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Abstract  

Poorly soluble polyphenols such as curcumin and resveratrol have shown significant 

potential in the treatment of melanoma due to their multifarious roles in its pathogenesis. 

Furthermore, the combination of curcumin and resveratrol was found to demonstrate 

synergistic effects in other cancers; colorectal, breast cancer. However, the highly 

hydrophobic properties and the excellent barrier function of the skin lead to a very low 

percutaneous penetration of curcumin and resveratrol. In this context, topical solid lipid 

nanoparticles were introduced as a drug carrier to enhance the skin penetration of the 

aforementioned polyphenols and exploit their anti-cancer activity. Small, negatively 

charged curcumin and resveratrol loaded SLNs (Cur-Res SLNs) with a mean diameter of 

180.17 ± 7.69 nm were prepared using high shear homogenization method. Cur-Res SLNs 

were found to be more stable up to 3 2 weeks under 4°C. In vitro release study showed that 

showed that release profile of curcumin was significantly low compared to resveratrol. 

Binding studies demonstrated that a significant amount of Cur-Res SLNs got bound to the 

skin, indicating that these SLNs are ideal systems for topical administration of curcumin, 

resveratrol and their combinations. ECIS measurements indicate that combination of 

curcumin and resveratrol  has potential to stop cell migration of B16F10 melanoma cells. 

Both Cur-Res SLNs and solution of curcumin and resveratrol at the ratio of 3:1 

demonstrated a strong synergism on the cytotoxicity of SK-MEL-28 cell line. However, 

one of the limitations of this study is low drug loading which is not adequate for the in vivo 

performances. Therefore, in future studies, formulation parameters of Cur-Res SLNs 

should be further optimized to increase the drug loading.  
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1.1 Skin Cancer  

Skin cancer is one of the most common malignancies in individuals of Caucasian ethnicity 

(Naves et al., 2017) and in the U.S., one in five people develops skin cancer during their 

lifetime. Skin cancers are classified into three major types: basal cell carcinoma (BCC), 

squamous cell carcinoma (SCC) and cutaneous malignant melanoma (CM), based on 

cellular origin and clinical characteristics. BCC and SCC skin cancers are classified as non-

melanocytic skin cancers (Naves et al., 2017).  

1.1.1 Cutaneous Melanoma 

Melanoma is a malignancy of pigment-producing cells, the melanocytes, found 

predominantly in the skin but are also located in the eyes, ears, gastrointestinal tract, 

leptomeninges, and oral and genital mucous membranes (Shashanka and Smitha, 2012). 

Although melanoma accounts for less than 5% of all skin cancers, it causes the greatest 

number of skin cancer–related deaths, as globally, more than 65,000 people die due to 

cutaneous melanoma (World Health Organization 2006). According to the American 

Cancer Society (2018) and American Academy of Dermatology Association (2018), the 

incidence and mortality rate from cutaneous malignant melanoma has been increasing in 

the United States. At least one person in U.S. dies from malignant melanoma per hour. 

Currently, melanoma is regarded as the fifth and sixth most common cancer in men and 

women, respectively, in the U.S. (American Academy of Dermatology Association 2018). 

In 2018, there were 91,270 new cases of cutaneous melanoma and 9,320 deaths from 

melanoma in the U.S. (American Cancer Society 2018). 
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Cutaneous melanoma originates from genetically altered melanocytes located in the basal 

layer of the epidermis. These cells synthesize and transfer melanin compounds to adjacent 

keratinocytes (Eskandarpour 2007). Figure 1.1 illustrates the progression of melanoma 

metastasis based on Clark’s model.  

Figure 1. 1 Melanoma tumor progression based on the Clark’s model : (a) Benign nevus, 

(b) dysplastic nevus, (c) radial-growth phase, (d) vertical growth phase, (e) Metastatic 

melanoma 

As discussed in Clark’s model, the development and progression of melanoma can be 

divided into five distinct steps. During stage one, a benign nevus is formed in the basal 

layer of the epidermis due to mutations in normal melanocytes. In stage two, further 

alteration and uncontrolled growth of a pre-existing benign lesion gives rise to a dysplastic 

nevus. During stage three, melanocytes in the radial growth phase proliferate and spread 

horizontally within the epidermis due to “cadherin switching”. Malignant cells begin to 

invade the basement membrane and proliferate vertically during stage four.  
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Stage 5, the final stage, is metastasis, which is considered to be the most critical aspect of 

melanoma. Malignant melanocytes enter the blood vessels and/or lymphatic system to 

reach distant sites to form tumors. The most common site of metastasis are the lymph 

nodes, followed by skin, lung, liver, bone and the brain (Orgaz and Sanz-Moreno, 2012).  

The two main risks for developing malignant melanoma are host characteristics and 

environment. Ultraviolet (UV) radiation is considered to be the most important 

environmental risk factor for melanoma due to its genotoxic effects. The sun emits three 

types of UV radiation, UV-A (λ = 320-400 nm), UV-B (λ = 280 - 320 nm) and UV-C (200-

280 nm) (Volkovova et al., 2012). The shorter the wavelength, the more damage it can 

produce. Thus, UV-C, which has the shortest wavelength, is the most damaging type of 

UV radiation. However, it is completely filtered by the atmosphere and does not reach the 

earth's surface. The intermediate wavelength, UV-B, is biologically active but cannot 

penetrate beyond the superficial skin layers. UV-A is the predominant component of 

sunlight reaching the earth’s surface, accounting for 98.7% of total UV radiation 

(Madronich et al., 1998). It penetrates five-fold deeper into the dermis compared to UVB 

as its wavelength is longer than UVB (He et al., 2004). UVB can cause direct DNA damage 

that may contribute to inducing mutations in keratinocytes, upregulation of gene 

expression, and suppression of immune reactions, leading to the development of skin 

cancer in humans. In contrast, UVA causes structural damage to the DNA indirectly by 

inducing the formation of reactive oxygen species (ROS) (Volkovova 2012). It has been 

experimentally demonstrated that 92% of all melanoma cases are mediated by UVB 

radiation, even though it is only a minor component of sunlight (Davies et al., 2002) The 

important host risk factors that increase the risk of malignant melanoma are genetic 
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susceptibility, family history, skin type, and the number and the type of nevus cells and 

pigmentation (Eskandarpour 2007). 

1.2 Current Therapeutic Approaches for Melanoma  

Malignant melanoma is the most aggressive type of skin cancer. It has a poor prognosis 

that primarily results from the high metastatic potential and significant resistance to 

conventional chemotherapy (Grossman and Altieri, 2001). The potential mechanisms for 

drug resistance in melanoma remain to be fully elucidated. However, based on the scientific 

literature, dysregulation of apoptosis is the main cause of drug resistance in melanoma 

compared to other mechanisms such as detoxification by glutathione conjugation, Ras 

mutation, and topoisomerases (Grossman and Altieri, 2001).  

Melanoma is the most aggressive form of skin cancer that originates from neural-crest 

derived melanocytes. Melanoma has a high resistance to chemotherapeutic drugs because 

melanocytes have enhanced survival properties as they originate from highly motile cells 

(Soengas and Lowe, 2003). The majority of chemotherapeutic drugs suppress the growth 

of melanomas by inducing apoptosis (Soengas and Lowe, 2003). The resistance to 

apoptosis causes low levels of spontaneous apoptosis in vivo in melanoma cells compared 

to other tumor cells. However, the resistance of melanomas to current cancer therapies, 

including chemotherapy, immunotherapy and radiotherapy, significantly diminishes the 

successful treatment of melanoma (Gray-Schopfer Wellbrock, and Marais 2007).  

Although local therapies are used in the treatment of melanoma, the majority of melanoma 

patients are treated with systemic therapy. Systemic therapy can be categorized into three 

main strategies: immune therapy, cytotoxic chemotherapy, and combination approaches 

(Bhatia, Tykodi and Thompson 2009).  
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Metastatic melanoma has been treated with chemotherapeutics drugs, including alkylating 

drugs (e.g. dacarbazine, temozolomide), antimicrotubular drugs and platinum-based drugs 

for over 3 decades (Bhatia, Tykodi and Thompson 2009). Until 2011, the prodrug 

dacarbazine (5-[3,3-dimethyl-1-triazenyl]-imidazole-4-carboxamide or DTIC) was the 

only standard treatment approved by the FDA for patients diagnosed with melanoma 

(Ugurel et al., 2013). DTIC is a cytostatic drug and it is biotransformed into its active 

alkylating metabolite, 3-methyl-[triazen-1-yl]-imidazole-4-carboxamide (MTIC), in the 

liver, which inhibits cell proliferation by inducing growth arrest and suppressing DNA 

synthesis (Lui et al., 2007). Given the recent increase in the knowledge of the biology and 

complex mechanisms involved in the progression of melanoma, newer targeted therapies 

have been developed (Jang and Atkins, 2013). In 2011 and 2013, the BRAF kinase 

inhibitors vemurafenib and dabrafenib, respectively, were approved by the Food and Drug 

Administration in the United States to treat metastatic melanomas due to the BRAFV600E 

mutation. Furthermore, these BRAF inhibitors significantly increased the overall survival 

and the response rate in clinical trials was approximately 50% (Jang and Atkins, 2013). 

The main limitation of these developed drugs was severe and life-threatening toxic effects 

(American Cancer Society 2018). Table 1.1 illustrates examples of the Food and Drug 

Administration approved drugs for melanoma and the adverse effects associated with their 

use. 
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Table 1. 1 . Commonly used FDA approved drugs for melanoma and their adverse 

effects 

 

Drug  Adverse effects 

Chemotherapy  
 

Dacarbazine (Intravenously) Development of other cancers (secondary malignancies) 

and allergic reactions) 

Targeted Therapies   

Dabrafenib (Oral) High grade fever, dehydration, renal dysfunction, 

hyperglycemia 

Vemurafenib (Oral) Serious allergic reactions, skin rash, increase 

photosensitivity,  

Trametinib (Oral) Heart failure, blindness, respiratory problems, 

hypertension  

Cobimetinib and 

Vemurafenib (Oral) 

Risk of other skin cancers, increased risk of bleeding, 

cardiac dysfunction, increased blood level of enzyme 

from muscle and liver,  

Trametinib and Dabrafenib 

(Oral) 

Development of new skin cancers, high grade fever, skin 

rash, hemorrhage, blood clots, cardiac dysfunction, 

hyperglycemia  

Immunotherapies  
 

Nivolumab (Intravenously) Pneumonitis, kidney failure, hormone gland dysfunction 

(thyroid, pituitary) 

Interleukin-2 (Intravenously) Capillary leakage  

Ipilimumab (Intravenously) Colitis, hepatitis, inflammation of hormone glands 

(pituitary, adrenal andthyroid)  

Pembrolizumab 

(Intravenously) 

Pneumonitis, colitis, hepatitis, Hormone gland problems 

(thyroid, pituitary and adrenal) 
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Several clinical studies suggested that the response rate and the incidence of survival can 

be improved using combinational chemotherapy for the patients with melanoma (Bhatia, 

Tykodi and Thompson 2009). For example, the combination of cisplatin, dacarbazine, 

carmastine (BCNU) and tamoxifen (the CDBT regimen) has been tested in patients with 

metastatic melanoma to compare the response rate and survival between single drug and 

combination chemotherapy (Propper et al., 2000). Furthermore, many different 

combination therapies have been tested in clinical trials, including, but not limited to, the 

combination of cisplatin, vinblastine and dacarbazine (the CVD regimen) (Legha et al., 

1989), and paclitaxel and carboplatin (Rao et al., 2006), but none of these combinations 

have received regulatory approval. Overall, the combination of chemotherapeutic drugs 

has been reported to have greater efficacy compared to dacarbazine alone, but 

unfortunately, these combination therapies have had minimal impact on patient 

survivability (Bhatia, Tykodi, and Thompson 2009). 

1.3 Polyphenols for the Treatment of Melanoma  

1.3.1 Resveratrol  

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural phenol and can also be 

categorized as a stilbenoid (Jang et al., 1997). This compound is present in grapes, 

blueberries, peanuts, cranberries and many other plants (Jang et al., 1997). Resveratrol is a 

weak acid and it has very poor aqueous solubility (<0.05 mg/mL), with a partition 

coefficient of 3.17 (National Center for Biotechnology Information 2019). Resveratrol 

exists as the cis(Z) and trans(E) isomers and cis - resveratrol is biologically inactive 

(Figure 1.2) (Morris et al., 2014). Interestingly, methylating key positions on cis- 

resveratrol can produce anticancer efficacy (Morris et al., 2014).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=BHATIA%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19544689
https://www.ncbi.nlm.nih.gov/pubmed/?term=TYKODI%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=19544689
https://www.ncbi.nlm.nih.gov/pubmed/?term=THOMPSON%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=19544689
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However, the efficacy of resveratrol is diminished as a result of its poor in vivo 

pharmacokinetic properties (Androutsopoulos et al., 2016).  

 

Figure 1. 2 Resveratrol chemical structure (a) trans-Resveratrol (b) cis-resveratrol 

Resveratrol can produce carcinogenesis, anticancer and anti-inflammatory efficacy (Wang 

et al., 2014). Its anticancer efficacy may result from its inhibition of tumor initiation, 

promotion and progression (Athar et al., 2009). Furthermore, resveratrol inhibits the 

activity of certain kinase enzymes , induces cancer cell apoptosis and senescence (Osmond 

et al., 2012). Resveratrol has been shown to have antioxidant efficacy in vitro and in vivo 

(Liu et al., 2012). Furthermore, there are data indicating that resveratrol may augment the 

efficacy of radiotherapy. Fang et al. (2013) evaluated the radiation sensitivity of resveratrol 

in radioresistant melanoma skin cells and found that resveratrol increases the efficacy of 

radiation (i.e. sensitizes) in melanoma cell lines by inhibiting cell proliferation and 

inducing apoptosis. The compound 3,4,5,4’-trans-tetramethoxystilbene (3,4,5,4’ TMS) is 

a methoxylated analog of resveratrol that was synthesized to enhance the pharmacological 

and pharmacokinetic properties of resveratrol. Compared to resveratrol, 3,4,5,4’ TMS has 

greater metabolic stability and bioavailability and produces a greater inhibition of 

melanoma cancer cell proliferation (Androutsopoulos, Fragiadaki, and Tosca 2015).  

a b 
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1.3.2 Curcumin 

Curcumin, also known as diferuloylmethane, is a yellowish polyphenol extracted from the 

plant Curcuma longa (Aggarwal, Surh, and Shishodia 2007). Curcumin is a Bronsted acid 

consisting of two aromatic ring systems, joined by a seven-carbon linker (Figure 1.3). It 

has very poor aqueous solubility with a partition coefficient value of ~3.0 (National Center 

for Biotechnology Information 2019).  

Figure 1. 3 Curcumin chemical structure 

 

Curcumin lacks sufficient stability at physiological pH, leading to the formation of various 

metabolites and degradation products such as curcumin glucuronide, curcumin sulfate and 

tetrahydrocurcumin in the liver (Kumar et al., 2010).The development of curcumin as a 

potential therapeutic drug has been impeded by its limited systemic bioavailability (Anand 

et al., 2007). In vivo data indicates that undetectable or extremely low curcumin levels were 

present in plasma or tissues due to its poor absorption, rapid metabolism and lack of water 

solubility (Anand et al., 2007; Kumar et al., 2010). For example, following the oral 

administration of 2g/kg of curcumin to humans, only 0.006 ± 0.005 μM of curcumin was 

present in serum after 1 hr. (Shoba et al., 1998).  
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Curcumin has been widely studied in human diseases due to its anti-inflammatory, 

antioxidant (Sharma 1976), anti-ischemic, anti-angiogenic (Anand et al., 2007), 

anticarcinogenic and antimicrobial (Jordan and Drew, 1996) effects. It has 

chemopreventive efficacy in various types of cancer including breast, pancreas, lung, 

bladder, brain and melanoma (Sahebkar 2014, Huang et al., 1994). The anticancer efficacy 

of curcumin is presently being evaluated in clinical trials. For example, a phase II clinical 

trial evaluated the clinical effects of curcumin in pancreatic cancer patients (daily intake of 

8 g of curcumin). The results indicated that curcumin was well tolerated without producing 

significant toxicity after 18 months of treatment in patients with advanced pancreatic 

cancer (Dhillon et al., 2008). The results further suggested that the incorporation of 

curcumin into nanoformulations (e.g. liposomes) produced high plasma levels of curcumin 

(Dhillon et al., 2008).  

The incidence and mortality of melanoma has significantly increased in people of 

Caucasian ethnicity (American Cancer Society 2018). Data from in vivo and in vitro studies 

suggest that curcumin and its analogues may represent novel therapeutic compounds to 

treat melanoma. (Faiao-Flores et al., 2015). However, in clinical trials, curcumin has not 

yet been evaluated as a therapeutic drug in melanoma patients.  
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1.4 Cellular Pathways in Melanoma 

Resveratrol plays an important role in reducing cell migration and the invasive properties 

of aggressive invasive melanoma cells by inhibiting multiple key signaling pathways 

including the Mek/Erk kinase pathway (Lei et al., 2017), Akt, mTOR (Jiang et al., 2009), 

STAT3 and NF-kB (Bhardwaj et al., 2007), which regulate melanoma progression. 

Furthermore, Bhattacharya et al. (2011) reported that Akt/PKB was inactivated and 

downregulated by resveratrol (50 and 100 µM), which reduced cell migration and the 

invasive properties of aggressive invasive melanoma cells (B16F10 and B16BL6).  

Curcumin is considered a novel anti-melanoma compound and it interacts with several 

molecular targets involved in melanoma pathogenesis, such as protein p53, Bcl-2 (Gui et 

al., 2008), JAK-2/STAT (Zhang et al., 2015), caspase 3,8,9 (Bush et al., 2001), Erk/Akt 

(Chen et al., 2014) Mek/Erk and PI3K/Akt (Lee et al., 2010), NF-kB (Siwak et al., 2005) 

and c-myc (Qiu et al., 2005).  

The following section discusses the mechanisms of the most crucial pathways such as 

MAPK, Wnt, PI3K/Akt and CDK that are affected by curcumin and/or resveratrol. Figure 

1.4 and Table 1.2 indicate the cellular pathways affected by curcumin and/or resveratrol 

in melanoma.  
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Figure 1. 4 Schematic of cellular pathways affected by curcumin and/or resveratrol in 

melanoma. Both these drugs mainly act on four cellular pathways including MAPK 

pathway, PI3K/AKT pathway, WNT/β-catenin pathway and CDKN2/CDK4 tumour 

suppressive pathway. The activation of these pathways leading to apoptosis, survival, cell 

proliferation, angiogenesis. 
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Table 1. 2 Molecular mechanisms affected by curcumin and resveratrol in melanoma 

 

 
Pathway  Molecular Mechanism  Reference  

Curcumin  

Erk, Akt  Antiproliferative efficacy in A375 human melanoma 

cells by induction of apoptosis. Downregulates the 

expression of phosphorylated Erk and Akt, and JNK 

Chen et al., 

(2014) 

JAK-

2/STAT-3 

Inhibits the migration, proliferation and invasion of A375 

melanoma cells in vitro and induced apoptosis by 

inhibiting the JAK-2/STAT-3 signaling pathway 

Zhang et al., 

(2015) 

NF-kB Curcumin (6.1-7.7 mM) induced proapoptotic and 

antiproliferative efficacy in melanoma cells by 

downregulating the activity of NF-kB 

Siwak et al., 

(2005) 

caspase -3 

and -8 

Curcumin (1-100 µM) induces apoptosis in the 

melanoma cell lines that contained mutant and wild-type 

p53 (MMAN, MMRU, RPEP, PMWK, Sk-mel-5, Sk-

mel-2, Sk-mel-28). Apoptosis occurred by activation of 

caspase -3 and caspase -8 but not caspase -9.  

Bush et al., 

(2001) 

Mek/Erk 

and 

PI3K/Akt 

pathways 

Curcumin (10 µM) inhibits alpha-melanin stimulating 

hormone (alpha-MSH) – induction of B16F10 melanoma 

cell growth by interacting with the Mek/Erk and 

PI3K/Akt pathways 

 

Lee et al., 

(2010) 



15 

 

Resveratrol  

Mek/Erk  HT-144 cells incubated with various concentrations of 

resveratrol (1, 2, 5,10 or 15 µM) inhibited HT144 

proliferation and the induction of melanogenesis by 

inhibiting the Mek/Erk kinase pathway. 

Lei et al., 

(2017) 

Akt, 

mTOR 

Regulates autophagy and inhibits cell proliferation in 

melanoma B16 cancer cells by inhibiting Akt, mTOR 

Wang et al., 

(2014) 

Induced cell death by decreasing Akt expression and the 

phosphorylation of mTOR 

Jiang et al., 

(2009) 

Akt/PKB Akt/PKB was inactivated and downregulated by 

resveratrol (50 and 100 µM), which reduces cell 

migration and the invasive properties of aggressive 

invasive B16F10 and B16BL6 melanoma cells . 

Bhattacharya 

et al., (2011) 

STAT3 

NF-kB 

Induces apoptosis and inhibits proliferation by down-

regulating STAT3 and NF-kB regulated proliferative and 

antiapoptotic gene products, such as cyclin D1, survivin, 

Bcl-2, TRAF2 

Bhardwaj et 

al.,(2007) 

Cyclin D, 

CDK4 and 

P53 

Inhibits the proliferation of DOX-resistant B16 

melanoma cells by blocking the G1-S transition, 

downregulating cyclin D and CDK4 and increasing the 

expression level of p53 

Gatouillat et 

al., (2010) 
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1.5 Topical Delivery as Promising Route for Melanoma Drugs 

 

Oral and parental routes are the most commonly used routes to deliver small molecule 

drugs (Anselmo et al., 2014). However, alternative routes were developed in the field of 

drug delivery to obtain a systemic effect due to many problems associated with the oral 

and parental routes such as 1) oral route: first pass metabolism, variable absorption of the 

drug, delayed response; 2) parental route: vascular complications, potential of injury local 

tissues, invasive and painful (Kwatra, Taneja and Nasa 2012). Topical/transdermal drug 

delivery has several advantages compared to oral delivery and hypodermic injections, as 

this route 1) avoids of first-pass metabolism; 2) is non-invasive; 3) favors the delivery of 

small and lipophilic drugs and 4) provides sustained drug release (Arora et al., 2008).  

Topical and transdermal drug delivery systems are an interesting approach for the 

prevention and treatment of dermatological pathologies where the oral as well as parenteral 

administration provides insufficient amount of drugs at the site of disease. This is attributed 

to the many anatomical and biological barriers a drug must overcome before reaching a 

targeted skin layer. Thus, a direct and localized access of the pathological site to the drug 

would be far more promising and relevant for treating skin diseases such as melanoma 

(Sala et al., 2018).  
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1.5.1 Skin anatomy  

 

Skin is a complex structure and acts as an intermediary between the internal organ and the 

external environment. It is a multi-lamellar organ consisting of three distinctive layers: 

epidermis, dermis and subcutaneous tissue. The skin accounts for 16% of the body weight 

and its thickness and surface area are approximately 1.5 - 4 mm and 2 m2, respectively 

(Tortora and Derrickson, 2014).  

The epidermis is comprised of keratinized stratified squamous epithelium, along with the 

basal lamina. The outermost layer of epidermis is the stratum corneum and it is 

approximately 10-20 µm in depth. Figure 1.5 illustrates the structure of epidermis, the 

“brick and mortar” model of the stratum corneum and the intercellular space in the stratum 

corneum.  

Figure 1. 5 Diagrammatic illustration of : (a) the structure of human epidermis, (b) the 

“brick and mortar” model of the stratum corneum, and (c) the aqueous and lipid domains 

of the intercellular space in the stratum corneum.  
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The stratum corneum consists of a few layers of flattened skin cells, known as corneocytes, 

that primarily consist of the high molecular-weight polymer keratin. They are surrounded 

by a protein-lipid envelope (Elias 1988). Michaels et al., (1975) depicted the structure of 

the stratum corneum by using the “brick and mortar” model. As demonstrated in this 

model, the corneocytes act as a hydrophilic brick wall, whereas the intercellular matrix 

lipids and desmosomes function as the hydrophobic mortar (Figure 1.5 b). The 

corneocytes are embedded in the intercellular space filled with neutral lipids organized in 

multiple bilayers (Figure 1.5 c) and are linked to one another by desmosomes. 

Corneocytes contain natural moisturizing factor (NMF), a mixture of water soluble and 

low molecular weight molecules that maintain adequate hydration of the skin. The stratum 

corneum has a low water content and is approximately 14% lipids. The principle lipid 

components of lamellar sheets present in the intercellular matrix are ceramides, cholesterol, 

and free fatty acids. There are also minor components such as glucosylceramides, 

cholesterol esters and cholesterol sulfate (Wertz and Bergh, 1998).  

Structurally heterogeneous ceramides represent approximately 50% of the stratum 

corneum lipid mass. They are a complex group of sphingolipids containing derivatives of 

sphingosine bases. Ceramides are important for the maintenance of the water permeability 

barrier (Coderch et al., 2003). Free fatty acids comprise approximately 15% of stratum 

corneum lipid mass and it increases the lattice density of the structure. Cholesterol is one 

of the abundant lipid class presents in the stratum corneum, representing 25% of the total 

lipid mass.  
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Cholesterol provides fluidity and flexibility to the membrane that would otherwise be rigid 

and fragile (Bouwstra et al., 2000). This unique mixture of lipids in the lamellar bodies is 

important in maintaining the barrier function, preventing immoderate water loss from the 

skin and to enhancing its water- retaining properties (Wertz and Bergh, 1998).  

The epidermis is further subdivided into four distinct layers: stratum lucidum, stratum 

granulosum, stratum spinosum and stratum basale (Figure 1: a). The keratinocytes in the 

dermal-epidermal junction are referred to as the basal cells. These columnar - shaped cells 

contain nuclei and collagen fibers that anchor the basal cells to the dermis (Wertz and Berg, 

1998). In addition to keratinocytes, other important cell types, such as melanocytes, 

Langerhans cells, and Merkel cells are also present in this layer (Benson and Watkinson, 

2012). The dermis is thicker than the epidermis, and the thickness varies between 3-5 mm. 

It is composed of elastic connective tissues and collagen, which are responsible for the 

flexibility and strength of the skin, respectively.  

The dermis layer contains a variety of cell types, including fibroblasts, macrophages, 

lymphocytes, blood vessels, hair follicles, sweat and sebaceous glands (Benson and 

Watkinson, 2012). The subcutaneous tissue layer is the hypodermis or superficial fascia 

that consist of a specialized layer of fat cells. These fat cells are connected to one another 

by elastin and collagen fibers. The hypodermis functions as a heat insulator, in addition to 

shock absorption and storing excess calories as fat which can be used as an energy reserve. 

(Tortora and Derrickson, 2014).  
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1.5.2 Topical/transdermal delivery strategies  

The challenges presented by complex multilamellar structure of skin must be overcome for 

efficient dermal delivery. The outermost layer of skin is the stratum corneum, which is 

approximately 10-20 µm in depth and is the main barrier for percutaneous absorption of a 

drug from a topical or transdermal delivery system (Barry 2001). However, transdermal 

drug absorption is limited due to the presence of skin barrier. Currently, different 

penetration enhancement techniques have been investigated and developed to enhance the 

transdermal drug absorption.  

Conventional transdermal dosage forms including ointment, gels, creams and passive patch 

technology have been developed and/or modified to enhance the skin permeation and/or to 

increase thermodynamic activity. Chemical enhancers, skin hydration, prodrug or 

metabolic approaches, vesicles and particles are few examples for passive approaches that 

are employed in topical/transdermal drug delivery to improve the drug penetration (Barry 

2001).  

Since cancers are caused by alterations in biologic processes at the molecular level, 

strategies acting at the nanoscale are an emerging as a highly viable approach for cancer 

treatment (Foster et al., 2017). Different nanoscale-based strategies have been studied and 

many have been proposed as drug-carriers, e.g. polymeric nanoparticles, vesicles, lipid 

nanoparticles, nanofibers, nanohybrids, exhibiting promising results in preclinical research 

and early clinical studies (Ernest et al., 2018).  

The barrier properties of skin eventually limit the amounts of drug that are delivered by the 

passive methods. Therefore, active methods are used as alternative technique to minimize 

the problems encountered with the passive approaches in transdermal drug delivery.  
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Active methods have been widely used to deliver therapeutically active macromolecules 

(> 500Da, polar, hydrophilic) such as peptides and proteins (Brown et al., 2006). Active 

transdermal drug delivery strategies can be mainly classified into three categories namely 

electrical method, chemical method and miscellaneous method.  

 1.5.3 Skin penetration pathways  

 

Many factors, such as age, temperature, status of the skin, area of administration, contact 

time, degree of skin gradation, and physiochemical properties of penetration enhancers can 

influence the penetration of a drug into the skin (Alexander et al., 2012). Nonetheless, the 

penetration mechanisms of the transdermal delivery system can be categorized as: a) free 

drug; b) penetration enhancing; c) intact vascular penetration; d) vesicle adsorption to 

and/or fusion with the stratum corneum and e) trans-appendageal mechanism (Guo et al., 

2015), which are illustrated in Figure 1.6.  

The free drug mechanism, (a), is characterized by the release of drug from the delivery 

system and permeation through the skin independently (Ganesan et al., 1984). Whereas the 

“penetration enhancing mechanism” (scheme “b”), involves penetration of the epidermal 

layers by the vesicle, resulting in opening of the transdermal passage to enhance drug 

permeation through the stratum corneum by altering its packing characteristics. This 

mechanism is primarily associated with the liposomes and can be categorized into three 

main subgroups based on their membrane elasticity: nonrigid liposomes [pure 

phosphatidylcholine (PC)], rigid liposomes [PC derivatives such as dipalmitoyl 

phosphatidylcholine (DPPC)], and membrane stabilized liposomes (PC combined with 

cholesterol). The penetration enhancing effects only occur in liposomes composed of PC 

(Dragicevic and Maibach 2016).  
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Figure 1. 6 Possible mechanism of action of vesicle for drug delivery through stratum 

corneum. (a) It indicates the free drug mechanism, (b) it illustrates penetration enhancing 

mechanism, (c) It is the vesicle adsorption to and/or fusion with the stratum corneum (d) It 

illustrates intact vascular penetration mechanism, and (e) indicates penetration of the 

vesicle through hair follicle (Trans-appendageal mechanism).  

Scheme “c” represents the mechanism involving vesicle adsorption and/or fusion with the 

stratum corneum” where the vesicles release drug to the skin by either adhesion on to the 

surface of the stratum corneum or fusion and mixing with its intracellular lipids, resulting 

in enhanced drug partitioning through the skin layers (Akhtar 2014).  

Scheme “d” represents the “intact vesicular skin penetration mechanism”, where intact 

vesicles penetrate through the stratum corneum, deeper epidermis, and finally dermis layers 

to reach systemic circulation. For example, transfersomes (in the form of intact vesicle) 

can penetrate through the skin to allow for absorption by the systemic circulation 



23 

 

(Dragicevic and Maibach 2016). The mechanism of “trans-appendageal passage” is 

represented by scheme “e”, where the drug is primarily delivered via hair follicles, 

sebaceous glands or sweat glands and hair follicles. However, this route plays a minor role 

in the topical delivery of drug vesicles (Cevc et al., 1998).  

1.5.4 Topical/transdermal delivery of curcumin and resveratrol for chemoprevention 

of melanoma and other local skin conditions 

Several nanoformulations have been designed to enhance the therapeutic efficacy of 

curcumin and resveratrol. The incorporation of poorly soluble polyphenols into 

nanoformulations enhances their bioavailability and stability, enhancing proapoptotic 

efficacy in tumors and their antineoplastic efficacy, as well as a slow and sustained release 

of the drug (Saha et al., 2010). As classified by Rigon et al. (2015), hydrogel, liposomes, 

micelles, cyclodextrins, polymeric nanoparticles, solid lipid nanoparticles are widely used 

as drug delivery systems for melanoma therapy. Table 1.3 lists the curcumin and 

resveratrol nanocarriers used in topical/transdermal delivery for melanoma therapy and 

other local skin conditions. There is limited information regarding topical/transdermal 

approaches for melanoma therapy. Only a few studies have been conducted using curcumin 

and resveratrol loaded nanoparticles for topical/transdermal delivery in the prevention and 

treatment of melanoma. 

Liposomes are commonly used as topical drug delivery systems for a number of drugs due 

to their therapeutic effectiveness, biodegradability, low toxicity, hydrophobic and 

hydrophilic characteristics and small size (Gonzalez-Rodriguez and Rabasco 2011). They 

are associated with penetration enhancing effects and they can form local depots of 

encapsulated drugs to facilitate their sustained release (Meghana et al., 2012).  
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Chen et al. (2012) conducted an in vitro antineoplastic and skin penetration studies with 

liposomal formulations of curcumin. Curcumin loaded soybean phospholipid liposomes 

significantly inhibited the proliferation of B16BL6 melanoma cells and had antimelanoma 

efficacy compared to other liposomal formulations. 

Magnetic cationic liposomes (MCL) are considered to be a promising delivery system due 

to its inducing tumor cell necrosis without causing significant damage to normal tissues 

(Minamimura et al., 2000). Jose et al. (2017) used magnetic cationic liposome to produce 

hyperthermia in B16 melanoma cells. The results indicated that liposomes produced an 

additive effect due to the positive charge on their surface and the external magnetic field. 

Ultradeformable liposomes loaded with resveratrol, in combination with another anticancer 

drug, was reported to have improved anticancer efficacy in skin cancer cells, compared to 

both the free drug form and the single entrapped compounds (Cosco et al., 2015). The 

enhanced anticancer efficacy was attributed to the accumulation of the ultradeformable 

liposomes in the deeper skin layers, forming a cutaneous depot where the loaded drugs 

were gradually released (Cosco et al., 2015). 

Pando et al. (2013) developed a topical resveratrol-loaded liposome and niosome and 

results indicated that Peceol-based niosomes containing resveratrol accumulated in the 

epidermis and dermis compared to plurol oleique-based niosomes. Moreover, a high 

amount of resveratrol was loaded into both types of noisome (82%).  
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A recent study reported greater melanoma cell apoptosis after incubation with curcumin 

micelles compared to free curcumin, resulting in a greater inhibition of neovascularization 

in tumor cells (Wang et al., 2017). This study sought to improve the aqueous solubility of 

curcumin by formulating curcumin-loaded monomethyl polyethylene glycol-poly lactide 

(Cur/MPEG-PLA) micelles. In a study by Kumari et al. (2016), curcumin was encapsulated 

in a block co-polymeric micelle to determine the cytotoxicity, cellular uptake, and 

bioavailability of CUR-mPEG-PLA in murine melanoma B16F10 cells. The growth of the 

melanoma cells was significantly inhibited by the CUR-mPEG-PLA micelle formulation 

and these nanoparticles were efficiently taken up by the cells. Three different lipid-based 

carriers, nanoemulsion (NE), nanostructured lipid carrier (NLC), and solid lipid 

nanoparticle (SLN) were developed by Sun, Zhao, and Xia (2014) to enhance the 

bioavailability of resveratrol in the skin. Both studies concluded that resveratrol loaded 

nanoparticles enhance skin permeation and absorption efficiency compared to free 

resveratrol.  

In situ-forming hydrogels (ISGs) are liquid solutions under storage conditions but are 

converted into a gel after administration into the skin layers as a result of solvent exchange, 

ionic cross-linkage and temperature or pH modulation (Ruel-Gariepy and Jean-Christophe, 

2004). Curcumin – loaded, in situ-forming hydrogels (ISGs) were prepared using 

hydroxypropyl-β-cyclodextrin (HP-β-CD) by Sun et al. (2014). They determined the 

transdermal effects and cytotoxicity in B16F10 melanoma cells. The ISG formulation 

increased the transdermal permeability, stability, cytotoxicity, solubility and in vitro 

release of curcumin inclusion complexes. 
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Another study determined the effect of curcumin-loaded chitin nanogels (CCNGs) on 

enhancing the skin penetration of curcumin (Mangalathillam et al., 2012). There was a 4-

fold increase in the steady - state transdermal flux of curcumin from its CCNGs formulation 

compared to that of a control curcumin solution, with an apoptotic efficacy comparable to 

a control curcumin solution (Mangalathillam et al., 2012). 

Resveratrol and curcumin loaded lipid-core nanocapsules (RC-LNC) were formulated for 

simultaneous delivery to analyze their skin penetration characteristics (Friedrich et al., 

2015). The LNC were composed of polymer (PCL), sorbitan monostearate and grape seed 

oil. The LNC had a high entrapment efficiency (> 99%), which promoted the sustained 

release of resveratrol and the curcumin.  

Several studies have reported that cyclodextrin can be used as a delivery system due to its 

biocompatibility and low toxicity (Pun et al., 2004). A nanosponge (NS) formed between 

β-cyclodextrin (MW 1,135 g/mol) and carbonyldiimidazole was used to deliver resveratrol, 

and the in vitro release, permeation and cytotoxic effect of NS against HCPC-I cell line 

were determined. The results indicated that the resveratrol complex significantly increased 

its rate of release (first-order rate of -0.99) and stability in comparision to the free drug. 
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Table 1. 3 Curcumin and resveratrol nanocarriers employed in melanoma therapy 

 

Polyphenol Type of delivery 

systems 

Administration Route  Study 

objectives  

Liposomes  

Curcumin  DOTAP-based cationic 

liposome 

Effectiveness of 

iontophoretic co-delivery of 

curcumin and anti-STAT3 

siRNA against skin cancer  

Jose et al., 

(2017) 

 Soybean phospholipids 

liposome, egg yolk 

phospholipids and 

hydrogenated soybean 

phospholipids  

Skin permeation and 

pharmacodynamics  

Chen et al. 

(2012) 

Resveratrol  Ultra-deformable 

liposomes 

In vitro anticancer efficacy  

Percutaneous permeation  

 

Cosco et al., 

(2015) 

 Glycerol monooleate 

(Peceol) and 

polyglyceryl-3 dioleate 

(Plurol 

OleiqueCC) nisomes  

 Ex vivo percutaneous 

absorption 

The influence of vesicle 

composition on their 

physicochemical properties 

and stability 

Pando et al., 

(2013) 

 

Transfersomes: 

SPC/Tw80, SPC/SC or 

SPC/SDC  

Ethosome: SPC or 

SPC/chol 

 

Topical administration  Scognamiglio 

et al., (2012).  
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Polymeric 

Micelles 

   

Curcumin  Methoxy-poly(ethylene 

glycol)-poly(D, L-

lactide (mPEG-PLA) 

Anti-tumor effect on 

melanoma in vitro and in 

vivo  

Wang et al., 

(2017) 

 MPEG-PLA 

 

In vitro anti-cancer efficacy 

in melanoma  

Kumari et al., 

(2016) 

Nanoparticles     

Resveratrol  Non- aqueous self-

double-emulsifying 

drug delivery systems  

(SDEDDS) 

In vitro transdermal studies 

Stability studies  

Hu et al., 

(2016) 

 Nanoemulsion (NE) 

Solid lipid nanoparticle 

(SLN),Nanostructured 

lipid carrier (NLC) 

Topical administration  (A 

comparative study) 

Sun, Zhao 

and Xia  

(2014) 

Nanocapsules     

Curcumin and 

resveratrol  

PCL, Sorbitan 

monostearate and grape 

seed oil 

Skin penetration 

characteristics of 

resveratrol and curcumin 

loaded nanocapsules. 

Friedrich et 

al., (2015) 

Nanosponges     

Resveratrol  Cyclodextrin In vitro characterization, 

stability, cytotoxicity and 

permeation study 

Ansari et al., 

(2011) 
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2.1 Significance of the Research 

 

The earth’s stratospheric ozone layer plays a vital role by absorbing much of incoming 

solar ultraviolet radiation (UVR) and provide substantial protection to all the organisms 

living on earth. However, the stratospheric ozone layer is gradually depleting over the past 

20 years due to the number of pollute gases present in the atmosphere. The incidence rate 

of skin cancer increases gradually as more UV radiation reaches the earth’s surface due to 

ozone depletion (American cancer society 2018). It is estimated that a further 10 percent 

decrease in the ozone layer would cause an additional 300,000 non-melanoma and 4,500 

melanoma skin cancer cases (World Health Organization 2019).  

Drug-delivery targeted to metastatic melanoma has been challenging historically due to its 

various genetic alterations and complexity. Even though local therapy, including radiation 

and surgery, do play a role in melanoma treatment, the majority of melanoma patients are 

treated with chemotherapy (Bhatia, Tykodi and Thompson 2009). However, the 

therapeutic success of the most of drugs is limited due to the development of drug 

resistance, the low response rate, severe adverse reactions, and high toxicity. Therefore, 

there is an urgent need of novel drug approaches.  

Poorly soluble polyphenols have attracted considerable attention from the scientific 

community recently due to their chemopreventive properties. The relationship between 

poorly soluble polyphenols and melanoma is addressed by the various epidemiological 

studies, and it has been demonstrated that polyphenols have the potential to inhibit the 

process of carcinogenesis.  
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Polyphenols, namely curcumin and resveratrol, have gained widespread recognition among 

other phytochemicals due to their diverse pharmacological properties such as 

chemoprotective, antioxidant, anti-inflammatory, and antiproliferative activities. 

Individually these two polyphenols have been found to have anti-melanoma properties. 

However, their therapeutic use is limited due to their poor aqueous solubility, low 

bioavailability, rapid metabolism, and systemic elimination (Feng et al., 2017). Meantime 

it has been found that combination of curcumin and resveratrol has synergistic effects. 

Therefore, the aim of this study to develop an efficient drug delivery system to overcome 

the limitations associated with these drugs and improve their physicochemical properties 

to use in the treatment of melanoma.  
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2.2 Research Rationale 

Oral and parenteral routes are the most commonly used routes to deliver small molecule 

drugs to overcome poor bioavailability and to avoid metabolic degradation pathyways 

(Anselmo et al., 2014). However, topical delivery was used in this study to enhance the 

delivery of small and lipophilic drugs and avoid many problems associated with the oral 

and parental routes (Kwatra, Taneja, and Nasa 2012). Both curcumin and resveratrol are 

hydrophobic molecules, and their therapeutic potential is limited due to the poor 

penetration across the intact skin. In recent years, many penetration enhancement 

techniques have been utilized to improve the bioavailability of drugs across the skin, and 

among them, use of novel drug delivery carriers is considered as one of the most convenient 

methods to transport active molecules into the skin. Among all the carriers, solid lipid 

nanoparticles (SLNs) were investigated for our project due to several advantages including 

modulated drug release, reproducibility, and large-scale production, high encapsulation 

efficiency for hydrophobic drugs, and nontoxic nature (Mehnert and Mader, 2001). To the 

best of our knowledge, no study has been conducted using synergistically active Cur-Res 

SLNs for topical delivery in the treatment of melanoma (Figure 2.1). 

Figure 2. 1 Research rational for the preparation of Cur-Res SLNs 
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2.3 Hypothesis  

Combination of curcumin and resveratrol delivered as topical solid lipid nanoparticles ( 

SLNs) could have synergistic effects which can be translated into effective treatments of 

melanoma 

2.4 Specific Aims  

2.4.1 Specific Aim 1: Preparation and optimization of Cur-Res SLNs formulation 

2.4.1.1 Preparation of Cur-Res SLNs formulation 

In this Section, two lipids, namely, Compritol 888 and Gelucire 50/13, were screened to 

finalize the solid lipid to prepare SLNs. In order to obtain the drug ratio, three different 

ratios of curcumin and resveratrol combinations (Cur-Res); 0.75:0.25, 0.5:0.5, and 

0.25:0.75% w/v were utilized. Hot homogenization method was used to prepare Cur-Res 

SLNs. 

2.4.1.2 Optimization of Cur-Res SLNs 

Prepared Cur-Res SLNs were further optimized with different parameters including lipid 

concentration, surfactant concentration, homogenization time, probe sonication time, drug 

concentration. 

2.4.2 Specific Aim 2: Characterization of Cur-Res SLNs 

2.4.2.1. Development and validation of VU-Visible spectroscopy method  

UV-Visible spectroscopy method was developed and validated for specificity, linearity, 

precision and accuracy as per USP for simultaneous analysis of curcumin and resveratrol.  
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2.4.2.2 Characterization of Cur-Res SLNs 

All samples were freeze-dried and characterized using X-ray Powder Diffractometry 

(XRPD), particle size, and Zeta potential. Encapsulation efficiency studies was conducted 

to determine the drug loading.  

Short-Term stability analysis was conducted by stirring nanoparticles for 24 hr at 37 °C 

and long-term stability of the SLNs was evaluated for three weeks by storing them at 4 °C 

and 25 °C. The in vitro release studies were carried out with Slide-A-Lyzer Dialysis 

Cassettes to understand the release profile of curcumin and resveratrol from Cur-Res SLNs. 

Lastly, binding studies and skin penetration studies were conducted using pulverized snake 

skin to investigate the penetration and binding behaviors of curcumin and resveratrol. 

2.4.3 Specific Aim 3: In vitro analysis of Cur-Res SLNs 

2.4.3.1 Electrical Cell Substrate Impedance Sensing (ECIS)   

The ECIS automated method was utilized to monitor the effect of curcumin and resveratrol 

solution (Cur-Res solution) and Cur-Res SLNs suspension on the proliferation of B16F10 

cell line. 

2.4.3.2 Analysis of molecular activity between curcumin and resveratrol  

The synergistic effects of curcumin and resveratrol towards human melanoma SK-MEL-

28 cell lines were evaluated using Cur-Res solution and Cur-Res SLNs. The combination 

index (CI) method of Chou-Talalay was used to quantify the synergism between curcumin 

and resveratrol. Dose reduction index (DRI) was also be determined to understand the dose 

reduction for each drug.  
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IncuCyte cell proliferation and MTT assay was conducted to study the inhibition effects of 

the Cur-Res combination on melanoma cell growth and calculate IC50 value for drug 

combinations and free drugs.  
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CHAPTER 3  

Specific Aim 1: Preparation and Optimization of Cur-Res SLNs 
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3.1 Background 

Two lipids, namely Gelucire 50/13 and Compritol 888 ATO, were chosen based on their 

hydrophilic-lipophilic balance (HLB) to prepare drug loaded SLNs. Gelucire 50/13 

(Stearoyl polyoxyl-32 glycerides) is a non-ionic, hydrophilic lipid made of the mixture of 

mono, di- triglycerides, and PEG-32 (MW 1500), mono- and diesters of palmitic acid (C16) 

and stearic acid (C18) (Panigrahi et al., 2018). On the other hand, Compritol 888 ATO 

(Glyceryl dibehenate) is a hydrophobic mixture of mono-, di-, and triesters of behenic acid 

(C22) (Aburahma & Badr-Eldin 2014). The HLB value of the Gelucire 50/13 and 

Compritol 888 ATO is respectively 2 and 11. The melting point of Compritol ranges from 

65-77 °C, whereas the melting point of Gelucire 50/13 ranges between 46-51 °C. Figure 

3.1 illustrates the structure of Gelucire 50/13 and Compritol 888 ATO. 

 

Figure 3. 1 Structure of Gelucire 50/13 (left) and Compritol 888 ATO (right). Gelucire 

50/13 (Stearoyl macrogol/polyoxyl-32 glycerides) is a mixture of polyoxylglycerides. 

Compritol 888 is composed with well characterized glyceryl behenates.  
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After finalizing the lipid, the prepared formulations were further optimized for different 

formulation process variables such as lipid quantity, drug ratio, surfactant concentrations, 

homogenization time, and probe sonication time in order to understand their impact on the 

particle size of SLNs.  

Each study was conducted by varying the one parameter at a time while keeping the other 

parameters constant. After each experiment, the optimum level for each variable was 

determined and remained steady in the following experiments. Figure 3.2 indicates the 

optimization parameters used in the formulation of Cur-Res SLNs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2 Flow chart for the optimization Cur-Res SLNs 
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3.2 Materials  

The following Tables indicate the chemicals and reagents (Table 3.1), and instruments 

(Table 3.2) used in formulation and optimization of Cur-Res SLNs.  

Table 3. 1 Materials used in the preparation of SLNs 

 

Chemicals and 

reagents  

Manufacture/Supplier  

 

Lot. No/Batch 

No 

CAS No. 

Curcumin  Acros Organics  A0298306 458-37-7 

Resveratrol  Carbosynth Limited FR094121301 501-36-0 

Compritol 888 Gattefossé SAS 130911  

Gelucire 50/13 Gattefossé SAS 154348  

Poloxamer 188 Corning 16118012 61-161-9 

Tween® 80  Fisher Scientific 152996 9005-65- 6 

Acetone (HPLC grade) Fisher Scientific 155926 67-64-1 

Methanol Optima® Fisher Scientific  Several Lots used 67-56-1 

 

Table 3. 2 Instruments used in the synergistic studies and preparation of SLNs. 

 

Technical equipment  Make/Company  

Ultra-Turrax T-50 Homogenizer Omni International, The Homogenizer Company 

Probe sonicator  Misonix Sonicator 3000 

Sonication bath  Fisher Scientific 

Hot plate  Fisher Scientific 

ZetaPlus particle analyzer  Brookhaven Zetameter 
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3.3 Methods 

 

Selection of Suitable Lipid  

3.2.1 Preparation of Gelucire-based SLNs  

The Gelucire 50/13 SLNs was prepared using the composition given Table 3.3 at a 

temperature above its melting point using Tween 80 as the hydrophilic surfactant.  

Table 3. 3 Composition for Gelucire 50/13 based SLNs. Three types of SLNs namely, Cur-

SLNs (G-SLN-1), Res-SLNs (G-SLN-2) and Cur-Res SLNs (G-SLN-3) were prepared 

using Gelucire 50/13 as the lipid phase. 

  The amount (mg) employed/ 10 mL dispersion 

 Curcumin Resveratrol Gelucire 50/13 Tween 80  

G-SLN-1 10  100  150 

G-SLN-2  10 100  150 

G-SLN-3 10 10 100  150 

The amount of 100 mg Gelucire 50/13 was weighted and heated up to 50 °C. Then the 

appropriate quantities of the drug (Table 3.3) in 100 µl of acetone was added into lipid 

mixture drop by drop under magnetic stirring. After that, 12.5 ml of distilled water 

containing Tween 80 (150 mg) heated at the same temperature was added dropwise to the 

lipid phase using Pasteur pipette and mixed with continuous stirring for 10 min. After 

completion of stirring, the resultant dispersion was subjected to probe sonication for 15 

min to facilitate the particle formation. 
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3.2.2 Preparation of Compritol 888 ATO-based SLNs  

Blank and Cur-Res loaded SLNs: 

Compritol 888 ATO based SLNs were formulated by the high shear homogenization 

method using the composition given Table 3.4. Compritol 888 was used as solid lipid with 

poloxamer 188 and Tween 80 being used as surfactant and co-surfactant. 

Table 3.4 Composition for Compritol based SLNs. Three ratios of curcumin and 

resveratrol (1:3, 3:1 and 1:1) were using to prepare Cur-Res SLNs. Single drug loaded 

SLNs (C100 and R100) were prepared as control. 

 The amount (mg) employed/ 10 mL dispersion 

 Curcumin Resveratrol Compritol  Poloxamer  Tween 80  

C100 100  600  300 150 

R100  100 600  300 150 

C75/R25 75 25 600  300 150 

C50/R50 50 50 600  300 150 

C25/R75 25 75 600  300 150 

 

Three combinations of curcumin and resveratrol (0.25:0.75%, 0.5:0.5%, and 0.75:0.25% 

w/v) were tested to understand the impact of drug loading on particle size. The solid lipid 

was heated to about 70 °C above the melting point of the lipid, then the specified quantity 

of drug dissolved in 2 ml of acetone was added into lipid phase dropwise and mixed with 

continuous stirring for 10 min. On the other hand, the aqueous phase was prepared by 

heating 3% w/v of poloxamer 188, 1.5% w/v of tween 80 and 10 ml of distilled water 

together to the same temperature.  
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The aqueous phase was poured at a steady rate into the lipid phase, at a 20,000 rpm with 

UltraTurrax. The resultant dispersion was subjected to probe sonication for 15 min to 

facilitate the particle formation. Triplicates were performed. The same procedure was 

followed except addition of drug to prepare blank SLNs. 

3.2.3 Particle size determination of SLNs 

Samples were prepared for particle size analysis by diluting 100 µl of the SLN dispersion 

with 2 ml deionized water in standard glass cuvette. Zeta potential analyser was used 

analyse the particle size of the resultant SLN dispersion. It was determined at a light 

scattering angle of 90° and room temperature.  

3.2.4 Zeta potential determination of SLNs 

The electrode was rinsed with deionized water and fixed the electrode to the cable. 

Meantime, samples were prepared for zeta potential analysis by diluting 100 µl of the SLN 

dispersion with 5 ml deionized water. Place about 0.5 ml in the standard glass cuvette and 

dip the electrode into it. The zeta potential of SLN dispersion was measured after signal 

intensity was optimized.  

Optimization of formulation process variables  

 

3.2.5 Effect of drug concentration 

Three Cur-Res combinations including 0.25:0.75%, 0.5:0.5%, and 0.75:0.25% w/v were 

used in the pre-formulation studies and among them 0.75:0.25% w/v Cur-Res combination 

was selected for the further optimization due to synergistic effects of curcumin and 

resveratrol.  
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To find out the effect of reduced drug concentration on the particle size, Cur-Res SLNs 

were prepared using two Cur-Res combinations; 0.75:0.25% and 0.45:0.15% w/v while 

keeping the other parameters constant.  

3.2.6 Effect of lipid concentration  

Four different batches of SLNs were prepared corresponding to varying the Compritol 888 

concentrations such as 1.5%, 3%, 4.5%, and 6% w/v while keeping the amount of tween 

80 (0.75% w/v), poloxamer (3% w/v), homogenization speed and time (20 000 rpm, 10 

min), and probe sonication time (15 min) constant.  

3.2.7 Effect of surfactants concentration  

Three different batches of SLNs were prepared by varying the tween 80 concentrations 

such as 0.75%, 1.5% and 3% w/v while keeping the quantity of lipid (4.5% w/v), poloxamer 

(3% w/v), homogenization speed and time (20 000 rpm, 10 min), and probe sonication time 

(15 min) constant. Triplicates were performed. For poloxamer 188, four different batches 

were prepared corresponding to 1.5%, 3%, 4.5% and 6% w/v of poloxamer while keeping 

the quantity of lipid (4.5 w/v%), tween (0.75% w/v), homogenization speed and time (20 

000 rpm , 10 min), and probe sonication time (15 min) constant.  

3.2.8 Effect of homogenization time  

Six different batches of SLNs were prepared corresponding to 2, 5, 10, 15, 20, and 30 min 

of homogenization time while keeping the quantity of lipid (4.5% w/v), tween (0.75 % 

w/v), poloxamer (1.5% w/v) homogenization speed (20,000 rpm), and probe sonication 

time (15 min) constant.  
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3.2.9 Effect of probe sonication time  

Five different batches of SLNs were prepared corresponding to 2, 5, 10, 20, and 30 min of 

probe sonication time while keeping the quantity of lipid (4.5% w/v), tween (0.75% w/v), 

poloxamer (1.5% w/v) and homogenization speed and time (20,000 rpm, 30 min) constant.  

3.2.10 Data analysis  

Data analysis was performed using OriginPro. Data represent the mean of three 

independent experiments.  
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3.4 Results and Discussion  

3.3.1 Particle size analysis  

 

The first objective of this study was to obtain the SLNs that are in the nanometer range. 

Two types of lipids namely Gelucire 50/13 and Compritol 888 ATO were used as the lipids 

to prepare Cur-Res SLNs. Table 3.5 represents the particle size data of drug loaded SLNs 

prepared by solvent evaporation technique and high- sheer homogenization technique after 

probe sonication and freeze-drying. Results were further analysed in a plotted graph form 

as shown in Figure 3.3 and 3.4.  

As can be seen from Table 3.5, among all the formulations tested, Compritol-based 

formulations were optimum in terms of their particle size whereas Gelucire 50/13-based 

formulations showed higher particle size of more than 1000 nm. Furthermore, it was found 

that resveratrol loaded Gelucire-based SLNs (G-SLN-2) were not formed using 

emulsification technique. Among Compritol-based SLNs, curcumin loaded SLNs (C100; 

l% w/v) showed lowest particle size around 123.03 ± 1.23 nm whereas largest particle size 

was obtained with resveratrol loaded SLNs (R100; l% w/v). Cur-Res SLNs have shown 

slightly increased particle size ranging from 170 to 250 nm. Among all the ratios tested of 

Cur-Res, the lowest and largest particle size was observed in C25/R75 SLNs (Cur-Res; 

0.25:0.75% w/v) and C75/R25 SLNs (Cur-Res; 0.5:0.5% w/v), respectively. However, the 

particle size of the Compritol-based formulations significantly increased after freeze 

drying. All the drug loaded SLNs displayed average particle size more than 1000 nm after 

freeze drying.  
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Table 3. 5 Particle size of the Compritol and Gelucire based SLNs. 

Code Particle size (nm) 

 After probe sonication (Mean ± SD) After freeze drying (Mean ± SD) 

G-SLN-1 1337.55 ± 231.14 971.39 ± 79.64 

G-SLN-2 3.32 ± 50 - 

G-SLN-3 1880.03 ± 102.86 - 

C100 123.03 ± 1.23 1660.36 ± 371.42 

R100 413.59 ± 16.49 66091.50 ± 35514.73 

C75/R25 255.17 ± 7.69 21036.33 ± 14707.94 

C50/R50 244.52 ± 7.23 53778.73 ± 36824.51 

C25/R75 177.93 ± 7.69 46073.50 ± 28003.79 

 

  Figure 3. 3 Particle size of the Gelucire 50/30 based SLNs. 
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Figure 3. 4 Particle size of Compritol based SLNs. Cur-Res SLNs displayed average 

particle size less than 250 nm for all three drug combinations 

As shown in Table 3.5, particle size of the Gelucire based SLNs was significantly high in 

comparison to Compritol based SLNs. These results correlated with the crystalline 

structure of the Gelucire 50/30. Gelucire contains a high number of short hydrophilic 

chains whereas Compritol has a higher content of longer hydrocarbon chains; which cause 

the loose and high porous structure (Urban-Morlan et al., 2010; Khames et al., 2019). The 

less ordered crystalline structure of Compritol offers more space to accommodate drugs 

compared to Gelucire. Further, it has been reported that longer hydrocarbon chains increase 

the entrapment efficiency of the hydrophobic drugs (Ganesan et al., 2018). Due to the 

crystalline nature of the Gelucire and its hydrophilicity, a less amount of drug can be 

incorporated. Therefore, an excessive amount of curcumin and resveratrol resulted in the 

formation of larger particle size.  
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In addition, resveratrol loaded SLNs were not formed when Gelucire was used as a lipid 

phase. This might be due to the poor miscibility of resveratrol in Gelucire (Ar et al., 2013).  

The selection of surfactants is a critical step in the formulation of SLNs. It prevents the 

formation of agglomerates by reducing the surface tension between the organic and 

aqueous phase. Furthermore, hydrophilic/lipophilic balance (HLB) value of the surfactant 

plays a vital role in the particle size of SLNs. Both surfactants namely tween 80 and 

poloxamer 188 used in this study were non-ionic, and their HLB values are respectively 15 

and 29 (Khames et al., 2019). It is found that smaller particle size can be obtained with 

higher HLB values (Khames et al., 2019). In agreement with previous studies, the 

combination of surfactants minimize the particle size and improve the stability and 

encapsulation efficiency compared to the use of single surfactant (Karn-orachai et al., 

2016; Hippalgaonkar et al., 2013).  

Indomethacin (IN) loaded SLNs were formulation by high-pressure homogenization with 

Compritol 888 as solid lipid and hydrophilic surfactants (tween 80 / tween 80 + poloxamer 

188). Particle size and entrapment efficiency were compared between SLNs stabilized with 

only tween 80 and surfactant blends (tween 80 + poloxamer 188). The results indicated 

that IN SLNs stabilized with tween 80 + poloxamer 188 exhibited a significant decrease in 

the particle size and increase in the encapsulation efficiency compared to IN-SLNs 

stabilized with only tween 80 (Hippalgaonkar et al., 2013). Karn-orachai et al. (2016) 

carried out similar research with three different surfactants, namely tween 80, sodium 

dodecylsulfate, and cetylpyridinium chloride. They reported that SLNs prepared from 

surfactant mixtures were more stable for a more extended period than those stabilized by 

only one surfactant.  
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Further, the results of Raman mapping results indicated that surfactant mixture enhances 

the drug incorporation into solid lipid matrix. Han et al. (2008) also reported the synergistic 

effects of surfactant mixture containing poloxamer 188, tween 80, and sodium 

deoxycholate on drug-free NLCs formulation.  

Freeze-drying, also known as lyophilization, is a standard method to improve the long-term 

stability of particles and prevent particles from degradation. As Table 3.5 demonstrated, a 

significant increase in particle size was observed after lyophilization. This can be attributed 

to the particle aggregation during “freezing” step in lyophilization (Muller, Mader and 

Gohla 2000). 

 

Figure 3. 5 Proposed mechanism for production of O/W emulsion from W/O emulsion . 

This mechanism is also known as phase inversion composition method (PIC)/ catastrophic 

method (Perazzo, Preziosi, and Guido 2015). 
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Initially, a W/O emulsion (water droplets dispersed in oil phase) is formed when the hot 

aqueous phase was added to the drug- containing lipid phase. Once a critical water content 

is exceeded, phase inversion occurred from W/O to an O/W emulsion. In other words, 

phase inversion occurred when the coalescence rate of the water droplet is exceeded by the 

coalescence rate of oil droplet (Figure 3.5). The aqueous phase contains surfactants and 

the critical surfactant concentration required to favor the formation of O/W emulsion 

depends on the several factors, including homogenization speed and time, the rate of water 

addition, and surfactant concentration (Perazzo, Preziosi, and Guido 2015). The obtained 

O/W emulsion was further homogenized for 30 mins to obtain the stable and lower particle 

size nanoparticles.  
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3.3.2 Optimization of Cur-Res SLNs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6 Influences of different parameters on particle size; A: Drug ratio, B: lipid 

concentration, C:surfactant concentration, D: co-surfactant concentration, 

E:homoginization time, F: probe sonication time. 
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The primary objective was to formulate Cur-Res SLNs less than 200 nm to enhance the 

permeation through the skin and reach the melanocytes. Therefore, it has been optimized 

with several parameters, including drug concentration, different compositions of lipid, 

surfactants, and co-surfactants, as well as homogenization and probe sonication time.  

The lipid concentration in organic phase of the suspension is considered as one of the 

paramount parameters. Cur-Res SLNs were prepared with four different concentrations 

including 1.5%, 3%, 4.5% and 6% w/v and results indicated that particle size of 

nanoparticles significantly decreased from 506.45 ± 31.88 to 223.89 ± 5.37 with increase 

in lipid concentration from 1.5% to 4.5% w/v (Figure 3.6 B) . However, a further increase 

in lipid concentration did not decrease but increase mean particle size. This is because 

higher lipid content increases the viscosity of the dispersion resulting accelerate the rate of 

particle agglomeration (Emami et al., 2015; Mehnert et al., 2012). In another study, Patel 

(2012) demonstrated that an increase in lipid content by 5-10% led to increasing particle 

size and PDI. According to Stokes’ law, coalescences of droplets happened due to the 

density difference between the internal and external phases at high lipid concentration 

(Leroux et al., 1995).  

The concentration of surfactants is pivotal to maintain the stability of the nano-suspension. 

Figure 3.6 C and D respectively show the effects of tween 80 and poloxamer 188 on the 

particle size of Cur-Res SLNs formed. As shown in Figure 3.6 C, D particle size decreased 

with an increase in both tween 80 and surfactant concentrations, but suddenly it increased 

and plateaued off. The smallest particle size was yielded at 0.75% w/v of tween 80 and 3% 

w/v poloxamer 188. There was no significant difference in particle size at higher 

concentrations for both tween 80 and poloxamer 188.  
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The amount of surfactant that is required to cover all the surface of SLN is known as 

“critical surfactant concentration”. At the optimum surfactant concentrations, surfactants 

form the rigid surfactant shell surrounding the droplets, which cause to minimize the 

molecular motion of lipid molecules within the particle (Figure 3.7) (Helgason et al., 

2009). However, particle size of the SLN was not further increased when it reached its 

critical surfactant concentration (Figure 3.6 C,D) (Zhang, Fan, & Smith 2009). At lower 

surfactant concentrations, the surface tension between the lipid and water is high, leading 

to form larger particles. It has been found that the excess amount of surfactant facilitates 

the formation of various colloidal systems such as micelles, monomer, liposomes in the 

system (Emami et al., 2015). Similar results are reported by Muller (2007). While increased 

the poloxamer concentration from 1 to 1.5% w/v resulted in a significant increase in 

particle size of SLNs.  

Two Cur-Res combinations; 0.75:0.25 and 0.45:0.25% w/v were used to select the optimal 

drug ratio to obtain the particle size lower than 250 nm. It was observed that with the 

increase of drug ratio, the particle size increased. When O/W emulsion is being cooled, 

drug in aqueous phase wil repartitioning into the lipid phase. However, SLNs do not have 

enough space to accommodate more drug beyond a certain level leading to increase the 

free drug in the aqueous phase. Since solubility of the drug in water continuously decreases 

with a decrease in temperature, more drug adheres to the surface of the nanoparticle 

resulting increase in the particle size of SLNs (Tan et al., 2017).  
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Figure 3. 7 Schematic illustration of the influence of the surfactant concentration on the 

size of the particle size of the SLNs (Helgason et al., 2009)  

Homogenization speed and time are very crucial factors in high shear homogenization 

method. Ravi (2013) reported that homogenization speed is inversely proportional to the 

particle size. Therefore, in this study 22 000 rpm was used as a homogenization speed. In 

terms of homogenization time, it is observed that mean particle size of nanoparticles 

decreased significantly from 782.3 ± 22.8 to 166.8 ± 1.4 nm with increase in 

homogenization time from 0 h to 20 min. However, further increase in homogenization 

time from 20 to 30 min, there was no significant reduction in particle size (Figure 3.6 E). 

Probe sonication is important to obtain the less aggregated nanoparticles. As shown in 

Figure 3.6 F particle size significantly increased with increase in probe sonication time. 

Nanoparticles with smaller particle size was yielded below 5 min. There is significant 

difference between the mean particle size at 2 min (210.3 ± 1.9) and at 30 min (362.1 ± 

2.3).  
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3.5 Summary  

Among all the formulations tested, Compritol-based formulations were optimum in terms 

of their particle size whereas Gelucire 50/13-based formulations showed a higher particle 

size. Cur-Res SLNs have shown averaged particle size ranging from 170 to 250 nm. 

Among all the ratios tested, the lowest and largest particle size of Cur-Res SLNs were 

respectively observed in 0 0.25:0.75% w/v (177 ± 60 nm) and 0.5:0.5 % w/v (244 ± 55 

nm). Cur-Res SLNs were further optimized for lipid, surfactant, and drug concentrations 

as well as homogenization and probe sonication time. The results indicated that the amount 

of 4.5% w/v of Compritol 888, 3% w/v of poloxamer, and 0.75% w/v of tween 80 were 

used to obtain the SLNs range around 200 nm. After optimizing the concentration of each 

excipient, UV-visible method was required to further characterize the Cur-Res SLNs. 

Therefore, UV-visible method was developed and validated in the next chapter as per USP.  
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CHAPTER 4 

Specific Aim 2: Characterization of Cur-Res SLNs 
 

(a) Development and Validation of UV-Visible Spectroscopy Method 

(b) Characterization of Cur-Res SLNs 
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4.1 Background  

Various analytical methods, including HPLC, UPLC, UV have been developed for the 

polyphenol analysis. Among all the analytical techniques, UV-Visible Spectroscopy is the 

simple, precise, and accurate analytical method which have been widely used in 

quantitative analysis of pharmaceutical formulations (Hazra et al., 2015). Literature reveals 

that there are several of UV-spectrophotometric methods were developed to analyse the 

curcumin and resveratrol individually (Hazra et al., 2015; Singh & Avupati 2017; Vidhate 

et al., 2015; Kadam et al., 2013). However, to date, no UV method has been proposed for 

simultaneous quantification of curcumin and resveratrol. Therefore, this work was aimed 

to develop and validate a simple UV method according to international conference 

harmonization (ICH) guidelines for concurrent quantification of curcumin and resveratrol.  

Finally, it is crucial to measure the physical and chemical properties of the 

nanoformulations to describe them adequately. The main physical properties, including 

size and surface charge of Cur-Res SLNs were tested by doing particle size and zeta 

potential analysis. X-ray diffraction has been used to study the state of drugs in SLNs. 

Stability studies were conducted at two different temperatures to determine the effects of 

temperature on particle size. The release profile of curcumin and resveratrol was studied 

by conduction in vitro release study. In the end, skin binding studies and penetration studies 

were conducted to determine the skin absorption and penetration properties of Cur-Res 

SLNs.  
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4.2 Materials  

The following Tables indicate the chemicals and reagents (Table 4.1), and instruments 

(Table 4.2) used in the preparation and characterization of Cur-Res SLNs. 

Table 4. 1 Materials used in the preparation and characterization of SLNs 

 

Name  Manufacture/Supplier Lot.No./Batch No. CAS No. 

Curcumin Acros Organics A0298306 458-37-7 

Resveratrol Carbosynth Limited FR094121301 501-36-0 

Ethanol  Fisher Scientific  MFCD00003568 64-17-5 

Compritol 888 ATO Gattefossé SAS 130911  

Poloxamer Corning 16118012 61-161-9 

Tween 80  Fisher Scientific 152996 9005-65- 6 

Carbopol® 974P NF Lubrizol  0101006325 355-23-1 

Snake skin Henry Doorly Zoo, 

Omaha, NE 

  

PBS tablets  Sigma-Aldrich P4417-50TAB  

 

Table 4. 2 Instrumentation used in the preparation and characterization of SLNs 

Instrument  Company  

40 and 60 mesh sieves Sigma-Aldrich 

ZetaPlus particle analyzer Brookhaven Zetameter 

UV-Visible spectrophotometer BioTek Synergy H1 Hybrid Reader 

Slide-A-Lyzer Dialysis Cassettes ThermoFisher Scientific  

Franz diffusion cells PermeGear, Inc. Hellertown, PA 
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4.3 Method 

Method Development for Simultaneous Quantification of Curcumin and Resveratrol 

4.3.1 Preparation of standard solutions 

The amount of 1 mg of curcumin and 1 mg of resveratrol were accurately weighed and 

transferred into the 2 ml amber colour scintillation vials separately. The solutions of 

curcumin (1 mg/ml) and resveratrol (1 mg/ml) were prepared individually by dissolving 1 

mg of drug in 1 ml of ethanol. Twenty µl of the above solution was transferred accurately 

into 2 ml scintillation vial and diluted to 1 ml with ethanol to prepare 20 µg/ml stock 

solutions of curcumin and resveratrol.  

4.3.2 Determination of wavelength of maximum absorption (λmax) 

The wavelength of maximum absorption (λmax) was determined by scanning curcumin and 

resveratrol solutions (20 µg/ml) separately using UV-Visible Spectrophotometer from 250 

-700 nm. Ethanol was used as blank.  

4.3.3 Preparation of standard calibration curves  

The stock solutions of curcumin and resveratrol were serially diluted in the concentration 

range of 60 - 0.9375 µg/ml. Then, both curcumin and resveratrol solutions, as well as 

blanks were scanned in triplicate at their wavelengths of maximum absorbances of 

curcumin (424 nm) and resveratrol (306 nm). Standard calibration curves for both 

curcumin and resveratrol were prepared by plotting average maximum absorbance versus 

concentration.  
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4.3.4 Development of simultaneous equations 

Simultaneous equations were developed by using the equations derived from Standard 

calibration curves. Concurrent quantification of curcumin and resveratrol was analysed 

based on those developed simultaneous equations.  

UV Method Validation  

 

4.3.5 Specificity 

The specificity was tested by UV Spectrophotometric scanning of curcumin, resveratrol, 

tween 80, and poloxamer in the range of 250-500 nm against ethanol as blank.  

4.3.6 Linearity  

The linearity was determined by analysing the absorbance of curcumin and resveratrol 

standard concentrations (60-0.9375 μg/mL) at both 306 and 424 nm wavelengths. The 

calibration curves were plotted for both drugs using concentration against absorbance. The 

linearity was ascertained by determining the correlation coefficient (R2) of plotted 

calibration curves.  

4.3.7 Precision  

The precision of the UV method was evaluated by analysing intra-day and inter-day 

precision. The intra-day precision was done by analysing a set of curcumin and resveratrol 

standard solutions which were made of one stock solution for four times in the same day. 

Intra-day precision was investigated by six curcumin and resveratrol concentrations (30-

0.9375 μg/mL) on three different days. The percent relative standard deviation (% RSD) 

were reported for each set of data.  
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4.3.8 Accuracy  

The accuracy of the UV method was established by calculating the percentage recovery of 

known curcumin and resveratrol standard concentrations. Three different curcumin and 

resveratrol concentrations (7.5, 15, and 30 μg/mL) were prepared and their strength was 

analyzed by the calibration curves. The accuracy was determined by comparing 

experimental value to theoretical value. The following formula (Equation 1) was used for 

determination of percent accuracy of UV method.  

𝑀𝑒𝑎𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%)
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 𝑋 100 

Characterization of Cur-Res SLNs 

4.3.9 Particle size determination of SLNs 

Samples were prepared for particle size analysis by diluting 100 µl of the Cur-Res SLN 

dispersion (0.75:0.25% w/v) with 2 ml deionized water in standard glass cuvette. Zeta 

potential analyser was used analyse the particle size of the resultant SLN dispersion. The 

SLNs sample was drawn into the cuvette and particle size was determined at a light 

scattering angle of 90° and room temperature.  

4.3.10 Zeta potential determination of SLNs 

The electrode was rinsed with deionized water and fixed the electrode to the cable. 

Meantime, samples were prepared for zeta potential analysis by diluting 100 µl of the Cur-

Res SLN dispersion (0.75:0.25% w/v) with 5 ml deionized water. Place about 0.5 ml in the 

standard glass cuvette and dip the electrode into it. The cuvette holding the sample was 

placed in the holder to measure the zeta potential of Cur-Res SLNs 

Equation 1 
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4.3.11 X-ray diffractometry (XRD) 

The XRD studies for curcumin SLNs (1% w/v), Res SLNs (1% w/v), Cur-Res SLNs (0.75: 

0.25% w/v), as well as blank SLNs were carried out. The crystallinity of the samples was 

analyzed using PANalytical Empyrean Diffractometer (Almelo, the Netherlands). The 

samples were exposed to CuKα radiation at 40 kV and 45 mA and scanned over 2θ range 

5–60° with a step size of 0.05°.  

4.3.12 Encapsulation efficiency and drug loading  

The encapsulation efficiency and drug loading for Cur-Res SLNs were calculated 

experimentally. Briefly, 1 ml of Cur-Res suspension was transferred into 10 ml scintillation 

vial and diluted to 11 ml with deionized water. This suspension was ultrasonicated for 5 

min and centrifuged at 4000 rpm for 30 min at 4 ⁰C. The supernatant was filtered through 

a 0.2 μm syringe filter and analyzed for the drug content using UV Spectroscopy. This test 

was done in triplicate and following formulas (Equation 2 and 3) were used to analyze 

the encapsulation efficiency (%) and drug loading capacity, respectively.  

 

 

 

 

 

 

 

 

 

Encapsulation efficiency (%) = 
(Total drug content −drug content in supernatant)

Total Drug content 
 x 100 

Drug Loading Capacity (%) = 
(Total drug content −drug content in supernatatnt) 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 + 𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 x 100 

Equation 3 

Equation 2 
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4.3.13 Stability studies  

 

Short-term stability  

The short-term stability of SLN suspensions was analyzed for 24 hr. under room 

temperature using curcumin SLNs (1% w/v), resveratrol SLNs (1% w/v), and Cur-Res 

SLNs (0.75: 0.25% w/v). All the suspensions were stirred using magnetic stirrer. Particle 

size analysis was conducted by diluting 100 µl of the nanoparticle suspension with 2 ml 

deionized water after specific time intervals.  

Long-Term Stability  

Long-term stability was carried out under two different conditions; ambient condition 

(room temperature) and refrigerated condition (4 °C) for three weeks using Cur-Res SLNs 

(0.75: 0.25% w/v) and Blank SLNs. All the suspensions were stored in closed scintillation 

vials at the aforementioned two temperatures. At specific intervals of time, samples were 

vortexed and sonicated for 5 min to obtain the homogeneous samples prior to take the 

aliquots for particle size analysis.  

4.3.14 In-vitro release study 

In-vitro release studies were carried out using Slide-A-Lyzer Dialysis Cassettes (Figure 

4.1). Cassettes were immersed in the dialysis buffer for 1-2 min to hydrate the membrane. 

The cassettes were removed from buffer and tapped the edge of the cassettes gently on 

paper towels to remove the excess liquid. The amount of 2 ml SLN suspension was 

withdrawn from a syringe and transferred into the cassette cavity via inserting the syringe 

needle through the ports located at the top corner of the cassette. The plunger of the syringe 

was pulled on to draw the excess air from the cassette cavity into the syringe. 
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Flotation buoy/flotation device was attached to the dialyze cassette to enhance the flotation 

of the cassette in the medium. This was then immersed in a glass vial containing 200 ml 

release medium (Phosphate buffered saline (PBS), pH 7.4). The stirring rate and 

temperature were kept at 400 rpm and 37 °C. At different time intervals, 500 µl aliquoted 

of the receptor medium was withdrawn and replaced with an equal volume of fresh 

medium. Samples were diluted with methanol (50:50% v/v) and analyzed by UV vis 

spectrophotometer at 306 and 420 nm. The cumulative release percentage of curcumin and 

resveratrol was calculated. Triplicates were performed. Release percentages (%) shown are 

mean ± SD (n=3) 

Figure 4. 1 Schematic representation of the process of Slide-A-Lyzer dialysis cassettes 

 

 

 

 

 

Add sample to the 

cassette 
Dialyze the sample Remove the samples 

from cassettes  
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4.3.15 Skin binding Studies  

 

The snake skin was pulverized in a motor with a pestle in order to pass through a 40-mesh 

sieve and retained by a 60-mesh sieve. Then the amount of 50 mg of pulverized snake skin 

was mixed by doing vortex with 1 ml of the Cur-Res SLNs (0.75:0.25% w/v) dispersion. 

Cur-Res solution was used as a control. The mixture was shaken for overnight at 37 oC. 

After 24 hr. of contact time, the mixture was poured into two falcon tubes and centrifuged 

for 20 min at 1500 rpm. This step was repeated for two more times to remove the unbound 

drug. The supernatant was collected for further analysis. The amount of the drug in the 

supernatants was determined by UV method. The amount of the drug that bound to the skin 

was obtained by subtracting the amount of the drug recovered in supernatants from the 

amount of the drug initially added.  

4.3.16 Skin penetration  

Formulation of Cur-Res topical gel 

Small portions of Carbopol 974P (0.5% w/v) was dissolved in distilled water and 

homogenized at 4000 rpm at room temperature for 20 min. After obtained a homogenous 

sample, the gel was neutralized by drops of sodium hydroxide (C = 2 molL-1) to give a gel 

matrix with pH 5.4. The calculated amount of freshly prepared Cur-Res SLNs dispersion 

was added to the gel and mixed for 10 min. The prepared gel was centrifuged at 4000 rpm 

for 20 min to remove the air bubbles. The Cur-Res  loaded gel (Cur-Res gel) was placed in 

the refrigerator for overnight before using for study.  
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Ex-vivo skin penetration and permeation studies  

The skin penetration study of curcumin and resveratrol through shed snake skins was 

performed using Franz diffusion cells with a penetration area of 0.785 cm2. The snake skins 

(Pituophis melanoleucus lodingi) were obtained from local Henry Doorly Zoo, Omaha, NE 

and stored in the freezer -20° C until usage. Before 24 hr of the experiment, skin samples 

were cut from the dorsal side of shed skin and hydrated at 37 °C for overnight in receptor 

medium (7.4 PBS: ethanol; 70:30 v/v%). The hydrated snake skin was mounted in between 

donor and receptor compartment of Franz diffusion cell with stratum corneum of snake 

skin facing towards the donor compartment. The amount of 600 µL of Cur-Res gel and 

Cur-Res SLNs were placed in the donor compartment. The receptor compartment was 

filled with 5 ml of the mixture of pH 7.4, PBS and ethanol (70:30 v/v%), stirred with 

magnetic bar at a 40 rpm and 37 °C. At specific time points (1, 4, 6, 8,12, 24, and 48 hr), 

0.5 ml of receptor medium was withdrawn and analyzed for curcumin and resveratrol 

concentration by UV method. After sampling, an equal volume of fresh medium was added 

to the receptor compartment to maintain a constant volume. The qualitative analysis of 

samples after 48 hrs. was carried by ESI MS in Q1 negative mode. The samples were 

detected in three replicates, and the results were expressed as the mean  SD of three 

experiments.  
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4.4 Results and Discussion  

 

Method Development and Validation 

4.4.1 Method development  

The spectral scan of the absorbances of curcumin and resveratrol are shown in Figure 4.1 

The λmax of resveratrol was recorded at 306 nm. Both Zupancic et al. (2015) and Walle et 

al. (2011) utilized the same wavelength quantification of trans-resveratrol. The λmax of 

curcumin was found to be 424 nm, which is also used by Mishra et al. and Song et al. for 

analysis of curcumin. Ethanol was used as a solvent for UV method development due to 

its biodegradable properties. Furthermore, ethanol has a UV cut-off around 205 nm, which 

does not show any interference with the absorption range of resveratrol and curcumin at 

300 – 500 nm.  

Figure 4. 2 UV Spectrum of curcumin and resveratrol in Ethanol. Curcumin showed its 

maximum absorbance at a wavelength of 424 nm, and that for resveratrol was 306 nm 
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4.4.2 Specificity  

According to USP guidelines, specificity is the ability of analytical procedure to 

unequivocally assess the analyte in the presence of the other components include 

degradants, impurities, formulation components. The analytical method was tested for 

specificity by comparing the curcumin and resveratrol spectral scan with the spectral scan 

of blanks; ethanol, tween 80, poloxamer 188, and Compritol 888. The spectral scan of the 

absorbances of curcumin, resveratrol, and blanks are given in Figure 4.3. As shown in 

Figure 4.3, no peaks were observed for all the blanks at the wavelengths of 306 and 402 

nm. Therefore, the presence of surfactants, lipid, and ethanol was less likely to affect the 

UV-Vis absorbance of curcumin and resveratrol. In summary, the analytical method 

developed for the analysis of curcumin and resveratrol was found to be specific for each 

drug.  

Figure 4. 3 UV spectrum of Compritol 888, poloxamer 188, tween 80, and ethanol. Among 

all of them, only tween 80 showed a UV-Vis absorbance around 270 nm 
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4.4.3 Linearity  

According to USP guidelines, linearity is the ability of analytical procedure to produce the 

test results that are directly proportional to the concentration of an analyte in the sample 

within a given range. Figure 4.3 represents the standard curves was plotted for both drugs 

in a series of concentration range. The regression plots of curcumin at 424 and 306 nm, 

and resveratrol at 306 nm showed compliance with Beer Lambert’s law in the selected 

concentration range 1.875 - 60 μg/mL with a correlation coefficient higher than 0.99 which 

indicates an excellent linearity between absorbance and concentration (Figure 4.3; a, b, 

and c). The linearity for resveratrol at 424 nm was not determined because it was not 

absorbed in λmax of curcumin. The simultaneous equation was developed for concurrent 

analysis of curcumin and resveratrol based on the standard curves of curcumin and 

resveratrol plotted at both wavelengths (306 and 424 nm) (Table 4.1). Figure 4.4 illustrates 

the formulas utilized for the simultaneous analysis of curcumin and resveratrol.  

Table 4. 3 Linearity for curcumin and resveratrol. The regression plots of curcumin and 

resveratrol showed compliance with Beer Lambert’s law with a correlation coefficient 

higher than 0.99.  

 

Drug Wavelength (nm) Linear Equation for 

the standard curves 

R2 value 

Curcumin 306 y = 0.0095x + 0.0735 0.9996 

424 y = 0.0592x + 0.0771 0.9994 

Resveratrol 306 y = 0.051x + 0.0311 0.9991 

424 y = 1E-05x + 0.0271 0.1958 
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 Figure 4. 4 Standard curves of (a) Curcumin at 306 nm, (b) Resveratrol at 306 nm, (c) 

resveratrol at 306 nm, and (d) curcumin at 306 nm. Curcumin was absorbed in the both 

wavelengths (306 and 424 nm) whereas resveratrol was not absorbed in a λmax of curcumin 
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Figure 4. 5 Simultaneous equations for analysis of curcumin and resveratrol, by UV 

Spectroscopy. The equations of CCurcumin = Absorbance424/K424Curcumin and CResveratrol = 

[Absorbance306Resveratrol – (K306Curcumin x CCurcumin)]/K306Resveratrol were utilized to quantify the 

curcumin and resveratrol in the SLNs. 
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4.4.4 Precision  

According to USP guidelines, the precision of the analytical procedure can be expressed as 

the intraday precision and interday precision. Intraday precision (repeatability) was 

assessed by analyzing the multiple sampling of a homogenous sample repeatedly over a 

short period within a day whereas interday precision (intermediate precision) was studied 

by analyzing six sets of standard solutions on three different days over one week. The 

intraday and interday precision %RSD for values were given in Table 4.4 and 4.5. The 

repeatability and interday %RSD for all standards were found to be < 5% and <10% 

respectively. RSD values were found to be within precision limits as specified by the USP. 

Therefore, the precision of the proposed UV method was confirmed.  

Table 4. 4 Intraday precision of the proposed UV method. The %RSD for all six 

concentrations was found to be < 5%  

Concentration 

(μg/mL) 

 

Curcumin (n=4) 

 

Resveratrol (n=4) 

 Absorbance at 424 nm 

(Mean ± SD) 

%RSD Absorbance at 306 

nm (Mean ± SD) 

%RSD 

0.9375 0.118 ± 004 3.056 0.142 ± 0.007 4.984 

1.875 0.214 ± 0.01 4.734 0.210 ± 0.005 2.381 

3.75 0.382 ± 0.01 2.545 0.343 ± 0.012 3.518 

7.5 0.780 ± 0.019 2.438 0.634 ± 0.006 0.869 

15 1.444 ± 0.003 0.223 1.171 ± 0.011 0.971 

30 2.670 ± 0.129 4.840 2.292 ± 0.075 3.264 
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Table 4. 5 Interday precision of the proposed UV method. The %RSD for all the six 

standards ranges <10% 

 

Concentration 

(μg/mL) 

Curcumin (n=3) Resveratrol (n=3) 

 
Absorbance at 424 nm 

(Mean ± SD) 

%RSD Absorbance at 306 

nm (Mean ± SD) 

%RSD 

0.9375 0.108 8.934 0.140 3.713 

1.875 0.207 3.527 0.229 8.452 

3.75 0.357 7.696 0.338 2.440 

7.5 0.751 5.305 0.669 6.274 

15 1.347 9.308 1.179 0.620 

30 2.669 7.268 2.416 5.336 

 

 

4.4.5 Accuracy  

According to USP guidelines, the accuracy of an analytical method is the closeness of the 

test results obtained by that procedure to the actual value. The accuracy of the UV method 

was determined by calculating % accuracy for three different curcumin and resveratrol 

concentrations. Table 4.6 indicates the accuracy results for both curcumin and resveratrol. 

The accuracy percent for both curcumin and resveratrol analysis ranged from 98.677 to 

100.388%, which demonstrates the high accuracy of the proposed method. 
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Table 4. 6 Accuracy studies of the proposed UV method. The developed UV method 

showed high accuracy percent ranged from 98.677 to 100.388%. The % RSD was < 3%. 

 

Drug Theoretical 

Concentration 

(μg/mL) 

Measured 

Concentration 

(Mean ± SD) (μg/mL) 

Percent 

Accuracy (%) 

(N=3) 

 

% RSD 

Curcumin 7.5 7.401 ± 0.072 98.677 0.467 

15 14.810 ± 0.109 98.734 1.764 

30 30.076 ± 0.034 100.252 3.023 

Resveratrol 7.5 7.529 ± 0.235 100.388 0.241 

15 14.825 ± 0.457 98.835 2.381 

30 29.953 ± 0.113 99.842 0.593 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

Characterization of Cur-Res SLNs  

 

4.4.6 Physiochemical characterization of SLNs 

 

Solid lipid nanoparticles were prepared using Compritol 888 as the lipid, and poloxamer 

188 and tween 80 as the surfactants via hot homogenization method. Cur-Res SLNs were 

formulated using all the parameters optimized in section 3.2. Table 4.7 demonstrates the 

biophysical characterization of Cur-Res SLNs and Blank SLNs. As shown in Table 4.7, 

both blank and Cur-Res SLNs were characterized by a mean diameter of 160.16 ± 1.12 nm 

and 180.17 ± 7.69 nm, respectively. It is found that particles with small mean diameters 

(<200 nm) enhance the penetration of drug across the skin (Sengupta et al., 2016). The 

drug to lipid ratio in the present study found to be 1: 4.5.  The similar method and 

composition (Compritol 888, tween 80, and poloxamer 188) were used by Gokce et al. 

(2012) to prepare the resveratrol loaded SLNs. The resveratrol loaded SLNs were 

approximately 161 ± 2.7 nm with the 1:30 drug to lipid ratio. Shelat et al. (2015) obtained 

similar results using Compritol based curcumin loaded SLNs in improving bioavailability 

of drugs and results indicated that particle size lies between 200-300 nm with the 1:20 drug 

to lipid ratio. Figure 4.6 demonstrates the macroscopic aspect between blank and Cur-Res 

SLNs suspensions. Macroscopically, blank and Cur-Res loaded solid lipid nanoparticles 

showed a homogeneous suspension aspect with a milky white and mustard colour 

respectively. 
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Figure 4. 6 Schematic illustration of Blank (left) and Cur-Res SLNs (right) suspensions 

 

Table 4. 7 Physiochemical characterization of blank and Cur-Res SLNs 

 

 Particle size (nm) 

mean ± SD 

Zeta potential (mV) 

mean ± SD 

PDI 

mean ± SD 

Blank 

SLNs 

160.16 ± 1.12 -29.59 ± 1.62 0.21 ± 0.01 

Cur-Res 

SLNs 

180.17 ± 7.69 -33.16 ± 12.42 0.13 ± 0.03 

 

Zeta potential (ZP) can be used to measure the surface charge of the particles. It indicates 

the degree of electrostatic repulsion or attraction between charged particles in the SLN 

dispersion. These repulsion forces are responsible for preventing aggregation of the 

nanoparticle. Therefore, ZP (±) can serve as a useful indicator to predict the long-term 

stability of the SLN dispersion (El-Housiny et al., 2018). In general, particles with high 

zeta potential value (Ex. less than -30 mV and more than +30 mV) are less likely to 

aggregate resulting good physical stability. It has been reported that zeta potential values 

greater than – 60 mV provide excellent electrostatic stabilization. 
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The physical stability of the nanoparticle decreases with a reduction in zeta potential. 

According to literature, nanoparticles with lower ZP values range between -5 to +5 mV 

facilitates the interparticle interactions resulting in flocculation and coagulation (Freitas 

and Müller 1998).  

As shown in Table 4.7, zeta potential value for Cur-Res SLNs was above -30 mV 

indicating good physical stability and dispersion quality. Both surfactants used in this study 

were non-ionic. Therefore, slightly ionized fatty acids from glyceryl behenate (Compritol 

888) should be responsible for the negative zeta potential value. These findings agree with 

the results obtained in the Hu et al. (2010) study. The zeta potential data for 

Cryptotanshinone loaded SLNs (CTS-SLNs) range around -27 mV. The author reported 

that the negative charge of the nanoparticle was likely caused by the lipid composition of 

the SLNs, even though tween 80 was used as an emulsifier. These results are in agreement 

with the studies on paclitaxel loaded SLNs obtained by Deshpande (2015).  

However, many studies reported that non-ionic surfactants could also be responsible for 

the negative charge of the surface. Non-ionic surfactants could not ionize in aqueous 

solution like ionic surfactants. However, according to Naik et al. (2017), they are capable 

of forming a charged layer at particle/water interface due to molecular polarization. 

Moreover, non-ionic surfactants could also act as steric stabilizers by forming a coat around 

the surface of nanoparticle (El-Housiny et al., 2018). In this case, Cur-Res SLNs were 

stabilized by both electrostatic and steric effects of surfactants. El-Housiny et al. (2018) 

reported that Compritol based Fluconazole-loaded SLNs resulted in negative zeta potential 

values lie between -21 to -33 mV due to steric stabilization of poloxamer 407.  
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Naik et al. (2017) reported that zeta potential became more negative with increase 

concentration of tween 80 from 0.5-1.0%. These results are in agreement with studies on 

Efavirenz loaded SLNs obtained by Gupta et al. (2017).  

It is important to obtain a narrow size distribution to avoid the phenomena of Ostwald 

ripening. Ostwald ripening is the process where the small particles dissolve in solution and 

deposit on the larger particles in order to reach a more thermodynamically stable state 

(Sugimoto 2001). The process of Ostwald ripening can be minimized via decreasing the 

polydispersity index of particles (Patel 2012). The PDI for Cur-Res SLNs was lower than 

0.25 which indicates narrow size distribution (Danaei et al. 2018). 

4.4.7 Encapsulation efficiency and drug loading  

The samples were analysed by UV-Vis spectrometer at 420 and 306 nm. Standard 

equations obtained from section 2.1 used to determine the concentration of each drug in 

SLNs (Table 4.8). The encapsulation efficiency of curcumin and resveratrol were 92 ± 

0.01% and 62.82 ± 0.25% w/w respectively.  

Table 4. 8 Encapsulation efficiency and drug loading for Cur-Res SLNs 

 

 Encapsulation efficiency (%) Drug loading capacity (%) 

Curcumin 92.13 ± 0.01 15.35 ± 0.31 

Resveratrol  62.82 ± 0.25 3.49 ± 0.21 

 

Encapsulation depends on the lipophilicity of the drug and the drug solubility in the lipid 

phase. The difference in encapsulation efficiency can be addressed using partition 

coefficient (Log P) of each compound. 
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 Log P valve for curcumin and resveratrol found to be 3.29 and 3.10 respectively. Log P of 

curcumin is slightly higher than resveratrol, indicating high affinity of curcumin for 

Compritol compared to resveratrol.  

Figure 4. 7 Partitioning effects on drug during the formulation of SLNs by the hot 

homogenization a) drug partitioning from lipid phase to aqueous phase, b) drug re-

partitioning from aqueous phase to lipid phase (Pardeshi et al., 2012) 

Hot homogenization enhances the drug partition from a liquid oil phase to the water phase 

at increased temperature (Figure 4.7 a). However, during the cooling process of O/W 

emulsion, the solubility of the drugs in water phase decreases gradually resulting re-

partitioning of the drug into the lipid phase (Figure 4.7 b). The drug can re-localize into 

lipid phase in three possible ways (Figure 4.8) (Pardeshi et al., 2012). Drug can be 

localized in the core (a), homogeneously distributed within the lipid matrix (b) and/or it 

can be attached to the particle surface (c). However, in this study, both curcumin and 

resveratrol would be preferentially distributed in the inner core of SLNs due to their 

lipophilic nature (Coradini et al., 2014; Oliveira et al., 2013).  
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  Figure 4. 8 Drug incorporation models in solid lipid matrix (Pardeshi et al., 2012) 

 

Drug loading (DL) was calculated by the amount of total entrapped drug divided by the 

total weight of nanoparticles to indicate the encapsulated drug as the percentage of the mass 

of the nanoparticle. Drug loading for curcumin and resveratrol were 15.35 ± 0.31% and 

3.49 ± 0.21% respectively. There was a significant difference between drug loading of 

curcumin and resveratrol (P < 0.001). This can be due to the lower drug to lipid ratio. 

Friedrich et al. (2015) obtained similar DL for curcumin (0.49 ± 0.01 mg/ml) and 

resveratrol (0.49 ± 0.01 mg/ml) by using lipid-core nanocapsules (LNC) made of sorbitan 

monostearate and grape seed oil. Their results further demonstrated that the phenomenon 

of co-encapsulation did not influence the DL and EE% of curcumin and resveratrol 

individually. Tang et al. (2017) investigated the co-delivery of curcumin and piperine by 

using SLNs made of glycerol monostearate and lecithin. The average DL of curcumin and 

piperine 19.56±0.18 and 3.26 ± 0.05 μg/mg respectively, with the EE of 87.4 ± 0.6% for 

curcumin and 14.7 ± 0.2% for piperine.  
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4.4.8 In vitro drug release 

The in vitro release curve for the curcumin and resveratrol in SLNs dispersion in 7.4 pH 

phosphate buffer at 32 °C was shown in Figure 4.9. There was a significant difference 

between the release kinetics of the two drugs. After 120 hr 51% of resveratrol was released 

from SLNs whereas less than 10% of curcumin was released from the respective SLNs 

over the same period. 

The slower release profile of curcumin and resveratrol can be attributed to their distribution 

in the SLNs. Both curcumin and resveratrol are highly lipophilic compounds, thus they 

tend to distribute in the lipid core of SLN (Coradini et al., 2014; Oliveira et al., 2013). 

Pando et al. (2013) and Shelat et al. (2015) reported the similar “ release profile” of SLNs 

for curcumin and resveratrol. Compritol based curcumin loaded SLNs were investigated 

by Shelat et al. to improve oral bioavailability. The Cur-SLNs demonstrated a sustained 

release over seven days. However, only 6% of curcumin was release from SLNs.  

It is also observed there is a significant difference in release profile between curcumin and 

resveratrol. The difference in release can be attributed to the lipophilicity nature of the 

curcumin and resveratrol in Compritol 888 constituting the lipid core in the SLNs. The 

LogP value of Compritol 888 is 9.6 resulting in higher solubility of curcumin in the lipid 

core (LogP 3.4) to compared to resveratrol (LogP 2.9). However, this can also be the result 

of issues associated with the dialysis bag. Ying et al. (2011) reported that some molecules 

wouldn’t be able to pass through the dialysis membrane but form the interactions with 

membrane. Therefore, curcumin might also form some interactions with membrane while 

it was diffusing out to the aqueous phase, resulting low release of curcumin (Figure 4.10).  
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Figure 4. 9. In vitro release profile of curcumin and resveratrol from the Cur-Res SLNs. 

Data represented as the mean (%) ± SD from three independent experiments. 

Figure 4. 10 Dialysis method used to analyse the release profile of curcumin and 

resveratrol  
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Friedrich et al. (2015) reported the similar release profile of curcumin and resveratrol using 

Cur-Res SLNs made of sorbitan monostearate and poly(e-caprolactone) (PCL). The study 

showed that after 24 hr, 73% of resveratrol was released from Cur-Res SLNs, whereas only 

9.03% of curcumin was released. In 2014, Coradini and co-workers investigated the release 

profile of curcumin and resveratrol from the lipid core nanocapsules (LNC). Resveratrol 

released faster than curcumin and these profiles exhibited 90% of resveratrol release after 

24 hr and 35% of curcumin release after 72 hrs.  

In vivo drug release from SLNs depends on the several factors, including the interaction 

between lipid membrane and other cell organelles, enzyme degradation. Therefore, In vitro 

release studies could not accurately predict the release behaviour of drugs from SLNs in 

the body (Ying et al., 2011).  

A number of release mechanisms have been proposed to explain the drug release form 

SLNs. Among them, diffusion of water into the system, diffusion of drugs out of the 

systems, surface wetting, matrix former erosion are the few common mechanisms that are 

involved in the drug release from most delivery systems (Frenning and Stromme, 2003; 

Guse et al., 2006; Lee et al., 2007). 

According to the literature, and the release profile of the Cur-Res SLNs, the “mechanism 

of diffusion” seems to be the dominant drug release mechanism for the Cur-Res SLNs. 

Most nano-lipid systems blend with many other excipients other than the lipid matrix which 

act as water-soluble “pore formers” (Siepmann and Siepmann, 2011). In the preparation of 

Cur-Res SLNs, poloxamer and tween 80 were used as surfactants, in addition to Compritol. 

The ratio between surfactants and lipid matrix was 3.75:4. When the SLNs contact with 
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aqueous media, the water-soluble excipients start to leach out from nanoparticle. More 

channels for drug and water diffusion would be created as the leaching rate of surfactants 

into aqueous phase increase, resulting in sustained release of the drug. 

 

4.4.9 Stability Studies  

Short-term storage Stability  

The size of the nanoparticles was determined at certain time periods within 24 hrs. Table 

4.9 illustrates the particle size of drug loaded SLNs within 24 hr and the data was plotted 

in Figure 4.11. All the SLNs were found to be stable as they have shown almost non-

significant alterations in particle size after 24 hr.  

 

Table 4. 9 Stability assessment of the SLNs 

 

 Time (hr) 

 0 1 2 5 24 

C100 123.03 nm 169.68 nm 109.6 nm 109.5 nm 90.5 nm 

R100 413.59 nm 380 nm 391.4 nm 367.1 nm 378 nm 

C75/R25 215.17 nm 254.19 nm 170.15 nm 153.32 nm 169.19 nm 

C50/R50 244.52 nm 248.97 nm 176.65 nm 189.34 nm 229.67 nm 

C25/R75 177.93 nm 213.01 nm 166.11 nm 179.09 nm 152.07 nm 
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  Figure 4. 11 Stability study for drug loaded SLNs for 24 hr. 

 

Long-term storage stability  

Physical stability of the SLNs can be investigated using various parameters such as particle 

size, size distribution, zeta potential, and thermal analysis. Among them, a change in 

particle size is widely utilized as an indicator to determine particle instability (Uner 2006). 

It has been found that particle size of the well-stable nanosystem should be lower than 1 

µm, increase in particle size greater than 1 µm causes agglomeration resulting in physical 

instability (Heurtault et al., 2003). 

The size of Cur-Res SLNs and blank SLNs was detected for 21 days at two different 

temperatures; 25°C and 4°C. Particle size of Cur-Res SLNs stored at room temperature 

was significantly increased from 200 to 500 nm by day 4. This might be due to the 

aggregation of the vesicles. However, after day 5, it started to decrease.  
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The particle size was around 400 nm after 21 days. In contrast, particle size of blank SLNs 

stored at 25°C was gradually reduced over the 21 days (Figure 4.12). Particle size of Cur-

Res SLNS wasn’t significantly increased at 4°C until two weeks, indicating that they were 

more stable at 4°C compared to 25 °C. However, the size of SLNs had significantly 

increased after 14 days. The size of blank vesicles stored at 4°C was gradually decreased 

over the three weeks (Figure 4.13).  

The results from Figure 4.12 and 4.13 indicate that particle size of Cur-Res SLNs increased 

slightly when stored at 4 °C. Similar observations were reported by Shah (2016). Freitas 

and Müller (1998) conducted a study to investigate the effect of light and temperature on 

physical stability of the SLNs dispersion.  

The impact of temperature on Compritol SLNs stabilized with poloxamer 188 were 

determined by storing SLNs at three different temperatures (8°C, 20°C and 50°C). The 

results indicated that Compritol SLNs stored at both 20°C and 50°C facilitates the rapid 

particle growth, whereas those stored at 8°C were stable over the three weeks. The mean 

particle size only increased from 276 ± 2 to 297 ± 5 nm 
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                      Figure 4. 12 Storage stability analysis of SLNS at 25 °C 

                        Figure 4. 13 Storage stability analysis of SLNS at 4 °C 
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Generally, aqueous SLNs dispersions are stable for longer period of time (up to 3 years), 

but due to the crystallization-polymorphic transitions associated with SLNs, some systems 

showed rapid particle growth over the time. Triglycerides exist in three main crystal 

modifications, namely unstable α, metastable β’, and the most stable β (Aburahma 2016).  

Figure 4.14 illustrates the Compritol® ATO 888 polymorphic transition in SLNs. 

According to Brubach et al. (2007) and Souto et al. (2006), A transition from one 

polymorphic form to another mainly depends on the crystallization rate and temperature 

during formulation and storage. Compritol SLNs undergo polymorphic transitions during 

the process of cooling. The bulk of triglycerides crystalize into unstable imperfect α 

polymorph during rapid cooling, which transforms into stable β-form via metastable β’- 

form during storage or destabilization of Compritol SLNs (Aburahma 2016). However, 

transitions of SLNs may lead to an increase in the particle size as the result of flocculation, 

gelation, and Ostwald ripening (Pardeshi et al., 2012). Figure 4.14 demonstrates the 

schematic illustration of changes in the morphology of SLNs in parallel to polymorphic 

transitions. 

 Figure 4. 13 Polymorphic transitions of Compritol SLNs (Aburahma 2016) 
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As mentioned before, crystallization rate is another factor that facilitates particle growth. 

It was found that crystallization rate is accelerated with room temperature resulting 

formation of the single polymorph SLNs. However, at a lower temperature, glycerides 

crystalize separately with slower crystallization rate leading to produce a complex 

polymorph SLNs, which contains a mixture of polymorphic modifications. A mixture of 

polymorphs is more stable compared to a single polymorph SLN. This is why particle size 

of the Cur-Res SLNs stored at 4°C size was not significantly increased compared to room 

temperature (Freitas and Müller 1999).  

Figure 4. 14 Schematic illustration of the particle aggregation during storage (Pardeshi et 

al., 2012) 

4.4.10 X-ray diffractometry (XRD) 

 

XRD patterns of pure drugs, blank SLNs, and drug loaded SLNs are shown in Figure 4.16 

Many intense diffraction peaks were observed for both curcumin and resveratrol in the 

region of 5° to 30°, indicating their crystalline structure. However, XRD patterns of blank 

and Cur-Res SLNs did not exhibit several crystalline diffraction peaks but three weak 

diffraction peaks in the range between 17° and 25°, characterizing the amorphous state of 
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the SLNS. According to the results, it is clearly seen that incorporation drug into 

nanoparticles enhances the drug amorphization via decreasing the crystalline diffraction 

peaks of curcumin and resveratrol.  

Figure 4. 15 XRD patterns of (A) resveratrol and curcumin (B) drug loaded SLNs 
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4.4.11 Skin binding studies  

Binding studies were conducted at 37 °C to estimate the local bioavailability of curcumin 

and resveratrol via analysing the amount of drug bound with skin. Figure 4.17 illustrates 

the binding percentage for both curcumin and resveratrol. According to the results, Cur-

Res SLNs showed 70 ± 0.76% and 75 ± 0.93% binding for curcumin and resveratrol, 

respectively whereas Cur-Res solution has demonstrated the increased binding percentage 

for curcumin (69.44 ± 0.27%) and resveratrol (97.88 ± 0.56%). Overall, both Cur-Res 

SLNs and Cur-Res solution demonstrated more than 50% binding for curcumin and 

resveratrol.  

Figure 4. 16 Percentage of drug binding to the skin 
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However, resveratrol form solution showed high binding in comparison to its SLN 

formulation. Resveratrol (log P 3.10) is less hydrophobic than curcumin (log P 3.29) which 

would result in availability of greater number of free resveratrol molecules from its solution 

than from SLN formulation where it is entrapped in the lipid particles. This can be the 

reason for greater skin binding determined for resveratrol from solution. 

In addition, resveratrol from both SLNs and solution showed a high binding percentage 

compared to curcumin from both formulations. This can be attributed to many reasons. As 

stated in the interim report issued by Environmental Protection Agency, Office of Health 

and Environmental Assessment and Exposure Assessment Group in United States (1992), 

skin adsorption and penetration of the drug depend on many factors other than their 

solubility in lipid phase such as chemical structure, compound concentration. Schaefer et 

al. (1977) reported that even small structural difference of compound could cause a 

significant change in skin adsorption. Furthermore, skin adsorption/binding of the 

compound could also be influenced by the nature of skin such as skin site, thickness, skin 

temperature. Further work is needed to understand the factors that contribute to the 

difference in binding percentage between curcumin and resveratrol.  

Most importantly, this experiment was conducted for 10 hrs. However, in vitro release data 

showed that no significant amount of curcumin was released by 10 hrs due to the lipophilic 

nature of curcumin towards Compritol. Therefore, in order to understand the binding 

behaviors of curcumin and resveratrol from SLNs, this study should be conducted for more 

extended period. Overall, a significant amount of drug got bound to the skin, indicating 

these SLNs are ideal systems for transdermal administration of curcumin, resveratrol and 

their combinations.  
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4.4.12 Ex-vivo Skin penetration  

There is considerable interest in developing topical applications of poorly soluble drugs for 

prevention and treatment of melanoma. Consequently, the aim of this study was to evaluate 

the penetration behaviour of curcumin and resveratrol through the stratum corneum when 

incorporated into the gel. For comparison, the skin penetration behaviour of Cur-Res SLNs 

dispersion was also investigated. Shed snake skin was selected as a model membrane. Shed 

snake skin is a pure, nonliving stratum corneum containing similar lipid content to human 

stratum corneum (Pongjanyakul et al., 2000).  

Figure 4. 17 Permeation of curcumin and resveratrol from Cur-Res SLNs (suspension) 

through shed snake skin for 48 hrs. 

Figure 4.18 and 4.19 illustrates the percutaneous penetration curves of curcumin and 

resveratrol for Cur-Res gel and Cur-Res dispersion. As can be seen, the permeation rate for 

all formulations gradually increased during the first 12 hrs. of the permeation experiment. 
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Afterward, drug permeation rate for both curcumin and resveratrol for all the formulations 

was constant. This might be because at the beginning, Cur-Res SLNs disrupt the packing 

structure of the stratum corneum and opening the transdermal passage across the skin. The 

formed channels in the stratum corneum allow drug permeation at constant rate through 

the skin. 

Figure 4. 18 Permeation of curcumin and resveratrol from Cur-Res SLNs incorporated in 

gel SLNs through shed snake skin for 48 hrs.  

The amount of polyphenols permeated through the snake skin after 48 hr are represented 

in Figure 4.20. In general, curcumin penetration through the shed snake skin is 

considerably low compared to resveratrol. The cumulative amount of curcumin permeated 

after 48 hr was 32.91 ± 0.73 µgcm-2 for gel and 36.13 ± 0.13 µgcm-2 for suspension. 
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However, 54.66 ± 0.97 µgcm-2 and 67.46 ± µg.cm-2 of resveratrol originated from gel and 

suspension, respectively were found in the receptor medium after 48 hr. 

Figure 4. 19 Amount of drug permeated through shed snake skin after 48 hr 

The cumulative amount of the drug absorbed per unit area was plotted against time and the 

slope of the plot gave the steady state flux (Table 4.10). The permeation flux of curcumin 

was 0.31 ± 0.08 µgcm-2hr-1 for Cur-Res gel and 0.41 ± 0.01 µgcm-2hr-1 for Cur-Res 

suspension. It was 0.35 ± 0.03 and 0.51 ± 0.06 µgcm-2hr-1 for resveratrol from Cur-Res gel 

and suspension respectively. Results seem to indicate that Cur-Res SLNs (suspension) 

formulation allows for faster release of polyphenols in comparison to gel formulation. This 

might be because polyphenols entrapped in gel require to penetrate through both lipid and 

gel matrix whereas polyphenols loaded in SLNs (suspension) requires penetration only 

through lipid matrix. In this case, the gel matrix acts as a rate-limiting barrier. 
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Table 4. 10 Permeation flux of curcumin and resveratrol from different formulations 

through shed snake skin  

 Permeation Flux (µgcm-2hr-1) 

Mean ± SD 

 Gel Suspension 

Curcumin 0.31 ± 0.08 0.41 ± 0.01 

Resveratrol 0.35 ± 0.03 0.51 ± 0.06 

 

Furthermore, Kumpugdee-Vollrath, Subongkot, & Ngawhirunpat reported that clear 

conclusion couldn’t be drawn based on the flux values since it depends on other factors 

like drug concentration, physical and chemical properties of drug. According to his study, 

permeation behaviours of the drug did not only depend on the solubility but also molecular 

weight, pKa, structure. Therefore, further studies are required to study the correlation 

between drug permeation and these parameters.  

The amount of polyphenols retained after the skin after 48 hr are represented in Figure 

4.21. A significantly higher amount of resveratrol deriving from the gel (127.41 ± 1.64 

µgcm-2) and suspension (106.33 ± 1.36) was retained in the skin. The contrary results were 

found for the curcumin. The total amount of resveratrol originated from gel and suspension 

retained in the skin after 48 hrs. ranged around 50 µgcm-2. The amount of resveratrol 

accumulated in the shed snake skin was approximately 2-fold higher than the amount of 

curcumin from both gel and suspension. The qualitative analysis of samples after 48 hrs. 

was carried by ESI MS in Q1 negative mode. The curcumin and resveratrol peaks were 

found at m/z 337.1 and m/z 227.0 respectively. 
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Figure 4. 20 Amount of drug retained in the shed snake skin after 48 hr 

Overall, it is clearly observed that the amount of curcumin from both formulations 

permeated and retained in the snake skin was considerably low compared to resveratrol 

from the respective formulations. This phenomenon can be due to the lipophilic nature of 

curcumin. Curcumin exhibits higher liposolubility compared to resveratrol resulted in 

stronger affinity to the lipid matrix of SLNs. Therefore, high amount of free resveratrol is 

available for skin penetration as the results of fast release kinetics of resveratrol.  

Friedrich et al. (2015) reported similar results regarding the skin penetration of curcumin 

and resveratrol. Curcumin and resveratrol loaded lipid-core nanocapsules (RC-LNC) were 

formulated for simultaneous delivery to analyse their skin penetration characteristics. The 

results indicated that the larger amount of resveratrol was found in all the skin layers 

(stratum corneum, viable epidermis and dermis) compared to curcumin due to the fast 

release profile of resveratrol from RC-LNC.  
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Figure 4. 22 MS analysis of curcumin and resveratrol in samples taken from receptor 

compartments after 48 hrs. 
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4.5 Summary  

The UV-Spectrophotometric method was developed for simultaneous analysis of curcumin 

and resveratrol in SLNs. The wavelength of maximum absorption (λmax) of curcumin and 

resveratrol was found to be 306 and 424 nm respectively. The method was validated for 

specificity, linearity, precision and accuracy. The results of all the testes were found to be 

within specified USP limits. Hence, this UV method can be conveniently employed for 

quality control analysis of curcumin and resveratrol in solution and in SLNs.  

Cur-Res SLNs were characterized with particle size, zeta potential and XRD. Furthermore, 

these SLNs found to be physically stable at 4°C with respect to particle size lower than 300 

nm over a period of 3 weeks. The Slide-A-Lyzer Dialysis Cassettes were used to conduct 

the in vitro studies and results showed that release profile of curcumin was significantly 

low compared to resveratrol. A Significant amount of drug got bound to the skin, indicating 

that these SLNs are ideal systems for transdermal administration of curcumin, resveratrol 

and their combinations 
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CHAPTER 5 

Specific Aim 3: (a) Electrical Cell Substrate Impedance  
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5.1 Background 

Electrical cell substrate Impedance (ECIS) was invented by Giaever and Keese (Giaever 

and Keese, 1984) to evaluate the morphological changes of adherent cells in a nanoscale 

range. Cell-cell and cell-matrix interactions (Heijink et al., 2010), wound healing processes 

(Szulcek et al., 2014), cell proliferation and motility (Lundien et al., 2002), signal 

transduction for modern drug discovery (Sun et al., 2010) are some of applications that can 

be assessed using ECIS. It is an impedance-based method that uses alternating current (AC) 

to quantify cellular behaviors (Szulcek et al., 2014). The heart of the ECIS is the specialized 

electrode array which can be divided into two broad categories; small electrode arrays 

(8W1E, 8W10E, 96W1E+) and large interdigitated finger arrays (8W20idf, 96W10idf) 

based on the sample size (Applied BioPhysics 2019). The specialized slide contains 8 or 

96 individual wells (Figure 5.1). Each type of array has an optimal application and it is 

important to choose the correct array to maximize the measurements. For instance, 8W1E 

array is optimal for would healing migrations assays, and the 8W10E+ array is optimal for 

barrier function/permeability assays. Figure 1 shows the commonly used two types of 

electrode arrays in ECIS analysis (Applied BioPhysics 2019). In this study, the 8W10E+ 

array was used to study the effects of curcumin and resveratrol on cell proliferation. 

 

 

 

 

Figure 5. 1 The electrode array model from applied biophysics. (a) small electrode array; 

8W1E PET and (b) large interdigitated finger array; 96W20idf PET (Applied BioPhysics 

2019)  
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Figure 5.2 illustrates the structural design of ECIS array and the measurement unit of ECIS 

array. Each unit has two electrodes usually made of gold: small, 250µm diameter, active 

working electrode (WE) and a large counter electrode. All the electrodes are connected to 

the edge of ECIS array which is directly connected to the lock-in amplifier (Figure 5.2). 

This is used to measure the changes in voltage when alternating current (AC) of 1 μA at a 

particular frequency (10 to 105 Hz) is applied between the small active working electrode 

and the larger counter electrode. The lock-in amplifier is connected to a computer for data 

acquisition and processing (Brennan et al., 2016). 

 Figure 5. 2 Schematic diagram of the ECIS principle   

 

ECIS is an impedance-based technique and overall impedance is measured as a function of 

the cell membrane capacitance (C) and cell-barrier resistance (R) including the cell-cell 

junction resistance, cell-substrate contact resistance, and solution resistance. A 

mathematical approximation to determine the total impedance of cells covering electrode 

is given by the following equation (Equation 4).  
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𝑧 = √𝑅2 + [
1

2𝜋𝑓𝐶
]

2

 

  

  

(a)        (b) 

Figure 5. 3 (a) at lower frequency more current flow through the under and between 

adjacent cells (red line). (b) At higher frequency, more current passing through the 

insulating cell membranes (green line) (Applied BioPhysics 2019). 

The cell membrane consists of a phospholipid bilayer which separates the ions and charged 

protein in the cytoplasm from the ions in the extracellular cells. Due to this characteristic 

of the cell membrane, both resistance and capacitance occur over the cell membrane. 

According to Equation 4, the capacitive properties of the cell membrane is inversely 

proportional to AC frequency. At lower frequencies, membrane capacitance increases 

resulting in cell membrane largely constrain the current flow through the cell membrane. 

Therefore, most of the current flowing around the cell bodies (Figure 5.3 a). At higher 

frequencies, most of the current flow across the cell membrane due to low membrane 

capacitance (Figure 5.3 b). 

Giaever and Keese model (Robilliard et al., 2018) used the specific properties of the cell 

monolayer to model the impedance data (Figure 5.4). Rb, α, and Cm are three main 

modeled parameters and among them, Rb (Ω cm2) is the most important parameter which 

R = Resistance 

C = Capacitance  

f = Frequency of AC Current  

Equation 4 
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indicates tightness of the intercellular space and the resistance of the cell-cell contact. The 

parameters α (Ω0.5 cm) and Cm (µF/cm2) describe the changes in cell radius and basal 

adhesion, and changes in the cell membrane composition as a plasma membrane 

capacitance respectively (Robilliard et al., 2018). 

Figure 5. 4 The ECIS model (Giaever and Keese model) The measured impedance can be 

separated into three parameters; Rb: the barrier function of the cell layer, α: current flow 

beneath the cell, Cm: plasma membrane capacitance (Robilliard et al., 2018) 

It is found that cell-cell and cell-matrix interactions can be accurately measured when ECIS 

results are presented as the change in barrier resistance over time at high frequency. 

(Szulcek et al., 2014). Tiruppathi et al. (1992) found that 40 kHz is an optimal frequency 

to measure the real-time changes in endothelial barrier function (Rb). This is because at the 

high frequency, when cells start to grow on the electrode, the resistance increased, and the 

capacitance decreased as the result of insulation of the electrodes and the impaired 

movements of ions across the cell membrane (Opp 2009).  
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As shown in Figure 5.5, when there are no cells on the electrode, no constraint occurred 

in the current flow. The initial resistance, when no cells are attached to the electrode, is 

known as the baseline resistance. Cells start to attach and spread over the electrodes during 

inoculation. At higher frequency, when the number of cells on electrode increases, 

insulating cell membrane largely resist the current flow, forcing it to flow beneath and 

around the cell bodies. Thus, more movements of the current flow between tight junctions 

of the cells are blocked, causing the electrode resistance to rise (Figure 5.5). The resistance 

reaches a maximum value when the electrodes are entirely filled with cell, which is known 

as cell confluency (Applied BioPhysics 2019; Ramasamy, Bennet and Kim 2014). 

 

Figure 5. 5 A typical ECIS measurement graph of cancer cell growth response for 20 hrs., 

showing various cellular morphological changes (Ramasamy, Bennet and Kim 2014). 

 



124 

 

5.2 Material  

The following Tables indicate the chemicals and cell line (Table 5.1) and instruments 

(Table 5.2) used in the ECIS study. 

Table 5. 1 Reagents and cell lines used for ECIS  

 

Name  Manufacture/Supplier Lot No/ Batch No 

Curcumin  Acros Organics  A0298306 

Resveratrol  Carbosynth Limited FR094121301 

Compritol 888 Gattefossé SAS 130911 

Poloxamer 188 Corning 16118012 

Tween® 80  Fisher Scientific 152996 

Acetone (HPLC grade) Fisher Scientific 155926 

Methanol Optima® Fisher Scientific  Several Lots used 

B16F10 melanoma cell line American Type Culture Collection 

(ATCC)  

CRL-6475 

DMEM Thermo Fisher Scientific 12634010 

Trypsin-EDTA Thermo Fisher Scientific 25200056 

 

Table 5. 2 Instruments used for ECIS 

 

Name  Company  

8W10E+ array Applied BioPhysics, Inc. (Jordan Road Troy, NY) 

ECIS® Zθ (theta) instrument Applied BioPhysics, Inc. (Jordan Road Troy, NY) 
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5.3 Methods  

 

5.3.1 B16F10 Melanoma cell culture 

B16F10 cell line (ATCC CRL-6475) was purchased from American Type Culture 

Collection (Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum. The cells were cultured in an 

incubator with an atmosphere of 5% CO2 at 37◦C in 25 cm2 culture flasks.  

5.3.2 Sample preparation  

The effects of curcumin and resveratrol on cell proliferation were tested using five different 

samples. Table 5.3 shows the concentrations of each sample that utilized for ECIS assay. 

Table 5. 3 Concentrations of the nanoparticles and control  

 

Formulation/ 

Solution  

Curcumin 

Conc.  

(mg/ml) 

Resveratrol 

Conc. 

(mg/ml) 

DMSO 

Conc. 

(%v/v)  

Poloxamer 

Conc. 

(mg/ml) 

Tween  

Conc.  

(mg/ml) 

Compritol 

Conc. 

(mg/ml) 

Blank SLNs - - - 30 7.5 45 

Cur-Res 

SLNs  

0.06 0.02  - 30 7.5 45 

Cur-Res 

solution  

0.06 0.02 0.1 -   

Curcumin 

solution 

0.06  0.1 -   

Resveratrol 

solution 

 0.02 0.1 -   
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5.3.3 Preparation of Blanks SLNs and Cur-Res SLNs  

Both Blank and Cur-Res SLNs were prepared as mentioned in Section 3.2.2. The initial 

concentration of curcumin and resveratrol in SLNs was 4.5 mg/ml and 1.5 mg/ml 

respectively. A total volume of 0.5 ml of stock solution was diluted with 37.5 ml of 

deionized water to obtain the desired curcumin (0.06 mg/ml) and resveratrol (0.02 mg/ml) 

concentrations. Triplicates were prepared. A similar procedure was followed to dilute the 

blank SLNs. 

5.3.4 Preparation of Solution containing Cur-Res, Curcumin or Resveratrol 

Six mg of curcumin and 2 mg of resveratrol were dissolved in 100 µl DMSO using 10 ml 

volumetric flask. Then deionized water was added to bring the volume to the mark in 10 

ml volumetric flask in order to prepare the standard stock solution. The concentration of 

curcumin and resveratrol in prepared stock solution was 0.6 mg/ml and 0.2 mg/ml 

respectively. In order to prepare the solution with 0.1% v/v DMSO, the stock solution was 

further diluted with deionized water. A total volume of 1 ml of stock solution was diluted 

with 9 ml of deionized water to obtain the Cur-Res solution (curcumin 0.06 mg/ml and 

resveratrol 0.02 mg/ml). A similar procedure was followed to prepare the curcumin 0.06 

mg/ml and resveratrol 0.02 mg/ml solutions.  

5.3.5 Electric-Cell-Substrate-Impedance-Sensing 

The 8W10E was utilized to carry out cell migration studies of B16F10 cell line. As 

indicated on Table 5.2, ECIS assay was conducted using eight different conditions. ECIS 

slide was incubated for about 10 mins with a cell culture medium. Afterward, the medium 

was removed and each well of the slide was seeded as given in Table 5.2.  
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First, two wells remained sample free and cell-free as reference. The slide was incubated 

for 4 days and the resistance signal was monitored during the time. 

Table 5. 4 Composition of each well in ECIS array  

 

 

   

Code 

No 

Condition  

 

SLNs 

(µl) 

Solution 

(µl) 

B16 

(µl) 

DMEM 

(µl) 

1 B16F10 + DMEM - - 500 500 

2 Cur-Res SLNs + DMEM 500   500 

3 Blank SLNs + B16F10-DMEM  500  500  

4 Cur-Res SLNs + B16F10-DMEM  500  500  

5 Cur-Res solution + B16F10-DMEM   500 500  

6 Curcumin solution + B16F10-DMEM   500 500  

7 Resveratrol solution + B16F10-DMEM   500 500  

8 Cur-Res SLNs + B16F10-DMEM  500  500  
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5.4 Results and Discussion  

Impedance is a more general term for resistance. Impedance and resistance are both given 

in units of “ohms”. Resistance is the opposition to a direct current (DC) which is 

independent of the frequency. However, impedance is a concept used for the alternating 

current (AC). Since the electric charge of the AC changes its direction periodically, other 

factors including inductance, capacitance are also considered when calculating impedance. 

Therefore, impedance is the total contribution of both resistance and reactance (Jiang 

2012). The cell membrane is a thin polar membrane, primarily made up with phospholipids. 

It not only has resistance but also a membrane capacitance due to separating the opposing 

charges inside and outside the cell. Capacitive reactance of the membrane is measured by 

1/(2πfC); where f is the frequency and C is the capacitance (Equation 4). Therefore, 

capacitive reactance is inversely proportional to AC frequency. At higher frequency (40 

kHz), capacitive reactance of membrane is negligible, and the resistance alone adequately 

indicates the changes of cell seeding, attachment, migration, and proliferation. 

B16F10 cell response to Cur-Res combination including Cur-Res SLNs, Cur-Res solution, 

curcumin solution, and resveratrol solution was studied by monitoring the resistance over 

50 hrs. Figure 5.6 given below show the ECIS results of two independent experiments that 

conducted to test the effects on cell viability with addition Cur- Res and blank SLNs. The 

data were presented as the normalized resistance against time 
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Figure 5. 6 ECIS results for the B16F10 with addition of Cur-Res SLNs (Cur-Res; 60+20 

µg/ml). B16F10 melanoma cell line, the cell free media and blank SLNs were used as 

controls. Measurements were taken at 40 kHz. 

The initial normalized resistance (time 0 hr) of the electrodes at 4 kHz ranges around 1 Ω. 

As shown in each graph, the resistance of B16F10 melanoma cells was observed to increase 

and fluctuate with time due to their rapid proliferation. These fluctuations are observed 

with all the other conditions that have been analysed with ECIS and are indicative of living 

cells and their movements on the electrodes (Opp 2009; Lo, Keese and Giaever 1993).  

In the case of Cur-Res SLNs treated cells (Figure 5.6), both n=1 and n=2 experiments 

showed the increase in resistance followed by a sudden drop. The increase of the resistance 

shows the migration of B16F10 cells and the sudden fall in resistance is assumed to be the 

response of cell death or detachment of cells from the substrate. 
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Blank SLNs were used as the control and the purpose of using blank SLNs is to prove the 

composition of lipid nanoparticles is non-toxic. In other words, toxic effects only come 

from the curcumin and resveratrol. The resistance of the cells exposed to blank SLNs 

increased over time except for n=1 experiment. It may be due to some technical errors such 

as electrode damage. However, the increase of the resistance suggested that the 

composition of the SLNs such as lipid and surfactants are non-toxic to the melanoma cells. 

The resistance signal was monitored using cell-free electrode with Cur-Res SLNs to show 

resistance is not influenced by Cur-Res SLNs when cells are absent. As shown in Figure 

5.6, the resistance signal from Cur-Res SLNs without cells was a straight line. 

Sambale et al. (2015) conducted a similar study to investigate the toxic effects of silver 

nanoparticles on human lung adenocarcinoma epithelial cell line (A-549). Impedance 

measurements of A-549 were measured upon the addition of 10 ppm silver nanoparticles. 

Three conditions, including cell-free electrode with silver nanoparticles, cell-free electrode 

with medium and normal cell culture were used as a control. A drastic drop of the 

impedance was observed almost immediately after the addition of the silver nanoparticles 

indicating changes in cell morphology. However, impedance signal was gradually 

increasing when electrodes cultivated with normal cell culture, cell-free culture medium.  

Two independent experiments were conducted to test the effects melanoma cell growth in 

DMEM medium with the addition of Cur-Res solution, curcumin solution, and resveratrol 

solution (Figure 5.7). 
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Figure 5. 7 ECIS analysis of the B16F10 with addition of Cur-Res solution (60+20 µg/ml), 

curcumin solution (60 µg/ml), and resveratrol solution (20 µg/ml). B16F10 melanoma cell 

line, was used as controls. Measurements were taken at 40 kHz. 

The initial resistance of the electrodes in all two experiments ranges around 1 Ω. As shown 

in each graph, the resistance of B16F10 melanoma cells gradually increased with time 

because the cells were live, and they were rapidly proliferating. It is observed that 

resveratrol did not show significant growth inhibition on B16F10 compared to curcumin 

solution (60 µg/ml). The resistance steadily increased with cells exposed to resveratrol as 

a result of cell adhesion and spread over the electrodes. This may be due to low resveratrol 

concentration. There is no significant difference in the resistance between curcumin and 

Cur-Res solution. Both curves of curcumin solution and Cur-Res solution trends 

downwards. This is assumed to be the response of cell death or detachment of cells from 

the substrate. 
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Summary  

The inhibitory effects of Cur-Res SLNs on B16F10 melanoma cell lines were studied using 

ECIS (Electrical cell substrate impedance method). Cur-Res solution, curcumin solution 

and resveratrol solution were used as controls. The results from ECIS measurements 

indicated that both Cur-Res solution and Cur-Res SLNs have potential to stop cell 

migration of B16F10 melanoma cells.  
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CHAPTER 6 

Specific Aim 3: (b) Analysis of Molecular Activity Between Curcumin 

and Resveratrol  

▪ IncuCyte Cell Proliferation Assay 

▪ Morphological Analysis 

▪ Combination Index 

▪ Dose Reduction Index 
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6.1 Background 

 

Curcumin, also known as diferuloylmethane, is a yellowish polyphenol extracted from the 

plant Curcuma longa (Sahebkar 2014; Aggarwal, Surh, & Shishodia 2007). It is considered 

as a novel anti-melanoma agent and it acts on several molecular targets involved in 

melanoma pathogenesis, such as protein p53, Bcl-2 (Gui et al., 2008), JAK-2/STAT (Zhang 

et al., 2015), caspase 3,8,9 (Bush et al., 2001), Erk,Akt (Chen et al., 2014), Mek/Erk and 

PI3K/Akt (Lee et al., 2010), NF-kB (Siwak et al., 2005), and c-myc (Qiu et al., 2005).  

Like curcumin, resveratrol exhibits a wide spectrum of pharmacological activities, 

including carcinogenesis, anticancer, and anti-inflammatory activities (Wang et al., 2014). 

It has been found to play an vital role in reducing cell migration and the invasive properties 

of aggressive invasive melanoma cells by inhibiting multiple key signaling pathways 

including the Mek/Erk kinase pathway (Lei et al., 2017), Akt, mTOR (Jiang et al., 2009; 

Wang et al., 2014), STAT3, and NF-kB (Bhardwaj et al., 2007) that play major role in 

melanoma progression.  

It has been found that the maximal therapeutic benefits against tumour development could 

be achieved with combinational therapy by affecting several targets at the same time. 

Therefore, the aim of this chapter to study the molecular activity of resveratrol and 

curcumin on SK-MEL-28 melanoma cell line and to analyze the Cur-Res combination for 

synergism against melanoma cell line. Curcumin and resveratrol were subjected to 

IncuCyte cell proliferation assays and median-effect analysis. Lastly, MTT assay was used 

to study the cell viability of resveratrol, curcumin individually and in 3:1 Cur-Res 

combination.  
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6.2 Materials  

 

Following Tables indicate the chemicals and cell line (Table 6.1) and instruments (Table 

6.2) used to study the molecular activity of resveratrol and curcumin on SK-MEL-28 

melanoma cell line. 

Table 6. 1 Reagents and cell lines used to analyze the combined effects of curcumin and 

resveratrol  

Name  Manufacture/Supplier CAS No. 

3-4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) 

Calbiochem EMD 

Millipore 

298-93-1 

Dulbecco's modification of Eagle's 

medium (DMEM) 

Mediatech, Inc  45000-306 

Trypsin EDTA) Mediatech, Inc  MT25051CI 

Phosphate buffered saline (PBS) Mediatech, Inc  MT-46013CM 

Fetal Bovine Serum (FBS) Bio Fluid Technology Inc. 04-001-1A-US 

Penicillin/ Streptomycin 
Lonza Inc 

17-602E 

SK-MEL-28: Human Melanoma Cell 

Line  

American Type Culture 

Collection (ATCC) 

ATCC HTB-72 
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Table 6. 2 Instruments and software used to analyse the synergism between curcumin 

and resveratrol  

 

Instrument OR Software Company  

IncuCyte® S3 Live Cell Analysis System, 

and IncuCyte® S3 Software 

Essen BioScience, Inc. Michigan, Anarbor 

SpectraMax iD3 Multi-Mode Microplate 

Reader 

Molecular Devices, LLC. 

3860 N First Street 

San Jose,CA 95134 USA 

CompuSyn software CompoSyn, Inc. 

http://www.combosyn.com/ 

  

https://www.essenbioscience.com/en/products/incucyte/
https://www.essenbioscience.com/en/products/incucyte/
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6.3 Method 

6.3.1 IncuCyte® cell proliferation assay 

Inhibition of cell growth in response to curcumin, resveratrol and Cur-Res solution, and 

SLNs was determined using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (MTT). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 

4.5g glucose supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S). SK-MEL-28 cancer cell lines were resuspended in DMEM 

after harvesting the cells with 0.25% trypsin + 2.2 mM EDTA. The cells were seeded 

evenly (180 μL/well) at a density of 5000 cells/well in 96 well plates with triplicates. After 

24 hr of plating, cells were incubated with serial dilutions of the curcumin solution, 

resveratrol solution, Cur-Res solution, and Cur-Res SLNs at the concentrations given in 

Table 6.3 using DMSO (0.1% v/v). Blank SLNs were used as control. The plates were 

then incubated for another 96 hr. Cell proliferation rate was monitored by analysing the 

degree of confluency over the time. Afterwards, algorithm in the IncuCyte® software 

creates the growth curves based on the data points acquired during 24 hr intervals over the 

4 days. At the end of the 96 hr. incubation period, 20 µl of MTT (4 mg/ml) was added to 

each well to terminate the reaction. The plates were incubated for an additional 4 hr at 

37°C. The culture medium was then discarded. The formed formazan crystals were 

dissolved by adding 100 µL of DMSO to each well. The absorbance was determined using 

a SpectraMAX iD3® Multi-mode microplate reader (Sunnyvale, CA, USA) at 570 nm. 

The IC50 was determined using the Bliss method, which is based on the change in the 

percentage of viable cells after the addition of chemotherapeutic drugs, with or without the 

reversal compounds.  
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Table 6. 3 Concentrations of curcumin and resveratrol and their combinations used in 

growth inhibition assays  

  

 

Single Agent Combination 

(Cur-Res solution / Cur-Res SLNs)  Curcumin Resveratrol 

 

 

Concentrations  

(µg/ml) 

0.1 0.03 0.1 : 0.03 

1 0.33 1 : 0.33 

6 2 6 : 2 

10 3.3 10 : 3.3 

20 6.6 20: 6.6 

30 10 30 : 10 

60 20 60 : 20 

 

6.3.2 Evaluating synergism  

Chou-Talalay method was used to evaluate the synergism of Cur-Res solution and Cur-Res 

SLNs by comparing drug doses with a fraction of tumour cells affected. The data were 

analysed using CompuSyn software in order to determine combination index (CI), median 

effective dose(dm), and dose-reduction index (DRI). 

6.3.3 Statistical analysis  

Statistical analysis was performed using OriginPro. One-way ANOVA was used for 

significant testing, and the results with a P value less than 0.05 was considered to be 

statistically significant. Data represent the mean of three independent experiments. The 

significance level between groups are indicated by the asterisks as follows; *P < 0.05, **P 

< 0.01, ***P < 0.001 



142 

 

6.4 Results and discussion  

6.4.1 IncuCyte® cell proliferation assay 

The IncuCyte® live cell analysis system provides the real-time automated measurements 

of cell growth and inhibition via monitoring the cell confluence under treatment (Johnston 

et al., 2009). The endpoint cell viability assay was also performed after 96 hr to ensure that 

the changes of SK-MEL-28 cell confluence happened because of the reduction of cancer 

cell viability (Kleijn et al., 2016; Single et al., 2015). The human melanoma cell line (SK-

MEL-28), which is derived from an axillary lymph node of 1 51-year-old male, was utilized 

as an experimental model to conduct this study.  

The activity of the curcumin on the cell proliferation of SK-MEL-28 was tested using 

different curcumin concentrations range from 0.1 - 60 µg/ml for 96 hr (Figure 6.1). No 

growth inhibition of cells was observed when cells were treated with DMSO (0.1% v/v) 

which was used as control. When cells were monitored by the IncuCyte® live-cell analysis 

system, a significant reduction in cell confluence was found at 20, 30, and 60 µg/ml 

curcumin concentrations compared to the control. Approximately 81% of confluence was 

achieved when treated with DMSO (0.1% w/v), which was reduced to 10.43% when cells 

were treated with the 60 µg/ml of curcumin. There is a significant difference (P < 0.001) 

between curcumin concentration (60 µg/ml) and control. A similar pattern of growth 

inhibition was found between 20 and 30 µg/ml curcumin concentrations. The cell 

confluence was gradually increased until 48 hr (28 - 33%), and then no significant increase 

in confluence was observed until 96 hr. There was a statistically significant difference (P 

< 0.001) between control and aforementioned two concentrations. 
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Furthermore, significant growth inhibition was observed after 96 hr when cells were treated 

10 µg/ml of curcumin (P < 0.001). Both 1 (P < 0.01) and 6 (P < 0.06) µg/ml curcumin 

concentrations have shown a notable growth inhibition on SK-MEL-28 and reduced the 

cell confluence respectively to 59 and 51%. The cell confluence was gradually increased 

when cells were treated with 0.1 µg/ml of curcumin. It was too low to show the significant 

growth inhibition on the SK-MEL-28 cell line.  

Figure 6. 1 Effects of curcumin on SK-MEL-28 cell confluence. Cells were incubated with 

seven different concentrations ranging from 0.1 - 60 µg/ml over a 96 hr period, and cell 

confluence was analysed every 24 hr using IncuCyte instrument. Values represent the mean 

± standard deviations of three independent experiments.  
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Figure 6.2 demonstrates the activity of the resveratrol on the cell proliferation of SK-MEL-

28, which was tested using seven different concentrations range from 0.03 – 20 µg/ml for 

96 hr. As shown in Figure 6.2, vehicle (DMSO 0.1% v/v) was found to be non-toxic against 

the melanoma cell line, and cell confluence was 81% ± 0.56 after 96 hr. The graph depicts 

the significant percent change in confluence between 20 µg/ml resveratrol concentration 

(11. 25% ± 1.06) and the control after 96 hr. A significant difference between control and 

highest resveratrol concentration (20 µg/ml) is indicated by P < 0.001. Similar trend of 

growth inhibition was observed in both 6.6 and 10 µg/ml resveratrol concentrations. The 

initial confluence for both these concentrations was found to be 20%, and as the result of 

the anticancer activity of the resveratrol, the cell confluence was decreased to 17% after 96 

hr for both resveratrol concentrations (6.6 and 10 µg/ml). There was a statistically 

significant difference (P < 0.001) between the control and the aforementioned two 

concentrations. Resveratrol was shown to suppress the confluence at 3.3 and 2 µg/ml. After 

96 hrs., both these concentrations showed a statistically significant difference; P < 0.001 

and P < 0.01 respectively compared to control. Approximately 76% ± 1.2 of cells remained 

viable when treated with 0.03 µg/ml of resveratrol, which was reduced to 68.15% ± 0.49 

when cells were treated with 0.3 µg/ml of resveratrol, which makes only a P < 0.05 

statistical significance between 0.03 and 0.3 µg/ml. However, these two concentrations 

were too low to have a significant growth inhibition on SK-MEL-28 as compared to 20 

µg/ml.  
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Figure 6. 2 Effects of resveratrol on SK-MEL-28 cell confluence. Cells were incubated 

with seven different concentrations ranging from 0.03-20 µg/ml over a 96 hr period, and 

cell confluence was analysed every 24 hr using IncuCyte instrument. Values represent the 

mean ± standard deviations of three independent experiments. 

The activity of the combination of curcumin and resveratrol on the cell proliferation of SK-

MEL-28 was tested using seven Cur-Res combinations ranging from 0.1+ 0.03 to 60 +20 

µg/ml for 96 hr (Figure 6.3). IncuCyte data showed that there is no growth inhibition was 

observed at DMSO 0.1% v/v; approximately 81% ± 0.56 of cells remained viable after 96 

hr. However, 60+20 µg/ml Cur-Res combination has shown a significant growth inhibition 

on SK-MEL-28 and reduced the cell confluence to 10.98% ± 1.10.  
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Figure 6. 3 Effects of Cur-Res solution on SK-MEL-28 cell confluence. Cells were 

incubated with seven different Cur-Res combinations ranging from 0.1+0.03 to 60+20 

µg/ml over a 96 hr period, and cell confluence was analysed every 24 hr using IncuCyte 

instrument. Values represent the mean ± standard deviations of three independent 

experiments.  

The similar observations were reported on the effects of 30+10, 20+6.6, and 10+3.3 µg/ml 

Cur-Res combinations on the proliferation of SK-MEL-28 cells. The initial cell confluence 

for all the three drug combinations was found to be 16%, and it decreased to 15% at the 

end of 96 hr. Furthermore, significant growth inhibition was observed after 96 hr when 

cells were treated 6+0.2 µg/ml Cur-Res combination.  
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All the Cur-Res combinations except 0.1+0.03 and 1+0.03 µg/ml showed a statistically 

significant difference; P < 0.001 compared to control. The similar trend was observed in 

cell confluence for both 0.1+0.03 (P < 0.05) and 1+0.03 (P < 0.01) µg/ml Cur-Res 

combinations over time. The amount curcumin and resveratrol in 0.1+0.03 and 1+0.03 drug 

combinations was low compared to other drug combinations to show a noticeable reduction 

in cell proliferation. 

The IncuCyte assay monitored the anticancer activity of both curcumin and resveratrol in 

solid lipid nanoparticles on cell proliferation of SK-MEL-28 (Figure 6.4). Blank SLNs 

(vehicle) was used as the control and shown to have an insignificant effect on a cell 

proliferation resulting in 82% ± 0.09 of cell confluence was achieved after 96 hr. However, 

IncuCyte cell proliferation assay showed the significant growth inhibition of melanoma 

cell lined when treated with 60+20 µg/ml Cur-Res combination up to 96 hr compared to 

blank nanoparticles (P < 0.001). The similar observations were reported on the effects of 

30+10, and 20+6.6 µg/ml Cur-Res combinations on the proliferation of SK-MEL-28 cells. 

The initial cell confluence was found to be around 19%, and it decreased to 16% at the end 

of 96 hr. The 10+3.3 µg/ml Cur-Res combination also showed an increase in cell 

confluence until 48 hr then followed by a drastic reduction in cell confluency. In addition, 

the cell confluence was gradually increased to 35.75 ± 0.72 and then decreased to 29.61 ± 

0.72 at the end of 96 hr when cells were treated with 6+2 µg/ml. There is a statistically 

significant difference (P < 0.001) between control and Cur-Res combinations, including 

30+10, 20+6.6, 10+3.3, and 6+2 µg/ml. Both 1+0.3 and 0.1+0.03 Cur-Res combinations 

showed noticeable inhibition effects on SK-MEL-28 cell proliferation after 48 hr. Both 

combinations drastically decreased the cell confluence from 80% to 56% after 48 hrs. 
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Figure 6. 4 Effects of Cur-Res SLNs on SK-MEL-28 cell confluence. Cells were incubated 

with seven different Cur-Res combinations (SLNs) ranging from 0.1+ 0.03 to 60 +20 µg/ml 

over a 96 hr period, and cell confluence was analysed every 24 hr using IncuCyte 

instrument. Values represent the mean ± standard deviations of three independent 

experiments.  

Figure 6.5 demonstrates the cell viability of SK-MEL-28 cells treated with curcumin and 

resveratrol solutions at 96 hr. As expected, the cell viability of curcumin and resveratrol 

was concentration- and time- dependent. The cell viability decreased with increased 

concentrations in SK-MEL-28 cell line. A notable growth inhibition (P < 0.01) was 

observed above 1 and 0.3 µg/ml for free curcumin and resveratrol respectively. However, 

Cur-Res solution was found to be more toxic than either drug solution alone.  
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In this study, Cur-Res solution was shown to suppress cell confluence to less than 20% and 

induce cell death at Cur-Res concentrations above 6+2 µg/ml (P < 0.001) whereas only 

highest curcumin (30 and 60 µg/ml; P < 0.001) and resveratrol (6.6, 10 and 20 µg/ml; P < 

0.001) concentrations exhibited significant growth inhibition (< 20%). This can be due to 

the synergistic activity of curcumin and resveratrol.  

One of the major issues associated with nanoparticles is toxicity. Nanoparticles can pose 

adverse side effects due to their characteristics, including high surface activity, small 

diameter, high surface area, unusual morphologies (Ray, Yu and Fu 2010). As shown in 

Figure 6.5, blank SLNs data reveal that they have no cytotoxic effects on cell proliferation 

as the cellular viability was above 80% at all concentrations after 48 hrs. It indicates that 

the noticeable cytotoxic effects of Cur-Res SLNs were solely due to the anticancer activity 

of curcumin and resveratrol. On the other hand, Cur-Res SLNs significantly reduced the 

cell viability in a concentration- and time- dependent manner. The cells exposed to 

0.1+0.03 and 6+2 µg/ml Cur-Res SLNs showed approximately 56.8 and 29.1% viability, 

respectively after 96 hr. Treatment with 10+3.3 µg/ml Cur-Res SLNs decreased the cell 

viability to 15.23%. Viability of cells treated with 60+20 further reduced to 10.29%. 

Overall, Cur-Res SLNs showed a significant difference (P < 0.001) above 6+2 µg/ml in 

growth inhibition compared to cells exposed to blank SLNs.  
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Figure 6. 5 Effects of curcumin solution, resveratrol solution. Cur-Res solution and Cur-

Res SLNs on SK-MEL-28 cell confluence at 96 hr. Values represent the mean ± standard 

deviations of two independent experiments (Significant: *P < 0.05, **P < 0.01, ***P < 

0.001 and non-significant (n.s). 

A limited number of studies have been focused on the mechanism of action of solid lipid 

nanoparticles. Solid lipid nanoparticle can enter the cell via three possible mechanisms 

including penetration, adhesion and/or fusion. 
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Nanoparticles can be taken up by cells if they are small enough. Furthermore, particles can 

release drug into the cell by either adhesion on to the surface of the cell membrane, or 

fusion and mixing with intracellular lipids, resulting in significant drug penetration through 

cell membrane (Akhtar 2014). 

The aim of this present study to compare the cytotoxic effects between Cur-Res SLNs and 

Cur-Res solution, on SK-MEL-28 cell line. As shown in Figure 6.5, there was no 

significant difference in cell viability and cell proliferation between Cur-Res solution and 

Cur-Res SLNs. Both showed higher toxicity to SK-MEL-28 when compared to DMSO 

(0.1% v/v) and Blank SLNs. Like Cur-Res SLNs, Cur-Res solution decreased cell viability 

in a concentration- and time- dependent manner. With the Cur-Res concentration of 

solution increasing from 0.1+0.03 µg/ml to 60+20 µg/ml, the relative cell viability of SK-

MEL-28 decreased from 68.3 to 10.2% at 96 hr. Kumari et al. (2017) tested the cytotoxicity 

of curcumin loaded mPEG-PLA-Ch micelles and curcumin solution on B16F10 cell line. 

The similar toxic profile was observed for both treatments after 24 hr. Both free curcumin 

and curcumin loaded mPEG-PLA-Ch significantly reduced cell viability in a 

concentration-dependent. However, no significance in difference in cell viability was 

observed between free curcumin solution and curcumin loaded mPEG-PLA-Ch.  

Carletto et al (2015) developed Poly(ε-caprolactone) (PCL) loaded with resveratrol. The 

formulation was tested for cytotoxicity on B16F10 cell line. The results indicated that cell 

viability was concentration-dependent with viability decreasing with increased 

concentrations for both free resveratrol and resveratrol loaded nanoparticles (Res-NP). 

Both the treatments showed higher toxicity at higher concentrations (100 and 300 M).  
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Furthermore, no statistical difference was observed in cell viability between resveratrol and 

Res-NP indicating that resveratrol loaded nanoparticles can be used as a feasible approach 

to deliver drugs.  

MTT assay was conducted to study the cytotoxicity against SK-MEL-28 cell line in a 

concentration-dependent manner for curcumin and resveratrol individually and 

combination. Anticancer properties of Cur-Res 3:1 combination was investigated using 

two systems; Cur-Res solution and Cur-Res SLNs. Free curcumin and resveratrol were 

used as controls. Based on the previous studies by other groups, 3:1 Cur-Res combination 

was utilized to assess the cell viability in this study. Pushpalatha et al. (2017) investigated 

the cytotoxicity effects of curcumin and resveratrol individually and 3:1, 1:1, 1:3 Cur-Res 

combination against human breast cancer MCF-7 cell line. It is evident from the results 

that the IC50 value observed for curcumin and resveratrol was 21.29 μg/ml, and 38.30 

μg/ml. However, 3:1 Cur-Res combination enhanced the growth inhibition significantly 

with having the lowest half maximal inhibitory concentration (IC50) value of 8.29 μg/ml. 

Table 6.4 and Figure 6.6 show the (IC50) values of Cur-Res solution and SLNs in 

comparison to free curcumin and resveratrol controls. As demonstrated in Table 6.4, IC50 

dosage for curcumin after 96 hr was 6.38 µg/ml and for the resveratrol was 3.67 µg/ml. 

However, the Cur-Res solution and SLNs significantly reduced the IC50 dosage when 

compared to curcumin and resveratrol alone. The IC50 dosage for the combination of Cur-

Res solution and SLNs were 1.8 µg/ml and 1.6 µg/ml respectively, which indicated 

statistically significant difference compared to either agent alone (P < 0.001). However, no 

statistical difference was observed in IC50 dosages between Cur-Res solution and SLNs.  
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Figure 6. 6 In vitro cytotoxicity plots of curcumin, resveratrol, Cur-Res (3:1) solution and 

SLNs (n=6). ***P < 0.001 indicates the statistically significant difference between single 

polyphenol and Cur-Res combinations. 

Table 6. 4 IC50 values for curcumin, resveratrol and combination of Cur-Res (3:1) in 

solution and SLNs 
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According to the study finding, resveratrol showed greater cytotoxic effects on human 

melanoma (SK-MEL-28) (IC50 = 3.67 µg/ml after 96 hr; P < 0.001) compared to curcumin 

(IC50 = 6.38 µg/ml after 96 hr; P < 0.001). Inhibitory effects of resveratrol (10, 50, and 100 

µM) on human melanoma cell line (SK-MEL-31) were investigated by Wu et al. (2013). 

The IC50 value for resveratrol found to be 15 µM (5.527 µg/ml) after 48 hrs. Similar 

findings were observed in the study of Fuggetta et al. (2004). The results demonstrated that 

resveratrol significantly inhibited the proliferation of SK-MEL-28 with IC50 value of 8 ± 

1.4 µg/ml after 5 days.  

A number of studies have been conducted to understand the molecular activity of curcumin 

on melanoma cell lines (SK-MEL-28, B16F10, A375) in comparison to curcumin loaded 

nanoparticles. Some studies reported that IC50 value was not reduced when using curcumin 

loaded nanoparticles compared to free curcumin. In Anuchapreeda et al. (2011) study, IC50 

value for the free curcumin and curcumin loaded nanoemulsion found about 3.5 ± 0.5 and 

22.2 ± 0.6 µM against B16F10 respectively. Curcumin loaded nanoemulsion showed lower 

cytotoxic effects and the difference is statistically significant compared to free curcumin. 

The result is in parallel to the cytotoxicity effects of curcumin loaded chitosan-coated 

polycaprolactone nanoparticles in B16F10 cell line with the IC50 value of 119.3 ± 2.35 µM 

after 24 hr (Loch-Neckel et al., 2015). Mazzarino et al. (2014) observed the similar results 

where IC50 values of curcumin loaded nanoparticles were significantly higher than free 

curcumin for all exposure times. This might be due to uncompleted drug release from a 

nanoparticle which results in the less availability of the curcumin in the culture media.  
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However, previous studies by other groups indicated that IC50 value depends on the several 

parameters, including time, cell line, physical conditions of the experiment (Wichitnithad 

et al., 2011). For an example, Wang et al. (2017) demonstrated that IC50 value for curcumin 

loaded MPEG-PLA micelles (A375: 8.3 μg/ml; B16F10: 8.9 μg/ml) was lower than free 

curcumin (A375 12.5 μg/ml; B16F10: 9.8 μg/ml) after 24 hrs. 

Statistically significant reduction of IC50 values was seen after treatment with Cur-Res 

solution and SLNs compared to single agents. This may be due to the synergistic activity 

of curcumin and resveratrol (Pushpalatha, Selvamuthukumar, and Kilimozhi 2019; 

Majumdar et al., 2009). However, no significant difference was observed between the 

growth inhibitory effects of Cur-Res solution and Cur-Res SLNs. Nevertheless, Cur-Res 

SLNs showed slightly lower IC50 value (1.6 µg/ml) compared to Cur-Res solution (1.8 

µg/ml). This is possibly due to enhanced solubility and stability of the drugs in the SLNs. 

Another possible reason could be nanoscale particle size resulted in greater uptake of the 

compounds at the intracellular level (Wang et al. 2017). Similar results were reported by 

Pushpalatha, Selvamuthukumar, and Kilimozhi (2019) where they have shown that 3:1 

curcumin and resveratrol loaded cyclodextrin nanosponge (Cur-Res CDNS) has lowest 

IC50 value (3.41 µg/ml) compared to 1:1 (9.84 μg/ml) and 1:3 (14.98 μg/ml) Cur-Res 

CDNS after 72 hrs.  
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6.4.2 Morphological analysis  

Figure 6.7 demonstrates the changes in cellular morphology of B16F10 cells. It can be 

seen that after 96 hr, a number of viable cells in cell layer were gradually decreasing with 

increase in concentrations of curcumin solution., resveratrol solution., Cur-Res solution. 

and Cur-Res SLNs compared to controls. However, significant cell death was observed in 

the wells treated with 6+2 µg/ml of Cur-Res solution and SLNs compared to curcumin and 

resveratrol alone. Cell density was decreased and the size of most cells in the 6+2 µg/ml 

Cur-Res treated groups (Cur-Res solution and Cur-Res SLNs) was shrunk compared with 

curcumin and resveratrol alone.  

Figure 6. 7 Morphological changes in SKE-MEL-28 human melanoma cells treated with 

curcumin (1, and 6 μg/ml), resveratrol (0.3, and 2 μg/ml), Cur-Res solution and SLNs with 

a ratio of 3:1. Scale bar 200 µM.  
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6.4.3 Combination Index  

The purpose of combination therapy is to reduce side effects and cost, increase 

chemopreventive effectiveness, synergistic effects, and improve compliance (Shenfield 

1982). To our knowledge, this is the first time that a synergistic effect of the Cur-Res 

combination in SK-MEL-28 melanoma cell line has been quantitatively determined.  

Figure 6. 8 (a) Combination index plots (Fa–CI plots) for the Cur-Res solution and Cur-

Res SLNs. CompoSyn® software was used to calculate CI values. (b) Combination index 

values computed at higher cell lethality (Fa > 0.5) for Cur-Res solution and SLNs of SK-

MEL-28 cells. As shown in Figure 6.8 (a), synergistic effects were recorded at all the dose 

levels except Fa=0.05 for both Cur-Res solution and SLNs. CI values of Cur-Res SLNs 

were below 0.2 at the effect level greater than 75% inhibition. Similarly, CI values of Cur-

Res solution at ED 75, ED 90 and ED 95 were 0.25, 0.2 and 0.15. 

A general trend of increasing synergistic effects for both Cur-Res solution. and SLNs was 

evidenced with the increase in levels of cancer cell inhibition. However, synergism with 

high effect levels (ED 75, ED 90, ED 95) is much more therapeutical important in the 

cancer treatment when compared to low effect levels (< ED 50) (Chou 2006). For both 

Cur-Res solution and SLNs, highest synergism was shown by curcumin with resveratrol at 

ED 95 followed by ED 90 and ED 75. However, Cur-Res SLNs produced stronger 

synergistic effects compared to Cur-Res solution at high effect levels. This might be 

because Cur-Res SLNs efficiently deliver both curcumin and resveratrol into a cell when 

compared to Cur-Res solution. 
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Figure 6. 8 (a) the graphic summary of CI analysis at overall levels of effect (Fa) ranging 

from 0.5 to 0.97 and Figure 6.8 (b) the CI computed at higher cell lethality (Fa>0.5); ED 

75, ED 90, and ED 95. 

A number of studies against different cancer cell lines demonstrated that curcumin in 

combination with resveratrol was more effective than either agent alone in inhibiting 

tumour growth. Another study using colon cancer HCT-116 cells reported that curcumin 

synergizes with resveratrol to inhibit cell proliferation (Majumdar et al., 2009). Du et al. 

(2013) conducted a similar study indicating that curcumin and resveratrol combination 

significantly inhibit the tumour growth of hepatocellular carcinoma Hepa1-6 growth when 

compared to either agent alone. 
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6.4.4 Dose reduction index  

 

Figure 6.9 demonstrates the Fa-DRI plots for Cur-Res solution and SLNs. Both 

formulations exhibited the DRI larger than 1 for curcumin and resveratrol indicating 

favourable dose reduction. However, the dose reduction index for curcumin and resveratrol 

in SLNs was much higher at higher Fa levels (0.5 > Fa) compared to the solution. The 

major barrier to these polyphenol’s clinical efficacy is their poor bioavailability. The 

advantage of the dose reduction is, less concentration of respective polyphenols is required 

on the site of action to give the same efficacy compared to polyphenol alone. Therefore, it 

is important to realize that lower in vitro concentration of curcumin and resveratrol is more 

achievable in vivo. 

 

 

Figure 6. 9 Fa-DRI plots for (a) Cur-Res solution (b) Cur-Res SLNs 
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Table 6. 5 Therapeutic IC50 doses for curcumin and resveratrol against SK-MEL-28 

 

Drug/Combination Dm (therapeutic IC50) µg/ml 

Curcumin 3.696 

Resveratrol 0.835 

*Dm is the median-effect dose that inhibits the cell growth by 50%.  

Table 6. 6 IC50 doses (D
m

) in combination treatments of free polyphenols in SK-MEL-28  

Drug 

combination 
Dose ratio D

m
 (µg/ml)

a

 
D (µg/ml)

 b

 

Curcumin Resveratrol 

Cur-Res solution 3:1 0.743 0.557 0.185 

Cur-Res SLNs 3:1 0.597 0.447 0.149 

The statistical comparisons in Dm between single agent treatments (Table 6.5) and 

combination treatments (Table 6.6) were significant at p-value < 0.01  

b
 D is the dose of each drug in a combination that inhibits the cell growth by 50% 

Table 6. 7 Dose-reduction index values at 50% effect levels of combined treatments of free 

drugs in SK-MEL-28 cells 

Drug combination Dm (µg/ml) 
Dose-reduction index (DRI) 

Curcumin Resveratrol 

Cur-Res solution 0.743 6.630 4.495 

Cur-Res SLNs 0.597 8.252 5.595 
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Table 6.7 indicates how many folds of each drug in a synergistic combination may be 

reduced at a given effect level (IC50), compared with the doses of each polyphenol alone. 

The therapeutic IC50 values for curcumin and resveratrol were 3.696 and 0.835 µg/ml, 

respectively (Table 6.5). Results showed that 3:1 combination of Cur-Res solution can 

inhibit 50% of cell growth using 0.557 µg/ml of curcumin and 0.185 µg/ml of resveratrol. 

This represents the ~7-fold decrease for curcumin and ~ 5-fold decrease for resveratrol 

(Table 6.7). On the other hand, the dose of 0.447 µg/ml of curcumin and 0.149 µg/ml of 

resveratrol were required to achieve the 50% reduction in cell growth when 3:1 

combination of Cur-Res SLNs was used (Table 6.6). When SK-MEL-28 cells exposed to 

nanoparticles, the concentration of curcumin and resveratrol required to inhibit 50% 

reduction in cell proliferation was reduced by ~8 and ~6, compared to curcumin and 

resveratrol respectively (Table 6.7). 

Both Cur-Res solution and SLNs produced IC50 values with DRI ranging between 5 -8, 

indicating favourable dose reduction. However, at higher cell lethality, the dose reduction 

index for curcumin and resveratrol in SLNs was much higher compared to solution. 

Overall, the results indicated the significant dose reduction (DRI >1) for both forms of drug 

combinations when compared with curcumin and resveratrol doses alone (Figure 6.9). 

Recently, Ediriwickrema et al. (2014) have formulated multilayered nanoparticles (CT 

MLNPs) for co-delivery of camptothecin (CPT) and plasmid encoding TNF related 

apoptosis-inducing ligand (pTRAIL) and evaluated the ability of nanoparticle to inhibit the 

tumor growth through synergistic activity of CPT and pTRAIL using three different cell 

lines; HCT116, U87, and MDAMB231. The results indicated that CT MLNP produced 

IC50 values with DRI ranging from 4.66 to 7.99 for pTRAIL and 3.14 to 14.5 for CPT. 
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6.5 Summary  

The synergism in anticancer effects of curcumin and resveratrol toward SK-MEL-28 cell 

was evaluated by using Cur-Res SLNs and Cur-Res solution. MTT assay was carried out 

at the end of cell proliferation assay to determine the IC50 values for combination and single 

agents. The results indicated that both Cur-Res SLNs and Cur-Res solution significantly 

reduced the cell viability in a concentration- and time- dependent manner. Blank SLNs did 

not show any cytotoxic effects on cell proliferation, which indicating noticeable cytotoxic 

effects of Cur-Res SLNs were solely due to the anticancer activity of curcumin and 

resveratrol. MTT results showed that the combination of curcumin and resveratrol in 

solution and SLNs significantly reduced the IC50 dosage when compared to curcumin and 

resveratrol alone (P < 0.001). The combination of curcumin and resveratrol proved to be 

synergistic at all the dose levels. CI values for Cur-Res SLNs and Cur-Res solution were 

below 0.25 at the higher cell growth inhibition levels (>ED 75). Lastly, DRI data 

demonstrated that Cur-Res SLNs represent the ~8-fold decrease for curcumin and ~ 6-fold 

decrease for resveratrol, whereas Cur-Res solution indicates ~6- and ~4- fold decrease for 

curcumin and resveratrol respectively.  
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CHAPTER 7 

Summary, Future Directions and Global Impact  
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7.1 Summary  

Among all the formulations tested, Compritol-based formulations were optimum in terms 

of their particle size whereas Gelucire 50/13-based formulations showed a higher particle 

size. The Cur-Res SLNs have shown average particle size ranging from 180 to 200 nm. 

XPRD results showed a unique diffraction pattern consisting of three crystalline peaks at a 

2Ө of 19.7, 21.8 and 23.6. All the SLNs were found to be stable as they have shown almost 

non-significant alterations in particle size after 24 hr. Furthermore, particle size wasn’t 

significantly increased at 4°C compared to 25°C after 21 days indicating that they were 

more stable physically at 4°C. The particle size of the blank SLNs gradually decreased over 

the three weeks. The in vitro release study showed that after 120 hr 51% of Res was 

released from SLNs whereas less than 10% of curcumin was released from the respective 

SLNs over the same period. The encapsulation efficiency (EE%) of curcumin and 

resveratrol in SLNs were found to be 92.13 ± 0.01 and 62.82 ± 0.01. Cur-Res SLNs showed 

70 ± 0.76% and 75 ± 0.93% binding for curcumin and resveratrol, respectively, whereas 

Cur-Res solution has demonstrated the increased binding percentage for curcumin (69.44 

± 0.27%) and resveratrol (97.88 ± 0.56%). A Significant amount of drug got bound to the 

skin, indicating that these SLNs are ideal systems for transdermal administration of Cur, 

Res, and their combinations. ECIS measurements indicate that Cur-Res drug combination 

has the potential to stop cell migration of B16F10 melanoma cells leading to reduce the 

cell metastasis. Both Cur-Res SLN and Cur-res solution. Significantly reduced the cell 

viability in a concentration- and time-dependent manner. Combination studies indicated 

that Cur-Res SLNs and Cur-Res solution at the ratio of 3:1 demonstrated a strong 

synergism at all the dose levels except fa=0.05 on the cytotoxicity of SK-MEL-28 cell line. 
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 7.2 Future Directions  

 

To our knowledge, this is the first time that a synergistic effect of the Cur-Res combination 

in melanoma cell line has been quantitatively determined. Therefore, In future studies, Cur-

Res SLNs could be modified with the different types of lipids to increase drug loading and 

their release profile. Freeze-drying process parameters could also be optimized to obtain 

the smaller particle size after lyophilization. Curcumin and resveratrol are poorly soluble 

compounds. Therefore, this system can be utilized for the incorporation of any poorly 

soluble anti-cancer drugs (BCS Class II drugs).  

Drug loading plays a vital role in maximizing the in vivo performances of the nanoparticle. 

A lower number of nanoparticles are required to provide the same dose of API if the drug 

loading of nanoparticle is high. Therefore, drug loading of nanoparticle could be 

maximized with a higher concentration of drug while maintaining low excipients 

concentration. The stability studies were only continued for three weeks in the presents 

study. Therefore, it can be continued for a more extended period of time to investigate the 

effects of light and temperature on SLNs.  

The preliminary ECIS studies were conducted to understand the inhibition effects of 

curcumin and resveratrol on cell migration. However, cell viability studies, viscosity 

studies, morphological analysis could also be done in parallel to ECIS study to investigate 

the impact of these parameters on cell proliferation. Synergistic studies were carried out 

with a 3:1 ratio of curcumin and resveratrol. Therefore, in future, different combination 

ratios of curcumin and resveratrol could be used to study the synergism between curcumin 

and resveratrol. Furthermore, different melanoma cell lines; B16F10, A375, Mel 928 could 

be utilized to conduct MTT assay.  



170 

 

7.3 Global Impact  

Cutaneous melanoma is the most aggressive form of skin cancer, which causes more than 

65,000 deaths yearly. At present, melanoma is regarded as the fifth and sixth most common 

cancer in men and women, respectively in the US (American Academy of Dermatology 

Association 2018; American cancer society. 2018). 

Figure 7. 1 Trends in observed (solid line) and predicted (dotted line) incidence rates for 

melanoma in US compared to incidence rates for lung and bronchus cancer 

Lung and bronchus cancer is the second most common cancer in United States. However, 

statistical data showed that the incidence rate for lung and bronchus cancer is gradually 

decreasing while the incidence of melanoma is increasing. As a result of climate change, 

the incidence of various types of skin cancers, including melanoma, is projected to increase 

significantly. It is estimated that a further 10 percent decrease in the ozone layer would 

cause an additional 300,000 non-melanoma and 4,500 melanoma skin cancer cases (World 

Health Organization 2019).  
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Although there are various treatments for malignant melanoma, their success rates are 

relatively low due to the development of multi-drug resistance. Therefore, there is an 

urgent, unmet need for the development of new compounds that are safe and effective 

against melanoma. The exposure to UV radiation (UVR) remains the most important 

preventable environmental risk factor for melanoma. Both curcumin and resveratrol are 

primarily non-toxic compared to chemotherapeutic drugs as well as they have shown a 

significant potential on melanoma.  

The Cur-Res SLNs developed in this project could be used for animal testing in order to 

get a better understanding of its effectiveness. Currently, no clinical studies have been 

reported on curcumin and resveratrol in melanoma skin cancer. Therefore, if this system is 

found to be efficacious in animal models, clinical trials can be initiated on the Cur-Res 

SLNs.  
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