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ABSTRACT 

Cancer is a global health burden; of which lung cancer is the most frequently diagnosed type and 

has the highest mortality. The survival profile of lung cancer patients at all stages is dismal despite 

the availability of various treatment options. This underscores the dire need for alternative 

treatment options that have better treatment modalities. In this regard, phytochemicals have been 

used as an emerging treatment strategy to combat all cancer types. Curcumin and ginger extract 

(GE) phenolics — particularly [6]-shogaol (6SG) — have been shown to have promising 

chemopreventive activity, the latter being the most potent one. A combination of phytochemicals 

often produces a more profound anticancer activity than single agent treatment. However, the 

clinical utility of phytochemicals is restricted owing to their poor physicochemical properties, which 

can be enhanced by using drug delivery systems such as the Pheroid® technology.  

In this study, the therapeutic activity of combined Meriva®; a curcumin phytosome, and GE 

Pheroid® formulations were investigated against the human lung cancer adenocarcinoma A549 

cell line both in vitro and in vivo. The contents of curcumin in Meriva® and 6SG in GE were 

quantified. In the in vitro study, cellular uptake, cell viability, apoptosis, oxidative stress markers 

and mitochondrial health were assessed. Furthermore, the formulation administered to the 

animals was characterised in terms of particle size and distribution, zeta potential and 

compatibility assays. An in vivo study was conducted using an established athymic nude mice 

xenograft model. Accordingly, male and female athymic nude mice were inoculated with viable 

A549 cancer cells. Once the tumour volume reached a palpable size, mice were allocated into 

four groups and received a daily oral gavage of saline, Pheroid® only and phytochemical 

combination in Pheroid® for 14 days. Cisplatin was injected intraperitonially once a week.     

The amounts of principal actives — curcumin and 6SG — in Meriva® and GE were found to be 

400 mg/g and 11 mg/g, respectively. Zeta potential and compatibility studies indicated that the 

phytochemicals were stable in Pheroid® and that no drug-excipient interactions were observed. 

Confocal microscopy revealed co-localisation of phytochemicals within the Pheroid® vesicles. In 

vitro results indicated that Pheroid® significantly enhanced cellular uptake, anti-proliferative and 

apoptotic effects of phytochemical combination compared to individual actives and the free active 

DMSO formulations. From the mitochondrial health assessment, it was noted that Meriva® but not 

GE was responsible for the mitochondrial dysfunction, and the effect was more pronounced in the 

Pheroid® formulation than in the free forms. In addition, the anticancer activity observed with 

combined phytochemicals in Pheroid® was without induction of oxidative stress, indicating the 

potential safe use of the formulation. The in vivo study demonstrated that daily oral gavage with 

the Pheroid® formulated phytochemical combination non-significantly reduced the tumour growth 

and burden in mice compared to the Pheroid® only treatment. However, cisplatin significantly 
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reduced tumour growth compared to the saline negative control. The sub-therapeutic effect 

observed with the phytochemical combination treatment can be attributed to the suboptimal dose 

of curcumin and 6SG principal actives administered in the formulation. In addition, treatment with 

cisplatin was accompanied with a reduction in body mass. Research has indicated that the side 

effects of chemotherapeutic drugs such as cisplatin can be overcome by co-administration of 

phytochemicals. The present in vitro and in vivo study conclusively show the potential anticancer 

activity of combined Meriva® and ginger extract phenolic compounds. Pheroid® significantly 

improved the biological activity of the phytochemicals. In addition, the study opens an opportunity 

to further investigate the anticancer activity of cisplatin co-administered with therapeutic doses of 

curcumin and 6SG phytochemicals against lung cancer.        

 Keywords: Cisplatin; Curcumin; Cellular uptake; Drug delivery system; Ginger extract; in vitro 

and in vivo models; Meriva®; Mitochondria; Pheroid®; Tumour volume; xenograft; [6]-shogaol 
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CHAPTER 1 RESEARCH SCOPE 

1.1 Background  

Cancer is a multi-gene, multi-step disease emanating from an aberrant proliferation of mutant 

cells. Successive mutations and selective expansion of tumour cells lead to the formation of 

tumour mass and growth, which in time break from the surrounding basal membrane resulting in 

metastasis (Hejmadi, 2009). As a non-communicable disease, cancer is the foremost cause of 

death in the world (Bray et al., 2018). Family history, lifestyle, infections such as cervical, stomach 

and liver infections, and environmental pollutants are common determinants for the prominent 

rise of the disease in the world.  

Lung cancer is the most frequently diagnosed cancer type among other cancers and it is by far 

the main cause of cancer related deaths, worldwide (Bray et al., 2018). Over the years, trends in 

lung cancer incidence and mortality show a decline in developed countries and a rise in newly 

industrialised and developing countries such as China and India (Kanavos, 2006). In Africa, 

epidemiological information on lung cancer is scarce. However, existing data show a lower 

mortality rate in Western and Middle Africa but a higher rate in Northern and Southern Africa 

(Parkin et al., 2014).  

Based on the histological morphology of the cells, lung cancer is classified into non-small cell lung 

cancer (NSCLC) and small cell lung cancer (SCLC). In general, NSCLC accounts for the majority 

of the incidence and mortality of all lung cancer cases (Zappa and Mousa, 2016). According to 

literature, lung cancer has the lowest survival profile, where the survival rate of patients at all 

stages after one year and five years are 44% and 17%, respectively (Townsend et al., 2017; 

Wong et al., 2017). Tobacco smoking is the primary risk factor accounting for over 80% of all lung 

cancer cases in the world (WHO, 2018). Currently, surgery, chemotherapy, radiotherapy, 

immunotherapy, and targeted therapy are employed as the mainstay treatment strategies of lung 

cancer (Hirsch et al., 2017).  

The use of combinatorial targeted therapy for treating lung cancer often fails to provide 

satisfactory treatment outcomes due to chemo-resistance, unfavourable drug toxicity, high 

treatment costs and associated poor quality of life (Bharti et al., 2018; Townsend et al., 2017). 

This underscores the need to explore novel treatment approaches that have better treatment 

modalities: a favourable efficacy-to-toxicity profile, for improving lung cancer treatment. In this 

regard, complementary herbal medicines such as phytochemicals, provide an alternative 

treatment approach to modern allopathic medicine for treating and/or preventing diseases 

including cancer.   
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Nutraceuticals – considered as food or part of food – have a multitude of physiological benefits 

and provide protection against chronic diseases (Shahidi, 2012). The bioactive ingredients found 

in nutraceuticals are called phytochemicals and their combination is often more potent than single 

agent treatment (Shukla and George, 2011; Sung et al., 2012). The herbaceous perennial plants, 

turmeric (Curcuma longa) and ginger (Zingiber officinale), possess a wide variety of 

pharmacological and physiologic functions including anti-inflammatory, antioxidant, anti-

microbial, chemo-preventive and chemo-therapeutic activities (Hatcher et al., 2008; Mashhadi et 

al., 2013). The principal and biologically active compounds found in the rhizomes of ginger include 

[6]-gingerol, [6]-shogaol and zingerone and, in turmeric, curcumin polyphenols (Surh et al., 1998).       

Despite the aforementioned therapeutic benefits, in vivo efficacies of phytochemicals are often 

limited due to their poor physicochemical characteristics such as low solubility following oral 

administration. This in turn, causes a deficiency in the plasma concentration of the bioactive 

compounds to elicit sustained therapeutic functionalities at the target site of action. To counter- 

act these challenges, several lipid-based drug delivery systems such as liposomes have been 

developed over the years. Among these, Pheroid® — a novel drug delivery system — has been 

widely applied in various pharmaceutical applications such as oral delivery of anti-malaria drugs 

(Grobler et al., 2014a; Grobler et al., 2014b; Steyn et al., 2011), topical delivery of cytokines and 

anticancer drugs (Campbell, 2010; Chinembiri et al., 2015), transdermal delivery of anti-

tuberculosis drugs and local anaesthetics (Botes, 2007; Nell, 2012) to mention but a few. The 

Pheroid® delivery system is based on a colloidal emulsion system and is comprised of plants and 

ethyl esters of essential fatty acids as the dispersed phase and nitrous oxide saturated water as 

the continuous phase (Grobler, 2009). 

1.2 Research problem  

Current lung cancer treatment strategies do not offer a satisfactory treatment outcome owing to 

chemo-resistance, unfavourable toxicity of drugs, high treatment cost and poor quality of life 

(Bharti et al., 2018; Townsend et al., 2017). This spurs the need to explore alternative novel 

treatment approaches that have better treatment modalities, enhanced therapeutic efficacy and 

lower toxicity. Turmeric and ginger nutraceuticals have been extensively studied in the treatment 

of numerous illnesses including cancer. The principal phytochemicals found in these plants that 

are responsible for the biological activities include curcumin in turmeric and [6]-gingerol, [6]-

shogaol and zingerone in ginger (Magalhães et al., 2009; Surh et al., 1998). These 

phytochemicals have low intrinsic toxicity and independently possess anticarcinogenic, anti-

inflammatory, pro-oxidant, and antioxidant properties (Magalhães et al., 2009; Surh et al., 1998). 

However, extensive research findings show that a combination of phytochemicals often has a 

more pronounced anticancer action than single agent treatment (Klein and Fischer, 2002; Shukla 
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and George, 2011; Zhou et al., 2003). Furthermore, the physicochemical properties of these 

phytochemicals impede their clinical applicability and therefore will require the use of a drug 

delivery system to potentiate the clinical outcome. 

1.3 Aim and objectives 

1.3.1 Aim 

 To evaluate the in vitro and in vivo chemopreventive activity of Pheroid® formulated 

Meriva® and ginger extract combinations against the human adenocarcinoma A549 

cancer cell line. 

1.3.2 Objectives 

The following objectives were considered necessary to achieve the aim: 

 To formulate and characterize the phytochemical combinations in Pheroid®. 

 To conduct cytotoxicity, cellular uptake, apoptosis, oxidative stress markers and 

mitochondrial health assays using relevant in vitro methods. 

 To measure in vivo chemopreventive activity using xenograft mouse model of lung cancer. 
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1.4 Study design  

 

Figure 1.4.1. Graphical abstract representing the outline of the study project   

The study consists of four phases namely formulation, characterization, in vitro and in vivo studies (Figure 1.4.1). Pro-Pheroid® only and 

phytochemical formulations in pro-Pheroid® were prepared. Then, particle size, zeta potential, vesicle morphology and distribution, and compatibility 

assays were conducted to characterize the formulation. In addition, the contents of curcumin and [6]-shogaol — plant bioactive compounds — in 

Meriva® and ginger extract (GE) were determined. The anticancer activity of different phytochemical combinations in Pheroid® and in free form —

dissolved in DMSO — were assessed in vitro using the A549 lung cancer cell line. Firstly, the concentration of Pheroid® and DMSO carriers that has 

no effect on cell growth were predetermined for further studies. Secondly, the effect of phytochemicals on the proliferation and viability, oxidative 

stress markers, apoptosis and mitochondrial health were investigated. Moreover, the uptake of phytochemicals by the cells in presence and absence 

of Pheroid® was assessed. In vivo chemopreventive activity of the phytochemical combination in Pheroid® was conducted in an established athymic 

mice xenograft model. The study was approved by the North-West university AnimCare ethics committee, Appendix A (NWU-00167-18-
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A5).Accordingly, male and female mice were inoculated with viable A549 cells in the right hind leg. Once the tumour reached a palpable size, the 

animals were categorised into four groups each consisting of four male and female mice. The first, second and third groups received a daily oral 

gavage of saline, Pheroid® only and Meriva® (70 mg/kg) and GE (100 mg/kg) in Pheroid®, respectively. The fourth group received cisplatin (4.5 

mg/kg) once a week via the intraperitoneal route. The total duration of the study was 14 days (Figure 1.4.2). 

 

Figure 1.4.2. Experimental design for evaluating the in vivo anticancer activity of phytochemical combination in Pheroid® delivery system using an 

established A549 xenograft model. Figure generated using Lucidchart (https://www.lucidchart.com) 
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It was hypothesized that phytochemical combination in Pheroid® would produce more effective 

chemopreventative activity than the free form counterparts and individual treatments in the in vitro 

study. Furthermore, it was hypothesized that Pheroid® would improve the bioavailability and 

anticancer activity of phytochemical combinations in the in vivo study through enhancing their 

poor physicochemical properties. 

1.5 Dissertation outline 

Chapter 1 (current chapter) provides a brief research background, problem statement, aims and 

objectives, framework of the study, and this dissertation outline.  

Chapter 2 provides a comprehensive review on lung cancer and its molecular pathogenesis, with 

particular emphasis made on the function of the mitochondria in lung cancer and role of reactive 

oxygen species. Furthermore, in this chapter, the plant bioactive compounds of interest and their 

therapeutic efficacy against different cancer types were highlighted. 

Chapter 3 is presented in standard manuscript format for publication in Pharmaceutics: an open 

access Journal from Multidisciplinary Digital Publishing Institute (MDPI). The manuscript was 

written according to the instruction for authors’ guideline. In this chapter, the in vitro anticancer 

efficacy of unformulated, and Pheroid® formulated Meriva® and ginger extract were investigated 

against the human lung cancer adenocarcinoma A549 cell line.  

Chapter 4 is presented as a manuscript for publication according to the instruction for authors’ 

guideline of Pharmaceuticals: an open access Journal from MDPI. In this chapter, the 

chemopreventative activity of Pheroid® formulated Meriva® and ginger extract combination was 

investigated in an established lung cancer murine xenograft model. Furthermore, phytochemical 

content, compatibility study and formulation characteristics were determined and presented.   

Chapter 5 is the concluding chapter of the dissertation and contains a summary of the main 

results written in line with the aim and objectives of the study. In addition, future remarks and 

recommendations were provided.  

References are presented at the end of each chapter. All resources and materials used in this 

study are referenced in accordance with the NWU referencing guideline and the journals 

referencing style.  

The Appendices — attached at the end of the dissertation — contains the AnimCare ethics 

approval letter, ethics training and animal handling course certificates, instruction for authors’ 

guideline, certificate of analysis and conference presentations.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

Cancer is a global health concern. According to the 2018 GLOBOCAN report there were about 

18.1 million new cancer cases and 9.6 million cancer deaths in the world (Bray et al., 2018; WHO, 

2018a). In this report, the mortality of cancer in Asia and Africa was higher than the incidence 

when compared to other regions of the world (Bray et al., 2018). Factors such as population 

growth and ageing, as well as socioeconomic development play a significant role towards the 

increasing cancer burden. The top three cancer types based on incidence rate are; lung cancer, 

female breast cancer, and colorectal cancer and together are responsible for one third of the 

cancer incidences and mortality burdens in the world (Bray et al., 2018). However, in terms of 

mortality, lung cancer is ranked first among the top five cancer types with breast cancer as the 

fifth and colorectal as the second. 

2.2 Lung cancer  

Lung cancer, a highly aggressive and malignant neoplasm, is the primary cause of cancer related 

deaths in the world (WHO, 2018a). Patients with lung cancer are often diagnosed late; when the 

disease is well advanced and treatment options are scarce (Youlden et al., 2008). According to 

Yoder (2006), more than 90% of adults are symptomatic upon diagnosis. A small number of lung 

cancer patients present direct signs and symptoms caused by the primary tumour, while the 

majority present either nonspecific systemic symptoms or metastatic symptoms (Figure 2.1) 

(Collins et al., 2007; Yoder, 2006).    

Many lung cancers occur in the central airways; leading to central airway obstruction (CAO). It 

has been reported that patients with CAO present with stridor, atelectasis, pneumonia, dyspnea, 

respiratory failure and hemoptysis (Verma et al., 2018). CAO has a very poor prognosis and the 

median survival of patients with malignant CAO is approximately 8 months where patients receive 

palliative support (Chhajed et al., 2006; Verma et al., 2018). Dyspnea develops early in 60% of 

lung cancer patients, while hemoptysis is present in an estimated 6–35% of patients (Yoder, 

2006). A small number of patients have also been reported to present with paraneoplastic 

syndromes such as hypercalcemia, Cushing’s syndrome, neurologic syndromes and pulmonary 

hypertrophic osteoarthropathy (Collins et al., 2007; Varricchio, 2004).    
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Figure 2.1: Signs and symptoms of lung cancer. Adapted from Beckles et al. (2003) 

2.3 Epidemiology  

According to the World Health Organization WHO (2018a), lung cancer accounts for 1.7 million 

deaths every year, more than the mortality of colorectal and breast cancers combined. Research 

indicates that lung cancer patients have a poor survival profile, where the one year and five year 

survival rate of lung cancer patients at all stages is only 44% and 17%, respectively (Townsend 

et al., 2017; Wong et al., 2017). 

Since 1985 the number of lung cancer cases in the world had increased by 51% where women 

(76%) had a larger increase compared to men (44%) (Cruz et al., 2011). Among men, lung cancer 

has the highest incidence where it accounts for a yearly 28% death, while in women it is the third 

most common cancer accounting for 26% of all cancer deaths (Cruz et al., 2011; Sadeghi-

Gandomani et al., 2017; Stewart and Wild, 2014). 

Geographically, more developed countries show a decline in the incidence and mortality rate of 

lung cancer, while a rapid increase in lung cancer cases was observed in developing nations due 

to the endemic use of tobacco (Youlden et al., 2008). In 2012, about 58% of lung cancer cases 

occurred in less developed regions (Ferlay et al., 2015), as compared to the 69% that occurred 

in developed countries in 1980 (Cruz et al., 2011). Until 2035, it is predicted that the number of 

lung cancer mortalities will rise globally by 86% (Didkowska et al., 2016). During this time, WHO’s 
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East Mediterranean region (EMRO) and WHO’s Africa region (AFRO) will have the highest 

increase; 123% and 108%, respectively, while the lowest increase is predicted for WHO’s Europe 

region (EURO), 37% (Didkowska et al., 2016). 

2.4 Etiology  

According to the WHO (2018b), tobacco smoke is the primary risk factor for more than 80% of all 

lung cancer cases. Tobacco smokers, when compared with non-smokers, are 30-fold more likely 

to develop cancer (Walser et al., 2008). On the other hand, a dose-dependent exposure to 

secondhand smoke or environmental tobacco smoke is another risk factor for developing lung 

cancer among the non-smoker population (Cruz et al., 2011). Host genetic milieu is another risk 

factor that plays an essential role in the pathophysiology of lung cancer. A study conducted by 

Matakidou et al. (2005) indicated that family history was significantly associated with the 

development of lung cancer.  

On another note, inflammatory diseases of the airways such as chronic obstructive pulmonary 

disease (COPD) could potentially contribute to the pathogenesis of lung cancer (Cruz et al., 

2011).  In addition, occupational hazards such as exposure to certain noxious chemicals including 

arsenic, asbestos, cadmium, chromium, nickel, silica and diesel exhaust waste, could have been 

identified as potential carcinogens (Cruz et al., 2011; Field and Withers, 2012; Loomis et al., 

2018). Air pollution — in the form of either indoor or outdoor combustion — has the propensity to 

increase the risk of lung cancer in humans (Cruz et al., 2011). 

2.5 Types of lung cancer  

Lung cancer is categorized into two major types; non-small cell lung cancer (NSCLC) and small 

cell lung cancer (SCLC), of which NSCLC accounts for the majority (85%) of all lung cancer cases 

(Pore et al., 2013; Yong et al., 2015; Zappa and Mousa, 2016). Furthermore, NSCLC is 

subdivided into adenocarcinoma (ADC), squamous cell carcinoma (SQC) and large cell 

carcinoma (LCC) types. Among these subtypes, ADC is the most frequently diagnosed (40%) 

NSCLC in both sexes of smokers and non-smokers (Zappa and Mousa, 2016), and it originates 

in the periphery of the lung from small airway epithelial cells (Lemjabbar-Alaoui et al., 2015; 

Yokota and Kohno, 2004; Zappa and Mousa, 2016). LCC is a poorly differentiated tumour, lacking 

glandular or squamous maturation, and often arise in the center of the lungs and sometimes from 

nearby lymph nodes, chest walls and distant organs (Rossi et al., 2014; Zappa and Mousa, 2016). 

On the other hand, SQC arise from bronchial epithelial cells, in the center of the lungs, through 

squamous dysplasia (Yokota and Kohno, 2004). Both SQC and LCC are strongly associated with 

smoking (Zappa and Mousa, 2016). 
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SCLC originates from epithelial cells with neuroendocrine features and is the most differentiated 

cancer type (Yokota and Kohno, 2004). SCLC tends to be a central mediastinal tumor and is 

extremely aggressive; rapidly disseminating into sub-mucosal lymphatic vessels and regional 

lymph nodes (Lemjabbar-Alaoui et al., 2015), through which metastasis to other organs of the 

body is achieved. Similar to the aforementioned cancer types, SCLC is also implicated by 

cigarette smoking.  

2.6 The molecular pathogenesis of lung cancer and mitochondria as the novel target 

for treating lung cancer  

The pathogenesis of lung cancer in humans involves a multitude of interlinked steps comprised 

of aberrant cellular growth, angiogenesis, and metastasis (Aggarwal et al., 2008; Cai et al., 2011). 

Nuclear Factor-Kappa B (NF-κB), a redox-sensitive transcription factor, plays a major role in the 

development and progression of cancer including lung cancer (Cai et al., 2011; Simone et al., 

2011). Its activation results in the expression of several target genes such as cell cycle regulatory 

genes (cyclin D1), apoptosis suppressor proteins (Bcl-2 and Bcl-xL) and matrix 

metalloproteinases (MMPs), that are crucial in the development of aggressive cancer types 

(Aggarwal et al., 2008; Alvira, 2014; Cooper et al., 2013; Panov, 2005; Rivas-Fuentes et al., 2015; 

Shtivelman et al., 2014; Sung et al., 2012).      

Cells require energy to carry out normal homeostasis functions such as division and proliferation. 

This energy is produced mainly by glycolysis and oxidative phosphorylation pathways. Oxidative 

phosphorylation generates more adenosine triphosphate (ATP) molecules per substrate than the 

glycolysis pathway. Most cancer types utilize the glycolytic pathway, even in the presence of 

oxygen, to generate energy and other metabolic products important for tumour progression (Yu 

et al., 2017). The electron transport chain (ETC) found in the inner membrane of the mitochondria 

is responsible for facilitating reactions associated with oxidative phosphorylation. Unlike other 

cancer types, lung cancer cells heavily rely on mitochondrial respiration for generating energy 

that is vital for rapid cellular growth and metastasis (FitzGerald et al., 2017). Therefore, inhibiting 

the mitochondrial function consequently starves the cancer cells of energy. On the contrary, 

normal lung cells have drastically lower levels of oxidative phosphorylation and energy 

requirements, and are not as strongly impacted as lung cancer cells (FitzGerald et al., 2017).  

The mitochondrion hosts multiple redox-active complexes and metabolic enzymes. It is the major 

source for generating endogenous reactive oxygen species (ROS) such as superoxide anion 

(O2
-
) as an end product of aerobic metabolism via the ETC (Sullivan and Chandel, 2014).  Since 

lung cancer cells heavily rely on the mitochondrial oxidative phosphorylation (OXPHOS) to 

generate energy, the increased metabolic activity resultantly increases the ROS level. These 

reactive oxygen species act as secondary messengers and at low to modest levels are involved 
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in the regulation of biological and physiological processes such as cell cycle progression and 

proliferation, immune signalling, apoptosis, metabolism, aging and hypoxic signalling (Boonstra 

and Post, 2004; Wojtovich and Foster, 2014; Zhang et al., 2016). However, higher relative ROS 

levels, facilitates carcinogenesis and cancer progression.  

To balance the elevated ROS level, cancer cells often increase expression of antioxidant proteins 

(Figure 2.2) (Sullivan and Chandel, 2014). When cancer cells fail to maintain the elevated 

intracellular redox homeostasis, an irreversible oxidative damage to proteins, lipids, nucleic acids, 

membranes and organelles such as mitochondria will occur, which induces cancer specific cell 

death via activation of apoptosis, necrosis or autophagy pathways (Redza-Dutordoir and Averill-

Bates, 2016; Zhang et al., 2016). This is why cancer cells are extremely susceptible to slight 

changes in ROS and antioxidant levels, where either suppression of ROS production or 

antioxidant treatment — or vice versa — can lead to cancer specific cytostasis or oxidative cell 

death (Liou and Storz, 2010; Sullivan and Chandel, 2014).    

 

Figure 2.2: ROS and antioxidant production between normal and cancer cells. Adapted from 
Sullivan and Chandel (2014) 

Apoptosis, necrosis and autophagy are known as classical forms of cell death pathways and 

operate either distinctly or cross-talk through interconnecting signalling pathways to regulate 

different types of cell death. Apoptosis is referred to as a controlled cascade of self-destruction 

and subsequent removal of cellular debris by neighbouring cells (Redza-Dutordoir and Averill-

Bates, 2016; Renehan et al., 2001). It is a tightly regulated and highly conserved process that is 

essential for maintaining normal cellular homeostasis. Apoptosis is usually activated to discard 

potentially harmful cells that either acquired mutation or infected by pathogens (Redza-Dutordoir 

and Averill-Bates, 2016). Apoptotic cell death takes place via three main pathways; death receptor 

(extrinsic), mitochondrial (intrinsic) and endoplasmic reticulum (ER) pathways. Studies show that 
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ROS trigger apoptosis via the three main apoptotic pathways (Circu and Aw, 2010; Redza-

Dutordoir and Averill-Bates, 2016). The characteristic morphological features of apoptotic cells 

include cell shrinking, chromatin condensation, membrane blebbing and nuclear fragmentation 

(Ly et al., 2003; Redza-Dutordoir and Averill-Bates, 2016; Reed, 2000; Vermes et al., 2000) 

(Figure 2.3). In contrast to apoptosis, necrotic cell death is regarded as accidental and results 

from nonspecific stress inducers. The characteristic features of necrotic cell death are 

enlargement of cellular organelles and rupture accompanied by an inflammatory response (Chen 

et al., 2018). On the other hand, autophagy is a degradation process that involves eventually 

leads to cell death.  

 

Figure 2.3: Schematic representation of cells undergoing apoptotic morphological change. 
Adapted from Häcker (2000). In the early apoptotic morphological change, the chromosomes of 
the nucleus condense and an outgrowth of rounded shapes known as blebs appear on the surface 
of the membrane (stage 1). Then, the cell shrinks in size, the nucleus condenses completely and 
fragments into small pieces, and cytoplasmic vacuoles form (stage 2). Finally, the cell 
disintegrates into apoptotic bodies containing cellular components which are rapidly eliminated 
by neighbouring cells through phagocytosis (stage 3) 

Mitochondrial membrane potential (ΔΨm) plays an essential role in the survival of the cell 

because it drives ATP synthesis, calcium ion (Ca2+) uptake and storage, and generation and 

detoxification of ROS (Nicholls, 2004). Under conditions of oxidative stress, components of the 

mitochondrial permeability transition pore (PTP) undergo oxidative modifications, resultantly 

stimulating opening of the PTP and significantly impacting mitochondrial anion fluxes (Circu and 

Aw, 2010). This event causes a brief increase in the mitochondrial membrane hyperpolarization 

which initiates the collapse of the ΔΨm and translocation of certain mitochondrial apoptogenic 

factors such as cytochrome c into the cytosol of the cell (Circu and Aw, 2010). In addition, 
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significant loss of cytochrome c from the inner mitochondrial membrane consequently increase 

ROS production due to a disturbance in the ETC thereby exacerbating the intracellular oxidative 

stress and loss of ΔΨm (Circu and Aw, 2010). 

2.7 Current lung cancer treatment strategies  

Although the mainstay treatment for both SCLC and NSCLC is chemotherapy, advanced lung 

tumors are resistant to chemotherapy (Kim, 2016). Generally, the recommended treatment option 

for patients with NSCLC is surgery, if diagnosed at an early stage (Hirsch et al., 2017; Yokota and 

Kohno, 2004). However, the outcome of surgical treatment remains unsatisfactory due to post-

operative complications (Bendixen et al., 2016; Noguchi et al., 1995; Pawlak et al., 2018). In 

contrast to NSCLC patients, the cornerstone treatment options for SCLC patients remains a 

platinum based etoposide chemotherapy and radiotherapy, respectively (Alvarado-Luna and 

Morales-Espinosa, 2016; Gridelli et al., 2005).  

In addition to the aforementioned treatment options; immunotherapy and targeted therapy are 

applied in both lung cancer types to culminate the disease progression (Hirsch et al., 2017). 

Immunotherapy targets to boost host’s anti-tumour immune response in one of two ways. The 

first approach is to increase the body’s immune system, while the second approach is 

administering proteins and antibodies, which are part of the immune system, to aid the immune 

system’s fight against the cancer. In most instances, cancer immunotherapy drugs are expensive 

and are effective to only some patients and cancer types (Ventola, 2017). Targeted therapy is 

where molecular pathways are blocked that are essential for tumour development (Vanneman 

and Dranoff, 2012). However, Yan and Liu (2013) emphasises that molecular identification, drug 

resistance, and finding reliable biomarkers are some of the challenges faced by targeted 

therapies. It is axiomatic that the current lung cancer treatment strategies have their success. 

However, because of the urgency for effective treatment against cancer, an alternative novel 

treatment approach is needed to complement the existing treatment regimen in order to increase 

treatment efficacy and maximize patient quality of life. 

2.8 Nutraceuticals and phytochemicals  

Nutraceutical — as defined by Dr. Stephen DeFelice — are foods that have medicinal or health 

benefits (Kalra, 2003). For this reason, they have been extensively exploited in the treatment of 

numerous illnesses including cancer (Allegri et al., 2018; Pandey et al., 2017). In addition, 

nutraceuticals are relatively inexpensive and are well tolerated by the human body (Ranzato et 

al., 2014). Plant bioactive compounds, also referred to as phytochemicals, are responsible for the 

many pharmacological actions that nutraceuticals possess (Prakash and Sharma, 2014).    
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In vitro and in vivo studies have shown that combination of phytochemicals possess a profoundly 

stronger cytotoxic activity against cancer cells than single-agent treatment (Klein and Fischer, 

2002; Shukla and George, 2011; Zhou et al., 2003). This enhanced anticancer activity of 

combined phytochemicals stem from their complementary and overlapping mechanisms of action 

in the modulation of multiple targets involved in tumorigenesis (Sung et al., 2012). An example of 

these combinations is a turmeric, ginger and garlic aqueous extract mixture that, in comparison 

to the reference drug Tamoxifen significantly increased apoptosis in MCF-7 and ZR-75 breast 

cancer cell lines  (Vemuri et al., 2017).  

Similarly — in mice bearing androgen-sensitive human prostate tumour — there was a significant 

inhibition in prostate tumorigenicity, final tumour mass and metastases after treatment with a 

combination of soy phytochemical concentrate and black tea (Zhou et al., 2003). In addition, 

phytochemicals have been shown to be effective against refractory tumours that are not 

responding to initial chemotherapeutic agents. For example, a combination of Curcumae longae 

rhizome (Turmeric) or Coptidis sp. rhizome (CR) aqueous extracts with tumour necrosis factor-

related apoptosis-inducing ligand (TRAIL) showed increased cytotoxicity against human alveolar 

adenocarcinoma (A549) TRAIL-resistant NSCLC cell lines (Chiang et al., 2018). Researches 

showed that curcumin from turmeric and shogaol from ginger block multiple pathways involved in 

tumorigenesis (Aggarwal et al., 2008). Furthermore, these phytochemicals were shown to 

strongly inhibit the mitochondrial function and in turn induce apoptosis in several neoplastic cell 

lines including the A549 cancer cell line (Annamalai et al., 2016; Chen et al., 2010). 

2.8.1 Turmeric extract  

Turmeric is a nutraceutical that is regularly used in many households as a spice in culinary dishes.  

Curcumin, the principal polyphenolic curcuminoid extracted from the rhizomes of turmeric, is one 

of the most powerful and promising chemopreventive and anticancer phytochemicals (Ye et al., 

2012). Curcumin and its counterpart’s, demethoxycurcumin (DMC) and bisdemethoxycurcumin 

(bDMC) are called curcuminoids (Figure 2.4) and make up 1-6% of turmeric by weight. Of these 

phytoconstituents 60-70% is curcumin, while 20-27% and 10-15% is DMC and bDMC, 

respectively (Nelson et al., 2017). 
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Figure 2.4: Chemical structure of curcuminoids; Curcumin (contains both methoxy functional 
groups), DMC (only one methoxy group), and bDMC (methoxy group is absent). Figure generated 
using Chemspider (http://www.chemspider.com/StructureSearch.aspx) 

In addition to its anticancer activity, curcumin also has potent anti-inflammatory, antioxidant and 

pro-oxidant activity (Ahsan et al., 1999). Studies have shown that curcumin exerts its anticancer 

activity through modulation of transcription factors, growth factors, protein kinases, proteasomes, 

epigenetic changes and pro-inflammatory mediators involved in tumour initiation, promotion, 

angiogenesis, and metastasis (Aggarwal et al., 2008; Kunnumakkara et al., 2017). The compound 

is also pharmacologically safe; human phase II clinical trials against pancreatic cancer indicated 

no toxicity when administered at doses up to 10 g/day (Dhillon et al., 2008).   

Studies have shown that curcumin mediates its apoptotic effect in A549 cancer cell lines through 

an increase in ROS levels and a resultant fall in the MMP (ΔΨm) (Chen et al., 2010; Cheng et al., 

2017). Wu et al. (2010) also showed that curcumin induced apoptosis in NCI-H460 NSCLC cell 

lines via intrinsic, extrinsic and endoplasmic reticulum pathways (Figure 2.5). In addition, Yang et 

al. (2012) reported that curcumin induced apoptosis in NCI-H446 SCLC cells by causing a rapid 

decrease in MMP and an increase in intracellular ROS levels. These in vitro results jointly reveal 

the therapeutic versatility of curcumin in both NSCLC and SCLC cell types. Despite the potential 

therapeutic activity and low intrinsic toxicity, the clinical utility of curcumin is hampered by its poor 

solubility at low pH, instability at neutral and high pH, multidrug efflux pump effects and low 

bioavailability as a result of extensive metabolism and rapid elimination (Patil et al., 2015).  
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Figure 2.5: Mechanism of curcumin–induced apoptotic cell death via intrinsic, extrinsic and 
endoplasmic reticulum (ER) pathways. Adapted from (Wu et al., 2010). MMP = mitochondrial 
membrane potential, FAS = first apoptosis signal receptor, ROS = reactive oxygen species, Bcl-
2 = B-cell lymphoma 2, BCL-XL = B-cell lymphoma-extra-long, , BAD = Bcl-2 associated agonist 
of cell death, BAX = Bcl-2 associated X protein, DNA = deoxyribonucleic acid, XIAP = X-linked 
inhibitor of apoptosis, Endo G = endonuclease G, GADD153 = growth arrest- and DNA damage-
inducible gene 153, GRP78 = 78-kDa glucose regulated protein. Figure generated using 
Lucidchart (https://www.lucidchart.com) 

2.8.2 Ginger  

Ginger (Zingiber officinale), has been used in traditional medicine dating as far back as 2 500 

years (Shukla and Singh, 2007). The principal phytochemicals found in the rhizomes of ginger 

include [6]-gingerol, [6]-shogaol and zingerone polyphenols, respectively (Surh et al., 1998). 

Previous experimental studies showed that [6]-shogaol (6SG) —constituents found in dried ginger 

— has a more potent antioxidant, and anti-inflammatory activity than gingerols (Dugasani et al., 

2010; Guo et al., 2014). The authors corroborated that the presence of a α- and β-unsaturated 

ketone moiety in the molecular structure of the compound (Figure 2.6) bestowed its enhanced 

therapeutic activity. In the A549 cancer cell line and mice-bearing A549 cells, the pro-oxidant role 



   

20 

of 6SG increased intracellular oxidative stress, which activated the release of mitochondria-

associated apoptotic molecules such as cytochrome c, caspase-3 and -9 (Kou et al., 2018) 

(Figure 2.7). In another study, 6SG-induced apoptosis was accompanied by enhanced ROS 

levels, altered MMP, and increased DNA damage in laryngeal cancer  cells (HEp-2) (Annamalai 

et al., 2016). 

 

Figure 2.6: Chemical structure of 6SG and its pharmacophore (α- and β-unsaturated ketone 
moiety). Figure generated using Chemspider (http://www.chemspider.com/StructureSearch.asp
x)  

Like its counterpart curcumin, 6SG also has anti‐proliferative, anti‐metastatic, and pro‐apoptotic 

activities. Kim et al. (2015) observed that 6SG is a potent inhibitor of STAT3 activation in 

cancerous cells and when administered alone, it significantly suppressed tumour growth. 

Nedungadi et al. (2018) showed that 6SG induced extensive cytoplasmic vacuolation and cell 

death in MDA-MB-231 (breast) and A549 cancer cell lines. In the same study, 6SG halted the cell 

cycle at the G1 phase in MDA-MB-231 cells, and significantly decreased the cell viability in both 

the A549 and MDA-MB-231 cancer cells. Also, Nedungadi et al. (2018) showed that 6SG 

selectively induced cytotoxicity to tumour cells without having an effect on normal human 

embryonic lung epithelial cells and human blood cells. In an in vivo human clinical trial, Zick et al. 

(2008) reported that doses up to 2 g per day of ginger constituents 6-gingerol, 8-gingerol, 10-

gingerol, and 6SG showed low toxicity. 
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Figure 2.7: [6]-shogaol induces apoptosis by increasing intracellular oxidative stress, lowering 
mitochondrial membrane potential and activating the caspase cascade. Adapted from (Annamalai 
et al., 2016). Afap1 = Actin filament-associated protein 1). Δ Ψm = mitochondrial membrane 
potential, ROS = reactive oxygen species, Bcl-2 = B-cell lymphoma 2, BAX = Bcl-2 associated X 
protein, DNA = deoxyribonucleic acid. Figure generated using Servier Medical Art 
(http://smart.servier.com) 

2.9 The use of drug delivery systems to improve the biological efficacy of 

nutraceuticals 

The oral route of administration is a favoured route for chronic diseases including cancer, since it 

is convenient, non-invasive and cost-effective (Ting et al., 2014). However, like many other 

phytochemicals the lipophilic nature of curcumin, and ginger extract phenolics impedes their 

dissolution rate in the physiological fluid. This resultantly leads to poor absorption and high 

excretion profile. For instance, a study conducted by Shoba et al. (1998) showed that an oral dose 

of curcumin (2 g/kg) in rats and human volunteers (weighing 50–75 kg), produced a peak plasma 

concentration of 1.35±0.23 µg/mL at time 0.83 hours in rats and an extremely low serum curcumin 

concentration (0.006±0.005 μg/mL) after one hour in humans.  

Over the years, multifarious nano and micro drug delivery systems such as solid lipid 

nanoparticles (SLN) and liposomes have been designed to improve the biological uptake of 

hydrophobic pharmaceutical agents. One of them is the novel Pheroid® technology, a colloidal 

emulsion system comprised of plant and ethyl esters of essential fatty acids (EFAs) as the 

http://smart.servier.com/
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dispersed phase and nitrous oxide saturated water as the continuous phase (Slabbert et al., 2011; 

Steyn et al., 2011). Unlike the other delivery systems such as polymeric delivery systems, 

Pheroid® is made from inexpensive raw materials that are safe and do not promote toxic 

accumulation during chronic consumption. Moreover, the delivery system has the capacity to 

entrap both hydrophobic and hydrophilic drug molecules, protect against instability in 

physiological environments and rapid metabolic transformations, target specific treatment areas, 

facilitate lymphatic uptake thus promoting higher bioavailability of parental compounds and 

decrease drug resistance (Grobler, 2009). In addition, the Pheroid® delivery system have been 

used to encapsulate active ingredients derived from plant compounds for application in the 

cosmetics, nutritional supplements and agricultural purposes. The clinical applicability of the 

Pheroid® formulation containing plant derived active compounds was investigated in the current 

study.      

2.10 Summary  

Globally, cancer is a major public health concern, with the number of new cancer cases and 

deaths rising rapidly (Bray et al., 2018; WHO, 2018a). Lung cancer, is the most frequently 

diagnosed cancer type and a primary cause of cancer related death in the world (Townsend et 

al., 2017; WHO, 2018a; Wong et al., 2017). Current lung cancer therapy involves chemotherapy, 

surgery, immunotherapy, radiation therapy and targeted therapy. The modern paradigm of cancer 

therapy is shifting towards precision medicine in order to effectively treat cancer based on an 

understanding of the patient’s and the disease’s genetic milieu (Ginsburg and Phillips, 2018). 

However, high treatment costs and undesired toxicity of chemotherapeutic drugs often put 

patients in palliative care (Bharti et al., 2018; Townsend et al., 2017).   

Traditional medicine has long been used as the cornerstone for treating many illnesses including 

cancer. Curcumin from turmeric and 6SG from ginger blocks multiple pathways involved in 

tumorigenesis (Magalhães et al., 2009; Surh et al., 1998). A profound pharmacologic action is 

achieved by combining two or more phytochemicals (Klein and Fischer, 2002; Shukla and 

George, 2011; Zhou et al., 2003). The enhanced therapeutic action achieved by combining 

phytochemicals stem from their overlapping and complementary mechanism of actions (Sung et 

al., 2012). Apart from their efficacy, several studies also demonstrated that these phytochemicals 

are safe (Dhillon et al., 2008; Yong et al., 2015; Zick et al., 2008). However, the clinical application 

of these compounds is greatly diminished owing to their limited physicochemical activities such 

as solubility following oral administration. The oral route is a favoured route of administration 

because it is non-invasive, inexpensive and has the highest patient compliance. Multifarious lipid 

based drug delivery systems such as the novel Pheroid® technology have been developed over 

the years to overcome such challenges. To the best of our knowledge, the current study is the 
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first to co-formulate Meriva® (a patented curcumin formulation) and ginger extract using a novel 

Pheroid® delivery system and assess the clinical significance of the combined phytochemical 

formulation against A549 lung cancer cells both in vitro and in vivo. 
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Abstract:  Cancer is a global health concern and the complexity of the disease limits its effective treatment. 

Therefore, there is a continuous search for supplementary medicines that can complement current cancer 

therapy. Phytochemicals have been shown to have remarkable chemopreventive activities and their 

combination often produces robust anticancer effects. However, the clinical application of phytochemicals 

is restricted as a result of their poor physicochemical properties. In the present study, the 

chemopreventive activity of a combined Meriva® and ginger extract in the Pheroid® drug delivery system 

was investigated against the human adenocarcinoma A549 lung cancer cell line through cell viability, 

mitochondrial metabolic function and respiration, oxidative stress and apoptosis assays. Combinations of 

phytochemicals in Pheroid® produced a more robust anticancer effect than individual treatments. The 

apoptotic effect observed was accompanied by a marked decrease in mitochondrial metabolic function 

and respiration, as well as cell proliferation. In addition, Pheroid® reduced the pro-oxidant effects of 

individual and combination of phytochemicals and as a result decreased intracellular oxidative stress. 

The anticancer effect of the Meriva® and ginger extract combination in Pheroid® was comparable with the 

effects observed with cisplatin treatment and further animal studies are therefore required to assess its 

effectiveness in the biological system.  

Keywords: A549 cells; Anticancer effects / chemopreventive; Curcumin; Drug delivery system; Ginger 

extract; Lung cancer; Meriva®; Mitochondria; Pheroid®; Phytochemicals; [6]-shogaol   

 

1. Introduction 

Lung cancer is the leading cause of cancer-related deaths in men and women worldwide accounting 

for 1.7 million deaths every year [1]. In contrast to other cancer types, lung cancer has the lowest survival 

profile; with the one year and five year survival rates of lung cancer patients at all stages at 44% and 17%, 

respectively [2, 3]. Based on the histological morphology of the cells, lung cancer is classified into two major 

types: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), of which NSCLC accounts 

for the majority of the incidence and mortality cases.  

Lung cancer cells rely heavily on mitochondrial respiration to generate energy that is vital for rapid 

cellular growth and metastasis [4]. The mitochondrion contains multiple redox-active complexes and 

metabolic enzymes. It is the major source for the generation of endogenous reactive oxygen species (ROS) 

such as the singlet oxygen radical (O2
-), hydrogen peroxide (H2O2), and hydroxyl radical (OH•) as by-

products of aerobic metabolism via the electron transport chain [5]. Compared to normal cells, cancer cells 

display higher levels of ROS. To balance the elevated ROS level, cancer cells often exhibit an increase in the 
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expression of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GPX) [5]. These enzymes are regarded as indispensable first line of defense antioxidants.   

When cancer cells fail to maintain the elevated intracellular redox homeostasis, irreversible oxidative 

damage to proteins, lipids, nucleic acids, membranes, and organelles such as mitochondria will occur, 

which in turn induces cell death via activation of apoptosis, necrosis or autophagy/mitophagy [6, 7]. 

Apoptotic cell death can take place via three main mechanisms, namely death receptor (extrinsic), 

mitochondrial (intrinsic) and endoplasmic reticulum (ER) pathways. Studies have shown that ROS triggers 

apoptosis via all three of these main apoptotic pathways [6, 8].    

Chemotherapy is the mainstay standard treatment  for lung cancer disease [9]. However, in advanced 

lung tumors chemoresistance may develop and alternative treatment approaches such as radiotherapy, 

immunotherapy, targeted therapy and surgery are often employed to combat the cancer. In most cases, the 

surgical approach remains unsatisfactory due to post-operative complications [10–12] while cancer 

immunotherapy drugs are expensive and only effective in some patients and cancer types [13]. On the other 

hand, molecular identification, drug resistance, and the discovery of reliable biomarkers are some of the 

challenges faced in targeted therapies [14]. Therefore, because of the urgency of the need for effective 

treatment against lung cancer, there is a quest for assessing supplementary medicines that have better 

treatment modalities such as a favorable efficacy-to-toxicity profile.     

In this regard, complementary herbal medicines have proven to be a promising treatment approach 

in modern allopathic medicine for the treatment and/or prevention of diseases, including cancer. The 

herbaceous perennial plants, turmeric (Curcuma longa) and ginger (Zingiber officinale), which are commonly 

used as spices in culinary dishes, possess a wide variety of pharmacological and physiologic functions 

including anti-inflammatory, antioxidant, anti-microbial, chemo-preventive and chemo-therapeutic 

activities [15–17]. The principal and biologically active compounds, known as phytochemicals, are found 

in the rhizomes of turmeric and ginger. Specifically curcumin is found in turmeric, and [6]-gingerol, [6]-

shogaol and zingerone polyphenols are found in ginger [18].  

Over the years, multifarious nano- and micro drug delivery systems have been designed to improve 

the biological uptake of hydrophobic pharmaceutical agents. Among them is the Pheroid® drug delivery 

system. Pheroid® is a colloidal emulsion system comprised of plant and ethyl esters of essential fatty acids 

as the dispersed phase and nitrous oxide saturated water as the continuous phase [19, 20]. It has the 

capacity to entrap both hydrophobic and hydrophilic drug molecules [21], enhance the cellular uptake and 

bioavailability of drug compounds [22–24], and decrease drug resistance and toxicity [25].     

The aim of this study was to investigate the comparative anticancer potential of Pheroid® formulated 

Meriva® (curcumin phytosome) and ginger extract (GE) combinations against the human adenocarcinoma 

A549 lung cancer cell line. This was achieved by measuring the cytotoxicity, apoptosis, oxidative stress 

markers, and functional mitochondrial bioenergetics parameters. 

2. Materials and Methods  

2.1. Materials 

Meriva® was a kind gift from Formul8 Pharma (Pty) Ltd (Johannesburg, South Africa). Ginger extract 

(GE) with >10% gingerols was purchased from Xi'an B-Thriving I/E Co., Ltd. (Shaanxi, China). Vitamin F 

ethyl ester was purchased from IMCD (Rotterdam, The Netherlands), dl-α-tocopherol and Kolliphor® EL 

were purchased from BASF (Berlin, Germany). The human non-small cell lung cancer adenocarcinoma 

A549 cell line was purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). The 

reagents and consumables for cell culturing and assays were obtained from Thermo Fisher Scientific 

(Waltham, MA, USA), Gibco (Dun Laoghaire, Ireland), and Sigma-Aldrich (Missouri, USA). The raw 

materials of the Pheroid® are graded raw materials for the manufacturing of human products. All other 

chemicals used were of analytical reagent grade. The absorbance and fluorescence measurements were 

done using a SpectraMax® Paradigm® multimode detection platform (SpectraMax, Molecular devices).  
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2.2. Formulation of Meriva® and ginger extract in pro-Pheroid® 

 Pro-Pheroid®, a precursor of Pheroid® which is comprised of an oil mixture, was prepared 

following the method described by Grobler [24]. Briefly, Vitamin F ethyl ester, Kolliphor® EL and dl-α-

tocopherol (70%, 29% and 1% w/w) were mixed thoroughly and gassed with nitrous oxide (N2O) under 

pressure. The concentrations of Meriva® and GE were selected from literature on the basis of a preclinical 

study:  Meriva® (70 mg/kg) was used as a putative chemopreventative agent for lung cancer and GE (100 

mg/kg) was used in the management of prostate cancer [26, 27]. Using these dosages as guidelines, a panel 

of four Meriva® and GE combinations, and individual actives in pro-Pheroid® were formulated. The final 

products (pre-gassed pro-Pheroid® and phyto-actives) were mixed until homogeneous and gassed with 

N2O under pressure. These pro-Pheroid® formulations were diluted 5 000 times in supplemented DMEM 

to give a 0.02% Pheroid® concentration and final Meriva® and GE concentrations are presented in Table 1. 

Pheroid® at 0.02% and DMSO at 0.125% were used as optimum final carrier concentrations based on the 

cell viability assay performed on the A549 cells (Figure S1).  

Table 1. Treatment concentrations of individual and combinations of Meriva® and ginger extract (DMSO 

dissolved and Pheroid® formulated), Pheroid® only and cisplatin 

Formulation 

Concentration (µg/mL) 
Pheroid® 

only 
Cisplatin 

Meriva® GE Meriva®/GE combination 

0.02% 30 µM 
52.5 75 52.5/75 75/52.5 52.5/52.5 75/75 

 DMSO UF1 UF2 UF3 UF4 UF5 UF6 

Pro-Pheroid® F1 F2 F3 F4 F5 F6 

UF = Actives dissolved in 0.125% DMSO and F = Formulated actives in 0.02% Pheroid®. 

2.3. Cell culture  

 The human lung adenocarcinoma cell line, A549 (ATCC® CCL-185™) was maintained in 

supplemented growth medium: Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% v/v fetal bovine 

serum, 2 mM L-glutamine, 1% v/v penicillin 100 units/mL, streptomycin 100 µg/mL, and amphotericin B 

(0.25 µg/mL mixture) in a humidified incubator (5% CO2, at 37°C) [28]. Cells at 85% confluence were used 

in subsequent experiments. For the neutral red uptake and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assays, cells were seeded in clear 96 well tissue culture treated plates at a 

seeding density of 1 x 104 cells per well (200 µL). For the ROS assay, cells were seeded at the same density 

but in a black 96 well tissue culture treated plate with a clear bottom. For the SOD and CAT assays, cells 

were cultured in a 24 well tissue culture treated plate at a seeding density of 5 x 104 cells per well (1 mL). 

Apoptosis and nuclear morphology assays were performed on cells seeded in a 12 well tissue culture 

treated plate seeded at 1 x 105 cells per well (1 mL).  

2.4. Cell viability and proliferation assay 

The cell viability was determined using the neutral red assay according to the method described by 

Repetto et al. [29]. After cell attachment, the supplemented growth media was removed and cells were 

exposed to the respective Meriva® and GE concentrations (free form and formulated), cisplatin (positive 

control) at an IC50 of 30 µM [30] and Pheroid® only (Table 1) for 24 hours. Filtered neutral red (NR) dye 

(0.033%) of 200 µL was added to the cells and cells were incubated for 3 hours. Cells were rinsed thrice 

with PBS and 200 µL of neutral red solubilisation solution (50% ethanol, 49% distilled water and 1% acetic 

acid) was added to each well. The plate was then incubated at room temperature for 20 minutes on a plate 

shaker and the absorbance was measured at a wavelength of 540 nm. The background absorbance was 

measured at 690 nm for each sample. The absorbance measurements were taken in triplicates for each 

treatment concentration as well as for the untreated cells (n = 4). The experiment was done independently 
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in duplicate. Measurements were performed by subtracting the background, and the cell viability was 

determined by the following equation:    

%Cell viability = 
AExperiment-ABlank

AControl-ABlank
 x 100 to get % (1) 

Where; AExperiment refers to the absorbance of the treated cells, ABlank is the absorbance of the blank (PBS) and 

AControl is absorbance of the untreated cells. 

 The effect of the formulated and DMSO dissolved phytochemical combination on the mitochondrial 

metabolic activity of A549 cells was quantified colorimetrically using the MTT assay according to the 

method described by Mosmann [31]. After a 24 hour exposure to treatment (Table 1), the spent media was 

removed and the cells were washed three times with PBS. Next, 100 µL of 3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide (MTT) (0.5 mg/mL) was added per well and the plate was incubated for 3 

hours at 37°C. After incubation, the supernatant was removed and the formazan crystals were dissolved in 

200 µL of DMSO and left on the plate shaker for 20 minutes. The absorbance was measured at wavelengths 

of 560 nm and 630 nm (background). Measurements were made in triplicate, blanked, and percentage MTT 

reduction was calculated according to equation 1 above.  

2.5. Oxidative stress markers 

2.5.1. Reactive oxygen species (ROS) 

 The generation of ROS after 24 hour exposure to different treatment conditions (Table 1) was 

evaluated according to the method described by Yao [32]. One hour prior to the assay, the untreated cells 

(negative control) were stimulated with 0.03% of hydrogen peroxide (H2O2) [33]. The treatment media was 

removed and cells were washed three times with PBS and stained with 10 µM 2’-7’dichlorofluorescin 

diacetate (H2DCFDA), and incubated for 30 minute at 37°C in the dark. Thereafter, the H2DCFDA was 

removed and cells were washed gently once with PBS, after which 100 µL of PBS was added to each well 

and fluorescence was measured with excitation and emission wavelengths of 480 nm and 535 nm, 

respectively. The relative fluorescence unit (RFU) of the intracellular ROS was calculated as the difference 

between experimental and blank measurements. The fluorescence measurements were done in triplicate 

for each treatment concentration and for the controls. 

2.5.2. Catalase activity 

 The catalase (CAT) activity was determined according to Cohen [34] with adaptations. After a 24 

hour exposure period, media was removed and cells were washed twice with PBS, trypsinized and 

centrifuged at 1 000 g for four minutes. The cell pellet was resuspended in ice cold phosphate buffer [0.09 

M K2HPO4 adjusted to pH 7.4 with 0.09 M KH2PO4] (270 µL). The cells were lysed by sonication using a 702 

model ultrasonic cleaning bath (United scientific, South Africa) at a medium intensity for 20 seconds, 

followed by the addition of 25 µL of 5% Triton X, and centrifugation at 10 000 g for 10 min at 4°C. A 10 µL 

sample of the supernatant was taken for CAT analysis; the remaining sample was stored for protein 

determination. The samples were added to 93 µL H2O2 (6 mM) each in a 96 well plate and incubated for 

three minutes, after which the reaction was stopped by the addition of 19 µL of 6N H2SO4. Finally, 130 µL 

KMnO4 (1.9 mM) was added to each well and the absorbance was measured within 30 to 60 seconds at 

490 nm. The protein concentration of each sample was determined using Bradford’s method [35]. All tests 

were done in triplicate and results were reported as a mean of three readings and expressed as µmol 

H2O2/min/mg protein [34].  

2.5.3. Superoxide dismutase (SOD) activity 

 The superoxide dismutase (SOD) activity was determined according to the method of Del Maestro 

[36] with modification. Cells were seeded and exposed as for the CAT determination. After exposure, cells 
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were lysed with 0.2% Triton X-100 and centrifuged at 10 000 g for 10 min at 4°C. Tris buffer (50 mM, pH 

7.5) was mixed with 1 nM diethylene triamine penta-acetic acid (DTPA) in a 49:1 (v/v) ratio. The mixture 

was aerated with air for 20 minutes and the pH was adjusted to 8.2. A 4 µL cell lysate sample and Tris 

buffer blank were added in triplicate to the wells in a 96 well tissue culture plate in triplicate and 245 µL of 

DTPA/Tris buffer mixture was added. The reaction was initiated by adding 4 µL pyrogallol (24 nM in 10 

mM HCl) to each well and the optical density was measured at 560 nm every 30 seconds for 5 minutes. The 

SOD activity was expressed as ngSOD/mg protein [36]. 

2.6. Nuclear morphology and apoptosis assay  

 The nuclear morphology anomalies and apoptosis were evaluated using the acridine orange (AO) 

and ethidium bromide (EtBr) differential staining assay according to the method described by Ribble [37] 

with modifications. The AO/EtBr dual staining assay is an economic and effective method for detecting 

apoptosis compared with flow cytometry [38]. The A549 cells were exposed to the different treatment 

parameters (Table 1) for 24 hours. After treatment, the supernatant was gently removed and the cells were 

washed twice with PBS. A 100 µL AO/EtBr staining solution (100 µg/mL of each dye in PBS) was added 

and cells were incubated at room temperature for 5 min and washed once with PBS. Images were captured 

immediately using a fluorescence microscope (Olympus Co., Japan) at 100x magnification with excitation 

and emission wavelengths of 488 nm and 550 nm, respectively. The experiment was performed once and 

apoptosis quantification was done in triplicate, counting a minimum number of 300 cells for each treated 

and untreated group. Cell Counting was done using ImageJ v1.52p software [39] according to the method 

described by Helmy Iman and Azim Adel [40]: The images were first converted to 8-bit, the threshold was 

set, and watershed was applied to split closely touching cells. A bright green fluorescence with organized 

chromatin structure indicated healthy cells, green or orange-red fluorescence with condensed or 

fragmented chromatin indicated apoptotic cells and red fluorescence indicated necrotic cells [41]. The 

percentage of apoptotic cells were calculated using the following formula:    

Percentage of apoptosis= 
Total number of apoptotic cells

total number of cells counted
×100 (2) 

2.7. Seahorse XFe Mito stress test   

The overall mitochondrial health of the A549 cells was evaluated by measuring the oxygen 

consumption rate (OCR) according to the method described by Decleer [42] with adaptations, using the 

Seahorse™ XFe96 Extracellular Flux Analyser (Agilent Seahorse Bioscience, MA, USA). Prior to running 

the assay, the Seahorse XFe sensor cartridge was hydrated by adding 200 µL Seahorse XFe calibrant in the 

XFe utility plate. Cells were seeded at an optimized seeding density of 2.5 x 104 per well (160 µL) onto a 96 

well Seahorse microplate. Cells were exposed to Pheroid® formulated and unformulated individual and 

combinations of phytochemicals, Pheroid® only and cisplatin (Table 1) one hour after seeding and 

incubated for 24 hours in humidified air at 37°C in 5% CO2. After treatment, the growth media was 

removed and the cells were washed twice with 200 µL Seahorse assay media (un-buffered base medium) 

using the XFe Prep station. To each well of the plate, 180 µL of assay media was added and the plate 

incubated for 1 hour at 37°C in a CO2 free incubator. Following calibration, the baseline OCR was measured 

and the cells were treated in succession with oligomycin (1 µM), carbonyl-cyanide-4-(trifluoromethoxy) 

phenylhydrazone (FCCP, 0.75 µM) and rotenone/antimycin A (0.5 µM each), while measuring the ATP 

production, maximal respiration and spare respiratory capacity (SRC) bioenergetic parameters in between 

the additions. Following the assay, the media was removed and the cells were frozen at -80°C for 

normalization by the CyQUANT® GR assay. Hereafter, the cells were thawed and 100 µL of CyQUANT® 

GR dye/cell-lysis buffer was added per well, and the plates incubated in the dark for five minutes at room 

temperature. Then, 95 µL of this cell suspension was transferred into a black spectrophotometer microplate 

and fluorescence was measured using Synergy™ HT Multi-detection microtiter plate reader (BioTek® 

Instruments, VT, USA) at 485/20 nm excitation and 528/20 nm emission wavelengths.  
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Basal respiration is strongly controlled by the ATP turnover and it changes in response to ATP 

demand [43]. Therefore, a reduction in basal respiration indicates lower oxygen consumption and ATP 

production, which indicates impairment of normal mitochondrial respiration. FCCP-stimulated oxygen 

consumption rate measures maximal respiration and a decrease in this response is strongly tied with 

mitochondrial dysfunction [43]. FCCP is an uncoupling agent that disrupts mitochondrial membrane 

potential (MMP), thus enabling complex V to consume maximum oxygen. The spare respiratory capacity 

(difference between basal and maximum respiration) measures the cells ability to meet with increased 

energy demand when under stress and a lower SRC is suggestive of mitochondrial dysfunction [43]. 

2.8. Statistical analysis 

 The data obtained was expressed as the mean ± standard error of the mean (SEM). Levene’s test 

was used to determine the homogeneity of the variance and significant differences between groups were 

calculated using either the Kruskall-Wallis ANOVA or the Unequal N HSD test (modified Tukey HSD test), 

using Dunnett’s test as a post hoc test. The results were considered statistically significant if p < 0.05. 

Statistical analysis was done on Statistica (StatSoft Inc., Germany) and graphs were produced using 

GraphPad Prism6 (GraphPad, San Diego, CA, USA). 

3. Results 

3.1. Anti-proliferative effects of Meriva® and GE on A549 cells 

 Assessing the viability of cancer cells is an imperative in vitro parameter for screening novel 

anticancer agents [44]. One way of achieving this is via the neutral red uptake assay, a highly sensitive 

indicator of cell viability as a function of cytostatic or cytotoxic effects [44]. At high concentrations, Pheroid® 

interferes with the cell’s viability by forming an oily layer on the surface of the culture media and thereby 

preventing gaseous exchange [24, 45]. In contrast, DMSO at a concentration of 0.1%–0.5% is regarded as 

non-toxic to cells [46]. To avoid false positive results, the Pheroid® only and DMSO working concentrations 

were optimised. Pheroid® at a maximum concentration of 0.02% and DMSO at 0.125% showed no effect on 

the viability of A549 cells when compared to untreated cells (Figure S1). Therefore, these concentrations 

were selected as optimum working concentrations for loading the phytochemicals. According to the 

International Standard Organisation (ISO), cell viability above 80 percent is non-cytotoxic; between 80 

percent to 60 percent is considered weakly cytotoxic; 60% to 40% moderate and below 40% strongly 

cytotoxic [47]. Combinations of Meriva® and GE in Pheroid® (F3 [52.5 µg/mL Meriva® and 75 µg/mL GE], 

F4 [75 µg/mL Meriva® and 52.5 µg/mL GE] and F5 [52.5 µg/mL Meriva® and 52.5 µg/mL GE]) resulted in 

significant (p < 0.005) growth inhibition of A549 cells when compared to untreated cells and their DMSO 

dissolved counterparts (Figure 1A). These combinations gave moderate to weak cytotoxicity: F3 (59%), F4 

(60%), F5 (58%), respectively. By contrast, treatment with UF6 (75 µg/mL Meriva® and 75 µg/mL GE) and 

F6 (75 µg/mL Meriva® and 75 µg/mL GE) showed a significant (p < 0.05) reduction in cell viability when 

compared to the untreated cells, however, no significant difference was observed between UF6 and F6. 

When compared to its free form (UF1 [52.5 µg/mL]), Pheroid® formulated Meriva® (F1 [52.5 µg/mL]) elicited 

a significant (p < 0.05) decrease in A549 cell viability (Figure 1A). Cisplatin demonstrated strong (p < 

0.00001) cytotoxicity against A549 cells when compared to the untreated cells with cell viability decreasing 

to 30%.  
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Figure 1. Cell viability, as indicated by Neutral Red (A) and MTT (B) assays, of A549 cells treated for 

24 hours with individual and combinations of Meriva® and ginger extract. UF = DMSO dissolved; 

F = Pheroid® formulated; (n = 4) ± SEM; Asterisk (*) indicates statistical significance relative to the 

control where * (p < 0.05), ** (p < 0.005) and *** (p < 0.00001); hash (#) indicates statistical significance 

relative to the DMSO dissolved counterpart (p < 0.05)  

3.2. Mitochondrial metabolic activity  

 Mitochondria are responsible for the majority of cellular ATP production and play a critical role in 

the proliferation and survival of cells. The effect of Pheroid® formulated and DMSO dissolved 

phytochemicals, either alone or in combination, on the mitochondrial metabolic function of A549 cells was 

assessed using the MTT assay. Cells treated with 0.02% Pheroid® only displayed no observable effect (p > 

0.5) when compared to the untreated control. This indicated that Pheroid® alone does not interfere with the 

cells’ mitochondrial metabolic activity. Therefore, any effect observed can be regarded as the result of the 

response to phytochemical treatment. All treatment groups significantly (p < 0.05) reduced the 

mitochondrial metabolic activity of A549 cells when compared to the untreated cells (Figure 1B).  

3.3. Assessing the effect of Meriva® and GE on intracellular ROS, SOD and CAT levels 

 Antioxidant defense enzymes such as SOD and CAT preserve the balance between ROS generation 

and elimination. When this delicate redox homeostasis is disturbed either by an increase in ROS, or a 

decrease in antioxidant levels, it leads to oxidative stress (OS). To evaluate the OS markers, cells were 

exposed to treatment (Table 1) for 24 hours. The intracellular ROS was measured using a cell permeant 

H2DCFDA fluorogenic dye. Once inside the cell, H2DCFDA is converted to a nonfluorescent compound, 

which later is oxidised by ROS to fluorescent 2’-7’dichlorofluorescein (DCF). The fluorescence intensity can 

then be directly correlated to intracellular ROS activity. Individual and combinations of DMSO dissolved 

Meriva® and GE treatment significantly (p < 0.005) increased ROS when compared to the untreated control 

(Figure 2A); with UF1 (52.5 µg/mL Meriva®) demonstrating the highest (p < 0.00001) increase. Cisplatin 

treated cells also exhibited a significant (p < 0.00001) increase in ROS levels when compared to the untreated 

cells. In contrast, cells treated with 0.02% Pheroid® only significantly (p < 0.005) reduced ROS (Figure 2B). 

In general, a reduction in ROS was observed in Pheroid® formulated phytochemical treatment (Figure 2). 

Nonetheless, treatment with individual actives in Pheroid® displayed a significant (p < 0.005) increase in 

ROS compared to the untreated control, while their combinations in Pheroid® showed no observable 

change (p > 0.1) (Figure 2B).  Hydrogen peroxide (H2O2) was used as a positive control and exposure of 

cells to this chemical resulted in a significant (p < 0.00001) increase in intracellular ROS compared to the 

untreated control (Figure 2).    

 



 

40 

 

Figure 2. Intracellular ROS levels measurement in A549 cells after 24 hour exposure to free forms of 

phytochemicals (A); Pheroid® only, phytochemicals in Pheroid® and cisplatin (B); (n = 3) ± SEM; UF = 

DMSO dissolved and F = Pheroid® formulated; Asterisks (*) indicate statistical significance relative to 

the control * (p < 0.05), ** (p < 0.005) and *** (p < 0.00001)   

  The SOD activity was quantified in a kinetic reaction using pyrogallol auto-oxidation [48]. When 

compared to the untreated control, SOD levels were significantly (p < 0.05) decreased in UF2 (75 µg/mL 

GE) treated cells (Figure 3A). Using H2O2 as the substrate for enzymatic reaction and KMnO4 as a titrant 

for the reaction with excess peroxide, CAT activity was quantified photometrically [34]. No significant (p > 

0.1) decrease or increase in CAT levels were observed for any of the treatment groups when compared to 

the untreated cells (Figure 3B).   

 

Figure 3. The measurement of superoxide dismutase (A) and catalase (B) levels in A549 cells after 

treatment with individual and combinations of phytochemicals in Pheroid® (F) and in DMSO (UF). 

A549 cells were exposed to treatment for 24 hours; (n = 3) ± SEM; Asterisk (*) indicate statistical 

significance relative to the control (p < 0.05) 

3.4. Nuclear morphology and apoptosis assay 

The apoptotic effect of Meriva® and GE combinations (Table 1) on A549 cells was investigated using 

nucleic acid specific AO/EtBr double stain fluorochromes. Acridine orange (AO) easily traverses the 

membrane and stains the cytoplasm and nuclear DNA of live cells green, while EtBr only passes through 

membranes with poor integrity and stains the nucleus red [37]. In addition to staining nuclear DNA, AO 

also concentrates in acidic lysosomes and intercalates with nuclear RNA, thereby producing bright red 

fluorescence [41, 49]. Morphological changes such as membrane blebbing, the formation of apoptotic 

bodies, the condensation of chromatin and the fragmentation of nuclear DNA are characteristic features of 

cells undergoing apoptosis [37, 49] (Figure 4).  
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Figure 4. Fluorescence microscopic detection of apoptosis in A549 cells using Acridine 

Orange/Ethidium Bromide double staining fluorochromes. Cells were either untreated (A), or exposed 

to DMSO dissolved phytochemical combination UF3 (B), Pheroid® formulated phytochemical 

combination F3 (C), and cisplatin (D) for 24 hours. Images were captured at 100x magnification. The 

characteristic apoptotic morphological changes observed include chromatin condensation (CC), 

nuclear fragmentation (NF), membrane blebbing (MB), and apoptotic bodies (AB). Orange and red 

cells respectively indicate late apoptotic (LA) and necrotic (N) cells, while green cells indicate live (L) 

cells with intact nuclear structure. Scale bar = 100 µm 

Bright green fluorescence with nuclear fragmentation and chromatin condensation is a sign of early 

apoptosis. In contrast, late apoptotic events can be identified by fragmented orange chromatin, while 

necrotic cells appear red with a normal nuclear structure (Figure 4). These characteristic apoptotic 

morphological features were observed in the presence of UF3, F3 and cisplatin treatments. Cisplatin 

displayed a significant apoptotic effect in A549 cells (p < 0.00001) when compared to the untreated cells. In 

general, Pheroid® enhanced the apoptotic effects of combined phytochemicals (F3, F4, F5 and F6) (p < 0.05) 

in comparison to their DMSO dissolved counterparts, with F3 having a robust (p < 0.00001) apoptotic profile 

when compared to untreated cells (Table 2). The enhanced apoptotic effect exhibited by F3 formulation 

could be as a result of the suitable combination ratios between Meriva® and ginger extract that potentiates 

either synergistic or additive mechanism of action between the phytochemicals. In the DMSO dissolved 

treatment group, UF3 demonstrated a significant (p < 0.0005) apoptotic effect when compared to the 

untreated control.    

Table 2. The apoptotic effects of Meriva® and ginger extract on A549 cells after 24 hour of treatment 

measured using AO/EtBr double staining  
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Response 

(%) 
Treatment group 

 UF1 UF2 UF3 UF4 UF5 UF6 
Pheroid® 

only 
Untreated 

Live 80* 83 75** 81 79* 85 93 91 

Dead 20* 17 25** 19 21* 15 7 9 

 F1 F2 F3 F4 F5 F6 Cisplatin 

Live 79* 85 60*** 74** 80* 77* 54*** 

Dead 21* 15 40*** 26** 20* 23* 46*** 

 
52.5 

µg/mL  

75 

µg/mL 

52.5/75 

µg/mL 

75/52.5 

µg/mL 

52.5/52.5 

µg/mL 

75/75 

µg/mL 
 

 Meriva® GE Meriva®/GE Meriva®/GE Meriva®/GE Meriva®/GE  

UF = Actives dissolved in 0.125% DMSO and F = Formulated actives in 0.02% Pheroid®; Asterisk (*) indicates 

statistical significance relative to the control * (p < 0.05), ** (p < 0.0005) and *** (p < 0.00001)    

3.5. Mitochondrial health  

The mitochondrial health of A549 cells following 24 hour treatment with Meriva® and GE was 

measured using the Seahorse Mito stress test. The basal cellular respiration, along with other bioenergetic 

modulators such as ATP production, maximum respiration, and SRC were evaluated as key parameters of 

mitochondrial dysfunction. The DMSO dissolved Meriva® and GE combination (UF6) significantly (p < 

0.001) reduced ATP production while UF1 and UF2 significantly (p < 0.01) increased maximal respiration 

and SRC (Table 3).    

Table 3. The effect of Meriva® and ginger extract on mitochondrial bioenergetics parameters of 

A549 cells after 24 hour treatment exposure  

Treatment 

groups 

Bioenergetics Parameters 

Basal 

 Respiration 

ATP 

 Production 

Maximal  

Respiration 

Spare Respiratory 

Capacity 

Untreated  68±3  57±4  139±17  72±16 

0.02% 

Pheroid® 
 63±3  50±2  149±9  86±7* 

UF1  67±8  55±7  166±17**  99±10*** 

UF2  74±4  62±4  174±8**  100±7*** 

UF3  70±3  59±3  153±13  83±13 

UF4  70±5  59±4  147±16  77±15 

UF5  74±8  63±5  155±7  80±7 

UF6  57±15  42±14**  118±29  60±15 

F1  34±6***  23±5***  76±14***  42±10** 

F2  66±5  55±3  169±13**  103±9*** 

F3  43±5***  31±4***  102±10**  59±5 

F4  45±4***  35±4***  113±9  68±6 

F5  43±6***  34±5***  110±9*  67±4 

F6  41±3***  31±3***  104±11**  63±11 

Cisplatin  58±3  48±2  139±6  82±4 

(n = 5–6) ± SEM; Asterisk (*) indicate statistical significance relative to the untreated group where * (p < 0.05), ** 

(p < 0.005), *** (p < 0.00005); UF = DMSO dissolved and F = Pheroid® formulated  
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The Pheroid® formulated Meriva® (F1) treatment led to a significant (p < 0.005) reduction in all of the 

bioenergetics parameters (Table 3 and Figure 5). In addition, the phytochemical combinations — F3, F5, 

and F6 — in Pheroid® also displayed a significant (p < 0.01) reduction in the ATP production, basal and 

maximal respiration, while F4 treatment caused a significant (p < 0.0001) reduction in the basal respiration 

and ATP production. Pheroid® only treatment at 0.02% concentration displayed a marked increase (p < 

0.01) in the SRC when compared to untreated cells. This indicates that the cells are able to produce more 

ATP and circumvent oxidative stress. Cisplatin treatment produced no significant changes in the 

mitochondrial respiration of A549 cells.   

 

Figure 5. The effect of Meriva® and ginger extract on the mitochondrial bioenergetics parameters of 

A549 cells after 24 hour treatment exposure; (n = 3) ± SEM; Asterisks (*) represents significant (p < 0.05) 

changes when compared to the untreated cells; UF = DMSO dissolved and F = Pheroid® formulated; 

Graph only represent treatments with significant change in bioenergetic parameters   

4. Discussion 

Curcumin and ginger extract (GE) phenolics are promising chemopreventive and anticancer agents 

[50, 51]. In addition to being safe and inexpensive, these agents have the ability to selectively target and 

induce apoptosis in rapidly proliferating cells, either independently or in combination [52]. A combination 

of phytochemicals, however, usually exhibits a stronger cytotoxic effect against cancer cells compared to 

single-agent treatment [53, 54]. This is often due to the overlapping and synergistic mechanism of action of 

individual actives on multiple cell death pathways [53].   

In this study, the effect of Meriva® and GE on the mitochondrial metabolic rate of A549 cells was 

investigated using the MTT assay. In this assay, metabolically viable cells (i.e. cells that have intact 

membranes and normal mitochondrial function) are estimated based on their ability to reduce MTT to 

insoluble formazan [55]. The results indicated that all treatments (Table 1) significantly reduced 

mitochondrial metabolic activity in the A549 cells (Figure 1B). To further investigate the anti-proliferative 

effects of the phytochemicals, the neutral red (NR) uptake assay was also performed. This assay provides 

a quantitative estimation of viable cells based on their ability to incorporate the supravital NR dye into the 
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lysosome  depending on both the pH gradient and ATP production [44]. During cell death or in the case of 

a reduced pH gradient, NR cannot be retained and consequently diffuses from the lysosome. In this assay, 

Pheroid® significantly enhanced the growth inhibitory effects of combined Meriva® and GE phytochemicals 

— F3, F4, F5, and F6 — when compared to the untreated cells and their DMSO dissolved counterparts 

(Figure 1A). The mitochondrial cell viability (MTT) and growth inhibition (NR) assays therefore 

demonstrated contrasting results in cell viability. A study conducted by Lim et al. [55] reported that — in 

the absence of cells — vitamin E isomers markedly reduced MTT into purple formazan and therefore may 

not be a suitable assay to determine cell viability. However, in the present study, the final treatment 

concentration of dl-α-tocopherol in the Pheroid® formulations was lower than where Lim et al. [55] 

observed reversed cell viability profiles. Another study conducted by Triglia et al. [56], reported that 

inconsistency between NR and MTT results emanates from the different mechanisms of action of the drugs 

investigated. In that study, the antibiotic monensin showed cytotoxicity in a three dimensional culture of 

dermal fibroblast when measured by the NR assay, but was non-cytotoxic when assessed by the MTT assay. 

In addition, some herbal extracts have been found to potentially interfere with the MTT assay [57, 58].  

On another note, agents that interfere with cell cycle phase redistribution, for example by inhibiting 

G2/M transition, significantly influence the mitochondrial number and/or metabolic function as a 

consequence of the amount of formazan produced [59]. Previous studies have demonstrated that curcumin 

and GE constituents — in particular [6]-shogaol — individually mediate cell death via oxidative stress, 

G2/M arrest, DNA damage, endoplasmic reticulum stress, and a decline in mitochondrial function in A549 

cells [60–64]. It is therefore possible that the results observed in the MTT assay may be due to the inhibitory 

effect of treatments on the G2/M cell cycle, which alters the number and/or function of mitochondria 

involved in the conversion of MTT to formazan crystals, rather than interference from dl-α-tocopherol or 

the phytochemicals with the redox reaction on which the assay is based. This could mean that the cells are 

cytostatic and viable, as shown in NR assay (Figure 1A), but that they are experiencing metabolic stress 

which could potentially lead to cell death via apoptosis [65]. This is supported by the AO/EtBr double 

staining apoptosis assay (Figure 3), which showed typical apoptotic morphological features such as 

membrane blebbing, cell shrinking, chromatin condensation and nuclear fragmentation [6, 66–68] (Figure 

3). In this assay, UF3, F3, F4 and F6 produced a robust apoptotic effect when compared to untreated cells. 

The apoptotic effect observed as a result of the F3 treatment was also comparable to that of cisplatin (Table 

2). This affirms that the Meriva® and GE combination in Pheroid® displays potential chemopreventive 

activity against the A549 cancer cell line.               

At low to moderate levels, ROS is involved in a number of normal physiological processes, including 

multiple cellular signalling systems, mitogenesis and protection of the cells against noxious agents [69]. 

However, when ROS levels supersede those of the enzymatic and non-enzymatic antioxidant detoxification 

mechanisms, it results in oxidative stress. Such stress may cause potential damage to lipids, proteins and 

cellular DNA, which are all factors implicated in a number of diseases, including cancer. Cancer cells 

exhibit higher levels of ROS and antioxidant enzymes than normal cells [70]. Therefore, a slight disturbance 

in this delicate equilibrium will induce cell death. The use of antioxidant agents in cancer therapy has, 

however, led to much controversy over the years [71]. This is mainly because ROS forms an integral part 

of the body’s innate defence system, and suppressing its level with chronic antioxidant use has detrimental 

consequences on normal physiological and redox responses [72]. Despite this, ROS-mediated cytotoxicity 

is a common first line anticancer therapy [73, 74]. Cisplatin, a standard anti-neoplastic agent, is frequently 

used in the treatment of many solid tumours, including lung cancer [75, 76]. The mechanism used by 

cisplatin to induce cell death is complex and, as of yet, not fully understood. However, studies show that 

cisplatin damages nuclear DNA by intercalating with the nuclear material and forming DNA adducts [77]. 

In addition to this mechanism, Marullo et al. [78] demonstrated that cisplatin has a direct effect on the 

mitochondrial DNA of A549 cells by inhibiting its transcription and reducing the expression of electron 

transport chain proteins, which consequently increases intracellular and mitochondrial ROS. This finding 

agreed with the present study in which a significant increase in intracellular ROS was observed in A549 

cells after a 24 hour exposure to cisplatin (Figure 2B).  
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 SOD and CAT are regarded as first line defence antioxidant enzymes and play an essential role in the 

detoxification of ROS. SOD functions by converting the superoxide anion radical to H 2O2, which is then 

further decomposed to harmless oxygen and water molecules by the H2O2 scavenger enzyme, CAT. In this 

study, cisplatin-mediated ROS generation in A549 cells was accompanied by a non-significant decrease in 

the expression of SOD and CAT (Figure 4). The imbalance observed between the increased ROS generation 

and the reduced antioxidant enzymes levels implies that oxidative damage to the cellular components and 

ROS-mediated activation of the intrinsic and extrinsic apoptotic pathways occur [79]. As cisplatin lacks the 

ability to distinguish between normal and cancerous cells, it may induce severe side effects, including 

ototoxicity, neurotoxicity and nephrotoxicity, of which the latter is the dose limiting adverse effect [75, 80]. 

Previous in vivo studies have shown that combining cisplatin with curcumin [81] and GE [82] reduces the 

cisplatin-induced toxicity. Accordingly, this provides the platform for the Meriva® and GE combination to 

be used in conjunction with cisplatin in the treatment of lung cancer.  

Curcumin and GE, in particular [6]-shogaol, have further been shown to be powerful ROS scavenging 

phytochemicals, although both may exhibit pro-oxidant activity depending on the concentration, exposure 

time and environmental conditions applied [83–86]. In the present study, the ROS and antioxidant enzyme 

assays conclusively demonstrated the pro-oxidant nature of unformulated phytochemicals in A549 cells. 

Pro-oxidant effects occur when a biological or exogenous substance induces oxidative stress through the 

induction of ROS or the inhibition of antioxidant enzymes [87]. Treatment of the A549 cell line with 

unformulated Meriva® and GE, either individually, or in combination, resulted in a significant increase in 

intracellular ROS (Figure 2A). This increase was accompanied by a non-significant decrease in the SOD 

levels following combined Meriva® and GE (UF5), and GE (UF2) treatments, while a non-significant 

decrease in CAT levels was observed following combined UF4 and UF5 phytochemical treatments. These 

findings were in accordance with previous studies in which curcumin was shown to significantly increase 

ROS in A549 cells in a dose dependant manner following a 24 hour exposure time [60, 88], and in which 

[6]-shogaol induced a marked increase of ROS in Caki cells [89], Mahlavu cells [90] and COLO 205 cells 

[91]. In addition, studies report that the ginger constituent, [6]-gingerol, displays a significant increase in 

ROS in AGS cells following 24 hour of treatment [92]. Curcumin — in its antioxidant capacity — mimics 

the SOD enzyme and enhances the dismutation of superoxide radicals [93]. Yusof and Abdul-Aziz [94] also 

showed that GE displays antioxidant activity by significantly decreasing SOD and CAT activities in the 

HepG2 cancer cell line.  

By contrast, Meriva® and GE phytochemicals in Pheroid® displayed a substantial decrease in 

intracellular ROS generation (Figure 2B). This phenomenon could be due to the antioxidant properties of 

Pheroid® itself, in which a significant decrease in ROS and a non-significant decrease in SOD levels were 

observed in comparison to the untreated cells (Figure 4A). Such a decrease in ROS, SOD and CAT levels is 

characteristically associated with reduced oxidative stress [95]. The antioxidant properties of Pheroid® can 

be attributed to the presence of dl-α-tocopherol, which functions as one of the excipients in the formulation. 

According to literature, the dl-α-tocopherol isoform has an antioxidant activity [96] and possesses 

anticancer properties [97]. These findings demonstrate that Pheroid® alleviated the potential oxidative 

stress effects of combined phytochemicals on the A549 cells, while maintaining the anticancer efficacy of 

the phytochemical combination (Figure 1 and Figure 2). This is essential in cancer treatment, as it 

potentiates the safe and effective use of anticancer agents without displaying adverse toxic effects in normal 

cells. 

Unlike other cancer types that rely on the glycolytic pathway, lung cancer cells are more heavily 

dependent on mitochondrial respiration to generate the energy required for rapid cellular growth and 

metastasis [4]. Apart from ATP production, mitochondria play a role in other physiological processes, 

including calcium and redox homeostasis, apoptotic cell death and inflammation [98]. The Seahorse XFe 

Mitochondrial stress test revealed that Meriva® in Pheroid® (F1) and its combinations with GE in 

Pheroid® — F3, F4, F5 and F6 — significantly inhibited basal respiration, ATP production, maximal 

respiration and SRC, with F1 displaying the most pronounced effect across all the parameters (Figure 5). 

The ginger extract in Pheroid® and without Pheroid® did not have an effect on the mitochondrial respiration 

of A549 cells (Table 3). This finding is in accordance with a study by Deng et al. [99], which reported that 



 

46 

GE increased the electron transport chain complex activity and ATP production in HepG2 cells, while 

simultaneously reducing cell viability . This indicates that GE phenolics induce cell death in cancer cells, 

via pathways other than the inhibition of mitochondrial ATP, including ROS-mediated autotic cell death 

[100] and the p53 pathway [101]. This is in contrast to curcumin, which suppresses mitochondrial oxidative 

respiration and causes a metabolic shift towards glycolysis in the MCF-7 breast cancer cell line [102]. 

Cisplatin treatment did not induce any significant change in the mitochondrial bioenergetics of A549 cells.  

The results obtained from the Mito stress test were further supported by that of the NR assay. Since 

lysosomal NR dye retention is ATP dependent, the reduction in ATP production (Figure 5) observed in 

Pheroid® formulated phytochemical combinations F3, F4, F5 and F6 may explain the significant decline in 

NR retention (Figure 1A). This observation was also true for the UF6 treatment group, which displayed a 

significant decrease in ATP production and a reduced cell viability in comparison to the rest of the 

unformulated phytochemical treatments (Figure 1A and Table 3). The improved chemopreventive activity 

observed for combined Meriva® and GE in the formulated treatment group was likely due to the enhanced 

cellular uptake imparted by the Pheroid® drug delivery system. This was confirmed by confocal 

microscopy (Figure 6). Since the F3 phytochemical combination in Pheroid® displayed the most promising 

anticancer effect, cellular uptake was compared against its free form counterpart, UF3 (concentrations 

reported in Table 1). Cells were cultured onto coverslips in 6 well tissue culture–treated plates at a seeding 

density of 5 x 105 cells per well (1 mL) [103] and harvested after 1, 4 and 6 hour treatment exposure intervals 

with UF3 and F3 phytochemical combinations. The background fluorescence setting was configured using 

untreated control cells to avoid interference and to standardise the settings for all measurements using the 

green 530±30 nm wavelength at which curcumin autofluoresces following excitation at 488 nm [104]. 

Cellular uptake was found to be greater for the formulated phytochemicals than their unformulated 

counterparts as early as 1 hour following exposure (Figure 6). The overall trend indicated that F3 

accumulates in the cells at a higher rate, to reach a point of saturation after 4 hour, whereas UF3 displayed 

a similar uptake to F3 (at 4 hour) following 6 hour of treatment exposure (Figure 6) 

. 

Figure 6. Confocal microscopy images of cellular uptake following 1, 4, and 6 hours of treatment 

exposure with free 52.5 µg/mL Meriva® and 75 µg/mL ginger extract (UF3), Pheroid® formulated 52.5 
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µg/mL Meriva® and 75 µg/mL ginger extract (F3). The image was captured at 600x magnification 

(60x/1.40 Plan Apo VC oil objective). Scale bar = 20 µm  

Thereafter, the fluorescence of each cell was quantified using ImageJ [39]. In brief, each cell was 

selected and the area integrated intensity was determined. A non-fluorescent area was used as background 

and the corrected total cell fluorescence (CTCF) was calculated [105]. The saturation observed in Figure 6 

was confirmed in Figures 7A and B. Pheroid® significantly enhanced the uptake of the phytochemicals by 

A549 cells over all time-points in comparison to the control (Figure 7). Interestingly, for each time interval 

assessed, a significant uptake of the unformulated combination was observed when compared to the 

control, which can be attributed to the phytosome formulation. However, the combinations in Pheroid® 

displayed a significantly greater cellular uptake relative to their unformulated counterparts and to the 

control at each interval (Figure 7). The mechanism responsible for the enhanced cellular uptake includes 

the binding of Pheroid®, a fatty acid, to fatty acid membrane binding proteins (FABPs) where Pheroid® 

specifically interacts with the glycolipoprotein lipid microdomains [24]. Once inside the cell, intracellular 

Pheroid® vesicles are then metabolised either by the mitochondria or peroxisomes, depending on the 

vesicle morphology, which releases the entrapped active compounds. The more rapid delivery observed 

with the Pheroid® formulation will therefore improve the onset of action of the Meriva® and GE 

phytochemicals. 

 

Figure 7. Corrected total cell fluorescence intensities (CTCF) of cellular uptake following 1, 4, and 6 

hours of treatment exposure with free 52.5 µg/mL Meriva® and 75 µg/mL ginger extract (UF3), 

Pheroid® formulated 52.5 µg/mL Meriva® and 75 µg/mL ginger extract (F3) and an untreated control. 

Result are expressed as means and error bars indicate SEM. Asterisk (*) indicates statistical 

significance relative to the control (p < 0.05); hash (#) indicates statistical significance relative to the 

DMSO dissolved counterpart (p < 0.05) 

In summary, Pheroid® significantly enhanced the cellular uptake, anti-proliferative and apoptotic 

effects of combined Meriva® and GE phytochemicals in A549 cells. In addition, these anticancer effects did 

not result in oxidative stress. Meriva® and GE, either individually, or in combination, further significantly 

reduced the mitochondrial metabolic activity of A549 cells, however, a robust anti-proliferative effect was 

observed when combination treatment in Pheroid® was applied. This enhanced effect could be explained 

by a reduction in the mitochondrial respiratory capacity. Since lung cancer cells rely heavily on 

mitochondrial oxidative phosphorylation for energy production, dysfunction in the mitochondria has a 

detrimental consequence on cell proliferation. In this study, Meriva® was found to be responsible for the 

mitochondrial dysfunction observed, while GE exhibited no effect on mitochondrial respiration. GE, 

however, may have enhanced the activity of Meriva® via other mechanisms involved in cell death.   

5. Conclusions  

The results obtained in the present study conclusively show that the combination of Meriva® and GE 

in Pheroid® yields a better chemopreventive activity than individual treatments or the unformulated 

combinations. The enhanced anticancer activity is likely the result of the additive or synergistic 
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mechanisms of action of the individual phytochemicals on multiple pathways involved in the pathogenesis 

of lung cancer. While cisplatin is a standard of care in lung cancer treatment, it causes severe side effects 

due to its non-selective induction of oxidative stress to both cancerous and normal cells. The combined 

phytochemical treatment in Pheroid® displayed anti-proliferative and apoptotic effects, comparable to 

those observed for cisplatin treatment in A549 cells, without causing oxidative stress. These findings 

provides an opportunity to further investigate the safe and effective use of Pheroid® formulated Meriva® 

and GE combination in lung cancer xenograft animal models.   

Supplementary Material: Figure S1 indicates A549 cell viability under different Pheroid® and DMSO concentrations 

over a 24 hour period using the Neutral Red assay.  
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Supplementary Material 

Aim: To determine working Pheroid® and DMSO concentrations that has no apparent effect on the growth 

and proliferation of A549 cells. 

Method: Pro-Pheroid® was prepared following the method described by Grobler [1]. Briefly, Vitamin F 

ethyl ester, Kolliphor® EL and dl-α-tocopherol (70%, 29% and 1% w/w) were mixed at 70°C and gassed 

with nitrous oxide gas. A panel of 15 Pheroid® concentrations was then prepared by diluting pro-Pheroid® 

in Dulbecco`s Modified Eagle media supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin-amphotericin B mixture. Three DMSO concentrations at 0.375%, 0.25% and 0.125% were also 

prepared in the growth media. A549 cells were seeded onto a 96 well tissue culture treated plate at a seeding 

density of 1 x 104 cells per well (50 000 cells/mL) and incubated overnight in humidified air with 5% CO2 at 

37°C. The following day, cells were treated with different Pheroid® and DMSO concentrations. After 24 

hours of incubation, old media was removed and cells were washed thrice with phosphate buffer saline 

(PBS). Filtered neutral red dye of 200 µL was added to the cells, which were then incubated for three hours. 

Cells were rinsed thrice with PBS and 200 µL of neutral red solubilisation solution was added into each 

well. The plate was then placed on a plate shaker at room temperature for 20 minutes [2]. Absorbance was 

measured at 540 nm and 690 nm wavelengths. A mean of three independent experiments was made to 

determine cell viability.     

Result: In general, low DMSO concentrations in the range of 0.1% to 0.5% are non-toxic to cells while 

higher concentrations have deleterious effects on cell viability [3]. In the present study, all tested DMSO 

concentrations indicated cell viability greater than 90%. Pheroid® up to 0.06% exhibited cell viability above 

80%, with the highest (112.8%) and lowest (80.1%) viability noted at 0.018% and 0.06% concentrations, 

respectively. Whereas, Pheroid® concentrations at 0.1% (p < 0.001) and 0.2% (p < 0.0001) significantly 

reduced cell viability compared to the untreated control, respectively.    
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Figure S1: A549 cell viability under different Pheroid® and DMSO concentrations over a 24 hour 

period using NR assay; (n = 3) ± SEM; Asterisk (*) indicates statistical significance compared to the 

control ** (p < 0.001) and *** (p < 0.0001) 

Conclusion: Pheroid® and DMSO concentrations at 0.02% and 0.125% were selected for further in vitro 

experiments as suitable final carrier concentrations. Pheroid® at 0.02% concentration provides the 

maximum amount for constituting Meriva® and GE in the delivery system while in itself it does not induce 

antiproliferative effects. Although all DMSO concentrations had no effect on the growth of A549 cells, the 

lower concentration was selected as a precautionary measure. 
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CHAPTER 4 

Chapter 4 is written according to the instruction for Authors guideline of Pharmaceuticals; an open 

access journal from MDPI. The manuscript is written in US English and guidelines are provided 

in Appendix B. This chapter is presented in the template provided by the journal. For ease of 

reading, the tables and figures are inserted at their relevant positions. This manuscript will only 

be submitted for publication once additional study groups have been completed.  
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Abstract: Cancer therapy using phytochemicals is an emerging treatment strategy owing to their 

chemopreventive activity and safety profile. Curcumin and [6]-shogaol (6SG) have potent anti-

tumorigenic activity, the latter being more potent. However, the clinical application of phytochemicals is 

greatly reduced by their poor physicochemical properties, which can be overcome using lipid based drug 

delivery systems such as the Pheroid® technology. The aim of the present study was to formulate and 

characterize Meriva® and ginger extract (GE) combination in Pheroid® and evaluate its anticancer effect 

in non-small cell lung cancer (NSCLC) bearing athymic nude mice. The phytochemical combination had 

a mean particle size of 26±0.13 µm and zeta potential of -28±3.26 mV. No drug – excipient interactions 

were noted, indicating compatibility. The mice treated daily with Pheroid® formulated Meriva® (70 mg/kg 

[28 mg/kg curcumin]) and GE (100 mg/kg [1.1 mg/kg 6SG]) combination for 14 days, demonstrated a non-

significant reduction in tumor growth and burden compared to Pheroid® only treatment. This was 

attributable to the suboptimal doses of curcumin in Meriva® and 6SG in GE. Thus, the use of therapeutic 

dose combinations of curcumin and 6SG phytochemicals in Pheroid® could enhance the treatment 

outcomes in future studies in xenografted NSCLC mice.              

Keywords: A549; Ginger extract; Lipid based drug delivery system; Meriva®; Non–small cell lung cancer; 

; Pheroid®; Xenograft    

 

1. Introduction 

Lung cancer accounts for the majority of cancer related deaths worldwide [1]. Current treatments of 

lung cancer include surgery, chemotherapy, radiotherapy, immunotherapy and targeted therapy [2]. 

However, the survival profile of lung cancer patients at all stages is poor compared to other cancer types 

[3, 4]. In addition, the use of combinatorial therapy for treating lung cancer often fails to provide satisfactory 

treatment outcomes due to chemo-resistance, unfavourable anticancer drug toxicity, high treatment costs 

and associated poor quality of life [3, 5]. This underscores the need for supplementary novel treatment 

approaches to improve lung cancer treatment. 

Naturally obtained phytochemicals such as curcumin and ginger extract (GE) phenolics have anti-

inflammatory, antioxidant and anticancer properties [6, 7]. Research has shown that curcumin and GE 

independently demonstrated significant anti-tumor activity in several in vivo cancer models. For instance, 

oral administration of curcumin at 100 mg/kg in athymic nude mice inoculated with the human 

adenocarcinoma NCI-H460 lung cancer cell line showed a significant reduction in tumour size and weight 

[8]. In another study, oral feeding with GE at 100 mg/kg inhibited tumour growth and progression of 

prostate cancer PC-3 in xenografted athymic nude mice [9]. Curcumin mediates its anticancer activity 

through modulation of transcription factors, growth factors, protein kinases, proteasomes, epigenetic 
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changes and pro-inflammatory mediators involved in tumour initiation, promotion, angiogenesis, and 

metastasis [10, 11]. The compound is also pharmacologically safe; human phase II clinical trials against 

pancreatic cancer indicated no toxicity when administered at doses up to 10 g/day [12]. 

[6]-shogaol (6SG) is one of the predominant constituents in dried ginger and has more potent 

antioxidant, and anti-inflammatory activity than gingerols and curcumin [13–15]. Like curcumin, 6SG 

exhibits anti-proliferative, anti-metastatic, and pro-apoptotic activities by regulating multiple targets such 

as transcription factors, including NF-kB and STAT3; growth factor receptors, kinases, and inflammatory 

mediators [16]. Kim et al [17] observed that 6SG is a potent inhibitor of STAT3 activation and when 

administered alone, significantly suppressed tumor growth. In a human clinical trial, Zick et al. [18] 

reported that doses up to 2 g per day of ginger constituents 6-gingerol, 8-gingerol, 10-gingerol, and 6-

shogaol showed very low toxicity and high tolerability with mild gastrointestinal complaints. 

Despite the extraordinary therapeutic benefits of curcumin and GE, their translation into a potential 

clinical application is limited because of poor aqueous solubility at acidic pH, P-glycoprotein efflux and, 

extensive in vivo metabolism following oral administration [19, 20]. In addition, curcumin undergoes rapid 

deprotonation under neutral and alkaline pH showing instability [21]. The oral route of administration is 

a favoured route for chronic diseases, like cancer, since it is convenient, non-invasive and cost-effective 

[22]. However, the lipophilic nature of the phytochemicals impedes their dissolution in the physiological 

fluid leading to incomplete biological uptake, poor absorption and high excretion profile. Overall, this 

causes a deficiency in the plasma bioactive concentration to elicit sustained therapeutic functionalities at 

the target site of action. To improve the oral bioavailability of compounds such as curcumin and GE 

phytochemicals, various drug delivery systems have been developed over the years. Some of these are 

phospholipid and emulsion based delivery systems, chemical modifications (conjugation of a chemical 

substance to the phytochemical as a means of carrier system) and other delivery means such as chitosan 

based delivery system and nano-dispersion [22]. 

Pheroid® is a colloidal drug delivery system that is comprised of plant derived essential fatty acids as 

the dispersed phase and nitrous oxide saturated water as the continuous phase [23, 24]. Pheroid® is made 

from safe pharmaceutical grade raw materials and its formulation is proved to be non-toxic during acute 

and chronic administration to animals at doses up to 2 000 mg/kg via intravenous and 50 mg/kg oral 

administrations [25]. Moreover, the delivery system has the capacity to entrap both hydrophobic and 

hydrophilic drug molecules, protect against instability in physiological environments and against extensive 

metabolic transformations [26]. The presence of nitrous oxide in Pheroid® provides an added advantage in 

the stability of the formulation at higher and lower pH, miscibility of the vesicles in the dispersal medium 

and assists in the self-assembly of the vesicles [26]. An in vitro study demonstrated that Pheroid® 

significantly enhanced the anticancer activity of Meriva® (a curcumin phytosome) and GE combination 

against the A549 lung cancer cell line [27]. The present study aims to further investigate the in vivo 

anticancer potential of Meriva® and GE combination in Pheroid® against lung cancer in an athymic nude 

mouse xenograft model and compares the effect with a standard chemotherapeutic agent, cisplatin. 

Formulation characteristics, such as morphology, particle size, electro kinetic potential, and pH were 

assessed. Furthermore, a compatibility study and the quantification of curcumin in Meriva® and 6SG in GE 

in Pheroid® were done. 

2. Results 

2.1. pH measurement  

 The pH of Pheroid® formulated Meriva® and GE was measured to assess the chemical stability of 

curcumin in the final Pheroid® formulation. Curcumin is stable in acidic environment and undergoes rapid 

degradation under neutral and alkaline pH [21]. Ginger phenolic compounds however are stable over a 

wide pH range [20]. The results show that the phytochemical formulation in Pheroid® has a weakly acidic 

pH (Table 1), assuring the stability of curcumin and ginger phenolic compounds.  

Table 1. The pH of Pheroid® only and Pheroid® formulated Meriva® and ginger extract  
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Formulation 

pH 

Mean±SD Trial 

1 2 3 

Pheroid® only 6.65 6.60 6.69 6.65±0.05 

Meriva® and GE in Pheroid® 5.90 5.90 5.87 5.89±0.02 

2.2. Particle size, zeta potential, and vesicle morphology and distribution analysis  

Particle size, distribution and zeta (ζ) potential analyses were performed to characterize the 

phytochemical formulation. In the particle analysis, Pheroid® only showed two populations in the size 

distribution curve with peak volumes of 8% and 3% at 0.2 µm and 4 µm sizes, respectively (Figure 1a). The 

mean particle size of these populations is 2±0.39 µm (Table 2). In contrast, phytochemical loaded Pheroid® 

vesicles showed a single population with peak volume of 6% at 17 µm and a mean particle size of 26±0.13 

µm (Figure 1b). The span value, as an index of polydispersity, shows a broader population distribution in 

Pheroid® only and Pheroid® formulated ginger extract as opposed to Pheroid® formulated Meriva® and 

phytochemical combination formulations (Table 2). The span value indicates presence of various nano and 

micro particles in Pheroid® only and ginger extract in Pheroid® formulations.     

Table 2. Measurement of population width (span) for Pheroid® only, individual and combination of 

Meriva® and ginger extract in Pheroid® formulations 

Pheroid® formulation d0.1(µm) d0.5 (µm) d0.9 (µm) Mean(µm) Span 

Pheroid® only  0.11±0.001 0.25±0.018 7.02±1.165 2.00±0.390 27.82±3.315 

Ginger extract 0.10±0.004 0.26±0.007 8.12±0.209 3.00±0.074 31.62±1.070 

Meriva® 3.89±0.561 19.78±0.484 71.98±0.446 30.15±10.000 3.44±0.051 

Combination 5.19±0.844 18.87±1.336 56.20±3.059 26.00±0.130 2.72±0.407 

Zeta potential measures the electrostatic attraction and repulsion at the border plane between the 

particles and the solvent. This analysis gives an indication of the colloidal stability of the formulation. A 

formulation with a high surface charge difference (>±10 mV) has greater interparticle repulsion and shows 

resistance to aggregation [28]. The results of the electrokinetic potential analysis revealed that both 

Pheroid® only and phytochemical entrapped Pheroid® vesicles had a mean ζ-potential of -18±1.04 mV and 

-28±3.26 mV, respectively (Figure 1 c and d).    
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Figure 1. Mean particle size and ζ-potential analysis of Pheroid® only (a and c, respectively) and 

phytochemical loaded Pheroid® vesicles (b and d, respectively) 

Entrapment of phytochemicals by Pheroid® vesicles was confirmed visually using confocal laser 

scanning microscopy (CLSM). The Pheroid® vesicles were labeled with the lipophilic Nile Red dye 

(excitation: 515–560 nm, emission: >590 nm), which emits a strong red fluorescence, while curcumin 

entrapped in the vesicles autofluoresces green at excitation and emission wavelengths of 488 nm and 

530±30 nm, respectively (Figure 2d). Morphologically, phytochemical combination entrapped vesicles 

looked larger in size and irregularly shaped than Pheroid® only vesicles (Figure 2c). This attests the 

internalization of phytochemicals by the vesicles. In addition, there appears to be no green fluorescence 

detected outside of the vesicles, thus confirming the co-localization of phytochemicals within the vesicles 

without any apparent leakage.   
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Figure 2. Confocal images of Pheroid® only (a) and entrapped phytochemicals in Pheroid® vesicles (b-

d). Samples were stained with Nile Red for red fluorescence (excitation maximum: 549 nm; emission 

maximum: 628 nm), curcumin autoflouresces green at 530±30 nm. The image was captured at 600x 

magnification (60x/1.40 Plan Apo VC oil objective)   

However, it is evident that ginger extract constituents do not show autofluorescence and thus cannot 

be visually confirmed if present within the vesicles. By nature, ginger extract is lipophilic and its 

formulation in Pheroid® creates a lipid microenvironment within which it concentrates when in contact 

with an aqueous medium. To confirm this hypothesis, the mean particle size, ζ-potential and 

morphological analysis were performed on pro-Pheroid® formulated ginger extract. The results revealed 

similar trends with Pheroid® only formulation where two populations with distinct particle size were 

observed with peak volumes of 6% and 3% at 0.2 µm and 5 µm, respectively (Figure 3a), and a mean particle 

size of 3±0.074 µm. The formulation also had a broader population distribution with a mean span value of 

31.62±1.070 (Table 2). Surface charge analysis showed good stability with a mean ζ-potential of -28±2.34 

mV (Figure 3b). Confocal microscopy showed presence of various spherically shaped vesicles that are 

similar to the Pheroid® only vesicles (Figure 2b). This indicates that, incorporation of the ginger extract 

within the vesicles did not affect the morphology of the vesicles.    
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Figure 3. Mean particle size (a) and ζ-potential (b) analysis of Pheroid® formulated ginger extract   

2.3. Compatibility study of Meriva® and ginger extract combination in pro-Pheroid® 

 Compatibility between Meriva® and ginger extract and with Pheroid® excipients are reported as 

heat flow diagrams (Figure 4a and b). An interaction average heat flow value of -17.6 µW/g with an 

interaction error of 22.9 µW/g was measured for the first Meriva® and ginger extract sample (Figure 4a). 

Thereby resulting in a heat flow difference of 5.3 µW/g between the measured heat flow and the 

theoretically calculated heat flow. This low interaction value is indicative of compatibility between the two 

compounds. 

 

Figure 4. The heat flow graph obtained with the combination of Meriva® and ginger extract combined 

in a pro-Pheroid® formulation for two independent tests (a and b) 

 

 An interaction average heat flow value of -10.6 µW/g with an interaction error of 20.9 µW/g was 

measured for the second test (Figure 4b). Thereby resulting in a heat flow difference of 10.3 µW/g between 

the measured heat flow and the theoretically calculated heat flow. This interaction heat flow is double that 

obtained with the first test (Figure 4a). Although it is higher no incompatibility can be identified due to the 

similarity in the heat flow curves of the measured heat flow versus the theoretically calculated heat flow. 

The negative peak at the start of the compatibility run could be of concern and therefore a components 

graph was constructed (Figure 5). The components graph depicts the heat flow curve measured for each 

individual component. All four curves follow a similar downwards slope with no sudden increase or 

decrease in the heat flow. Therefore, the negative peak seen on the interaction graph could be ascribed to 

the experiment being started prior to complete baseline capturing or it could be ascribed to an attribute of 

the pro-Pheroid® base, causing a slight uptake of heat during the initial exposure to a higher than ambient 

temperature. From the heat flow data, it can be concluded that no incompatibility exists between Meriva® 

and ginger extract when mixed together in a pro-Pheroid® formulation.  
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Figure 5. Components graph depicting the heat flow curves obtained with each individual compound 

2.4. Quantification of curcumin and [6]-shogaol using LC–MS/MS method  

 The contents of curcumin and [6]-Shogaol in Meriva® and GE powders were determined using LC–

MS/MS method. The LC-MS/MS method development initiated with the selection of MRM transition for 

both curcumin and [6]-Shogaol by infusion method. Moreover, compound dependent parameters were 

optimized. For the chromatographic separation, 0.1% formic acid in water (solvent A) and acetonitrile 

(solvent B) were selected after optimization. A linear gradient of 30% to 90% solvent B in 1.5 min on a 

Phenomenex Kinetex™ C18 column gave the best peak shapes for both compounds. The elution times of 

curcumin and [6]-Shogaol were 1.21 and 1.40 min, respectively (Figure 6a and b). Furthermore, as observed 

from Figure 6b and also shown in literature [29], [6]-Shogaol has two isomers, namely cis-[6]-Shogaol 

(predominant peak) and trans-[6]-Shogaol (small peak) which eluted at 1.40 and 1.70 min, respectively. 

Hence, cis-[6]-Shogaol with the predominant peak was selected and utilized for quantification. The mass 

chromatograms of curcumin, [6]-Shogaol, Meriva® powder and GE powder are shown in Figure 6. The 

curcumin content of Meriva® powder was determined to be 400 mg/g extract, whilst the [6]-Shogaol content 

of GE powder was determined to be 11 mg/g extract. 

 

Figure 6. Mass chromatograms of (a) curcumin standard solution; (b) [6]-Shogaol standard solution; 

(c) the methanol extract of Meriva® powder; (d) the methanol extract of ginger extract powder   

2.5. In vivo animal study     
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 To investigate the in vivo chemotherapeutic effect of Pheroid® formulated Meriva® and ginger 

extract combination, male and female BALB/c athymic nude mice were subcutaneously injected with 1 x 

106 A549 cells in Matrigel® in the right flank. After inoculation, mice were allocated into saline (n=5; three 

males and two females), Pheroid® only (n=7; four male and three female), cisplatin (n=8; four male and four 

female) and Pheroid® formulated phytochemical combination (n=8; four male and four female) treatment 

groups. Treatment commenced once the tumor volume was palpable and continued for 14 days. 

Accordingly, the first and second groups received daily oral gavage with 100 µL 0.9% normal saline and 

4% Pheroid® only per body mass. The third group received cisplatin treatment via intraperitoneal (IP) route 

of administration at 4.5 mg/kg once a week and group four received 4% Pheroid® formulated Meriva® (70 

mg/kg) and GE (100 mg/kg) combination daily via the oral route. Doses for Meriva® and GE were selected 

from literature on the bases of a preclinical study of Meriva® used as a putative chemo-preventative agent 

for lung cancer and GE used in the management of prostate cancer [30, 31].  

In this study, gender had no influence on changes in tumor volume and body mass for all treatment 

groups. However, a relationship between treatment and treatment period was noted. The tumor volume 

was normalized relative to the first measured tumor in the respective groups using equation 1 (Figure 7a). 

The tumor growth curve shows that the saline negative control group has a lower tumor volume and 

slower growth rate over time compared to the vehicle control (Pheroid® only) and phytochemical 

combination in Pheroid® treatment groups. Although the tumor development and growth in this group 

was not satisfactory, the tumor did not regress over the course of the treatment period.    

RTV = Vn/V0, (1) 

Tumor volume in the vehicle control (Pheroid® only) group grew exponentially over the 14 day 

treatment period. Daily oral gavage with phytochemical combination in Pheroid® and saline displayed a 

significant (p < 0.001) tumor reduction compared to the vehicle control group from day 11 until the end of 

the treatment period (Figure 7a). On the other hand, intraperitonealcisplatin treatment significantly 

reduced the tumor growth after the first week of administration (p < 0.001) compared to the vehicle control 

treatment group. However, this potent anticancer effect was accompanied with a decline in animal body 

mass. Cisplatin causes anorexia and cachexia as a side effect [32], which affects the body mass. In this group, 

the food intake and feeding efficiency was considerably affected by cisplatin administration, especially 

during the second week of treatment with the lowest mean body mass recorded at the end of the treatment 

period (p < 0.001) compared to the vehicle control group  (Figure 7b). In the saline, Pheroid® only and 

Pheroid® formulated phytochemical treatment groups, the murine body mass remained unchanged (Figure 

7b), indicating that these treatments did not cause any adverse effects in the animals that could have 

affected their  normal feeding behavior.  
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Figure 7. Tumor volume (a) and body mass (b) of individual treatment groups. Values represent mean 

± SEM; (Saline, n = 5; Pheroid® only, n = 7; Phytochemical in Pheroid®, n = 8; cisplatin, n = 8)  

The tumor was excised the day after the last treatment. It indicated that cisplatin significantly (p < 0.05) 

reduced tumor growth compared to the vehicle control (Pheroid® only) and phytochemical combination in 

Pheroid® treatment groups (Figure 8).   

 

Figure 8. Excised tumor volume of individual treatment groups. Values represent mean ± SEM. 

Common symbols indicate significant differences between treatment groups (p < 0.05)  

The biological anticancer activity was analyzed using the rate-based T/C method as described by 

Hather et al [33]. T/C was computed using equation 2 based on the ratio of the fitted tumor growth rates of 

treated versus control groups at a specified time, normalized to the 14 day study period. To avoid extreme 

data, low tumor volumes were truncated to 50 mm3. The tumor volumes were then log transformed to fit 

the data into the model. From the log transformed values, the slope of the tumor volume with time was 

calculated and its mean was used to calculate the rate-based T/C.      

Rate-based T/C = 10(µT – µC) x 14 days (2) 

Where µT is the mean slope of the growth rates for the treatment group, and µC is the mean slope of 

the growth rates for the control group. 

It was assumed that the tumor volume in each group followed an exponential growth. Agents that 

result in a mean tumor volume T/C of ≤ 0.15 are highly active; T/C > 0.15 but ≤ 0.45 have intermediate 

activity; and those with T/C > 0.45 are considered to have low levels of activity [34]. In this analysis, cisplatin 

exhibited an intermediate activity when compared to the negative control saline group; T/C of 0.25 (p = 

0.004), (Table 3). Pheroid® only and phytochemical combination in Pheroid® had lower tumor inhibition 

activity compared to the negative control saline group with Pheroid® only showing a higher T/C value 

(Table 3). When compared to the vehicle control group, cisplatin showed a higher activity with a mean T/C 

value of 0.12 (p < 0.0001), whereas Pheroid® formulated phytochemical combination and saline treatment 

groups showed lower activities T/C of 0.52 (p > 0.05) and 0.47 (p > 0.05), respectively. Comparison between 

cisplatin and phytochemical treatment showed that cisplatin significantly (p < 0.001) reduced tumor growth 

with T/C value of 0.22   

Table 3. Rate-based T/C compared to the saline negative control 
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Group Dose (mg/kg) Rate-based T/C p value 

Cisplatin 4.500 0.250 0.004 

Pheroid® only - 2.140 0.071 

Combination 70 Meriva® and 100 ginger extract 1.110 0.779 

3. Discussion 

Traditional herbal medicine is the mainstay of primary healthcare in about 80% of the worlds’ 

population — mainly in developing countries — because it is readily accessible and thought to function 

better in the human physiological system without inducing any major side effects [35, 36]. There has also 

been growing consumption of herbal medicines in developed countries for their health benefits and for use 

as an alternative natural drug source [37, 38]. Turmeric — known as the golden spice — and ginger have 

been used as spices in culinary dishes and their principal active compounds curcumin and ginger extract 

(GE) phenolics have been used in traditional folk medicine for their anti-inflammatory, antioxidant and 

anticancer properties [39, 40].    

Meriva® is Indena’s patented phytosome technology containing a mixture of curcumin and soy 

lecithin at 1:2 mixing ratio with two parts of microcrystalline cellulose to impart flowability. Literature 

indicated that Meriva® increased the bioavailability of native curcumin by five folds in rodents [41]. Here 

we report for the first time the combined in vivo anticancer potential of Meriva® (70 mg/kg) and GE (100 

mg/kg) in the Pheroid® drug delivery system against lung cancer. The content of curcumin in Meriva® was 

quantified and found to be 400 mg/g. [6]-shogaol (6SG) — among other GE constituents and curcumin —

has a strong anti-tumorigenic effect [15, 42] and its content in GE was quantified as 11 mg/g. Therefore, the 

concentration of individual actives in the formulation administered to the animals was 28 mg/kg curcumin 

and 1.1 mg/kg 6SG. Although the goal of combination therapy is to reduce the dose of individual drugs, 

the amount of actives administered to the animals in the present study were suboptimal according to the 

literature concentrations of curcumin and 6SG. Oral treatment with curcumin at a dose of 100 mg/kg for 28 

days significantly reduced tumour growth and weight in NCI-H460 bearing athymic nude mice [8]. In 

another study, oral gavage with 6SG at a dose of 30 mg/kg five times a week for seven weeks significantly 

reduced tumour growth and burden compared to the vehicle control in A549 bearing athymic nude mice 

[43]. Therefore, in future studies, oral doses of curcumin and 6SG individually as determined by in vivo 

literature studies should be formulated in Pheroid® in order to compare their combined therapeutic effect 

against lung cancer.    

Electrokinetic potential analysis and compatibility study revealed that Meriva® and GE are stable in 

Pheroid® and that no drug–excipient interactions were observed. This is of paramount importance since it 

allows for direct measurement of the pharmacological effects of the phytochemicals without interference 

from the delivery system. Among other formulation parameters, measurement of particle size and 

distribution are important indices for evaluating the quality and suitability of a formulation. Moreover, 

this bivariate distribution influences the stability of the formulation, entrapment efficiency, drug release 

profile, biodistribution, mucoadhesion and cellular uptake [44, 45]. In vitro cellular uptake study is one 

important prerequisite physicochemical criterion to be taken into account before in vivo study [46]. In the 

previous in vitro study, it was observed that Pheroid® significantly enhanced the cellular uptake of Meriva® 

and GE combination [27]. Therefore, based on this preliminary in vitro biological uptake result, the in vivo 

study was conducted without incorporation of the free (unformulated) Meriva® and GE combination 

treatment group.  

In the particle size analysis, Meriva® and GE combination in Pheroid® were bigger in size compared 

to Pheroid® only formulation. This is thought to be as a result of the excipients found in Meriva®. To 

confirm this assumption, the particle size of Meriva® in Pheroid® was measured. The analysis showed a 

single population with a mean particle size of 30.15±10 µm and a mean span value of 3.44±0.051. Since 

Pheroid® formulated GE showed similar particle size with Pheroid® only, it can be concluded that the 

particle size of combined phytochemical formulation is largely influenced by Meriva®. To determine the 

successful incorporation of Meriva® and GE combination by the Pheroid® vesicles, quantifying the 
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entrapment efficiency is of paramount importance. In this study, although sufficient, entrapment of 

phytochemicals by Pheroid® vesicles was confirmed using confocal laser scanning microscopy. Therefore, 

additional analysis focussing on the concentrations of the actives entrapped is suggested for future studies. 

The pH of a formulation is another critical factor that can potentially influence the pharmacokinetic 

profile of active ingredients and the safe use of the formulation in the biological system. When designing 

an oral formulation for preclinical study in laboratory animals, the pH should lie within the recommended 

range, 2–9. A formulation that has a pH outside of this range — either too acidic or alkaline — can result 

in tissue injury and vascular thrombosis [47]. In the present study, the pH of both Pheroid® only (6.65 ± 0.05) 

and Pheroid® formulated phytochemical combination (5.89 ± 0.02) were within this range. Curcumin is 

more structurally stable in an acidic environment, however, at neutral and alkaline pH, it undergoes rapid 

degradation [21]. On the other hand GE phenolics are stable at various pH conditions and in simulated 

gastric and intestinal fluids, indicating their suitability for oral administration [20]. The study further 

highlighted that in vivo sub-therapeutic concentrations of GE phenolics can be overcome by using drug 

delivery systems and selective uridine glucuronosyl transferases (UGTs). As such, incorporation of 

Meriva® and GE in Pheroid® is a plausible strategy to improve their chemical stability and systemic 

exposure. 

Of note, the vehicle control group had a statistically non-significant (p > 0.05) increase in tumor growth 

compared to the negative control group (saline) (Figure 7a and Figure 8). Drug carrier systems are not inert 

in nature and have some degree of physiological effect [48]. Additionally, the ingredients used in some 

drug carrier systems have been proven to promote cancer cell growth based on nutritional abilities [49]. 

Therefore, the effect seen with Pheroid® only treatment can further be investigated to delineate the 

mechanism with which it is associated in the promotion of cell proliferation. Pheroid® formulated 

phytochemical combination displayed similar effect with saline treatment where a reduced tumor growth 

and burden was observed compared to the vehicle control group from the 11th day of treatment period 

(Figure 7a and Figure 8). This sub-therapeutic anticancer effect could be mainly due to the insufficient 

amounts of curcumin (28 mg/kg) and 6SG (1.1 mg/kg) actives administered to the animals. Unlike normal 

tissue, the tumour microenvironment is perfused with highly dense vasculature that is permeable and 

leaky, heterogeneous in distribution, hypoxic, and has low pH value and overexpressed proteins [45, 50]. 

These characteristic features enable functional carriers to sense the tumour microenvironment and alter 

their conformation. An example of such conformational change by carriers is pH responsive drug release, 

whereby the low pH of the tumour microenvironment triggers morphological change in the lipid bilayer 

of the carrier [51]. Therefore, this could be one possible mechanism to use in order to enhance the combined 

phytochemical anticancer effect in the Pheroid® delivery system.     

Cisplatin is an effective antineoplastic drug. In the present study, cisplatin significantly (p < 0.05) 

reduced the tumour growth compared to the negative control group (Figure 7a). The excised tumour also 

revealed that cisplatin significantly (p < 0.05) reduced the tumour volume compared to Pheroid® only and 

phytochemical in Pheroid® treatment groups (Figure 8). However, cachexia and nephrotoxicity are the 

main dose limiting side effects of cisplatin [32, 52]. In this study, mice treated with cisplatin showed a 

decline in body mass during the treatment period (Figure 7b). The side effects of standard 

chemotherapeutic drugs like cisplatin can be reduced with the addition of phytochemicals in the treatment 

regime. This combination treatment also has the potential to improve the anticancer activity of the synthetic 

drugs through either synergistic or additive mechanism of action. Kumar et al. [53] showed that curcumin 

ameliorates cisplatin induced nephrotoxicity and increased its anticancer effect. In addition, concomitant 

use of cisplatin with ginger in the form of an extract and as an essential oil showed a protective effect 

against cardiotoxicity, hepatotoxicity and nephrotoxicity caused by cisplatin [54, 55]. The current in vivo 

pilot study shows that combination of Meriva® and GE in Pheroid® demonstrated some degree of 

anticancer activity, which can be potentiated with combination of therapeutic doses of individual actives. 

This provides an opportunity to further investigate the anticancer effect of cisplatin co-administered with 

Pheroid® formulated curcumin and 6SG combination against lung cancer.        

4. Materials and Methods  
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4.1. Materials  

 Human non-small cell lung cancer adenocarcinoma A549 cell line (ATCC® CCL-185™) was 

obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cell culture media, 

reagents and consumables were obtained from Thermo Fisher Scientific (Waltham, MA, USA), Gibco (Dun 

Laoghaire, Ireland), and Sigma-Aldrich (Missouri, USA). Curcumin (98%) and [6]-shogaol (96%) standards 

were purchased from Laboratory of the Government Chemist (LGC) standard (UK). Meriva® was kindly 

donated by Formul8 Pharma (Pty) Ltd (Johannesburg, South Africa). Ginger extract with >10% gingerols 

was purchased from Xi'an B-Thriving I/E Co., Ltd. (Shaanxi, China). Vitamin F ethyl ester was purchased 

from IMCD (Rotterdam, The Netherlands). Kolliphor® EL and dl-α-tocopherol were purchased from BASF 

(Berlin, Germany). All chemicals used were of analytical reagent grade.    

4.2. Formulation and characterization of Meriva® and GE combination in Pheroid® 

  Meriva® and GE were formulated in Pheroid® according to the method described in the previous 

in vitro study [27]. Briefly, 13.15 g of Meriva® and 18.81 g of GE were mixed with 45.61 g of pro-Pheroid® 

and homogenized at 1 000 rpm at 50°C until in solution. The mixture was then gassed under pressure with 

nitrous oxide for four days.            

4.2.1. pH measurement 

 The pH of Pheroid® only and Pheroid® formulated GE and Meriva® combination were determined 

using a bench top Mettler Toledo pH meter (Ohio, USA). A 4% Pheroid® concentration was prepared by 

diluting the oil concentration 25 times in nitrous oxide gassed water. Before each measurement, the pH 

was calibrated using pH 4, 7 and 10 standard buffers. Results were presented as the mean of three 

measurements. 

4.2.2. Particle size and ζ-potential analysis 

 The particle size and ζ (electrokinetic) potential measurements were made using Malvern hydro 

2000 SM Mastersizer and Malvern Nano ZSP Series Zetasizer ZEN5600 (Malvern Instruments Ltd, 

Malvern, Worcestershire, UK), respectively. Before analysis, a 4% Pheroid® concentration was made from 

the pro-Pheroid® formulation in 0.1 N hydrochloric acid aqueous medium (1:25 v/v). Particle size 

measurements were made in triplicates after injecting the samples in distilled water dispersion media at  

10–20% obscuration value. Equation 3 was used to calculate the span value, which measures the width of 

the population distribution. The smaller the span value, the narrower the distribution will be. The ζ 

potential measurements were made in triplicates by diluting the samples in deionized water (1:5000 v/v).      

Span = (d0.9–d0.1)/d0.5 (3) 

Where; d0.9,d0.5 and d0.1 are particle sizes at the 90th, 50th and 10th percentile, respectively.  

4.2.3. Vesicle morphology and size distribution 

 The morphology and vesicle size distribution of Pheroid® only vesicles and phytochemical 

entrapped Pheroid® vesicles were determined by Nikon D–Eclipse C1 Confocal inverted microscope 

TE2000-E equipped with a diode, an Argon Ion and Helium–Neon polarized lasers with an excitation 

wavelengths of 409 nm, 488 and 543 nm, respectively [56]. Using Nile red as the fluorescence probe, 

Pheroid® vesicle images were taken with a 30 µ m pinhole and a 60 x 1.40 ApoPlanar oil immersion 

objective. A 50 µL 4% Pheroid® concentration sample was labeled with a 5 µL Nile red fluorescent marker 

and vortexed briefly. After storing the sample in the dark for 15 minutes, 20 µL of the mixture was mounted 

onto the glass slide with a coverslip and imaged at 60x magnification.     

4.2.4. TAM III compatibility assay 
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 Thermal Activity Monitor (TAM) is a sensitive and accurate instrument for detecting 

incompatibilities and instabilities between active pharmaceuticals (APIs) and/or excipients. Compatibility 

between the phytochemicals and Pheroid® excipients was determined with a 2277 Thermal Activity 

Monitor (TAM III; TA Instruments, United States of America), equipped with an oil bath with a stability of 

±100 µK over 24 h. The calorimeter’s temperature was maintained at 40°C. During the compatibility study, 

the heat flow was measured for the single components, as well as for the mixtures. The assay was 

performed in duplicate for each phytochemical and their combination in pro-Pheroid® as shown in Table 4 

below. Data was analyzed using TAM Assistant v 2.0.156 software package. 

Table 4. Amounts of actives and pro-Pheroid® used in compatibility study 

Trial 
Individual (mg) Combination (mg) Volume of pro-Pheroid® (mL) 

Meriva®  GE Meriva®/GE 

3 1 101.25 101.20 41.28/58.64 

2 101.33  101.40 41.83/58.90 

4.3. Determination of phytochemical content 

 The contents of curcumin in Meriva® and [6]-Shogaol in GE were determined using liquid 

chromatography tandem mass spectrometry (LC-MS/MS) according to previously described methods [57–

59] with some modifications.  

4.3.1. Preparation of standards and samples 

Curcumin and [6]-shogaol standards were accurately weighed and dissolved in methanol to obtain a 

stock solution of 1 mg/mL and 0.4 mg/mL, respectively. The stock solutions were diluted serially with 

deionized water to give 62.5, 125, 250, 500 and 1000 ng/mL concentrations to constructing the calibration 

curve.   

For the analysis of curcumin and [6]-shogaol in Meriva® and GE, respectively, 5 mg of Meriva® and 

GE powder were weighed on an analytical balance (Axis model AGN220C, Gdansk, Poland) and dissolved 

in 5 mL of methanol to give a 1 mg/mL concentration. The mixtures were rotated on the rotor-mixer for 10 

min and then centrifuged for 10 min at 2 000 × g using a benchtop centrifuge (Allegra X-30R Beckman 

Coulter, USA). Aliquots of each supernatant were further diluted with deionized water to give final 

concentrations of 1 µg/ml Meriva® and 10 µg/ mL GE, and 20 µL of each injected for LC–MS/MS analysis. 

4.3.2. Liquid chromatography tandem mass spectrometry (LC–MS/MS) conditions 

 The separation of the extracted sample was performed on Agilent 1290 Infinity HPLC system and 

CTC PAL HTx-xt autosampler with a 20 µL sample loop. The analytes were separated on a Phenomenex 

Kinetex™ C18 column (30 mm × 2.1 mm, 1.7 µm) with a pre-column (UHPLC C18, 2.1 mm ID) at room 

temperature using gradient elution with water (A) and acetonitrile (B), both with 0.1% formic acid. The 

flow rate was 0.4 mL/min and the gradient was as follows: 0.0–1.5 min: linear from 30 to 90%B; 1.5–1.9 min: 

90%B; 1.90–1.91 min: 90 to 100%B; 1.91–2.30 min: 100%B: 2.30–2.31 min: 100 to 30%B: 2.3–3.0 min: 30%B.  

 Tandem mass spectrometry (MS/MS) was performed using SCIEX API 4000 QTRAP mass analyzer 

equipped with a Turbo Ion Spray source (SCIEX, Toronto, Canada) operating in electrospray ionization 

(ESI) positive mode. Analyst software (version 1.6) was used for instrument control, data acquisition; and 

quantitative analyses was performed with MultiQuant™ 2.1 Software. Detection and quantitation of 

analyte was achieved using multiple reaction monitoring (MRM) mode. Optimized instrument settings 

were as follows: ionization mode, positive; curtain gas, 40 psi; CAD gas, medium; nebulizer gas (GS1), 45 

psi, heater gas (GS2), 50 psi; ion spray voltage, 5.5 kV; temperature, 450 °C. The nitrogen flow was produced 

by a gas generation system (Peak Scientific Nitrogen Generator, model AB-3G, PA, USA). A dwell time of 
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150 msec was used for the transition. MS/MS parameters were optimized by direct infusion of curcumin 

and [6]-shogaol reference standard solutions at a flow rate of 10 µL/min, in the positive electrospray 

ionization (ESI) mode. MRM transitions selected for curcumin and [6]-shogaol quantification were m/z 

369.1 → 177.2 and m/z 277.1 → 137.1, respectively. The MS/MS settings were as follows: collision energy at 

29/17 volts; collision exit cell potential at 8/22 volts; declustering potential and entrance potential were 

336/116 and 10 volts, respectively. 

4.3.3. Analysis of sample extracts 

An LC-MS/MS method was developed and validated as per ICH guidelines [60] for curcumin and [6]-

shogaol content analysis. Five calibration solutions were injected in duplicate and their analyses were 

performed. Calibration curves were constructed using linear regression analysis of the peak area (Y) 

corresponding to curcumin and [6]-shogaol versus their concentration (X) in ng/mL. The curcumin and [6]-

shogaol contents of the samples were determined using the corresponding calibration curves. The content 

of curcumin in Meriva and [6]-shogaol in ginger extract were calculated according to the equation 4. 

T = CxV/M, (4) 

Where; T is content in mg/g, C is concentration established from the calibration curve, V is volume of 

solution prepared and M is the mass of extract in gram  

4.4. Animal study  

The A549 cell line was cultured in Dulbecco's Modified Eagle Medium supplemented with 10% Fetal 

Bovine Serum and 1% penicillin-streptomycin-amphotericin B mixture at 37 °C with 5% CO2 and 90% 

relative humidity. Cells were sub-cultured at least three times before inoculation. Male and female BALB/c 

athymic nude mice approximately six to eight weeks old were obtained from an AAALAC accredited 

vivarium animal facility (DST/NWU PCDDP, Potchefstroom, South Africa). The animal experiment was 

approved by the AnimCare Research Ethics Committee of North-West University (NWU-00167-18-A5). 

Animals were housed in Individual Ventilated Cages (IVC). The internal temperature and humidity of the 

IVC was maintained at 22 °C and 44% relative humidity, respectively. The IVC was regularly cleaned and 

animals had ad libitum access to water and commercial rodent chow in a 12 h light and dark cycle controlled 

room. After three days of acclimatization, mice were subcutaneously injected in the right hind leg with 0.1 

mL of cell suspension in Matrigel® containing 1 x 106 viable A549 human adenocarcinoma lung cancer cells. 

Once the tumor volume reached 100 mm3, the mice were allocated into four groups each containing four 

males- and four females (n = 8 per group) and that day was designated as “Day 0”. Accordingly, group one 

and two received 100 µL of 0.9% saline solution and 4% Pheroid® only per body mass per os per day, 

respectively, while group three received Pheroid® formulated Meriva® (70 mg/kg) and GE (100 mg/kg) 

combination daily via the same route. The fourth group received cisplatin at a dosage of 4.5 mg/kg via 

intraperitoneal injection once a week. Tumor volume was measured every day with a linear digital calliper 

and calculated using the equation given below:  

Tumor volume = W2 x L/2, (5) 

Where W is the tumor measurement at the widest point and L is the tumor measurement at the longest 

point. At the end of the 14 day treatment period, mice were euthanized via cervical dislocation and the 

tumors were excised and measured.    

4.5. Statistical analysis 

Data obtained were expressed as mean ± standard error mean (SEM). The raw data in the animal study 

were log transformed and the intercept and slope calculated. The homogeneity of the variance was 

determined using Levene’s test. Significant differences between treatment groups were determined by 

using either the Analysis of Covariance (ANCOVA) or the Unequal N Honestly Significant Difference 
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(HSD) test —modified Tukey HSD test) —with Dunnett’s test as post hoc test. Excised tumor were tested 

for normality using Kolmogorov-Smirnov test. Significance between groups was tested using Kruskal–

Wallis (KW), with Dunnett’s as post hoc test. The results were considered statistically significant if p < 0.05. 

Statistical analysis was done on Statistica (StatSoft Inc., Germany) and graph were produced using 

GraphPad Prism6 (GraphPad, San Diego, CA, USA).  

5. Conclusions 

Curcumin and ginger extract (GE) phenolics have been shown to have potent chemopreventive 

activities despite their poor physicochemical properties. [6]-shogaol (SG) — among GE phenolics and 

curcumin — has potent anti-tumorigenic activity. Confocal microscopy showed entrapment of the 

phytochemicals within the Pheroid® vesicles. In addition, the phytochemicals were found to be stable and 

compatible with Pheroid® excipients. Daily oral treatment of mice with Pheroid® formulated Meriva® and 

GE combination exhibited a non-statistically significant reduction in tumor growth and burden compared 

to the vehicle control treatment group. However, the amount of active phytochemicals — curcumin and 

6SG — administered to the animals were suboptimal compared to literature values. Cisplatin is a standard 

chemotherapeutic drug and demonstrated a statistically significant reduction in tumor growth compared 

to the negative control saline group. However, this anticancer effect was accompanied with a decline in 

body mass. Literature indicates that the side effects of cisplatin can be overcome by co-administration with 

phytochemicals such as curcumin and GE phenolic compounds. The present study thus provides an 

opportunity to further investigate the anticancer effect of cisplatin co-administered with therapeutic dose 

combination of curcumin and 6SG in Pheroid® against lung cancer.              
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CHAPTER 5 STUDY CONCLUSION AND FUTURE 

RECOMMNEDATIONS 

5.1 Study conclusion 

The present study aimed to evaluate the chemopreventive activity of Meriva®; a curcumin 

phytosome, and ginger extract (GE) combinations in Pheroid® against lung cancer in both in vitro 

and in vivo models. This was done by quantifying the contents of principal phytochemicals; 

formulating and characterising combined phytochemicals in Pheroid®; conducting cytotoxicity, 

cellular uptake, apoptosis, oxidative stress markers, and mitochondrial health assays using 

relevant in vitro methods. The in vivo anticancer activity was determined using athymic nude mice 

xenograft lung cancer model.   

Meriva® and GE combinations were formulated in pro-Pheroid® — a precursor of Pheroid® — and 

this formulation was characterised. Electrokinetic potential analysis and compatibility study 

indicated that the phytochemicals were stable in Pheroid® and that no drug–excipient interactions 

were observed. This result entails that the therapeutic effect measured from formulated 

phytochemical combination treatment is without interference from the delivery system. Confocal 

microscopy showed co-localization of the phytochemicals within the Pheroid® vesicles. In 

addition, the particle size of phytochemical entrapped Pheroid® vesicles were larger in size 

compared to Pheroid® only vesicles. This was due to the presence of microcrystalline cellulose 

and soy lecithin excipients in Meriva®. The contents of curcumin in Meriva® and [6]-shogaol (6SG) 

in GE were quantified as 400 mg/g and 10.63 mg/g, respectively. Based on this, the actual 

amounts of curcumin and 6SG in Pheroid® formulated Meriva® and GE combinations administered 

to the animals were 28 mg/kg and 1.1 mg/kg, respectively. Compared to literature values, the 

dose of these actives is insufficient. A limiting factor in the formulation process was a rapid 

increase in viscosity with an increase of added phytochemicals. This limited the therapeutic 

concentration of Meriva® and GE in the Pheroid® given to the animals, as it needed to be in a 

liquid form for oral gavage.  

The in vitro study demonstrated that the phytochemical combination in Pheroid® showed a more 

robust chemopreventive activity than the individual actives and free forms. In this study, 52.5 

µg/mL Meriva® and 75 µg/mL GE showed strong anti-proliferative and apoptotic effects. This 

enhanced effect was due to a reduction in the mitochondrial respiration capacity. Unlike other 

cancers, lung cancer cells heavily rely on mitochondrial oxidative phosphorylation for energy 

production and a dysfunction in the mitochondria has a detrimental consequence on cell 

proliferation. A mitochondrial health assay revealed that Meriva® was responsible for the 

mitochondrial dysfunction, while GE exhibited no effect on mitochondrial respiration. However, 
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incorporation of GE may have amplified the activity of Meriva® through other mechanisms 

involved in cell death either by synergistic or additive effects.  

Cellular uptake is an important physicochemical parameter to be considered before in vivo study. 

By means of confocal microscopy, it was confirmed that Pheroid® significantly enhanced the 

internalisation of phytochemicals by the cells compared to the free forms. This is indicative of 

improved biological function of the phytochemicals imparted by formulation in the Pheroid® drug 

delivery system. Despite the presence of higher content of phytochemicals within the cells, 

Pheroid® reduced the intracellular oxidative species in phytochemicals combination treatment. 

The antioxidant property of Pheroid® could be attributed to the presence of dl-α-tocopherol, as 

one of the excipients in its formulation. Therefore, it can be concluded from the in vitro study that 

Pheroid® improves the chemopreventive activity of phytochemical combination while reducing 

oxidative stress. This is essential in cancer therapy as it potentiates the safe and effective use of 

anticancer agents without having the adverse toxic effects to normal cells.    

A single preclinical modality usually does not provide complete information of a given treatment 

substance. To investigate the in vivo anticancer activity of Meriva® and GE phytochemicals in 

Pheroid®, male and female athymic nude mice were inoculated with viable A549 cells. The 

concentrations of Meriva® (70 mg/kg) and GE (100 mg/kg) were selected from literature on the 

bases of a preclinical study of Meriva® used as a putative chemo-preventative agent for lung 

cancer and GE used in the management of prostate cancer. Overall, gender had no influence on 

the treatment outcome for all the groups. Treatment of mice with a daily oral gavage of 

phytochemical combination in Pheroid® demonstrated a non-statistically significant reduction in 

tumour growth and burden compared to the vehicle control (Pheroid® only). This sub-therapeutic 

effect is due to the suboptimal amounts of curcumin and 6SG actives present in their respective 

samples. Although daily oral feeding with suboptimal concentrations of phytochemical formulation 

in Pheroid® resulted in a sub-therapeutic effect, it displayed a good promise that if the combination 

of therapeutic dose of phytochemicals were used, there would be a decrease in tumour volume 

that could be comparable to the results of cisplatin therapy. Of note, a non-statistical increase in 

tumour growth was seen in the vehicle control group compared to the negative control saline 

group. Shah et al. (2017) reported a similar finding in which treatment with empty liposomes — 

vehicle control — had no effect on tumour growth compared to saline therapy.  

Cisplatin is a standard platinum based anticancer drug frequently used in the treatment of many 

solid tumours including lung cancer. However, it causes severe side effects such as anorexia, 

ototoxicity, peripheral neuropathy, and nephrotoxicity due to oxidative stress and lack of 

selectivity between cancerous and normal cells. Intraperitoneal injection of cisplatin (4.5 mg/kg) 

once a week significantly reduced the tumour growth compared to the saline group. However, in 
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this group, cisplatin induced anorexia and cachexia were observed as manifested by a decline in 

body mass. These adverse effects can be addressed by co-administering phytochemicals, which 

also has the potential to improve cisplatin anticancer activity.   

The study’s aims and objectives were achieved through the aforementioned in vitro and in vivo 

results. The in vitro results indicate the chemopreventive potential of Meriva® in the Pheroid® 

delivery system against lung cancer in combination with ginger extract. In addition, incorporation 

of phytochemicals in Pheroid® improved their biological uptake and anticancer activity compared 

to the free forms. This indicates the potential applicability of oral Pheroid® formulations since the 

oral route is a favoured route of administration. In conclusion, this study has demonstrated the 

development of enhanced formulation of Meriva® and GE in Pheroid® as a potential adjuvant 

therapy for lung cancer.   

5.2 Future recommendations  

 The amounts of plant bioactive — curcumin and [6]-shogaol (6SG) — compounds in the 

Pheroid® formulation administered to the animals as Meriva® and ginger extract (GE) were 

suboptimal when compared to literature values. Therefore, for future studies increasing 

Meriva® and GE concentrations or using therapeutic doses of curcumin and 6SG is 

suggested.  

 To determine the successful incorporation of Meriva® and GE combination by the Pheroid® 

vesicles, quantifying the entrapment efficiency is important. In this study, entrapment of 

phytochemicals by Pheroid® vesicles was confirmed through confocal laser scanning 

microscopy and size analysis. Although sufficient, additional analysis focussing on the 

concentrations of the actives entrapped is suggested for future studies.  

 The pharmacokinetic profile of phytochemical combination formulation in Pheroid® should 

be investigated to determine the plasma concentration of the actives and to further 

elucidate drug-drug interactions.    

 Co-administration of cisplatin with curcumin and ginger phenolic phytochemicals have the 

potential to increase the anticancer activity of cisplatin and improve its toxicity profile 

(Damião et al., 2013; Ismail and Attyah, 2012; Kumar et al., 2017). Literature has shown 

that 6SG has a more potent anti-tumerigenic activity than other GE phenolics and 

curcumin (Chen et al., 2012; Wu et al., 2010). This opens an opportunity to further 

investigate the anticancer effect of cisplatin co-administered with Pheroid® formulated 

curcumin and 6SG combination against lung cancer. 

 In cancer therapy, employing passive and active targeting nanotherapy is an amicable 

route to achieve maximum therapeutic index with minimum toxicity. However, this 

mechanism is largely dependent on the particle size and distribution of a formulation. 
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Particles that are above 200 nm are prone to rapid hepatic clearance and opsonisation. 

Therefore, combination of phytochemicals in delivery system should be optimised to have 

a particle size that is in the range of 10–200 nm for better treatment in future studies.  
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