fixation and removed after a contact time of 10 minutes. The 

wells were then removed, DAPI was added and the plate was covered with a cover slip. 

The cells were visualized under Leica DM2500M microscope, fitted with the Leica 

DFC320 camera. 

5.3.3 MTT Cytotoxicity assay 

Cytotoxicity of all types of the blank and drug loaded NLC with and without surface 

modification was determined by the tetrazolium dye (MTT) colorimetric assay. B16F10 

mouse melanoma cell line and HEKa primary epidermal keratinocyte cell line was used 

for this study. The cells were incubated in a humidified incubator at 37ºC and 5% CO2. 

After they reached a confluency of 80–90%, they were washed with sterile PBS, pH 7.4 to 

remove any debris, trypsinized with trypsin–EDTA, and subcultured at a ratio of 1:110 for 

B16F10 cells and 1:25 for HEKa cells. HEKa cells were grown in serum free MEM and 

serum free DMEM respectively, supplemented with 10% Fetal Bovine serum (FBS), 1 mM 

sodium pyruvate, 0.1 mM Non-essential Amino 72 Acids, 2mM L-Glutamine, 100 U/ml 

Penicillin, and 100 µg/ml Streptomycin. After plating the cells in 96-well plates, (B16F10: 

11,000 cell/mL; HEKa: 65,000 cells/mL) the plates were incubated overnight in a 

humidified chamber at 37°C with 5% carbon dioxide. Following the overnight incubation, 

the cells were treated with 100 μL of specified concentrations of DTIC-RES solutions or 

the blank and drug loaded NLC with and without surface modification for at 24, 48 and 72 

hours (n=3). A blank media treatment was also carried out. All treatment solutions were 
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prepared in serum-free sterile D-PBS. The treatment was removed 24, 48, 72 hours after 

incubation for HEKa cells by pipetting media/treatment from cells and for the B16F10 cells 

by centrifuging the plates at 1500 rpm (20°C) for 5 min and then media/treatment was 

pipetted out. A solution of the MTT was prepared by dissolving the MTT reagent in sterile 

D-PBS pH 7.4 as a 3 mg/mL solution. 

After an incubation period of 24, 48 and 72 hours; 50 µL of MTT solution (3 

mg/mL) prepared in sterile phosphate buffer pH 7.4 was added to the wells. The plate was 

then incubated for a period of 4 hours. After 4 hours, the treatment was removed, and the 

cells were lysed using a 1:1 solution of 20% (w/v sodium dodecyl sulfate (SDS) and 

dimethyl formamide (DMF). The plates were kept on the incubator-shaker (MaxQ 4450, 

Thermo Scientific) for one hour at 37°C. The absorbance was measured by spectroscopic 

analysis using the microplate reader (Multiskan MCC) at 540 nm. All the studies were 

performed in triplicate. The seeding density as well as the different medium used for both 

cell lines are shown in Table 18. 

The cell viability was determined by the following formula:  

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
Sample (abs)–  blank (abs)

Control (abs)–  blank (abs)
 × 100 

Where: 

Sample (abs) = absorbance of sample measured at 540 mm (cells + medium + treatment 

condition) 

Control (abs) = absorbance of negative control (absence of treatment, contains only cells 

and medium) 

Blank (abs) = absorbance of the wells which have no cells (only medium) 
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Table 18: Seeding density and media used for MTT assay  

Cell type Cell count 

(cultured in flask) 

Media 

B16F10 cells 11,000 cell/mL Serum free DMEM 

HEKa cells 65,000 cells/mL Serum free MEM 

 

5.3.4 Hemolysis assay 

Single donor human whole blood (Innovative Research, USA) was purchased and 

used for determining the hemolytic effect of the nanoparticle formulation, if any. The total 

volume of whole blood was marked on the container.  The blood was centrifuged at 1500 

rpm for 10 minutes and the supernatant serum was removed. The red blood cells were 

washed three times using 0.9% (w/v) sodium chloride solution (normal saline). After the 

final wash, the red blood cells were diluted to the initial marked volume using normal 

saline. The red blood cell suspension was further diluted (1:10) with normal saline for this 

study. An approximate dose in human with 5 L blood volume was calculated and the drug 

and nanoparticle solutions were diluted accordingly. Two hundred µL of the diluted blood 

cells were added to the 800 µL treatment solutions in a microcentrifuge tube. One percent 

(v/v) Triton X-100 in normal saline was used as the positive control. Normal saline was 

used as the negative control. The treated blood cell solution was incubated at 37°C for one 

hour. After one hour, the tubes were centrifuged for 5 minutes at 13,000 rpm and the 

absorbance of the supernatants was analyzed at 540 nm on the micro plate reader (n=3).  
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The percent hemolysis was calculated using the following formula:  

 

5.3.5. Statistical analysis  

The statistical analysis of the experimental data was performed using the two tailed 

Student’s t-test. A statistically significant difference was termed if the p value was 

determined to be less than 0.05. Two-way ANOVA testing was also performed to evaluate 

statistical significance across different groups. 

5.3 Results and Discussions 

 

5.3.1 In vitro release studies of DTIC and RES loaded NLC 

The in vitro release of DTIC and RES from drug loaded NLC for both batches (D.L. 

NLC and PEG D.L. NLC) was plotted as percent cumulative released against time in hours 

and shown in Figures 48 and 49, respectively. This study was carried out for a total period 

of 16 hours. 

 Limited aqueous solubility of both drugs, especially RES, presents a challenge in 

simulating aqueous body fluids for studying the in vitro release of the drug from the 

formulation. Hence, some modifications to either the most commonly used release medium 

of phosphate buffer pH 7.4 and 0.5% (w/v) Tween 80 was added to the release media to 

maintain sink conditions and ensure the release of the RES in the release media. The release 

profiles for DTIC and RES were found to be different. The possible reason for it could be 

the difference in the relative solubility of two drugs in the release medium.  

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100   
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Figure 48: Cumulative release (%) of DTIC and RES in D.L. NLC 

 

 

Figure 49: Cumulative release (%) of DTIC and RES in PEG D.L. NLC 
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DTIC showed an immediate release and RES showed a sustained release profile 

across both batches of NLC formulations. The slower release of RES in comparison to 

DTIC can be explained by the higher entrapment of RES in the lipid matrix. The relative 

sustained release trend of RES can be attributed to the fact that lipophilic RES was held by 

the solid-lipid core of NLC and subsequently drug release from the lipid matrices mainly 

depended on the co-effect of bulk erosion and diffusion (Liu et al., 2015). The drug 

releasing rate of RES was enhanced with surface PEGylation using PEG-40-SA. This could 

be explained by the fact that amphiphilic PEG chains located on the surface of NLC could 

decrease the surface tension and make the nanoparticles surface to be wet more easily 

(Yuan et al., 2007). 

5.3.2 Cellular localization studies 

 

Cellular localization studies were performed on AMJ2 cells to compare the uptake 

and distribution of the nanoparticles in the cells using fluorescence microscopy. The blue 

color in the cells are their nuclei stained with DAPI. The red-yellow stained organelles are 

the cell lysosomes. This study used curcumin as the fluorescent marker due to its inherent 

fluorescence and can be seen as a green color around the cell membrane inside the cells. 

Both types of nanoparticles demonstrated a visible uptake within the first 5 minutes of the 

study. This study was carried out at two different time points after exposure (2.5 and 5 

minutes). The results of this cellular uptake of different formulations are shown in Figures 

50 and 51. 

https://www.tandfonline.com/doi/full/10.3109/10717544.2014.885614
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Figure 50: Cellular localization of Non-Pegylated NLC at 2.5 min and 5 min respectively 

 

Figure 51: Cellular localization of Pegylated NLC at 2.5 min and 5 min respectively 
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Qualitative analysis of cellular localization of both types of NLC formulations 

proved that the particles were localized in the cells. Fluorescence microscopy was used to 

visualize the localization of the nanoparticles in the cells. Curcumin, the dye used had 

excitation and emission wavelengths of 480 nm and 528 nm, respectively. However, this 

study would be more conclusive in analyzing the localization of nanoparticles if analyzed 

for an extended time period with multiple time points using Confocal Laser Scanning 

Electron Microscopy (CLSM). 

5.3.3 MTT Cytotoxicity assay 

The NLC formulations for both batches of NLC (with and without PEG 

modification) were tested on two cell lines (B16F10 murine melanoma cells and HEKa 

human primary epidermal keratinocyte cells) to evaluate the reduction in cell viability after 

24, 48 and 72 hours of post treatment. Figure 50 represents the cell viability profiles for a) 

Blank NLC b) Drug loaded NLC c) Pegylated NLC d) Non-pegylated NLC at 72 hours on 

the B16F10 mouse melanoma cells. As seen in the Figure 52, blank formulations for both 

batches of NLC showed similar toxicity in comparison to the drug loaded NLC at all tested 

concentrations. In MTT studies involving raw drugs DTIC/RES, drug concentrations were 

matched to the concentrations of the respective drugs in the formulation. Because the 

formulations contained different amounts of drugs, the greatest equivalent concentrations 

were used in this case from 3000 µg/mL – 0.03 µg/mL in 10-fold serial dilutions.  
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Figure 52: Percent cell viability for all NLC formulations on B16F10 mouse melanoma 

cells, 72 hours post-treatment 

 

Student t-test (two-tailed) was used to evaluate the statistical significance of the 

cell viability across all batches of NLC. It was seen that both batches of blank NLC 

formulations were not significantly different than the drug loaded NLC at all tested 

concentrations of the treatment solutions (*p > 0.05). This indicates that blank NLC were 

found to be toxic to the cells. There was no significant difference in the toxicity (*p > 0.05) 

of the two different types of blank formulations (Blank and Pegylated NLC) of the blank 

NLC indicating that the individual components used in formulation of the NLC were the 

cause of the cytotoxicity. Similar toxicity was seen on testing the NLC formulations on 

HEKa cells as shown in Figure 53. 
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Figure 53: Percent cell viability for all NLC formulations on B16F10 mouse melanoma 

cells, 72 hours post-treatment 

 

Cytotoxicity evaluation of the individual components used in formulation of the 

NLC i.e. the solid lipid components (glyceryl monostearate and stearic acid), liquid lipid 

component (Labrafac CC), and the surfactant (Pluronic F68) were tested at the equivalent 

concentrations of the nanoparticles used in the previous study. Figure 54 shows the 

cytotoxicity evaluation of the blank NLC formulations for both batches in comparison with 

the individual excipients used.  

Two-way ANOVA testing was also performed to evaluate statistical significance 

across different groups. It was found that Labrafac CC and Pluronic F68 were found to be 

safe with no significant reduction (p<0.05) in cell viability at all tested concentrations of 
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the study. Glyceryl monostearate and stearic acid, on the other hand showed significant 

reduction in viability (*p> 0.05) in equivalent concentrations used in the NLC formulations 

at medium and high concentrations used in the study i.e. 300 µg/mL and 3000 µg/mL, 

respectively. This analysis revealed the solid lipid components used in the formulation 

were toxic to the cells. 

 

Figure 54: Percent cell viability of Blank nanoparticles and Excipients used in NLC 

 

5.3.4 Hemolysis assay 

The hemolytic effects of the NLC formulations were evaluated using the hemolysis 

assay and tested in comparison to the drug solutions. Hemolysis assay was performed on 

five treatment groups that include a negative control, positive control, DTIC and RES 
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both raw drug solutions of DTIC and RES and NLC were found to have significantly 

negligible percent hemolysis (****p<0.0001) as compared to the positive control. The 

results are expressed mean ± SD (n=3) 

 

Figure 55: Hemolysis Assay for nanoparticles/drug solution. 

 

Based on the findings of the hemolytic assay of the individual components used in 

the formulation of the NLC as shown in Figure 56, it was found that all the NLC 

formulations as well as the individual excipients exhibited negligible hemolysis as 

compared to the control group. At a high concentration (3mg/mL), the NLC formulations 

showed 5-7 % hemolysis, however it was significantly different (p<0.05) as compared to 

the control groups.  
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Figure 56: Hemolysis assay for blank nanoparticles and excipients used in preparation of 

NLC 

5.4 Conclusions 

DTIC showed an immediate release and RES showed a sustained release pattern in 

both types of NLC. Blank NLC showed similar toxicity to the drug loaded NLC indicating 

that the excipients used in the formulation are responsible for toxicity. Further evaluation 

of individual excipients revealed that glyceryl monostearate and stearic acid caused 

cytotoxicity. All other excipients used in the study were found to be safe at all tested 

concentrations. However, hemolysis study confirmed the safety of both batches of NLC as 

well as the lipid excipients; glyceryl monostearate and stearic acid for administration in 

blood at low and medium concentrations. The results of this investigation further indicated 

the need of using safer solid lipid components in the NLC to increase drug load in the 

formulation to improve its effectiveness and minimizing its cytotoxicity.  
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CHAPTER 6 

Summary, future directions and global impact 
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6.1 Summary 

 

Melanoma is the most aggressive and deadliest form of skin cancer. Despite of the 

significant advancements in the treatment options, there is no overall improvement in the 

survival of melanoma patients by monotherapy or combination therapies of 

chemotherapeutic agents. The current project explores the novel combination of DTIC and 

RES formulated in nanostructured lipid carriers for targeted delivery to the tumor cells. It 

also aims at improving the therapeutic efficacy and reducing the harmful side effects 

associated with delivery of cytotoxic agents by combining it with a natural polyphenol with 

promising potential in the treatment of cutaneous melanoma.  

A sensitive HPLC method for the simultaneous determination and quantitation of 

DTIC and RES was developed and validated. The chromatographic method used a reversed 

phase Schimadzu system using Zorbax Eclipse XDB C18 column for separation of the two 

compounds. A mobile phase of 0.5% orthophosphoric acid and acetonitrile in a ratio of 

60:40 was used. The flow rate was 1.0 mL/min, with a run time of 4 minutes. DTIC was 

monitored at 306 nm while RES was monitored at 323 nm on a PDA detector. The method 

was specific for DTIC and RES and was successfully able to quantify the lowest 

concentration of 1.6 µg/mL. It was validated for linearity, precision, and accuracy 

according to the ICH and USP guidelines. This HPLC method helped in determining the 

entrapment efficiency and in vitro release of DTIC and RES. DTIC and RES were found 

to have different entrapment efficiency, with RES being higher than DTIC due to its 

lipophilic nature. All batches of NLC formulations were found to be stable over a period 

of 2 months. 
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Degradation profile of DTIC was studied in solid-state and in aqueous solution. The 

thermal degradation of DTIC was confirmed by a highly exothermic and explosive reaction 

seen at 220°C with absence of melting and complete loss of the pure drug. Hydrolytic 

degradation of pure DTIC is dependent on the pH solution and is enhanced in the presence 

of light. Pure drug samples and any formulations containing DTIC should always be stored 

away from light and in the refrigerator to prevent degradation of the compound into 

potentially harmful product (s). 

Nanostructured lipid carriers were successfully prepared and characterized for co-

delivery of dacarbazine and resveratrol. The lipid-based system was developed for 

parenteral delivery of the formulation for treatment of cutaneous metastatic melanoma. 

Melt-emulsification and solvent evaporation method along with ultrasonication was 

successfully used for formulation of NLC. The NLC formulations showed significant 

increase in particle size upon freeze drying. The nano-emulsions and freeze dried NLC of 

all batches were within the size range of 150-350 nm. The zeta potential values for all 

batches of NLC were negative and within the range of -25 mV to -35 mV showing good 

stability. DTIC and RES were found to exist in a non-crystalline state in the NLC as 

confirmed by DSC and XRD analysis of the formulations. No significant weight loss (<1%) 

was seen indicating the absence of moisture/solvent in the formulations as revealed by the 

TGA analysis of the NLC formulations. The FTIR spectra revealed that there was no 

interaction between both drugs in the nanoparticles.  

DTIC showed an immediate release in first one hour of the study while RES showed 

a sustained release pattern for both batches of NLC. Cellular localization studies revealed 

the nanoparticles were seen to be internalized in the AMJ2 macrophage cells within 5 
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minutes of treatment. The formulations were tested for their cytotoxicity on B16F10 and 

HEKa cell lines. Blank NLC exhibited considerable toxicity in the MTT cytotoxicity assay 

with increasing concentrations of the treatment solutions and showed similar toxicity in 

comparison to the drug loaded NLC in the tested concentrations on both B16F10 and HEKa 

cells. Further evaluation of individual excipients revealed that glyceryl monostearate and 

stearic acid are toxic to the cells at the tested concentrations. However, hemolysis study 

confirmed the safety of both the excipients and the NLC for administration in blood at low 

and medium concentrations.  

6.2. Future directions  

  

The present study involved preparation and characterization of nanostructured lipid 

carriers for co-delivery of hydrophilic and lipophilic drugs in the lipid matrix. Use of two 

hydrophobic drugs or testing further combination of lipid excipients would help in 

improving the entrapment of both drugs. Other lipid-based systems like liposomes or 

polymeric nano-systems can also be explored for encapsulation of drugs. This system could 

be tested in vitro for its efficacy on other cancer cell lines. The lipids used in the study were 

found to be toxic at the tested concentrations and can be replaced with safer lipids by 

conducting preliminary toxicity studies at the tested concentrations or improving the drug 

load in the formulation. Surface modification by attaching antibodies on the surface of the 

nanoparticles to target specific receptors and mutations can also be carried out to help in 

improving targeted delivery of the nanoparticles in tumor cells. The cellular uptake of the 

formulation can be tested on other cell lines to quantify the uptake of the drugs in healthy 

and cancerous cells. Synergism studies can be carried out to test the efficacy of drugs in 

combination therapy. Correlation of the in vitro results can be carried out with in vivo 
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studies. Different animal models can be explored for this purpose such as mouse model, 

transgenic models, and knockout mouse models.  

Long-term stability studies for all batches of freeze-dried NLC monitored for drug 

loss/degradation over a period of 3-6 months would confirm the stability of the drugs on 

storage. As both drugs are prone to degradation, stability studies would ensure the safety 

of the administered formulation for parenteral delivery. 

6.3. Global impact  

 

Skin cancer is the most common cancer in the United States and worldwide and 

statistics suggest that 1 in 5 Americans will develop skin cancer by the age of 70 (Skin 

Cancer Facts & Statistics, 2020). According to the CDC, the incidence of melanoma has 

doubled during the past three decades in the United States. One person dies of melanoma 

every hour, every day (Melanoma Statistics, 2020). In 2020, it is estimated that there will 

be 100,350 new cases of melanoma in the United States and 6,850 deaths from the disease 

(Melanoma Stats, Facts, and Figures, 2020). The five-year survival rate for people whose 

melanoma is detected and treated before it spreads to the lymph nodes is 99 percent. Five-

year survival rates for regional and distant stage melanomas are 64 percent and 23 percent, 

respectively (Skin cancer, 2020). Although, the treatment therapies have advanced in the 

past decade, current chemotherapeutic drugs are not devoid of their adverse effects which 

limits their therapeutic efficacy. Combination therapy of DTIC and RES could achieve 

synergistic potential and improve the effectiveness in treatment of metastatic melanoma.  

Development of a novel drug delivery using combination therapy of the two drugs 

aims at improving the treatment efficacy with reduced side effects and achieving targeted 
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delivery to tumor cells. After achieving in vitro efficacy and toxicity, the system would be 

tested clinically in in vitro tumor models for therapeutic efficacy in treating cutaneous 

melanoma. If the system is found to be efficacious in animal models, clinical trials can be 

initiated. Successful completion of these studies will address a better treatment option for 

this deadly global disease.  
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