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Abstract 

Background and Aims: The human skin is constantly exposed to an array of external 

threats such as pollutants, toxins and UV-irradiation. These external factors are considered as 

the sources of reactive oxygen species (ROS) and exert oxidative stress to the skin. Many 

skin disorders and diseases are related to the oxidative stress, thus the application of 

antioxidant, serving as strong defence agent against oxidation, in dermatological health-care 

is of great interest. Catechin is a family of natural phenol compounds showing potential 

antioxidant properties. However, topical application of this antioxidant encounters several 

challenges. Firstly, the skin barrier which mostly lays in the stratum corneum (SC) prevents 

the transporting of external substance into the skin and thus limits the reservoir of the 

antioxidant in the deep layers. Moreover, the catechin group are chemically instable and 

easily undergoes degradation. Taking together, it would offer advantages if the antioxidant is 

incorporated into a lipid drug carrier to facilitate its transport across the skin and protect it 

from degradation. The carriers that are made up of non-ionic surfactants, having the similar 

bilayer structure to liposomes are niosomes. Theses carriers are widely used topically.  

Objective: The aim of this project was to design a niosome carrier system to deliver the 

antioxidant into the skin so that it exhibits the antioxidant effect. The drug candidates are two 

compounds from the catechin family, namely, (+)-catechin (C) and (-)-epigallocatechin 

gallate (EGCG).  

Methods: An HPLC method was developed and validated for the determination of the 

compounds; preformulation studies were performed to study the physicochemical properties 

of the two compounds, such as partition coefficient, aqueous solubility and forced stability. 

C-loaded niosomes and EGCG-loaded niosomes were prepared using film hydration 

technique. An experimental design strategy was applied for optimisation of the formulation 

parameters. The chemical and physical properties of drug-loaded niosomes such as 

morphology, particles size, entrapment efficiency, zeta potential and in vitro release profiles 

were characterised. The drug compatibility with the carrier was studied by differential 

scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR). The 

penetration of drug across the skin barrier and the drug deposition in the skin were 

determined using a Franz diffusion cell. The antioxidant effects of two drugs and the 

drug-loaded niosomes on the human skin fibroblasts (Fbs) were evaluated: the lipid 
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peroxidation product malondialdehyde (MDA) and two antioxidant enzymes including 

superoxide dismutase (SOD) and glutathione peroxidase (GSH-px), which reflect the 

antioxidant capacity of Fbs in oxidative stress were evaluated. The interactions of niosomes 

with the skin fibroblasts were also explored using a fluorescence-labelled niosomes on the 

Fbs.  

Results and discussion: The preformulation studies showed that C and EGCG are 

slightly soluble in water and PBS. Compared to EGCG (Log P 1.23), C is more hydrophilic 

with a Log P value of 0.41. Both compounds were vulnerable to external stresses conditions 

such as base (0.5 mM NaOH), oxidation（0.01% v/v H2O2）and high temperature (70 °C). 

The optimum formulation was obtained at the following condition: the selected optimum 

condition for preparing drug-loaded niosomes were as the following: for C-niosome, Span 60 

and cholesterol (CH) (total 150 μmol) at the molar ratio of 4:1 were used as vesicle 

components; dicetyl phosphate (DCP) (2 μmol) was added as a charge inducer; 10 mL of 

hydration medium containing 2 mg of C was used to hydrate the lipid film for two hours, 

allowing formation of C-niosomes. Regarding EGCG-niosome, Span 60 and CH (total 150 

μmol) at the molar ratio of 10:9 were used as vesicle components; a DCP amount of 2 μmol 

was added as charge inducer; 10 mL of hydration medium containing 1.4 mg of EGCG was 

applied to hydrate the lipid film for two hours. Under such process conditions, the 

drug-loaded niosomes could be produced with an acceptable size in nano-scale (204 nm and 

235 nm respectively) and high drug entrapment efficiency (49% and 53% respectively). The 

studies with FT-IR and DSC revealed that drug was entrapped in the niosomes in an 

amorphous state. In vitro release results indicated that C-niosome and EGCG-niosome could 

effectively sustain drug release for a prolonged time period. Besides, niosomes were 

demonstrated to have protective effect on the entrapped drug and niosome were relative 

stable under at 2-8 °C for at least one month. To apply the antioxidants on the skin models, 

the application with a niosomal formulation resulted in enhanced drug penetration across SC 

on both skin models. Drug deposition in epidermis and dermis was significantly enhanced 

with the use of a niosomal carrier (p < 0.05). The in vitro evaluation study on the human skin 

Fbs showed C and EGCG, particularly their niosomes significantly enhanced the cell 

viability. Compared to the pure drug, drug within niosome carrier had more favourable 

property on the protective effect on the Fbs. C and EGCG encapsulated in niosomes 

functioned as greater antioxidants than the drug solutions, most possibly in relation to the 

facilitated cellular uptake of the encapsulated drug by the carriers. 
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Conclusion: This project has demonstrated that the developed niosomes were able to 

improve the physical and chemical stability of the antioxidants; impart a 

penetration-enhancing effect across skin SC, hence increase the drug deposition in the deep 

layer of the skin; and enhance antioxidant capacity on Fbs. The research highlighted that 

niosomes are potential topical carriers for dermal delivery of antioxidant such as the two 

compounds from the catechin family. The niosome carrier serves as an officious tool for 

topical drug delivery and could be potentially used in skin-health care and pharmaceutical 

products.  
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Chapter 1. Introduction 

Chapter 1. General Introduction 

1.1. Skin and oxidation 

1.1.1. Reactive Oxygen Species and oxidative stress 

The skin is the largest organ of the human body and also the outermost line of 

defense against external threats to the body. Since it is directly and constantly exposed 

to an array of chemical and physical environmental toxins, the skin is a major target 

for oxidative stress (Trouba et al. 2002). In the first place, to achieve a better 

understanding of the relationship between skin and oxidation, several related terms 

need to be clarified. In general, reduction is a chemical reaction in which a substance 

gains electrons, whereas oxidation is a process during which a loss of electrons occurs 

(Schafer et al. 2001). The compound that can accept electrons is an oxidant and the 

substance that donates electrons is a reductant, which in biological environment are 

referred to as pro-oxidant and antioxidant, respectively. An oxidation process is 

always accompanied by a reduction process and such reactions are called redox 

reactions (Hrbac et al. 2000). The redox state of human body is strictly regulated and 

the balance in the redox reactions is pivotal for maintaining vital cellular and 

biochemical functions (Hrbac et al. 2000; Jones et al. 2000). Any interference with 

this balance in any direction might be harmful for the cell and organism. For instance, 

changing the balance towards the increase of pro-oxidant is defined as oxidative stress 

and might lead to oxidative damage (Kohen et al. 2002). As already mentioned, the 

skin is exposed to environmental toxicants; these toxins or their metabolites are 

inherent oxidants or directly lead to the production of a variety of reactive oxidants 

known as reactive oxygen species (ROS) (Athar 2002). ROS are chemically reactive 

molecules containing oxygen and these compounds can be classified into two groups, 

radicals and non-radicals (Younes 1999; Portugal et al. 2007). The radicals contain at 

least one unpaired electron around the atomic nucleus and exist independently. The 
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unpaired electron results in high reactivity of the radicals, which tend to donate or 

obtain another electron to gain stability. The radical group includes compounds such 

as hydroxyl radical (OH•), nitric oxide radical (NO•), superoxide union radical (O2

•-), peroxyl (ROO•), and alkoxyl (RO•) radicals, and one form of singlet oxygen 

(molecular oxygen -O2 with higher energy than the ground state). The group of 

non-radical compounds includes a variety of substances, some of which are produced 

in high concentrations in the living cells, for example hypochlorous acid (HClO), 

hydrogen peroxide (H2O2), organic peroxides, peroxynitrite aldehydes (ONOO-), and 

ozone (O3) (Droge 2002; Masaki 2010). On the other hand, ROS can be generated by 

exogenous sources. Some exogenous agents that trigger the generation of ROS 

include air pollution, UV radiation, microorganisms, and viruses (Starr et al. 2014). In 

the meantime, there are endogenous ROS generated during normal cellular 

metabolism, immune reactions (Bickers et al. 2006). During normal aerobic 

metabolism, ROS are continuously generated at low levels, and some compounds 

such as OH•,O2•
-, H2O2, take part in a number of cellular processes, including 

signal transduction, cell proliferation, apoptosis, immune responses and cell 

differentiation (Finkel 2000; Trouba et al. 2002). However, overproduction or an 

inadequate removal of ROS may result in oxidative stress, which leads to altered 

metabolism, dysregulated signal transduction events and pathological changes in cell 

and tissue functions, and such abnormal biological processes and changes lead to 

various damages that are manifested as lipid peroxidation, DNA mutation/breakage 

and protein oxidation/degradation (Miyachi 1988; Portugal et al. 2007). 

1.1.2. Oxidative damage 

The continuous increase of ROS from endogenous and exogenous sources leads 

to accumulation of oxidative stress to the cellular components, thereby altering the 

cell functions. The most vulnerable targets in a biological organism are lipids (Davies 

1987), proteins (Levine et al. 2001) and DNA (Beckman et al. 1997). The cellular 

membranes are vulnerable to oxidative stress due to high concentration of unsaturated 
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fatty acid. In this process, a reactive oxygen metabolite subtracts one hydrogen from 

the lipid then due to the absence of hydrogen, a fatty acid radical with one electron is 

formed. To gain stability, the fatty acid radical rearranges its molecular structure and 

reacts with the surrounding oxygen to form ROO•. This radical is capable of 

subtracting another hydrogen from a neighboring fatty acid, leading to the same chain 

reaction. This lipid peroxidation process results in an increase in membrane 

permeability and eventually causes cell damage (Pryor 1994; Montine et al. 2003).  

Proteins, also major constituents of membranes, can be possible targets for ROS. 

Proteins suffer from direct and indirect damage following interaction with ROS, 

including peroxidation, damage to specific amino-acid residues, changes in their 

tertiary structure, degradation, and chemical fragmentation and inactivation. The 

consequences of protein damage as a response mechanism to stress are loss of 

enzymatic activity, altered cellular functions such as energy production, interference 

with the creation of membrane potentials, and changes in the type and level of cellular 

proteins (Stadtman 1986; Grune et al. 1997; Levine et al. 2001).  

DNA is considered to be a stable, well-protected molecule, but ROS can still 

interact with it, causing several types of damage: modification of DNA bases, single- 

and double-DNA breakage, damage to DNA-protein cross-linkage, and damage to the 

DNA repair system (Breen et al. 1995; Dizdaroglu et al. 2002). 

To summarise, exposure to various types of oxidative stress can lead to cell 

damage and subsequently interferes with the normal function of the entire organism. 

As the largest organ and biological barrier, the skin is inevitably the big target of 

ROS.  

1.1.3. The human skin 

To gain a better understanding of the influence of ROS on the skin and the skin 

oxidation, it is of importance to describe the human skin structure and its physiology 

at this stage.  
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The skin is the outermost layer of the body that primarily acts as an envelope 

retaining substance inside the body and as a barrier against penetration by external 

agents. It is also a living tissue with its own metabolism and contributes to the life of 

the overall body (Bolzinger et al. 2012). Skin is composed of three main layers, 

namely the epidermis, underlying dermis and subcutaneous tissues. It also consists of 

several associated appendages such as hair follicles, sweat ducts, apocrine glands and 

the nail (Aulton 2007), as illustrated in Figure 1.1. The pH of the skin varies from 4.5 

to 6.0 (Klee et al. 2009), which helps to limit or prevent the growth of pathogens and 

other organisms. 

 

Figure 1.1. The basic structure and layers of the human skin. Reproduced from 
(Odland 1991). 

1.1.3.1. Stratum corneum  

The stratum corneum (SC) is the outermost layer of the epidermis and is a 10 to 
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20 μm thick membrane consisting of 10 to 18 layers of flat, anucleated, 

polyhedral-shaped dead cells (corneocytes) (Menon et al. 2009). Corneocytes are 

keratinocytes in their last stage of differentiation and they comprise a dense 

scaffolding network of keratin filaments (Jepps et al. 2013). Keratins are a family of 

alpha-helical polypeptides with molecular weight ranging from 40,000 to 70,000 

Daltons (Wertz et al. 1989) which render the corneocyte layers dense and relatively 

impervious to external compounds. In a classic ‘two-compartment’ model of SC, the 

structure of SC is represented as a ‘brick and mortar wall’. The ‘bricks’ represent the 

cornified dead cells filled with keratin, and the corneocytes are embedded in the 

‘mortar’ which is the intercellular lipid-rich matrix composed of multiple stacks of 

lipid lamellae (Elias 1983; Pilgram et al. 1999; Bouwstra et al. 2008). The 

intercellular lipid matrix is different to other biological membranes, for the lipids do 

not contain the usual phospholipids, but rather comprised of ceramides, cholersterol, 

cholesteryl esters, fatty acids, and a small fraction of cholesterol sulphate, which may 

help to reduce the epidermal water loss (Wertz et al. 1989). The water content of the 

SC, a minimum of 30% and maximum of 50%, is maintained with the help of a range 

of hygroscopic compounds collectively termed Natural Moisturizing Factor (NMF) 

(Hikima et al. 2006).  

Several models for the structural organization of intercellular lipids of SC have 

been proposed, such as the ‘sandwich model’ and ‘single gel phase model’ (Madison 

et al. 1987; Bouwstra et al. 1991; Norlén 2001); however, the most widely-recognized 

model is the mosaic fluid model. In this model, the human SC lipids is described as 

packed in a orthorhombic lateral way with the possible co-existence of the outer 

layers of the SC lipids present in a hexagonal packing arrangement (Forslin 1994). 

This multiple lamellar arrangement of the intercellular lipids forms continuous lipid 

phases occupying approximately 20% w/w of the total SC (Elias et al. 1979). The 

combination of corneocytes with intercellular lipids forms a waterproof moisture 

barrier that minimizes transepidermal water loss (TEWL) to keep moisture in the skin. 

This moisture barrier protects against invading microorganisms, chemical irritants, 

5 
 



Chapter 1. Introduction 

and allergens. If the integrity of the moisture barrier is compromised, the skin will 

become vulnerable to dryness, itching, redness, stinging, and other skin care concerns. 

1.1.3.2. Epidermis 

This epidermis layer is the real protective layer of the skin. The viable epidermis 

functions as the producer of epidermal keratin, NMF and barrier lipids and the source 

of proliferation to heal the wounds and to replace the corneocytes (Menon et al. 2009). 

The epidermis is categorized into four main horizontal layers. The deepest layer of the 

epidermis, sitting directly on top of the dermis is the stratum basale, which comprises 

a single layer of cube-shaped cells (Shier et al. 2006). New keratinocytes are formed 

in this layer through cell division to replace those shed continuously from the upper 

layers of the epidermis. This regenerative process is called skin cell renewal (Epstein 

et al. 1965). Melanocytes are found in the stratum basale. This type of cells is 

responsible for the production of skin pigment, or called melanin. Melanocytes 

transfer the melanin to nearby keratinocytes that will eventually migrate to the surface 

of the skin. Melanin helps protect the skin against ultraviolet radiation (Kaidbey et al. 

1979). The second layer of the epidermis is the stratum spinosum. The stratum 

spinosum is composed of 8-10 layers of polygonal keratinocytes. In this layer, 

keratinocytes are beginning to become somewhat flattened (Kaidbey et al. 1979). The 

third layer is called the stratum granulosum. It is composed of 3-5 layers of flattened 

keratin filaments that gives the skin its protective properties. The fourth layer in the 

epidermis is called the stratum lucidum. This layer is present only in the fingertips, 

palms, and soles of the feet. It is 3-5 layers of extremely flattened cells (Odland 

1960).  

Located between the epidermis and dermis, the epidermal-dermal junction 

consists of papilla that project into the dermis and the cells at the junction form the 

most important structural and functional link to the dermis below (Jakubovic et al. 

1992). 
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1.1.3.3. Dermis 

Immediately beneath the epidermis is the dermis, which is the thickest component 

of the skin, with up to 4 mm in depth and accounting for about 90% of skin weight 

(Bashkatov et al. 2005). It is composed of a network of loose connective tissue 

principally of collagen fibrils and elastic tissue embedded in mucopolysaccharides. 

This provides structural support and resilience to the skin (McGrath et al. 2010). The 

most common structural protein component within the dermis is the collagen. It forms 

a mesh-like framework that gives the skin strength and flexibility. Another protein 

found throughout the dermis is the coil-like protein, elastin, which gives the skin 

ability to return to its original shape after stretching. In other words, elastin provides 

the skin with its elasticity (Chung et al. 2001). These fibrils are surrounded by a 

gel-like substance called the ground substance, composed mostly of 

glycosaminoglycans. These moisture-binding molecules enable collagen fibers to 

retain water and provide moisture to the epidermis.  

The primary cells in the dermis are fibroblasts, which produce the extracellular 

structural proteins, collagen as well as glycosaminoglycan. Fibroblasts play a pivotal 

role in the production and remodeling of the dermal components and are crucial for 

regulation of the dermal morphogenesis (Gustafsson et al. 2000; Menon et al. 2009). 

Other components intertwined throughout the dermis are blood vessels, lymph vessels, 

nerves, and mast cells. The blood vessels in the dermis help in thermoregulation of the 

body by constricting or dilating to conserve or release heat. They also aid in immune 

function and provide oxygen and nutrients to the lower layers of the epidermis. 

However, these blood vessels do not extend into the epidermis. Mast cells are 

specialized cells that play an important role in triggering the skin's inflammatory 

response to invading microorganisms, allergens, and physical injury. 

1.1.3.4. Subcutaneous tissues 

The subcutaneous tissue resides between the dermis and the underlying body 
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constituents. The hair follicles and sweat glands originate in this layer and it also 

houses blood vessels and nerves. This layer serves to store energy, insulate the skin 

and anchor the skin to the underlying structures (Ritschel et al. 1988; Jakubovic et al. 

1992). 

1.1.4. Generation of ROS in the skin 

The skin serves as the first protective layer from the environment for the body, 

thus continuous exposure to environmental threats such as UV radiation, air pollution, 

smoke, micro-organisms, and viruses results in the generation of exogenous-derived 

ROS (Halliwell 1991). Additionally, endogenous ROS are formed during normal 

cellular metabolism and immune reactions (Turrens 1997; Cadenas et al. 2000). From 

all the aforementioned factors, UV radiation is a potent initiator of ROS generation in 

the skin. Almost 80% of environmental ROS that affect the skin are produced by UV, 

which comprises 95-98% of UVA and 2-5% UVB (Kusumawati et al. 2013). The 

type(s) of ROS generated depends on the UV wavelength. UVB mainly stimulates the 

production of O2•
- by triggering the donation of one electron from O2 that is in the 

mid-lower epidermis. UVA produces 1O2 through a photosensitizing reaction with 

internal chromophores such as riboflavin and porphyrin. Intracellular and extracellular 

oxidative stresses initiated by ROS are involved in a variety of pathophysiological 

processes of the skin (Valencia et al. 2007). 

1.1.5. Roles of ROS in the skin 

As mentioned previously, ROS causes lipid peroxidation in the skin. Oxidized 

lipids and proteins induce alterations in skin conditions, including disruption of the 

skin barrier function and increased skin roughness (Chiba et al. 2003). On the 

melanocytes of the epidermis, ROS has a paradoxical effect since they are able to 

enhance depigmentation and also is a key factor in pigmentation increase (Masaki 

2010). An imbalance of ROS scavenging was found in the skin of the patients with 

vitiligo (Schallreuter et al. 1999). On the other hand, ROS can also accelerate skin 

8 
 



Chapter 1. Introduction 

pigmentation. Among ROS, NO• derived from keratinocytes adjacent to melanocytes 

after UV irradiation induces melanogenesis by increasing the amount of the 

melanogenic factors such as tyrosinase and tyrosinase-related protein 

(Roméro-Graillet et al. 1997). In the dermis, ROS, such as 1O2 generated by UVA 

irradiation, stimulates the expression of matrix metalloproteinase (MMP) in 

fibroblasts. MMP is mainly involved in the collagen breakdown of dermis 

(Scharffetter-Kochanek et al. 1993), weakening the structure. Additionally, oxidized 

lipids as one oxidation product itself is also able to enhance the expression of MMP 

(Ohuchida et al. 1991). In the meantime, ROS also plays an important role in 

attenuating the synthesis on new collagen and it was found that exposure of human 

dermal fibroblasts to ROS causes decrease of collagen synthesis (Tanaka et al. 1993). 

Moreover, UV radiation-induced oxidative stress stimulates sebaceous gland function 

and eventually leads to the increase of sebum secretion, which may undergo 

peroxidation and damage the barrier functions of the skin. (Akitomo et al. 2003). 

Overall, oxidative stress caused by high level of ROS contributes to a series of 

adversely effects on the skin which is reflected by a variety of skin disorders and 

diseases. 

1.1.5.1. ROS and skin aging 

The aging process of the skin can be considered both intrinsic and extrinsic 

(Vierkötter et al. 2009).  

Intrinsic aging is an unpreventable process, which is common to cells throughout 

the entire organism. Intrinsic skin aging is largely genetically determined and is 

characterised by atrophy of the skin with loss of elasticity (Gilchrest 1996). The 

process of intrinsic skin aging resembles those seen in most internal organs, and is 

thought to involve decreased proliferative capacity leading to cellular senescence, and 

altered biosynthetic activity of skin cells (Jenkins 2002). Although there is limited in 

vivo data supporting that oxidative stress is associated with intrinsic aging, some 
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studies found the genetic aging is influenced by oxidative stress (Starr et al. 2008; 

Kuge et al. 2010).  

The accumulation of damage provoked by the interaction with other 

environmental factors can be defined as extrinsic aging, of which a majority is 

attributed to UV irradiation (Starr et al. 2014). Clinically, photodamaged skin is 

characterised by loss of elasticity, increased roughness and dryness, irregular 

pigmentation and deep wrinkling. A cascade of reactions start after UV exposure with  

ROS triggering the release of proinflammatory cytokines and growth factors 

(Wlaschek et al. 1995; Fisher et al. 2002). Specifically, activation protein-1 (AP-1) 

and nuclear factor-B (NF-kB) up-regulate the expression of MMP such as MMP-1, 

MMP-3, MMP-8, and MMP-9 which degrade the collagen and elastin fibers of the 

extracellular matrix (Sárdy 2009). Furthermore, UVR-induced ROS have been shown 

to decrease transforming growth factor-β expression, which decreases collagen 

production and enhances elastin production (Bernstein 2002; Uitto 2008). Hence, 

ROS degrade the structural integrity of skin by altering the collagen and elastin 

components of the dermal extracellular matrix. 

1.1.5.2. ROS related skin diseases 

It is well known that oxidative stress contributes to skin carcinogenesis, 

especially following UV irradiation (de Gruijl 1999). Skin cancer is a complex 

process that develops in three stages: initiation, promotion and progression. ROS have 

been found to be involved in all three stages (Bickers et al. 2006). At the first stage, 

the induction of structural alterations in DNA leads to mutations. ROS are shown to 

play a key role in DNA structural alterations and damage, including DNA base 

damage, DNA single-strand and double strand breaks, crosslinking between DNA and 

proteins (Athar 2002). The second stage of carcinogenesis is tumour promotion, in 

which the initiated cells undergo clonal expansion.There are a number of compounds 

generated by free radicals are found to be the promoters in the expansion process 

(Nakamura et al. 1985). At the third stage of carcinogenesis, benign papillomas 
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convert to malignant neoplasms. Research revealed that low frequency of spontaneous 

conversion of papillomas to neoplasms can be increased by treatment of free 

radical-generation compounds (Athar et al. 1989). Additionally, skin cancer 

development depends on immune surveillance breakdown which is mediated in part 

by ROS action. Oxidative stress might impair the ability of the immune system by 

harming leukocyte functions and altering cytokine production, eventually leading to 

immunosuppression. UV irradiation (the main oxidative stress), for instance, produces 

a number of adverse effects on the immune system, including suppression of systemic 

and cutaneous immune responsiveness, and immunologic unresponsiveness to 

cutaneous tumour (Katiyar 2002). 

Moreover, ROS are widely involved in the development of numerous skin 

inflammatory diseases such as psoriasis and atopic dermatitis (Okayama 2005). 

Research has found that oxidation products such as 4-hydroxy-2-nonenal or 

malonaldehyde can cause proteins denatured, alter apoptosis and affect the release of 

proinflammatory mediators (Meffert et al. 1976). Psoriasis is a chronic, scaly, and 

inflammatory skin disorder, characterised by a profound epidermal hyperproliferation 

(Griffiths et al.). It has been reported that iNOS, one isoform of NO• synthase, is 

expressed in epidermal keratinocytes of psoriatic skin lesions and this isoform can 

produce NO•,which induces the secretion of several pro-inflammatory cytokines 

such as tumor necrosis factor α (TNF α), interleukin-1b (IL-1b) and interleukin-8 

(IL-8) (Nathan 1992; Bruch-Gerharz et al. 1996). Another inflammatory skin disease, 

atopic dermatitis (AD), is a chronic disease characterised by itchy, inflamed skin 

(Anthoni et al. 2007). During the pathophysiological process of AD, an intense 

infiltration of lymphocytes, monocytes and eosinophils is shown and these cells are 

related with the release of pro-inflammatory cytokines, superoxide radical, hydrogen 

peroxide, hyperchlorous acid and peroxinitrite (Briganti et al. 2003).  

In addition to the above diseases, acne is a common skin disorder, which usually 

begins in adolescence, and is characterised by blackheads, pimple outbreaks, cysts, 
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infected abscesses, and in severe cases even scarring (Portugal et al. 2007). It is found 

that ROS production by neutrophils is involved in the irritation and destruction of the 

follicular wall and thus is thought to be responsible for the inflammatory progression 

of acne (Akamatsu et al. 1998).  

To summarise, ROS and oxidative stress are crucial in the pathophysiology of a 

large variety of skin disorders, including skin aging, carcinogenesis, inflammatory 

processes, and a series of diseases such as psoriasis, atopic dermatitis and acne. To 

overcome the oxidative threats, the body is equipped with an innate defense system to 

prevent oxidative damage; moreover, the use of antioxidants may serve as a practical 

and applicable protective or therapeutic method.  

1.2. Antioxidant and skin 

Thus far, ROS, oxidative stress and their role in the skin has been reviewed. ROS 

and oxidative stress are considered to be main contributors to a large number of skin 

diseases and disorders.  

Multiple lines of antioxidant defense are involved and serve to protect human 

skin from oxidative stress, generally from three aspects: prevention, interception, and 

repair (Sies 1993). Primary defense mechanisms involve direct ROS-scavenging to 

eliminate oxidative damage. For instance, the enzymes catalase and superoxide 

dismutase (SOD) scavenge hydrogen peroxide and superoxide anion directly 

(Blokhina et al. 2003). Secondary defense mechanisms involve intercepting the 

damage processes elicited by reactive oxygen species, such as lipid peroxidation 

(Arteel et al. 2001). Tocopherol, β-carotene, and bilirubin are good examples of 

enzymes which perform an interception function. They are chain-breaking 

antioxidants that react with peroxyl and alkoxyl radicals in phospholipid membranes 

(Burton et al. 1983; Stocker et al. 1987; Sies et al. 1995). Apart from the above, the 

antioxidant defense system can protect the organism from the effects of oxidative 

stress by reversal of the damage once it has occurred, such as DNA repair, modified 

12 
 



Chapter 1. Introduction 

lipid turnover, and proteolysis that are capable of providing the functions of restitution 

or replenishment (Arteel et al. 2001).  

To deal with the adverse effects of ROS, skin has its own defense system against 

oxidation, which is derived from i) endogenous and ii) exogenous antioxidants. 

Endogenous antioxidant molecules originate from melanin in the skin, whereas 

exogenous antioxidants are usually administered orally and topically (Kusumawati et 

al. 2013). 

1.2.1. Endogenous antioxidants 

The skin's own protective mechanisms against the ROS are generally classified as 

enzymatic and nonenzymatic systems (Chen et al.).  There are seven enzymatic 

antioxidant systems identified in the skin, including (a) superoxide dismutase (SOD), 

(b) catalase, (c) peroxidases, (d) the glutathione system, (e) thioredoxin reductase, (f) 

lipoamide system, and (g) NADPH (a reduced form of nicotinamide adenine 

dinucleotide phosphate [NADP]) ubiquinone reductase (Pugliese 1998). The 

nonenzymatic system include hydrophilic and lipophilic antioxidants (Kohen et al. 

2000). Each of these factor acts from different pathways: 

1.2.1.1. Superoxide dismutase (SOD) 

SOD is a metal-containing enzyme that has at least three known forms. Excluding 

the form which contains iron, both other two forms of SOD occur in human tissue. In 

humans the copper-zinc SOD is found mainly in the cytoplasm of cells, with a small 

amount being found in the plasma. A second type, manganese SOD or Mn-SOD is 

found in the mitochondria membrane (Miller 2012). SOD is found in the epidermis 

(Carraro et al. 1988). SOD exerts its antioxidant function, throughcatalysing the 

conversion of two volatile superoxide radicals into less volatile H2O2 and oxygen, 

and then H2O2 is further reduced to water and oxygen with the aid of other 

antioxidant enzymes, i.e. catalse and GSH peroxidase (Chen et al.). Furthermore, it 

has been reported that SOD prevents the breakdown of type I collagen caused by 
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oxidative stress in the skin (Petersen et al. 2004).  

1.2.1.2. Catalase 

Catalase is one of the oldest known enzymes and is ubiquitous heme enzyme 

which functions in two ways (Chelikani et al. 2005). First, it catalytically decomposes 

two H2O2 molecules into water and oxygen. Second, it oxidizes a substrate using a 

hydroperoxide as a hydrogen donor (Weiss 1937). Nevertheless, catalase may serve as 

the detoxification enzyme of hydrogen peroxide only under conditions of severe 

oxidative stress; during mild oxidative stress, its protective role is less important than 

that of other antioxidants (Nat. et al. 1992). In the skin, the highest catalase activity is 

found in the subcutis (Marklund et al. 1982). Catalase plays a significant role in skin 

protection. Numerous research have demonstrated that catalase activity is upregulated 

on chronic UV exposure during the photoaging period. The induction and regulation 

of catalase could prevent skin aging (Rhie et al. 2001). 

1.2.1.3. Peroxidases 

The third enzyme, peroxidases, decomposes various peroxides (Polle et al. 1990). 

A range of peroxidases with affinity for hydrogen peroxide, such as cytochrome c, 

NADPH peroxidase, and hemoglobin, have been found to be involved in 

detoxification (Nat. et al. 1992). In human skin, native peroxidases can be found in 

epidermal cells that are not keratinized (Dubertret et al. 1982). Also, peroxidase 

activity is also detected in dermal fibroblasts and dermal macrophages (Coulomb et al. 

1983).  

1.2.1.4. Glutathione (GSH) peroxidase 

One antioxidant that is attracting intensive interest is glutathione (GSH) 

(Al-Olayan et al. 2014). GSH is a tripeptide consisting of three amino acids, and can 

act as an independent compound to scavenge hydroxyl radicals and singlet oxygen 

(Wen et al. 2004). In the skin, GSH is present in the epidermis and dermis (Tyrrell et 

14 
 



Chapter 1. Introduction 

al. 1986). It can offer protection for the skin against UVA and UVB (Hanada et al. 

1991). Being one crucial endogenous antioxidant, glutathione peroxidase acts before 

catalase, but requires catalase to provide assistance at times when it is overwhelmed 

(Little 1972). It is demonstrated to able to protect against ROS hydroperoxide-induced 

breakdown of connective tissue in the skin (Wenk et al. 2004). As the first line of 

defense against peroxidation, the glutathione system is found in both the epidermis 

and the dermis particularly within the fibroblasts (Pugliese 1998).  

1.2.1.5. Thioredoxin reductase system 

A second ubiquitous and important antioxidant system for peroxide 

decomposition is the thioredoxin reductase system, which consists of the protein 

thioredoxin, thioredoxin reductase, and NADPH (Nat. et al. 1992). Similar to the 

glutathione system, this sytem is widely distributed in body tissues, with a particularly 

high level in epithelial tissue (Oberley et al. 2001). Within the skin, the keratinizing 

cells contain thioredoxin while Langerhans' cells and melanocytes contain both 

thioredoxin and thioredoxin reductase (Schallreuter et al. 1986).  

1.2.1.6. Lipoamide system and NADPH ubiquinone reductase 

Another two endogenous enzymes are the lipoamide system and NADPH 

ubiquinone reductase that, while not intensively studied, are known to serve as two 

important antioxidants in the body defense system. The former contains lipoamide, 

lipoamide dehydrogenase, and the latter (the reduced form of nicotinamide adenine 

dinucleotide [NAD]) (Nat. et al. 1992). The lipoamide system is involved in reducing 

thioredoxin fragments and lipoate has been shown to quench singlet oxygen as well as 

inhibit photoperoxidation (Devasagayam et al. 1993; Packer et al. 1997). NADPH 

ubiquinone reductase has a higher activity in the epidermis and it controls superoxide 

radical formation (Passi et al. 1998).  
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1.2.1.7. The nonenzymatic systems 

The other kind of antioxidant of the body belongs to the nonenzymatic system, 

which is further divided into water-soluble and lipid-soluble antioxidants. The water 

soluble group is made up of three types of compounds: (a) the thiol compounds which 

comprise the SH compounds, (b) ascorbate, and (c) urate; whereas the lipophilc group 

includes (a) tocopherols, (b) Vitamin A and β-carotene and (c) ubiquinol and 

ubiquinone (Pugliese 1998). 

In the hydrophilic group: the largest two groups of thiol compound are proteins 

that contain SH groups and glutathione (Barron 1957). The sulfur-containing proteins 

are present in the epidermis while glutathione, as mentioned previously, is found in 

both epidermis and dermis(Selby 1957; Tyrrell et al. 1986). Both are pivotal in 

maintaining cellular homeostasis. Ascorbate, or ascorbic acid or vitamin C, is one of 

the most important vitamins in the body. Ascorbate can quench singlet oxygen and 

can react with superoxide and peroxyl radicals with the concurrent formation of 

dehydroascorbate through dondating hydrogen from its hydroxyl groups (Sies et al. 

1995). In the skin, ascorbate is a cofactor required for collagen synthesis and it 

inhibits elastin biosynthesis to reduce elastin accumulation (Varani et al. 2001). 

Furthermore, ascorbate is widely used as a depigmentation agent by inhibiting 

tyrosinase (Maia Campos et al. 2008). The last but not the least nonenzymatic 

antioxidant is urate. It is a powerful free radical scavenger, being able to scavenge 

peroxyl and alkoxyl radicals, as well as singlet oxygen and hydroxyl radicals (Maples 

et al. 1988). 

In the lipophilic nonenzymatic group: tocopherol or vitamin E is one of the most 

important compounds in this group found in the body. It can react directly with ROS 

and serving as a major chain breaker, it inhibits lipid peroxidation reaction (Miller et 

al. 1993). Another compound, β-carotene which can convert to vitamine A, present in 

various layers of the skin. β-carotene and vitamine A are powerful singlet oxygen 

quenchers, scavenge free radicals, and prevent lipid peroxidation (Sies et al. 1995). 
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Moreover, vitamin A is essential for normal skin cell proliferation and regulation 

(Fuchs et al. 1981). Another group of lipophilic antioxidants, ubiquinol and 

ubiquinone or coenzyme Q (CoQ10), are important electron acceptors in the body. 

CoQ10 is recognized as an intracellular antioxidative and energizing molecule, which 

is a popular compound in skin health studies showing multiple skin-beneficial 

functions (Hoppe et al. 1999; Yue et al. 2010).   

So far, the endogenous antioxidation system of the skin, as listed in Table 1.1. has 

been reviewed. Healthy skin has intrinsic antioxidants to prevent the skin from 

oxidation damage. The amount of antioxidant must be balanced with the amount of 

ROS, but under intensive oxidation stresses, the antioxidant system is overwhelmed 

and is not sufficient to maintain the balanced condition. This is the time when 

treatment with exogenous antioxidants is of necessity. Exogenous antioxidants usually 

administered orally or topically include vitamin C, vitamin E, CoQ10, etc, of which 

the antioxidation effects on the skin have been described above (Heinrich et al. 2006). 

Aside from these compounds, polyphenols, as a kind of natural antioxidant is 

attracting wide recognition as a skin-health promoter. 

Table 1.1. Endogenous antioxidants found in the body.  

Enzymatic antioxidants Nonenzymatic antioxidants 

Superoxide dismutase The thiol group 

Catalase Ascorbic acid (vitamin C) 

Glutathione peroxidase a-Tocopherol (vitamin E) 

Peroxidases Carotenoids 

Thioredoxin reductase Ubiquinone (CoQ 10) 

The lipoamide system  

NADPH ubiquinone reductase  
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1.2.2. Exogenous antioxidant: polyphenols 

1.2.2.1. Definition and classification of polyphenols 

Polyphenols are a large family of natural compounds that widely present in plants 

and chemically characterised by the structure of one or several benzene rings bearing 

one or more hydroxyl groups (Parisi et al. 2014). There are a large number of plants 

found to be the natural sources of polyphenol including tea, grape, coffee, peanut, 

pomegranate, and other fruits and vegetables (Afaq et al. 2011). 

Polyphenolic compounds can be divided into two main groups, namely 

flavonoids and non-flavonoids. The flavonoids have a basic structure of two benzene 

rings linked through a heterocyclic pyrone C-ring, while non-flavonoids are 

comprised of a heterogeneous group of molecules, ranging from C6-C1 benzoic acid 

to more complex stilbenes (C6-C2-C6) and lignans (C6-C3-C3-C6) (Landete 2012). 

Flavonoids are further divided into six main sub-classes: (1) flavonols (highly 

concentrated in onions, apples, red wine, tea, broccoli and Ginkgo biloba), (2) 

flavones (a good amount in the herb chamomile), (3) isoflavones (predominant in soy), 

(4) flavanones (largely present in citrus fruits), (5) anthocyanidins (abundant in 

berries and cherries), and (6) flavanols (i.e., catechins, mainly found in tea, red wine, 

tea and apples) (Pandey et al. 2009)  

1.2.2.2. Polyphenols and skin care 

In the past few decades, the health-beneficial effects of polyphenols have gained 

steadily growing interest of many researchers and there is extensive literature 

regarding the remarkable biological functions of polyphenols not merely limiting to 

antioxidant but also anti-inflammatory, anticarcinogenic, neuroprotective, and 

antimicrobial activities (Rice-evans et al. 1995; Mandel et al. 2004; Nichols et al. 

2010; Daglia 2012; Parisi et al. 2014). In skin health, the favorable effects of 

polyphenols mainly exhibit as antioxidant, anti-inflammatory and anti-carcinogenic 

properties. 
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As superb antioxidants, polyphenolic compounds have shown direct free-radical 

scavenging and antioxidant effect by quenching superoxide anion, oxidative radicals 

and lipid peroxidation. In one respect, due to the structural properties of polyphenols, 

they easily donate an electron to compounds with higher redox potentials such as free 

radicals (Pannala et al. 1998). On the other hand, polyphenols are found to be strong 

chelators of metal ions, such as Fe2+, Fe3+, Cu2+ and Mn2+ (Brown et al. 1998). These 

polyphenol-metal complexes are also free-radical scavengers and their scavenging 

potency and cytoprotective activity are sometimes even higher than the parent 

polyphenols (Moridani et al. 2003; Kostyuk et al. 2004). Moreover, polyphenols 

induce the production of a series of antioxidant enzymes, such as SOD and 

glutathione peroxidase by upregulating genes containing antioxidant response element 

(Zhang 2006). Hence, polyphenols possess direct chemical or indirect biological 

antioxidant properties as well as free-radical scavenging activity.  

Aside from antioxidant effect, polyphenols also show anti-inflammatory 

functions in the skin protection. As non-protein inflammatory mediators, free radicals, 

hydrogen peroxide and lipid peroxides are mainly involved in inflammation process 

(Blake et al. 1987). Mechanistic studies have revealed that polyphenols may directly 

diminish the level of this sort of inflammatory inducers, to exert anti-inflammatory 

function (Rahman et al. 2006). Additionally, polyphenols can influence cellular 

functions by other mechanisms, such as direct interaction with several receptors, 

modulation of intracellular signal transduction and transcription of a number of genes, 

post-translational modulation of enzymatic activities to inhibit the inflammatory  

process (Korkina et al. 2008). 

Exposure of the skin to UV radiation results in inflammation, oxidative stress, 

DNA damage, dysregulation of cellular signaling pathways and immunosuppression 

thereby leading to skin cancer. Polyphenols are found to be able to interfere in every 

above process, thus acting as remarkable anti-carcinogenic agents. (Afaq et al. 2011). 

The mechanisms of antioxidation and anti-inflammation of polyphenols have been 
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briefly described. In the repair of DNA damage, UV induces the formation of 

cyclobutane pyrimidine dimmers (CPDs), which is a molecular trigger for the 

induction of immunosuppression and initiation of carcinogenesis. The rapid repair of 

CPDs by polyphenols is mediated through stimulation of inerleukin-12 (IL-12). IL-12 

has been shown to possess potent antitumour activity and has the capacity to induce 

DNA repair (Schwarz et al. 2005; Meeran et al. 2006). Furthermore, polyphenols are 

found to be able repair UV-induced DNA damage though enhancing of nucleotide 

excision repair (NER) genes. NEG genes are necessary for the repair of DNA damage 

in mammalian cells (Katiyar et al. 2010). Additionally, treatment with polyphenols 

orally or topically is found to be able to inhibit the activation of cellular signaling 

pathways leading to skin cancer (Mantena et al. 2006; Afaq et al. 2010).  

1.2.2.3. Polyphenols of interest  

Several polyphenols are extremely well researched and have been used in 

commercial products. Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a phytoalexin 

antioxidant derived from natural products such as the skin of red grapes, peanuts, 

blueberries(Wang et al. 2002). It shows a protective action on skin aging and various 

disorders. Research found that resveratrol may target aging by regulating 

inflammation and oxidative stress (Chachay et al. 2011).  

As another potent antioxidant, the soybean isoflavone genistein (aglycone) has 

been demonstrated by a series of studies and reports demonstrated that no matter 

through topical or oral administration, it has significant anti-photocarcinogenic and 

antiphotoaging effects (Wei et al. 2003; Sharma et al. 2004). Quercetin, 

dihydroquercetin and quercitrin are flavonoids (flavonols) found in various plants. 

Studies suggest that quercetin may prevent the development of skin aging by its 

antioxidation effect (Lamson et al. 2000; Xavier et al. 2011).Silymarin, belonging to 

the lignin group, is a mixture of several flavonolignan molecules including silybin and 

silychristin that are isolated from the seeds of the milk thistle plant. Silymarin is 

found to be able to increase the tumour suppressor and the level of immunostimulant 
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IL-12 in the skin. Also, silymarin has strong antioxidant effects with significant 

inhibition of lipid peroxidation and myeloperoxidase as well as stimulation the 

enzymatic activities of SOD, catalase and glutathione peroxidase (Zhao et al. 1999; 

Meeran et al. 2006)  

Among all beneficial polyphenols, the catechin family is  well recognized 

antioxidants and has been studied for its health promotion effects for more than a 

decade (Gadkari et al. 2013). Catechin has been manifested and documented for its 

health-promoting properties including antioxidant, anticarcinogenic, 

anti-inflammatory and anti-obesity activities (Bors and Michel 1999; Fujiki 2005; 

Huang et al. 2009). Specifically for the skin, the catechin group displays a number of 

beneficial features; hence, the compounds from this family were chosen as the drug 

candidates in this thesis.   

1.3. Catechins 

1.3.1. The chemistry of catechin family 

In this thesis, two compounds from the catechin family were used as the model 

drugs and the investigation can be used to provide a possible platform for other 

antioxidants. The name of the catechin family of chemicals is derived from catechu 

which refers to the juice or boiled extract of Mimosa catechu (Braicu et al. 2013). 

Catechins and their gallate esters are a class of flavonoid known as flavan-3-nols. 

Catechin possesses two benzene rings (called the A- and B-rings), each bearing at 

least one aromatic hydroxyl group and the two rings are connected with a carbon 

bridge and a dihydropyran heterocycle (the C-ring). The A ring is similar to a 

resorcinol moiety while the B ring is similar to a catechol moiety. There are two chiral 

centers on the molecule on carbons 2 and 3. Therefore, it has four diastereoisomers. 

Two of the isomers are in trans- configuration and are called catechin and the other 

two are in cis- configuration and are called epicatechin. The most common catechin 

isomer is the (+)-catechin (C). The other stereoisomer is (-)-catechin. The most 
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common epicatechin (EC) isomer is (-)-epicatechin. EC is an epimer containing two 

dydroxyl groups at the 3’ and 4’ position of the B-ring and a hydroxyl group at the 3 

position of the C-ring. The only structural difference between (-)-epigallocatechin 

(EGC) and EC is the B-ring. (-)-epicatechin gallate (ECG) and (-)-epigallocatechin 

gallate (EGCG) are ester derivatives of EG and EGC, respectively (Figure 1.2.).  
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Figure1.2. Basic structure of (+)-catechins (C) and its major derivatives: 
(-)-epicatechin (EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG) and 
(-)-epigallocatechin gallate (EGCG). 

Catechins are very sensitive to several environmental factors such as heat and 

light, and undergo degradation in oxidation with a consequent loss in activity (Parisi 

et al. 2014). A number of studies on the stability of catechins have reported the 

instability of this group of compounds. One study focusing on the pH stability of 

catechin isomers from green tea found that in the alkaline solution (pH > 8) were 

extremely instable and degraded almost completely in a few minutes, whereas in the 

acidic solution (pH < 4) they were very stable at least for 18 h. The stability of green 

tea catechins in sodium phosphate ranging between 5.0 and 7.4 showed a 

pH-dependent trend. Among the catechin isomers, EGCG was quite instable given the 

almost complete degradation when incubated for 3 h at pH 7.4 (Zhu et al. 1997). A 

similar research also reported that green tea catechins were vulnerable to degradation 

caused by elevation of temperature, pH and metal ions of incubation media (Sang et 
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al. 2005). The instability is part of the reason for the poor bioavailability and also 

presents as an issue in the manufacture process. 

1.3.2. Systematic beneficial effects of catechins 

1.3.2.1. Antioxidant effect 

Catechins from green tea, grapes and red wine for example, have been 

extensively studied in order to define their effect on human health. Several 

epidemiological studies and clinical trials showed that catechins reduce the risk of 

many chronic diseases due to the potent antioxidant properties at the appropriate dose 

(Chacko et al. 2010). Oxidative stress has been linked to the development of various 

chronic diseases(Intra et al. 2007). Hence, as strong antioxidants, catechins display 

prevention and therapeutic functions in many diseases.  

Catechins exert their antioxidant activity through various actions including 

scavenging ROS, chelating redox active transition metal ions, inhibiting redox 

sensitive transcription factors, inhibiting pro-oxidant enzymes and inducing 

antioxidant enzymes (such as GSH-px, SOD) (Korkina et al. 2012). The unique 

structure of these compounds contributes significantly to the beneficial effects 

(Kanadzu et al. 2006; Tachibana 2009). The antioxidant properties are provided by the 

phenolic groups in their molecular structure. Literature suggests that the presence of 

at least an hydroxyl group on the B ring and the galloyl moiety at position 3 was 

important in maintaining the effectiveness of the radical scavenging ability of 

catechin (Nanjo et al. 1999). 

Research on the health promoting effects of catechins has provided evidence that 

they have beneficial effects on heart and liver diseases; cause a reduction of plasma 

oxidation stress; slow down aging processes and neurodegenerative processes; and 

enhance weight loss (Mandel et al. 2004; Nagle et al. 2006). In addition, catechins 

have been reported to be beneficially involved in cardiovascular diseases. They have 

been found to be able to lower blood pressure and thus reduce the risk of stroke and 
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coronary heart disease (Velayutham et al. 2008; Chacko et al. 2010). 

1.3.2.2. Anti-inflammatory effect 

As anti-inflammatory and also antioxidant agents, catechins are considered as the 

multimodal acting molecules, invoking various cellular neuroprotection mechanisms 

including iron-chelation, scavenging of oxygen and nitrogen radical species and 

activation of PKC signaling pathway and pro-survival genes (Weinreb et al. 2003; 

Weinreb et al. 2009). Because of these properties, catechins are thought have 

therapeutic benefit in numerous inflammatory diseases such as atherosclerosis and 

arthritis (Cavet et al. 2011).  

1.3.2.3. Anti-tumour effect 

Catechins may act at multiple levels in cancer chemoprevention and 

chemotherapy. In general, catechins induce the inhibition of tumour cell proliferation 

by affecting molecular pathways associated with apoptosis, cell cycle, angiogenesis, 

invasion, and growth factor-related proliferation (Moyers et al. 2004). Furthermore, 

the mechanisms of antioxidant, anti-inflammatory, antithrombotic and 

antiproliferative activity of the catechin group underpin its beneficial effects in cancer 

prevention and therapeutics (Sutherland et al. 2006; Zaveri 2006). Modern research 

have shown that catechins are potent inhibitors of carcinogenesis in various cancer 

types, including cancers of lung, oesophagus, stomach, liver, duodenum, small 

intestine, pancreas, colorectal, and mammary gland (Clark et al. 2006; Lu et al. 2006; 

Simons et al. 2009). 

1.3.3. Beneficial skin effects 

A steadily growing interest in the use of natural compounds such as catechins to 

prevent and combat skin pathologies can be found from the literature. In this regard, 

catechins are most discussed for their antiaging, anti-inflammatory and cancer 

preventive functions. 
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1.3.3.1 Antiaging effect  

One study reported that treatment of normal human epidermal keratinocytes with 

EGCG could inhibit UVB-induced intracellular release of H2O2 concomitantly with 

the inhibition of UVB-induced oxidative stress-mediated damage in the skin (Katiyar 

et al. 2001). Fibroblasts form the main cell components in the dermis. A recent study 

showed that C protects against oxidative stress-induced cell death in fibroblasts and 

the results suggested that C has potential as a therapeutic agent for the prevention of 

skin aging (Tanigawa et al. 2014). It was found that EGCG treatment of human 

fibroblasts in culture blocked UV-induced collagen secretion and collagenase 

transcriptional levels (Kim et al. 2001).  

The beneficial skin effect of catechins has been demonstrated on a mouse model. 

One study conducted on SKH-1 hairless mice strongly suggested that oral green tea 

catechins (i.e., as dietary supplement) could be useful to attenuate solar UVB 

light-induced premature skin aging (Meeran et al. 2006). In addition, on human model, 

catechins have also shown anti-aging functions. A double-blind, placebo-controlled 

trial of adult women that aimed to evaluate the long-term effects of oral catechins on 

the clinical and histological characteristics of photoaging skin, revealed that catechins 

contribute to significant improvement in overall solar damage (Janjua et al. 2009)  

1.3.3.2. Anti-inflammation effect  

Numerous research focusing on the anti-inflammatory effect of catechins have 

reported positive results. Oral administration of green tea catechins in drinking water 

to mice significantly reduced the levels of inflammation and proinflammatory 

cytokines in UVB-exposed skin. Additionally, topical treatment of mouse skin with 

green tea catechins resulted in reduction of UVB-mediated oedema and infiltration of 

leukocytes (Afaq et al. 2003). Anotehr study showed that EGCG inhibited 

UVB-induced infiltration of leukocytes, myeloperoxidase activity and reduced the 

number of H2O2-producing cells and nitric oxide synthase-expressing cells, thereby 
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reducing the production of H2O2 and nitric oxide in both epidermis and dermis of the 

mouse skin (Katiyar et al. 2001). Similar photoprotective effects of EGCG were also 

found in human skin (Katiyar et al. 2001). Topical treatment of human skin with 

EGCG inhibits UVB-induced production of prostaglandin metabolites, which play a 

critical role in inflammatory disorders and in proliferative skin diseases (Katiyar et al. 

1999). 

1.3.3.3. Anti-tumour effect  

Similar as the other polyphenols, catechins as a group of polyphenolic molecules 

also exhibit remarkable anti-tumour effect and therefore are considered as promising 

compounds that can be exploited as the chemopreventive agents for skin cancer (Afaq 

et al. 2011). Many studes have found that topical application or oral administration of 

green tea catechins in drinking water of mice resulted in lower tumour burden in 

terms of tumour incidence and tumourmultiplicity (Agarwal et al. 1993; Mantena et al. 

2005; Meeran et al. 2009). Oral feeding or injection of green tea catechins fraction or 

EGCG was found to inhibit the growth and caused the regression of established 

nonmalignant skin papilloma in mice (Wang et al. 1992). Histopathological 

examination showed that oral administration of green tea had a marked inhibitory 

effect on the formation of UVB-induced keratoacanthomas and carcinomas (Wang et 

al. 1994). 

1.3.4. Low oral bioavailability of catechins 

 The oral route is generally the most accepted way of drug administration, 

particularly for long term prevention purpose. However, when administered orally, 

catechins readily undergoing a number of metabolic transformations by intestinal 

microflora and human enzymes, are poorly bioavailable (Qiao et al. 2014). Therefore, 

oral bioavailability of catechin represents a big challenge. Generally, catechins are 

easily metabolized by enzyme and microbe and this group of compounds have short 

plasma half-lives (2-3 hrs). The half-lives of tea catechins are 2-4 h and their 
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absorption and elimination are rapid in humans. The peak times (tmax) are in the range 

of 1 and 3 h with low peak plasma concentrations in the μM range (Zhu et al. 2001; 

Chow et al. 2003; Fu et al. 2008). Another study emphasized that the oral 

bioavailability of the green tea catechins was shown to be low, resulting in systemic 

levels in humans 5 to 50 times less than concentrations shown to exert biological 

activities in in vitro systems (Chow et al. 2005). Results from other researchers also 

confirmed the low bioavailability of catechins, which was lower than 5% (Catterall et 

al. 2003). 

1.3.5. Topical application of catechins for skin health 

Given the low oral bioavailability of catechins mentioned above, the most 

rational approach to apply catechin for the purpose of treating skin disorders is 

through topical application. This offers several advantages and the topical route is a 

direct way to facilitate local drug accumulation on the skin. Over centuries, the skin 

has been used as the site for the administration of drugs for local treatment (Sinko 

2004). Topical administration bypasses metabolism by the liver and the 

gastrointestinal tract with relatively low enzymatic degradation as a result (Bolzinger 

et al. 2012), and hence the topical application of catechins is preferred to facilitate 

their beneficial effects on the skin. It is important at this stage to have an 

understanding of the penetration, permeation and absorption of drug into the skin. 

1.4. Penetration and absorption of drug into the skin 

In dermatology, there are five target regions: skin surface, SC, viable epidermis 

and dermis, skin appendage, and the systemic circulation (transdermal delivery) 

(Aulton 2007). For most beneficial skin compounds, the viable epidermis and dermis 

are the targets (Menon et al. 2009), however, many valuable drugs cannot be used 

topically as they do not readily cross the SC.  

A drug applied to the skin surface has three potential pathways to traverse intact 

SC, namely, through the intercellular route, transcellular rout, and via appendages 
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(shunt route) (Schneider et al. 2009). Figure 1.3. gives a diagram of the skin structure 

and main routes of penetration:  

i) The intercellular lipid matrix forms the continuous domain within the SC 

(Section 1.1.3.1.). This route is highly tortuous where penetrants pass through the 

continuous lipid domains between the corneocytes;  

ii) The transcellular route is often regarded as a polar route and is suitable for 

highly hydrophilic compounds. The drug molecule has to partition into the 

corneocytes, then diffuse through the inside keratin and again partition out and into 

the intercellular lipid to reach next corneocytes (Wiechers 1989). Generally, the 

intercellular pathway predominates over the transcellular: hydrophobic drugs 

obviously penetrate skin by the former route. Hydrophilic molecules prefer to pass 

through the SC by the transcellular pathway through the corneocytes. Nevertheless, it 

is necessary for penetrant molecules to cross the intercellular lipids in order to jump 

from one corneocyte to another. In this case, penetration must therefore be by a 

partially intercellular pathway and this route may be rate-determining (Elias 1983).  

iii) The third route of SC penetration is through appendages, such as hair follicles 

and sweat ducts, because the pores of the appendages bypass the barrier of the SC 

(Barry 2002). Although the contribution of shunt route has up to now been considered 

as negligible because the fraction of skin area covered by hairs is quite small (around 

0.1% of skin area) (Scheuplein 1967), the recent studies found it seemed to be an 

important pathway for nanoparticles and liposomes (Lauer et al. 1996; Lademann et 

al. 2007).  
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Figure 1.3. Simplified diagram showing various penetration routes through the skin. 

Overall, the SC is assumed to be the main barrier for drug penetration and 

absorption. Its complex chemical constitution and organization result in the highest 

resistance to transport and the SC is the rate-limiting layer for most molecules 

(Holbrook et al. 1974; Kalia et al. 2001). Even water trespasses the skin at a rate of 

0.4 mg/cm2/h only (Potts et al. 1990). After penetration across the SC, drug diffusion 

in the viable epidermis and dermis can be considered as diffusion through an aqueous 

medium that is hindered by the significant presence of proteins and punctuated by cell 

membrane crossings. The high fraction of water present in these two layers makes the 

region a more effective barrier against lipophilic compounds (Aulton 2007). For skin 

 

Close-up of 
penetration 
routes 
through SC 

29 
 



Chapter 1. Introduction 

beneficial compounds, the drug receptors exist in these two layers and the epidermis 

and dermis are generally considered as the main target region of these compounds. 

In addition to the physical barrier of the skin which is mainly the SC, the 

metabolic barrier also limits the drug permeation and absorption. The microflora 

present on the skin surface can metabolise the drug or alternatively it can be degraded 

by the enzymes in the skin (Guy et al. 1987). The major metabolising enzymes in the 

skin include: mixed function oxidases, hydroxylases, dehydrogenases, ketoreductase, 

esterase, UDPG-transferases and sulpho-transferases, etc. These enzymes are mainly 

involved in the reactions such as oxidation, reduction and hydrolysis of the drug and 

also mediate the glucuronidation, sulfation and glutathione conjugation of the drug 

(Bucks 1984; Guy et al. 1987). Generally, the skin metabolism is a complex process 

and can be affected by many factors including the rate of permeation, the nature of the 

permeant, physiological and pathological status of the skin, etc. For a hydrophilic 

drug such as C or EGCG targeting epidermis and dermis in the current research, the 

metabolic barrier can be ignored given it has an insignificant impact on the amount of 

drug deposited in the deeper layers of the skin, however, the physical barrier SC is the 

rate-limiting step for its absorption (Bando et al. 1996). 

1.5. Penetration enhancement techniques for topical application 

The main difficulty in topical application of drug is to cross the stratum corneum, 

the major permeability barrier. Many strategies have been investigated including 

physical and pharmaceutical methods. 

1.5.1. Physical strategies 

A number of physical techniques can are applied to enhance skin permeation of 

topical agents. The method of using electrical current to drive charged molecules into 

tissue is known as iontophoresis (Kalia et al. 2004). This strategy has been used for 

ionic drugs, proteins and peptides (Dubey et al. 2011). Iontophoresis is an effective 

way to physically facilitate the transport of solutes across skin for both local and 
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systemic effects (Singh et al. 1996). Similar to iontophoresis, the electroporation 

technology involves the formation of aqueous pores in the lipid bilayers by applying 

rapid (micro- and millisecond) electrical pulses (100-1,000 V/cm) (Weaver et al. 

1996). By applying a large voltage to the skin, these opening channels allow passage 

of ions and water, forming reversible aqueous cavities (Hui et al. 2008). The 

microneedle technique employs titanium or solid silicon sheets with numerous 

needles like projections on the surface of a patch or similar device. The needles are 

applied on skin and then removed to form pores within the SC where drug solution is 

added later (Matriano et al. 2002).  

1.5.2. Pharmaceutical strategies 

The pharmaceutical strategies involve formulation of a drug using solvents and 

co-solvents, penetration enhancers, or reducing particle size on the basis of improving 

diffusion coefficient, increasing drug solubility or improving drug partition coefficient.  

The principles are based on Fick’s first law (Davis et al. 2002).  

Using a carrier approach is a major pharmaceutical strategy to facilitate drug 

transport into the skin, which will be discussed in detail below. Carrier technology, 

also known as nanotechnology if the vesicle or particle is under nanoscale, refers to 

the coupling of agents to carrier particles such as liposomes, niosomes and solid lipid 

nanoparticles (SLN) (Sinico et al. 2009). Besides penetration enhancement, carrier 

systems may perform other effects in pharmaceutical as well as  cosmeceutical 

products such as improving agent stability, targeting agents, and modulating drug 

release (Cevc 1996; Vora et al. 1998; Leeuw et al. 2009).  

1.5.2.1. Liposomes 

Liposomes, first described by Bangham in 1960s’, are microscopic vesicles 

formed by phospholipid bilayers surrounding an aqueous medium (Bangham et al. 

1966). The ability of phospholipids to form a bilayer structure is attributed to their 

amphipathic character. The polar/hydrophilic head region assembles towards the 
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aqueous phase while the nonpolar/lipophilic tail part orientates towards the inside 

(Figure 1.4.). Liposomes were investigated for the first time in 1980 as a topical 

delivery system for dermatological agents into the skin (Mezei et al. 1980). Since then 

studies on liposomes for dermal application have progressed.  

 

 

 

 

Figure 1.4. (a) Schematic representation of liposome (b) Schematic representation of 
the structures of liposomes (MLV: multilamellar vesicles, LUV: large unilamellar 
vesicles, SUV: small unilamellar vesicles).  

The advantages of using liposomes for dermal application include: they are 

biodegradable and nontoxic (van Rooijen et al. 1982); they can be used as carrier 

systems for both lipophilic and hydrophilic substances due to the amphiphilic 

property of phospholipids of which the bilayer is constituted (Sinico et al. 2009); they 

provide controlled release profiles for many substances (Webb et al. 1995; Chang et 

MLV LUV SUV 
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al. 1997); elastic liposomes in particular enhance drug skin penetration and topically 

may increase active absorption into the epidermis and dermis, while decreasing 

systemic clearance from cutaneous tissue (Schmid et al. 1996; Cevc et al. 1997; 

Touitou et al. 2000). However, several disadvantages were encountered by using 

liposomal products. Such as hydrolysis, aggregation, fusion and oxidation of 

liposomes, as well as the leaching of actives, lead to a shorter shelf life of liposomal 

products. The cost of phospholipids may increase the price of liposomal cosmetics, 

which might deter a great number of consumers. Therefore, enhancing the 

effectiveness and efficacy of ingredient-loaded liposome formulation, improving its 

stability, and lowering its production cost are still challenging topics for all 

formulation scientists globally. 

 Since it was first suggested that liposomes can be used on the skin delivery 

(Mezei et al. 1980), several studies have reported that liposomes enhanced skin 

deposition of certain drugs, e.g. corticosteroids, tetracaine and ciclosporin (Moussaoui 

et al. 2002; Betz et al. 2005; Takahashi et al. 2009). Other than the medical 

application in treating skin diseases, there has been considerable interest in the use of 

liposomes for delivering skin-health promoting actives. Tretinoin for instance, an 

anti-acne agent often used in pharmaceutical products, was found in higher quantities 

in the epidermis after the skin had been treated with negatively charged liposomal 

tretinoin. This may suggest liposomes are efficient delivery carrier systems for 

tretinoin in acne treatment (Sinico et al. 2005). Another hot topic in the skin health 

field is on how to protect the skin from UV-radiation. To maintain sodium ascorbyl 

phosphate (SAP), a photoprotective agent in the skin, SAP-loaded liposomes were 

prepared for cutaneous use. These drug-loaded liposomes enabled greater SAP 

penetration through the epidermal membrane than SAP in water solution (Semalty et 

al. 2010). Similarly, anionic surfactants such as deoxycholic acid (DA) and dicetyl 

phosphate (DP) were incorporated in the liposomes and this formulation was found to 

be able to increase the skin permeation and deposition level of (+)-catechin compared 

to catechin solution (Fang et al. 2006). Another example is aloe vela leaf gel extract 
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(AGE), which has been widely used as a cosmetic and pharmaceutical ingredient 

because of its versatile skin care properties. It was found that liposomal AGE 

significantly improved the proliferation of typeⅠ collagen synthesis in human 

fibroblast cell lines as well as the proliferation of human keratinocytes cell lines 

(Takahashi et al. 2008). 

1.5.2.2. Niosomes  

Evolved from liposomes, niosomes also have a closed bilayer structure, but they 

are formed from a self-assembly of nonionic surfactant(s) instead of phospholipid(s) 

in an aqueous surrounding (Figure 1.5.). The formation of a vesicular system on 

hydration of a mixture of cholesterol and a single-alkyl chain nonionic surfactant was 

reported in 1979 (Handjani-Vila et al. 1979).  

 

Figure 1.5. Schematic representation of a niosome, ○: hydrophilic head group, --: 
hydrophobic tail of a nonionic surfactant. 

Niosomes exhibit similar advantageous behaviour when used topically and has 

been explored and applied for its benefits in topical delivery. In this research, niosome 

is selected as the topical carrier for the drug candidates. There will be a section for full 

discussion about the niosomes in Section 1.6.  
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1.5.2.3. Microparticulates and nanoparticulates 

Microparticles are solid polymeric particles, including microcapsules and 

microspheres, ranging from 0.1 to 100 μm; nanoparticles include nanospheres and 

nanocapsules, have a similar polymer composition to microparticles but have a 

smaller mean particle diameter of 3 nm to 1 μm (Basinska 2005). For 

micro/nanospheres, the agents are either dissolved in the sphere matrix or absorbed 

onto the surface of the particles; whilst for micro/nanocapsules the actives are either 

attached to the surface or trapped within the capsules.  

Incorporating agents into micro/nanoparticles has been demonstrated to be 

advantageous in improved sustained drug release and increased drug uptake, which 

has won a broad attention in the topical delivery (Wang et al. 2010; Scheler et al. 

2011). Specifically, nanoparticles have been used to encapsulate a wide range of 

ingredients that are intended to provide skin-health benefits. The problem associated 

with the topical micro/nanoparticles lies in the use of nanomaterials as it gives rise to 

controversy：it is claimed that nanoparticles are able to penetrate the skin due to the 

size, some academics question the potential dangers of the contact of nanoparticles 

with human skin (Helland 2004). 

Many studies focusing on the topical use of microparticles and nanoparticles have 

been carried out and actives encapsulated into particles include vitamins, antioxidants 

and metal elements. Vitamin A has skin-softening and anti-wrinkle functions. One 

comparative experiment of in vitro and in vivo drug release of a microencapsulated 

vitamin A cream with a non-microencapsulated formulation showed that microspheres 

were able to remain on the skin for a longer period of time, and as a consequence, 

were able to provide a prolonged release of vitamin A (Kong et al. 2013). In another 

study, a decrease in ROS production was observed in platinum-nanoparticle-treated 

HaCaT keratinocytes. Pretreatment of the cells with nano-platinum also caused a 

significant inhibition of UVB- and UVC-induced apoptosis. These results suggested 

that nano-platinum effectively protected against UV-induced inflammation by 
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decreasing ROS production and inhibiting apoptosis in keratinocytes (Edwardson et al. 

1991). Gold nanoparticles enhanced the proliferation of keratinocytes, while silver 

nanoparticles demonstrated preservative effects against mixed bacteria and mixed 

fungi (Rai et al. 2009; Lu et al. 2010).  

1.5.2.4. Solid lipid nanoparticles and nanostructured lipid carriers  

Solid lipid nanoparticles (SLN) were developed at the beginning of the 1990s as 

an alternative system to emulsions, liposomes and polymeric nanoparticles with a 

combined benefit (Honeywell-Nguyen et al. 2003). In SLN, a solid lipid or a blend of 

solid lipids is used to substitute the oil phase of oil in water space (o/w) emulsion. 

Nanostructured lipid carriers (NLC) were developed to overcome the low loading 

capacity of SLN (Puglia et al. 2012).  

Both SLN and NLC can be loaded with actives and applied as carriers in dermal 

drug delivery. It is reported that SLN and NLC are advantageous in dermal 

application in the following ways: SLN and NLC are composed of biocompatible and 

biodegradable lipids exhibiting low toxicity (Pardeike et al. 2009); they are reported 

to be able to provide controlled release profiles for many substances and enhance 

dermal penetration (Jenning et al. 2000; Wissing et al. 2003); lipid nanoparticles are 

found to enhance the chemical stability of compounds sensitive to light, oxidation and 

hydrolysis (Teeranachaideekul et al. 2007). Although SLN and NLC are promising 

topical carrier systems, they suffer drawbacks: Low loading capacity and instability 

during storage are two problems concerning these two types of carriers. 

Researchers successfully incorporated a series of active ingredients such as 

vitamin A, CoQ10, and ascorbyl palmitate into SLN and NLC (Müller et al. 2002). 

The study in vitamin A-loaded glyceryl behenate SLN showed a sustained release of 

vitamin A from SLN compared to vitamin A nanoemulsion (Kirjavainen et al. 1999). 

Experiments comparing SLN and conventional o/w emulsions as carrier systems for 

the molecular sunscreen oxybenzone found that release rates could be decreased by up 
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to 50% with the SLN formulation. SLN was also able to improve the UV protection 

when applied together with organic sunscreens such as 2-hydroxy-4-methoxy 

benzophenone (Wissing et al. 2002). The study regarding CoQ10 NLC and 

nanoemulsion indicated that in contrast to the CoQ10-loaded nanoemulsion, 

CoQ10-loaded NLC possessed a favorable biphasic release pattern (Teeranachaideekul 

et al. 2007). Ascorbyl palmitate (AP), a cosmetically effective ingredient in 

skin-whitening, is unstable under normal conditions, but was proven to be more stable 

in both the NLC and SLN stored at 4 °C (Uner et al. 2005).  

1.5.2.5. Microemulsions 

The term “microemulsion” was coined in 1959 and consists of an aqueous phase, 

an oil phase, a surfactant and cosurfactant. A microemulsion is colloidal, 

thermodynamically stable dispersion system with a droplet diameter usually in the 

range of 10-100nm (Paul et al. 2001).  

Microemulsions are in a metastable state and are easily valued in skin care 

because of their sensorial and biophysical properties. Microemulsions exhibit several 

advantages in topical drug delivery including control of drug release, protection of 

labile agents, increase of bioavailability, enhancement of actives penetration, and 

therefore are considered as potentially good topical carriers (Chen et al. 2004; Azeem 

et al. 2009). However, due to the fact that a large amount of surfactant is required for 

microemulsion formation, it is important to judiciously select the surfactants. The 

shelf life of emulsions is another problem that needs to be addressed since even 

nanoemulsions, which are relatively thermodynamically stable, undergo phase 

separation and droplet aggregation (Azeem et al. 2009). 
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(a)                                (b) 

 

            (c) 

Figure 1.6. Schematic representation of different types of microemulsion systems: (a) 
w/o microemulsion; (b) o/w microemulsion; (c) water- and -oil bicontinuous 
microemulsion (Reproduced with permission from John Wiley and Sons) (Alany et al. 
2008). 

Drugs incorporated into microemulsions range from antioxidants, such as 

hesperetin and quercetin, to moisturizing compounds, like ceramides. Hesperetin is a 

flavonoidal active ingredient possessing anti-inflammatory and UV-protecting effects. 

The hesperetin-loaded microemulsion was reported to enhance in vitro skin 

permeation compared to the aqueous and isopropyl myristate (IPM) suspension 

dosage form of hesperetin (Tsai et al. 2010). Quercetin is an antioxidant known to be 

able to diminish UV radiation-mediated oxidative damage to the skin. The evaluation 

of the potential of a w/o microemulsion as a topical carrier system indicated that it 

increased the penetration of quercetin into the stratum corneum, epidermis and dermis 

without transdermal delivery (Vicentini et al. 2008). Caffeine is widely explored as a 

skin care compound. Investigation of the transport of caffeine to the hypodermis by an 

alcohol-free o/w microemulsion suggests that it allowed delivery of a larger fraction 
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of the caffeine in the hypodermis than the emulsion and gel dosage forms (Bolzinger 

et al. 2008). A microemulsion of ascorbic acid was reported to be able to decrease the 

level of formation of free radicals and an o/w microemulsion delivered ascorbyl 

palmitate to the skin significantly better than a w/o microemulsion (Jurkovič et al. 

2003). Ceramides have the benefits of enhancing the water content and smoothness of 

human skin but they are difficult to be applied due to the low solubility. This was 

overcome by using a positively charged nanoemulsion which successfully 

accommodates sufficient ceramides (Sahle et al. 2013). Though the mechanism of 

penetration enhancement still needs to be elucidated, some theories are proposed: the 

surfactant and cosurfactant in the microemulsions and nanoemulsions may act as a 

penetration enhancer; the small droplets give the drug a chance of close adherence to 

the skin cells; moreover, the occlusive effect after the emulsion is applied to the skin 

will increase hydration of corneocytes so that drug penetration is facilitated (Osborne 

et al. 1991; Peltola et al. 2003).  

From all above-mentioned carriers, the niosome system presents a promising 

carrier for the topical use of antioxidant and it is selected as the drug carrier in this 

research; hence, a detailed introduction about the niosome is required. 

1.6. Niosomes 

Niosomes, non-ionic surfactant based lamellar vesicles, represent an emerging 

class of drug carrier/delivery systems (Azeem et al. 2009) (Figure 1.5.). The 

self-assembly of a non-ionic surfactant in an aqueous media results in the formation 

of lamellar structures sized in micro- or nano-scale. Surfactants are amphiphilic 

molecules which are composed of hydrophilic and lipophilic portions and they are 

found to be able to form into well-defined structures, such as micelles, lamellar 

structures, or bilayer vesicles (i.e. niosomes) in an aqueous environment. In the 

preparation of niosomes, the thin lipid film formed is hydrated and stacks of liquid 

crystalline bilayers detach, swell and assemble into niosomes under agitation 
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(Moghassemi et al. 2014). Two opposite forces are considered to be responsible for 

the formation of niosomes in this process: the force derived from the hydrophobic 

interactions between the hydrocarbon tails, which causes the molecules to associate; 

and the force derived from the hydrophilic nature of the head groups, which is 

required to remain them in contact with water (Tanford 1974). These two interactions 

compete and act mainly in the interfacial region to give rise to the ‘two opposing 

forces’ acting: one tends to decrease and the other tends to increase the interfacial area 

per molecule (the head group area) exposed to the aqueous phase. The well-defined 

structures come into being when the two forces reach a balancing status (Tanford 

1979). The structure of niosomes is capable of encapsulating both hydrophilic and 

lipophilic substances. The hydrophilic compounds are entrapped in vesicular aqueous 

core or adsorbed on the vesicle surfaces, whereas the lipophilc substances are 

encapsulated into the lipophilic domain of the bilayers.  

Generally, the niosome vesicles are classified into three groups on the basis of 

number of bilayer or vesicle size: i) multilamellar vesicles (MLV) consists of a 

number of bilayers which have a size of 500 nm-10 μm; ii) large unilamellar vesicles 

(LUV) have a high aqueous/lipid compartment ratio and are within the range of 100 

nm-500 nm; iii) small unilamellar vesicles (SUV) usually fall into the size range of 25 

nm-50 nm (Kaur et al. 2004; Das et al. 2013). 

The production of vesicular structures on the hydration of a mixture of 

cholesterol and single alkyl chain non-ionic surfactant was first reported by 

Handjani-Vila et al in 1979 (Handjani-Vila et al. 1979). In 1985, L’ Oreal patented 

this invention and brought onto the market a product with the application of niosomes 

(Handjani et al. 1985). In the field of pharmaceutical sciences, niosomes were first 

utilised as a delivery system for anticancer drugs (Azmin et al. 1985). During the past 

few decades, niosome formulations have been widely studied as an advanced 

carrier/delivery system as it possesses several advantages. 
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1.6.1. Advantages of niosomes 

The major advantages of niosomes can be summarized as follows: i) the 

surfactants for preparation of niosomes are generally biodegradable and 

biocompatible thus niosomes are considered to be as a nontoxic and nonimmunogenic 

carrier (Azeem et al. 2009; Verma et al. 2012); ii) the characteristics of niosome such 

as shape, fluidity and size can be easily controlled by changing in structural 

composition and method of production; iii) niosomes can accommodate hydropholic, 

lipophilic and ampiphilic drugs so they can be used for drugs in a wide range of 

solubilities (Raja et al. 1994); iv) niosomes can be prescribed via different 

administration routes such as oral, parenteral and topical, etc; v) niosomes may act as 

depot and release drug in a controlled manner (Namdeo et al. 1996); vi) the niosome 

carrier can increase the chemical stability of entrapped drug; vii) due to the effect of 

sustaining release and protecting entrapped drug of niosomes, they can delay the drug 

clearance from circulation, protect the drug from biological environment and restrict 

the drug to function on the target cells; therefore, the therapeutic performance of the 

drug is improved (Verma et al. 2010); viii) niosomes increase skin penetration of drug 

(Sinico et al. 2009); ix) niosomes can enhance absorption of some drug across cell 

membranes (Moghassemi et al. 2014). 

Niosomes were originally developed as the alternative to liposomes in order to 

overcome their drawbacks; hence, in comparison to lipsomes niosomes exhibit several 

merits: i) cost effective: the cost of phospholipids which are the main ingredients of 

liposomes renders the product price high; but for niosomes, the relatively low cost of 

materials makes them suitable for industrial manufacture. The variable purity of 

phospholipids is another limiting factor, while the purity of surfactant is easy to be 

controlled (Vora et al. 1998). ii) good stability: there remains another significant 

problem with liposomes in general applications. The degradation of drug-loaded 

liposomes by hydrolysis, oxidation, sedimentation and leaching of drugs during 

storage limits the shelf life of the products. In contrast, niosomes possess greater 
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stability and avoid disadvantages associated with liposome stability (El Maghraby et 

al. 2004; Alsarra et al. 2005). To summarise, niosomes exhibit a behavior similar to 

liposomes and have distinct advantages over liposomes (Azmin et al. 1985; Azeem et 

al. 2009). 

1.6.2. Formulation aspects: components and effects 

To develop a dosage form, it is vital to have a good understanding of the basic 

components of the formulation and their effects on the physicochemical properties of 

the formulation. The basic components of niosomes include nonionic surfactants, 

membrane additives, hydration medium and drug. 

1.6.2.1. Surfactants 

Nonionic surfactants are the basic components of niosomes. Surfactants are a 

unique class of chemical compounds which are amphiphilic molecules with two 

distinct regions: a hydrophilic (water-soluble) head and a lipophilic (organic-soluble) 

end that is highly hydrophobic. The lipophilic region is chains made up of alkanes, 

fluorocarbons, aromatic or other non-polar groups. The head group involves highly 

solvated hydrophilic functionalities, such as sulfonates, carboxylates, phosphonates 

and ammonium derivatives. Surfactants can be classified to anionic, cationic, 

zwitterionic and non-ionic according to their polar head group. A non-ionic surfactant 

has no charge groups in its head. The head of an ionic surfactant has a net charge and 

is called an anionic surfactant. Examples of such surfactants include: fatty acid salts 

(“soaps”), sulfates, ether sulfates and phosphate esters. If the head charge is positive, 

it is called a cationic surfactant. If a surfactant contains a head with two oppositely 

charged groups, it is termed as a zwitterionic (amphoteric) surfactant. Cationic 

surfactants are also frequently irritant and sometimes even toxic; therefore their 

application in drug delivery is more limited than the other three classes of surfactants.  

Non-ionic surfactants are a category of surfactants which have no charge groups 

in their hydrophilic heads (Moghassemi et al. 2014). As mentioned above, in solutions, 
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nonionic surfactants can form structures in which hydrophilic heads are opposite to 

aqueous solutions and lipophilic tails are opposite to organic solutions. Generally, 

non-ionic amphiphiles used in niosomes are classified in four categories: alkyl esters, 

alkyl ethers, alkyl amides, fatty acids and amino acids (Uchegbu et al. 1995), of 

which alkyl esters are mostly used surfactants for niosome preparation. The properties 

of surfactant affect niosome formulation, thus selection of surfactant and handling of 

preparation should base on the following factors: 

Hydrophilic-lipophilic balance  

Hydrophilic-lipophilic balance (HLB) is a dimensionless parameter indicating 

whether a surfactant is water-soluble or oil soluble. The HLB range of nonionic 

surfactant is from 0 to 20. A low HLB value (<9) refers to a lipophilic surfactant 

whereas a high HLB (>11) refers to a hydrophilic surfactant. A surfactant with HLB 

between 3 to 8 is a water-in-oil emulsifier being mostly used for niosome preparation 

whereas an oil-in-water emulsifier has an HLB value within the range of 8 to 18. 

Surfactants with various HLB have been used to form niosomes. In general, a 

surfactant with HLB value between 14 to 17 does not produce niosomes whereas the 

one with HLB below 9 is supposed to be able to form niosome structure. It is found 

that entrapment efficiency decreases as the HLB value decreases from 8.6 to 1.7 and 

when the value is below 6, cholesterol must be added to the surfactant in order to 

form niosomes (Lawrence et al. 1996; Kumar et al. 2011).  

Critical packing parameter  

Another parameter needing to be considered during surfactant selection is critical 

packing parameter (CPP). CPP plays an important role for the prediction of surfactant 

vesicle forming ability. CPP being another dimensionless scale of surfactant is defined 

as below (Uchegbu et al. 1998): 

                   𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑣𝑣
𝑙𝑙𝑐𝑐𝑎𝑎0

                  Equation 1.1 

where v refers to the optimal volume of the hydrocarbon chains, lc is the maximum 
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effective length of the hydrocarbon chains and ao stands for the optimal polar head 

group area, as shown in Figure 1.7. The value of CPP will predict the type of structure 

a surfactant can form, for instance, whether form spherical micelles (CPP < 1/3); 

non-spherical micelles (1/3 < CPP < 1/2); bilayers (1/2 < CPP <1); an inverted 

micellar structure (CPP >1) (Kumar et al. 2011; Moghassemi et al. 2014).  

 

Figure 1.7. Schematic of a single-chain surfactant where v is the hydrophobic group 
volume, lc is the hydrophobic group length and ao is the area of the hydrophilic head 
group.  

The gel liquid transition temperature in the formation of niosomes 

The gel liquid transition temperature (Tc) of surfactant/lipid is one pivotal 

parameter that has direct effect on the formation of vesicles and drug entrapment. The 

alkyl chains of a surfactant are fluid and disordered above Tc and when a surfactant 

cools down below the Tc, the alkyl chains become organized and in a ‘solid’ gel phase 

(Israelachvili et al. 1980). The formation of niosomes involves some input of energy 

such as heat, as closed vesicles do not form spontaneously (Baillie et al. 1985). The 

heating process of hydration usually occurs at the temperature above the Tc of the 

surfactant (Abdelkader et al. 2010).  

Commonly used nonionic surfactants 

Alkyl esters, such as sorbitan fatty acid esters (Span®) and polyoxyethylene 

sorbitan fatty acid esters (Tween®), are widely used in cosmetics and foodstuffs, as 
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well as oral, parenteral and topical pharmaceutical formulations. This group of 

surfactants are preferred and regarded as non-toxic and non-irritant materials (Nasir et 

al. 2012). These surfactants have been utilised in manufacturing niosomes as a drug 

delivery system through various routes, including oral (Di Marzio et al. 2013), topical 

and transdermal (Balakrishnan et al. 2009; Alvi et al. 2011), parenteral (Shi et al. 

2006), nasal and vaginal (D'souza et al. 1997; Ning et al. 2005). Alkyl ethers are also 

good vesicle forming nonionic surfactants. They are stable, relatively non-irritant to 

the skin. Brij® series of this group are applied in niosome preparation combined with 

cholesterol for several drugs (Manconi et al. 2002; Pardakhty et al. 2007).  

1.6.2.2. Membrane additives and their effects 

Various additives can be used in the niosome formation, of which cholesterol is 

the most common one. Cholesterol is a lipid but it lacks the ability to form bilayer 

structure, so being mixed with surfactant to produce vesicles, it is widely used as an 

additive agent in niosome membrane formation. The possible interactions between 

cholesterol and surfactanst lie in the -OH group of cholesterol orienting toward the 

aqueous phase while the aliphatic chain aligning in parallel to the alkyl chains of the 

surfactant (Azeem et al. 2009). The rigid aliphatic chains of cholesterol along the 

hydrocarbon chains of surfactant restrict their movements thus it has been found that 

cholesterol can increase the chain order of surfactant at liquid state while decreases 

the order at the gel state. This allocation of cholesterol and surfactant in the lipid 

bilayers abolishes Tc of the vesicle and imparts rigidity to the membrane (Mujoriya et 

al. 2011). Overall, cholesterol in the bilayers modulates the mechanical strength and 

permeability of the membranes, changes the fluidity and increases the stability of the 

bilayers (Hinz et al. 1991). Therefore, the addition of cholesterol affects the important 

vesicular properties such as particle size, drug entrapment efficiency, drug release and 

stability (Shilpa et al. 2011; Moghassemi et al. 2014). For instance, the incorporation 

of cholesterol into niosomes significantly increased the entrapment efficiency of 

aceclofenac (a lipophilic drug) up to 45%, but further increase the content of 
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cholesterol reduce the drug entrapment (Nasr et al. 2008). Another study showed that 

an increase in cholesterol in the niosome bilayers resulted in a decrease in the drug 

release rate (Baillie et al. 1985). It has also been seen that the addition of cholesterol 

enables more hydrophobic surfactants to form vesicles, suppressing the aggregating 

tendency of the surfactant (Kumar et al. 2011).  

In addition to cholesterol, charge inducers such as dicetyl phosphate (DCP), 

stearylamine, and diacylglycerol are another group of common additives. Applying 

charge agents to the lipid membranes has a significant effect on the vesicle properties. 

It has been reported that the incorporation of a charge inducer into bilayers increased 

the volume of the aqueous compartments by separating adjacent bilayers through 

charge repulsion. This led to an increase in both the interlamellar resistance between 

successive bilayers and the trapped volume, thus a high encapsulation efficiency of  

the hydrophilic drug was increased (Nasr et al. 2008). One of the most frequent 

reasons for niosome instability is aggregation of niosomes. Electrostatic stabilization 

of the niosomes can be achieved by inclusion of charge inducers to the vesicle 

membrane. The presence of charged groups on the niosome surface enhances steric 

repulsion which leads to improved stability (Azeem et al. 2009). 

1.6.2.3. Hydration medium 

Besides the above-mentioned vesicle components, hydration medium including 

its amount and pH affects the niosome properties. Generally, the maximum amount of 

surfactant and cholesterol in the niosome preparation is around 10-30 mmol/L (or 

1-2.5%, w/w). The ratio of surfactant and cholesterol to the hydration medium may 

affect the niosome structure and properties (Mahale et al. 2012). An increased amount 

of drug entrapped was found when the total lipid amount was increased. Additionally 

the viscosity of the niosome suspension also increased (Shtil et al. 2000). The pH of 

the medium may also influence the drug entrapment efficiency. For instance, high 

entrapment of flurbiprofen was found when the hydration medium was acidic. There 

was a 1.5-fold increase in the entrapment efficiency as the pH of medium decreased 
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from 8 to 5.5 (Mokhtar et al. 2008). 

1.6.2.4. Encapsulated drug 

Entrapment of drug in niosomes may cause size increase of the vesicles. The 

interaction of drug with the head groups of the surfactant may lead to the repulsion 

between the bilayers of the vesicles and thus the vesicle size is increased (Das et al. 

2013). Also the HLB of the drug affects the degree of entrapment, as a hydrophilic 

drug is encapsulated in the aqueous compartment and a lipophilic one generally 

distributes in the domain between the bilayers. Maximum entrapment of water-soluble 

drug is found in hydrophilic surfactants and maximum entrapment of slightly 

water-soluble drug is found with lipophilic surfactants (Azeem et al. 2009). 

The components of niosome and their possible effects on the vesicle properties 

have been explained. Another pivotal factor that may affect the physical and chemical 

properties of niosomes is method of preparation. A difference in the particle size was 

found when niosomes were prepared by hand-shaking method versus ether injection 

method (Namdeo et al. 1996). In the following section, various methods of niosome 

preparation will be described. 

1.6.3. Niosome preparation methods 

There are several methods that can be used for the preparation of niosomes. Their 

advantages and disadvantages are summarised in Table 1.2.
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Table 1.2. Summary of niosome preparation methods. 

Method Description Advantages Disadvantages Application Ref. 

Thin-film 

hydration 

(TFH) 

Surfactants and membrane additives such 

as cholesterol (and lipophilic drug) are 

dissolved in an organic solvent in a round 

bottomed flask. Then thin film is formed 

on the inside wall of the flask after the 

organic solvents are removed. An aqueous 

solution such as water or phosphate buffer 

saline (PBS) containing drug 

(hydrophilic) is added and the dry film is 

hydrated above the transition temperature 

(Tc) of the surfactant. 

i) a simple and widely 

used preparation 

method; ii) suitable 

for preparation of 

niosomes of a wide 

range of drugs both 

lipophilic and 

hydrophilic; iii) the 

diameter level of the 

prepared vesicles 

varies from 

micrometer to 

nanometer. 

i) low 

entrapment 

efficiency of 

hydrophilic 

drug; ii) 

incomplete 

hydration of 

the film. 

minoxidil, 

nimesulide, 

insulin, 

caffeine 

(Balakrishnan et al. 

2009), (Shahiwala et 

al. 2002), (Pardakhty 

et al. 2007), (Khazaeli 

et al. 2007) 

Ether Surfactants with additives are dissolved in i) produces small and i) small ketorolac (Baillie et al. 1986), 
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injection diethyl ether and injected slowly through 

a needle in an aqueous solution containing 

drug maintained at constant temperature 

(about 60 °C). Niosomes are formed when 

the organic solvent is evaporated. Diethyl 

ether can be replaced by other organic 

solvents such as petroleum ether and 

ethylmethyl ether. 

uniform vesicles; ii) 

high entrapment 

efficiency. 

amount of 

organic solvent 

present in the 

suspension; ii) 

possible 

damage of 

active 

component 

when being 

exposed to 

organic 

solvent. 

tromethamine, 

fluconazle, 

adriamycin 

(Devaraj et al. 2002), 

(Sharma 2009), (Kerr 

et al. 1988) 

Reverse 

phase 

evaporation 

Surfactant, cholesterol (and lipophilic 

drug) are dissolved in an organic phase. 

An aqueous phase (containing hydrophilic 

drug) is added to the organic phase and 

the mixture is sonicated to form emulsion. 

i) high entrapment 

efficiency of 

hydrophilic drug; ii) 

avoid long hydration 

might not be 

suitable for 

lipophilic drug. 

naltrexone, 

ellagic acid,  

(Abdelkader et al. 

2012), (Junyaprasert 

et al. 2012), (Kiwada 

et al. 1985) 
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Afterwards, organic solvent is slowly 

removed until gel formed. Then the gel is 

hydrated to form vesicles. 

at high temperature. 

Sonication 

The aqueous solution of a hydrophilic 

drug is added to the surfactant/cholesterol 

mixture. The mixture is probe sonicated at 

certain temperature for a certain period of 

time. 

requires simple 

equipment. 

low 

entrapment 

efficiency. 

diallyl 

disulfide 

(DADS) 

(Baillie et al. 1986), 

(Alam et al. 2013) 

Proniosome 

Production of a vesicle proconcentrate, 

called proniosomes which contain all the 

vesicular components with ethanol and 

only traces of water. The niosomes are 

generated by the addition of aqueous 

phase above Tc and with brief agitation. 

i) high entrapment 

efficiency; ii) 

improved stability. 

requires high 

temperature. 

vinpocetine, 

valsartan, 

tenoxicam 

(El-Laithy et al. 

2011), (Gurrapu et al. 

2012), (Ammar et al. 

2011), (Moghassemi 

et al. 2014) 
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1.6.4. Characterisation of niosomes 

The characterisation of the produced niosomes provides insights of the vesicle 

properties, which determine the function of the vesicles. The physiochemical 

characterisation of niosomes include the evaluation of particle size and shape, vesicle 

surface potential, entrapment efficiency, release condition and stability. 

Shape of niosomal vesicle is assumed to be spherical, and various methods can be 

used for the determination of mean diameter like as laser light scattering method. 

Besides by using optical microscopy, electron microscopy, photon correlation 

microscopy and freeze fracture microscopy, the particle size as well as the vesicle 

morphology can be both revealed (Mahale et al. 2012; Moghassemi et al. 2014). 

As mentioned above, charge inducers are usually added to the niosome 

membrane in order to create electrostatic repulsion between vesicles thus preventing 

aggregation. In general, charged niosomes are more stable against aggregation and 

fusion than uncharged vesicles. The zeta potential is defined as the difference in the 

potential between the surface of the tightly bound layer (shear plane) and the 

electroneutral region of the solution (Sinko 2004). Surface zeta potential can be 

determined using zetasizer, mastersizer, microelectrophoresis, pH-sensitive 

fluorophores, high performance capillary electrophoresis (Shilpa et al. 2011; 

Moghassemi et al. 2014).  

From the pharmaceutical viewpoint, it is important that the entrapped drug 

amount is at high level so that a better therapeutic effect can be achieved by the 

vesicles. Therefore, the pivotal parameter of niosome is the entrapment efficiency 

(EE%). In determining the EE%, the free drug (unentrapped drug) can be separated by 

dialysis, centrifugation, or gel filtration and the drug entrapped in niosomes can be 

extracted from the vesicles by disrupting the vesicles using n-propanol or Triton 

X-100. The amount of free drug and loaded drug can be determined by HPLC or 

enzyme-linked immunosorbent assay (Elisa) (Mahale et al. 2012; Moghassemi et al. 
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2014). 

In addition to the above properties, the drug release profile of the formulation is 

another important information needs to be obtained in the characterisation. The study 

can be performed with the help of dialysis tubing or on Franz diffusion cell. Samples 

are taken at different time points and the released drug amount is determined. Besides, 

the stability of the formulation can be explored by storing niosome at various 

temperatures and after a period of time the vesicles size and remained drug amount 

are determined.  

1.6.5. Application of niosomes 

Ever since niosomes were first used in cosmetic industry, they have gained much 

attention of pharmaceutical researchers. They have enormous potential for therapeutic 

applications, being the subject of an intensive research studies. Niosomes have been 

applied to encapsulate numerous drugs for administration through various delivery 

routes including oral route (Varshosaz et al. 2003; Jadon et al. 2009), parenteral route 

(Arunothayanun et al. 1999; Moazeni et al. 2010; Zhu et al. 2010), ocular route 

(Hashim et al. 2014) and topical route. 

Among all the routes, niosomes are intensively studied as dermal carriers as they 

exhibit many advantages when used topically. Drug accumulation in the pathologic 

area of the skin is crucial for the treatment of skin diseases, thus dermal delivery aims 

to deliver drug to the local site of the skin with least systemic absorption 

(Hamishehkar et al. 2013). To reach the target in the skin, a drug must overcome the 

physical barrier of the skin, which lays in the SC. The benefit of using topical carriers 

such as niosomes is to ease the drug penetration across the SC. The mechanism of 

interaction of niosomes with the skin has been extensively studied and it is found that 

the same mechanisms of liposomes functioning on the skin may apply to niosomes 

(Sinico et al. 2009).  

The main mechanisms can be summarised as: i) the intact carriers with elasticity 
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carrying drug to the local site to overcome the skin barrier; ii) the adsorption and the 

fusion of the vesicles with the SC enhancing drug penetration across the skin barrier 

or the components of nisomes serving as penetration enhancer to facilitate drug travel 

over the skin barrier. The detail will be fully explained in Chapter 4. Overall, 

niosomes have been studied as a carrier for the treatment of numerous skin diseases. 

For instance, in the treatment of skin cancer, an innovative bola-niosomes were 

designed to deliver 5-Fluorouracil into the skin. They were able to promote the 

intracellular delivery thus enhancing the anticancer activity of the entrapped 

5-Fluorouracil (Paolino et al. 2008). For treating psoriasis, dithranol-niosomes 

showed higher skin penetration compared with the cream base, indicating potentially 

improved clinical efficacy (Agarwal et al. 2001). Additionally, the niosome has a long 

history in the cosmetics field, given that its first application was in the cosmetical 

product. There are several studies involving the encapsulation of antiaging or 

pigment-lightening agents into the niosome vesicles (Bissett et al. 2007; Manosroi et 

al. 2011; Pando et al. 2013). 

To summarise, nisomes are widely applied in both drug delivery and cosmetic 

fields, serving as the alternative to liposomes with additional advantages. Specifically, 

they are becoming popular in the field of topical drug delivery due to their 

outstanding characteristics.  

1.7. Thesis aims and structure 

The skin is the largest organ of human body, and is the foremost line of defense 

against environmental threats. This location and function render the skin in a 

vulnerable position. Most skin disorders and diseases have a complex set of processes 

responsible for their inception, which are either genetic or environmental. A plethora 

of literature has described the important role of ROS in skin disorders and diseases, 

such as skin aging, skin carcinogenesis and inflammation. Therefore, supporting the 

cutaneous antioxidant defense system using exogenous antioxidants is thought to be 

an important approach to maintain skin health.  
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Among all exogenous antioxidants, the catechin group, belonging to the 

polyphenolic family, has gained increasing attention. The properties of catechins 

suggest that topical administration of these compounds may promote skin health as 

catechins are expected to be absorbed by the skin. However, the efficacy of the 

compounds as topical antioxidants has been limited by their poor percutaneous 

permeation and skin deposition, due to the skin barrier as well as the chemical 

instability of the compounds. Over the last decade, topical delivery of drugs by 

pharmaceutical carriers has evoked considerable interest. Many researchers have 

attempted to use this strategy to overcome the aforementioned problems. 

This review Chapter has provided background knowledge and laid a foundation 

on the current research on the barriers for topical delivery of catechins and the 

rationales using delivery carriers. As outlined in Section 1.6.5., niosomes have the 

potential to be effective topical carrier systems. They have the ability to enhance drug 

penetration, prevent drug degradation, provide increased dermal accumulation, 

prolong drug release, are completely biodegradable and are low in production cost. 

The aim of this thesis is to develop, formulate and characterise a niosomal 

formulations for the topical application of two antioxidants from the catechin family, 

namely (+)-catechin (C) and (-)-epigallocatechin gallate (EGCG). Due to the fact that 

C has the basic structure and is most common isomer in the catechin family and 

EGCG is reported to be the most potent antioxidant in the group, these two 

compounds were chosen as the drug candidates in this research. To achieve this aim, 

this thesis will explore the following objectives: 

1. To develop and validate an HPLC analytical method for qualifying and 

quantifying C and EGCG; to study the fundamental physicochemical properties of 

Cand EGCG, including their aqueous solubility and lipophilicity (Chapter 2). 

2. To develop, formulate and characterise the niosomal carriers: 

i. Preparation of catechin-loaded niosomes and optimisation of the 
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formulation by changing various parameters using experimental design.  

ii. Characterisation of the physical and chemical properties of the optimized 

niosomes such as morphology, release profiles and stability (Chapter 3). 

3. To evaluate permeation and deposition of the prepared niosomes on human 

skin and nude mouse skin models (Chapter 4). 

4. To investigate the effect and interaction of drug-loaded niosomes with human 

fibroblasts, including: 

i. The antioxidant effect of drug-loaded niosomes on the UVA-damaged 

human fibroblasts.  

ii. The interaction of niosomes with fibroblast cells with the intention of 

revealing the uptake mechanism (Chapter 5).  

The final chapter (Chapter 6) provides the conclusions and future perspective for 

this research. 
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Chapter 2 

Preformulation Studies of (+)-catechin 
and (-)-epigallocatechin gallate   
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Chapter 2. Preformulation Studies of (+)-catechin and 

(-)-epigallocatechin gallate  

2.1. Introduction 

Preformulation is a fundamental process to characterise the physiochemical 

properties of the candidate drug at the early stage of formulation development. The 

understanding of the physical and chemical characteristics can aid in the selection of 

an appropriate formulation for the drug. This transition process is considered a key 

milestone in the drug development process, as the focus shifts from evaluating the 

therapeutic effect of the agent drug to how it can be made into a product (Ahuja et al. 

2010). Preformulation studies, when effectively conducted, can be accurate predictors 

of the challenges that will be encountered in developing a suitable system (Bynum 

2011). Generally, fundamental preformulation studies include development of a 

suitable analytical method; measurements of solubility, ionisation constant and 

partition coefficient; and determination of drug particle size and size distribution and 

drug stability, as a few examples. Studying these properties may give us insights into 

the concerns during dosage form design. 

In this chaper, preformulation studies, including solubility studies, partition 

coefficient determination and forced degradation study will be conducted. To support 

the preformulation and the formulation studies, a simultaneous HPLC assay will be 

developed and validated. Given the fact that throughout the literature, there is few 

data provided on the physicochemical properties of the two drug candidates, 

(+)-catechin (C) and (-)-epigallocatechin gallate (EGCG), the information gained 

from the studies will be used to guide the formulation development in the following 

chapter.  

The catechin chemical family refers to a sort of secondary polyphenolic plant 

metabolites distributed widely in nature, and that are present in fruits and vegetables. 

Green tea, for instance, is a good resource of this group of polyphenolic compounds 
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(Bianchi et al. 2011). The catechin group has a flavan-3-olic structure which basically 

possesses two benzene rings and a dihydropyran heterocycle with a hydroxyl group. 

Recently they have gained much attention for their physiological functions such as 

antioxidant, antibacterial, antiallergenic and anticancer activities (Matsuzaki et al. 

1985; Isemura et al. 2000; Alvarez et al. 2008; Fujimura et al. 2008). C and EGCG 

are two major catechins in green tea and both have been under investigation for their 

health-promoting effects. 

2.1.1. Physical properties of C and EGCG 

(+)-catechin (C) is the most common catechin isomer. It is chemically named 

(2R,3S)-2-(3,4-Dihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,5,7-triol. Its 

monohydrate appears as needles with a melting point of 93-96 °C (175-177 °C when 

anhydrate). C is a representative of a large family of compounds that have the 

structure of flavones comprised of two benzene rings (A ring and B ring) joined by a 

γ-pyrane ring (C ring). In ring B there is catechol group whereas the resorcinol group 

is in ring A, shown in Figure 2.1.  

(-)-epigallocatechin gallate (EGCG), shown in Figure 2.1., also known as 

epigallocatechin-3-gallate, is the ester of epigallocatechin (EGC) and gallic acid. 

EGCG appears as white to pink powder with a melting point of 222-224 °C. 
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Figure 2.1. Chemical structures of C (empirical formula: C15H14O6; molecular 
weight: 290.27) and EGCG (empirical formula: C22H18O11; molecular weight: 
458.37). 

(+)-catechin (C) (-)-epigallocatechin gallate (EGCG) 
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2.1.2. Antioxidation reaction of catechins 

Catechins are of great interest because of their antioxidant activity with the ability 

to scavenge radicals. C is the representative of the catechin family and has the basic 

structure of the group. It has been found that the oxidation mechanism of C proceeds 

in sequential steps, which is closely related to the catechol and resorcinol groups. At 

the first stage, the oxidation of catechol 3’4’-dihydroxyl electron-donating groups 

occurs as shown in Figure 2.2. below and this is a reversible reaction; in the next step, 

the hydroxyl groups of the resorcinol moiety oxidise, which is an irreversible reaction 

(Janeiro et al. 2004). 
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Figure 2.2. Mechanism of anti-oxidation of catechin. 

EGCG displays strong antioxidant properties and is widely investigated as a 

health promoting active agent. The principal site of antioxidant reactions of EGCG 

lies in the trihydroxyphenyl B ring. Similar to C, the presence of 3’- and 4’-hydroxy 

groups on the B ring is the determinant of antioxidant reaction (Salah et al. 1995; 

Rice-Evans et al. 1996). Additionally, the oxidation of the 3-galloyl moiety can occur 

in the presence of an excess quantity of diphenylpicrylhydrazyl radical and this was 

inferred as one contributor to the greater antioxidant effect of EGCG (Nanjo et al. 

1996). 

2.1.3. High performance liquid chromatography (HPLC) 

One of the most important parts of preformulation studies is to develop an 

analytical method for quantifying the analyte of interest. Before the widespread 

(+)-catechin (C) semiquinone 
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application of HPLC, ultraviolet visible spectroscopy (UV-VIS) was the widely 

accepted analytical approach of quantifying drug compounds (Bosch Ojeda et al. 

2004), but this analytical method lacks specificity and sensitivity, especially at lower 

concentration. Thus an HPLC assay that can rapidly quantify multiple compounds 

with a high degree of sensitivity and specificity has become a replacemnet. Currently, 

it is the major tool applied in all stages of drug discovery, development and 

production (Kazakevich et al. 2007).  

HPLC has been used to determine catechin derivatives in several studies (Dalluge 

et al. 2000; Dias et al. 2010). However, most of these methods employ gradient 

elution which causes base line shifting and is time-consuming; in addition, a more 

sensitive analytical method is of necessity in the in vitro and ex vivo study of 

formulation characterisation. Therefore there is a demand for a faster, easier and more 

precise quantitative HPLC method to determine catechin derivatives from variable 

formulation and to support the preformulation studies. 

2.1.4. Ionisation constant (pKa), solubility and partition coefficient  

pKa, solubility and partition coefficient are important determinants in drug 

absorption and penetration through the skin. The pKa of a compound is an important 

property in determining drug permeation and absorption (Farage et al. 2010). 

Moreover, it has been reported that the pKa of a compound can affect the 

physiological pH of the skin and by this cause cutaneous irritation (Paudel et al. 

2010). So far, there have been a number of reports on the pKa of C and EGCG. 

Kennedy et al reported a pKa value of 8.6 of C and  a value of 7.6 at 25 °C by 

spectrophotometry (Kennedy et al. 1984). Slabbert et al had a pKa of 8.7 of C at 25 

°C by spectrophotometric measurement (Slabbert 1977). Jovanovic et al reported a 

pKa 7.7 of EGCG at 25 °C also by spectrophotometric measurement (Jovanovic et al. 

1995). Besides, there are other studies giving the similar results (Kumamoto et al. 

2001; Muzolf et al. 2008).   
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Solubility is a fundamental parameter that closely relates to the permeability of a 

compound. A balanced solubility is prerequisite for optimum permeation across the 

skin. A compound possessing both lipid and water solubility is suitable for skin 

penetration and adsorption, because the compound should have some lipid solubility 

for permeating into the lipid domain of the skin and at the same time should have 

water solubility to diffuse in the aqueous region (Jhawat et al. 2013). Also, solubility 

screening is also important throughout different stages of drug discovery and 

formulation development. However, there is few data regarding the solubility of C or 

EGCG so the experiments were conducted in this section to provide the information 

of the two catechins. 

The ratio of polar to nonpolar characteristics of a substance at equilibrium at a 

given temperature is a critical physicochemical property and is known as the partition 

coefficient (P) of the substance, which can be defined as follows (Rice 2014): 

𝐶𝐶 = [𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷]𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑎𝑎/[𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷]𝑤𝑤𝑎𝑎𝑤𝑤𝑎𝑎𝑤𝑤              Equation 2.1 

Logarithm of the partition coefficient (logP) is the most widely used parameter of 

lipophilicity. Theoretically, in determining the partition coefficient, a substance can 

be dispersed between a lipid phase and water. Once partitioning is achieved, the two 

phases are separated and the concentration of the solute in each phase is measured. 

Most commonly, 1-octanol is chosen as the lipid phase because it most closely 

stimulates the properties of biological membranes (Wimley et al. 1996). Before the 

partition coefficient can be measured, the two phases must be mutually saturated with 

each other, which can take a minimum of 24 hrs to achieve (Shi et al. 2005). The 

lipophilicity of a permeant plays a pivotal role in the controlling of permeation and 

absorption in the skin, especially in governing the extent of permeant partitioning into 

the SC. It is proven that highly hydrophilic (logP < 1) and highly hydrophobic (logP > 

3) molecules have difficulty in penetrating the SC and the optimum logP of permeant 

for SC penetration is around 1-3 (Hinz et al. 1991). In addition, lipophilicity also 

influences niosomal formulation development, as a hydrophilic molecule is generally 
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entrapped in the vesicular aqueous core while a lipophilic drug is encapsulated in the 

lipophilic domain. Thus far, few research has reported the LogP value of C or EGCG, 

which requires the relative experiment to be carried out in this section. 

2.2. Chapter aims 

For the purpose of successfully developing a new dosage form for catechins, 

performing the preformulation studies of the drug candidates is of necessity. This 

chapter aims at carrying out preformulation studies of C and EGCG to the selection of 

optimum approaches for the future formulation development. Specific objectives 

include: 

1. To develop and validate of a simultaneous isocratic HPLC assay for the 

analysis of C and EGCG in in aqueous medium and potential formulations. 

2. To study the effects of various stress conditions including base, acid, 

oxidation, temperature and light illumination on the chemical stability of C and 

EGCG in accordance to International Conference on Harmonization (ICH) 

guidelines. 

3. To determine the fundamental physicochemical parameters including 

aqueous solubilities and distribution and partition coefficients of C and EGCG. 

2.3. Experimental 

2.3.1. Materials 

Catechin derivatives including (+)-catechin (C) (-)-epicatechin (EC) 

(-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG) and (-)-epigallocatechin 

gallate (EGCG), sorbitan monostearate (Span 60), cholesterol (CH) and dihexadecyl 

phosphate (DCP) were purchased from Sigma-Aldrich (Sigma, USA). Methanol and 

acetonitrile (ACN) of analytical reagent grade were purchased from Merck (Merck, 

Germany). Trifluoroacetic acid (TFA) was purchased from Fluka (Fluka, Germany). 
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Milli-Q water was available from the Pharmaceutics Laboratory at University of 

Auckland (Auckland, New Zealand). Other chemicals were of analytical grade.   

2.3.2. High performance liquid chromatography (HPLC) method 

development and validation 

2.3.2.1. Ultraviolet (UV) spectrum scan 

An amount of C or EGCG (0.5 mg) was weighed and dissolved in 10 mL of 20% 

methanol in water (v/v) to produce a concentration of 50 µg/mL. The spectrum (200 - 

400 nm) was obtained using a UV-spectrophotometer (T90+UV-VIS 

spectrophotometer, PG Instruments, UK).  

2.3.2.2. Chromatographic conditions 

A HP 1100 series liquid chromatographic system comprising of vacuum degasser, 

quaternary pump, autosampler, thermastatted column compartment and diode array 

detector were used, with data acquisition by Chemstation software (Agilent 

Corporation, Germany). Chromatography was performed on a Jupiter C18 column 

(250 × 4.6mm, 5 µm; Phenomenex, USA) fitted with a C18 guard column (10×3.0 

mm). The drug elution was performed at 25 °C at a flow rate of 0.8 mL/min and 

detected at the maximum absorption wavelength. All samples were analysed by 

HPLC using injection volume of 20 μL. 

2.3.2.3. Preparation of stock solution and standard solutions 

A stock solution containing C or EGCG was prepared by dissolving the known 

amount of C or EGCG in the mixture of 20% methanol in water (v/v). As a result, the 

stock solution contained C at the concentration of 301 μg/mL whereas EGCG at the 

concentration of 290 μg/mL. Different concentrations of standard solutions (ranging 2 

-150 µg/mL for C and 1.9 -145 µg/mL for EGCG) were prepared by dilution of the 
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stock solution using the same solvent. Samples were stored at 4 °C and protected from 

light before use. 

2.3.2.4. Mobile phase optimisation 

An optimised mobile phase is not only to achieve the separation of the two 

candidate catechins but also to obtain acceptable resolution of the two catechins with 

one elution. Different mobile phases such as the combination of methanol, ACN and 

Milli-Q water at volume ratio of 55:40:5; water and methanol at volume ratio of 

80:20, 60:40 and 75:25 in the absence or the presence of TFA were investigated in 

this study. The mobile phases were filtered through a 0.45 μm membrane and 

degassed prior to use. Satisfactory retention time for all the eluting components was 

set at within 20 minutes. It generally suffices if the peak resolution (Rs) is greater than 

2 and the run time is acceptably short (Snyder et al. 2012), where Rs is defined as:  

𝑅𝑅𝑆𝑆 = 2(𝑅𝑅𝑡𝑡𝑡𝑡−𝑅𝑅𝑡𝑡𝑡𝑡)
(𝑊𝑊𝑡𝑡−𝑊𝑊𝑡𝑡)                      Equation 2.2 

where Wa and Wb are the widths of the two peaks measured at the baseline, obtained 

from the chromatograms; whereas Rta  and Rtb are the retentions times. 

2.3.2.5. Method validation 

The HPLC assay for C and EGCG was validated in terms of specificity, linearity, 

repeatability, intermediate precision, sensitivity and recovery. 

Specificity 

To evaluate the specificity of this HPLC method, the mixture of C and EGCG 

was spiked with three other common catechin derivatives namely EC, EGC and ECG, 

and the analytical run was performed to determine whether the two analytes, namely 

C and EGCG can be separated from the interferents.  
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Linearity 

Eight standard solutions were prepared by dilution of the stock solution with the 

same solvent. The calibration curve was constructed by plotting the peak area against 

each catechin concentration. The slope, y-intercept and linearity of the curve were 

determined by linear regression.  

Repeatability  

(1) Instrumental precision (system precision) was determined by analysing three 

different concentrations of each catechin in five replicate injections. (2) Intra-assay 

precision (method precision) was determined by analysis of five independent standard 

solutions of three different concentrations for each catechin (Snyder et al. 1997).  

Intermediate precision  

Intra-day repeatability was obtained by analysing three concentrations of each 

catechin at four different times in one day. Inter-day repeatability was determined by 

analysing the three concentrations of each catechin four times on three consecutive 

days. All injections were carried out in triplicate. The precision of the assays was 

calculated as the percentage of relative standard deviation (% R.S.D) of 

determinations (Snyder et al. 1997).  

Sensitivity  

Sensitivity of the HPLC method was determined by estimation of limit of 

detection (LOD) and limit of quantification (LOQ) based on the standard deviation of 

the response (σ) and the slope (S) of the standard curve using the following equations 

(International Conference on Harmonisation 1994) : 

                         LOD = 3.3σ/S                         Equation 2.3 
                      LOQ = 10σ/S                         Equation 2.4 

Recovery 

Blank niosomes prepared by the method from Khazaeli (Khazaeli et al. 2007) 

were spiked with a mixture of C and EGCG. The recoveries of each catechin from 

65 
 



Chapter 2. Preformulation 

niosomes at three concentrations levels were determined by measuring the 

percentages of detected concentrations over added concentrations. 

2.3.3. Forced degradation studies 

C and EGCG were subjected to five stresses to in accordance with ICH guidelines 

(International Conference on Harmonisation 1994), however, since some of the stress 

conditions described by the guidelines were too extreme and resulted in complete 

degradation within few minutes, changes of strength of some stresses were made to 

achieve 10-30% degradation in sufficient time (Kim 2009). The adjusted stress 

conditions included acid (0.1 M HCl), base (0.5 mM NaOH), oxidation（0.01% v/v 

H2O2), photolysis (artificial daylight illumination of 10000 lux) at room temperature 

and heat (70 °C).  Samples were analysed in comparison to the initial samples after 

10-30% degradation had been achieved (Kim 2009). The peak purity was assessed by 

examining the similarity of the UV spectra obtained at the five points by the 

HPLC-PDA detector. If the degradation products coelute with the drug peak, the five 

UV spectra are different. The peak purity analysis was conducted throughout the test. 

2.3.4. Aqueous solubilities of C and EGCG 

Solubility studies were performed to determine the equilibrated solubility of C 

and EGCG in water and PBS (NaCl 137 mM, Na2HPO4 10 mM, KH2PO4 1.47 mM, 

KCl 2.68 mM), respectively at 25 ± 0.5 °C. An excess amount of C or EGCG was 

added into 5 mL of water or PBS and the mixture was shaken at the speed of 60 

strokes/min using a thermally-controlled water bath (GLS Aqua18 Plus, Endecotts, 

UK). At different time intervals, namely 0, 30 mins, 1, 2, 4, 8 h, the amount of 0.5 mL 

sample was withdrawn, filtered through 0.22 µm membrane, diluted with mobile 

phase (as described before) and analysed by the HPLC method. 

66 
 



Chapter 2. Preformulation 

2.3.5. Determination of n-octanol/PBS distribution coefficient and 

partition coefficient of C and EGCG 

The distribution of C or EGCG between equal amount of n-octanol as oil phase 

and PBS at pH 7.4 as aqueous phase was determined by the following method. Prior 

to study, equal amount of n-octanol and PBS (pH 7.4) were mutually saturated on the 

shaker overnight for at least 12 hrs. After the equilibrium had been reached, the two 

phases (presaturated PBS with oil phase & presaturated n-octanol with PBS) were 

separated and stored for future use. To determine the equilibrium time, aliquots of 10 

mg C and EGCG was dissolved in 2 mL of the presaturated PBS with oil phase 

respectively. Then the C and EGCG solution were mixed with equal volumes of 

presaturated n-octanol with PBS and vortexed for 2 min and left for a period of time. 

At the time points of 0.5, 1, 2, 3, 4, 5 h, the two phases were separated by Pasteur 

pipette, followed by centrifugation (10000 rpm, 5 min) to remove the remaining 

octanol phase and the concentration of the drug in aqueous phase was determined by 

HPLC. The distribution equilibrium was considered to be reached when the 

concentration of drug in the aqueous phase remained stable. After the equilibrium 

time had been determined, the previous steps were conducted to study the distribution 

coefficient and partition coefficient of C and EGCG. After equilibration, the two 

phases was separated and the drug concentration in the oil phase was determined by 

subtracting the drug concentration in the aqueous phase before and after distribution 

using the HPLC method. The experiment was conducted 25 ± 0.5 °C. The 

distribution coefficient (D) was calculated using the equation: 

  𝐷𝐷 = 𝐶𝐶𝑂𝑂
𝐶𝐶𝑊𝑊

= 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖−𝐶𝐶𝐸𝐸
𝐶𝐶𝐸𝐸

                  Equation 2.5 

where Co is the concentration of C or EGCG in n-octanol, Cw is the total 

concentration of C or EGCG in PBS, and Cinitial and CE are the drug concentration in 

PBS initially and at equilibrium. 
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The apparent partition coefficients (P) were calculated using the following 

equation: 

𝐶𝐶 = 𝑉𝑉𝑊𝑊
𝑉𝑉𝑂𝑂

× 𝐷𝐷 = 𝑉𝑉𝑊𝑊(𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖−𝐶𝐶𝐸𝐸)
𝑉𝑉𝑂𝑂𝐶𝐶𝐸𝐸

                Equation 2.6 

where Vw is the volume of aqueous phase and Vo is the volume of octanol. 

2.4. Results and discussion 

2.4.1. HPLC method development and validation 

2.4.1.1. UV spectrum scan 

The UV absorbance spectrum of C and EGCG was carried out in PBS pH 7.4 and 

C showed maximum absorption at 280 nm (λmax) (extinction coefficient (log ε): 3.46) 

whereas EGCG had maximum absorption at 275 nm (extinction coefficient (log ε): 

4.07), as illustrated in the Figures 2.3. below. To detect both catechins with 

simultaneously, the detection wavelength was set at 280 nm. 

 

Figure 2.3. UV-Spectrum of C (50 µg/mL) and EGCG (50 µg/mL) in PBS at pH 7.4. 
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2.4.1.2. Mobile phase optimisation 

Both the retention times and separation of catechin derivatives highly depended 

on the ratio of organic content and pH of the mobile phase. Acceptable resolution of 

catechins was not obtained with the mixture of water, methanol and acetonitrile at 

volume ratio of 55:40: 5 or water: methanol at 80:20 or 60:40, nor with the mobile 

phase of water: methanol at the volume ratio of 75:25 unless a 0.1% TFA was added 

into the mobile phase resulted in satisfactory peak separation. The optimum 

separation was achieved by HPLC using 0.1% TFA in Milli-Q water (pH 2.0) mixed 

with methanol at the volume ratio of 75:25. The retention time of C, and EGCG were 

6.78 and 8.79 min, respectively as shown in Figure 2.4. The Rs was above 2. 

 

Figure 2.4. HPLC profiles of C and EGCG (RT: retention time in min). 

2.4.1.3. Method validation 

The method validation is one process which evaluates whether the system 

suitability parameters of the analytical method are within the acceptable limits. The 
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Specificity 

Specificity of the analytical method is defined as the ability to measure the 

concentration of an analyte in the presence of known or suspected compounds. It was 

shown that C and EGCG were well separated from the three interferents with 

resolution all above 2, which indicated the specificity was satisfactory (Figure 2.5.).  

 

Figure 2.5. HPLC profiles of five catechin derivatives, namely C, EGC, ECG, EC, 
EGCG (RT: retention time in min). 
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The calibration curves were obtained by plotting peak areas against 
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Figure 2.6. Calibration curves of C and EGCG in mobile phase (mean ± SD, n=3). 

Table 2.1. Calibration curves of C and EGCG. 

Compound Concentration 
Range (μg/mL) 

Standar curvea Correlation 
coefficient (r2) 

C 2-150.05 y = 15.45x + 4.85 > 0.9999 

EGCG 1.93-145 y = 27.37x - 20.25  0.9999 

a y is the peak area (mAU*min) and x is the concentration of drug (μg/mL) (n=3) 

Repeatability 

Instrumental precision was measured by repetitive injection of the same 

homogeneous sample of three concentrations. The relative standard deviation (R.S.D.) 

was determined to assess instrumental precision. Intra-assay precision was determined 

by preparing five independent standard solutions of three different concentrations and 

measuring the R.S.D. values (Table 2.2.). The R.S.D. values of both instrumental 

precision and intra-assay precision were below 2.0%, indicating the HPLC analytical 

method for catechin was precise (International Conference on Harmonisation 1994). 

0

1000

2000

3000

4000

5000

0 20 40 60 80 100 120 140 160

Pe
ak

 a
re

a 
(m

A
U

*s
) 

Concentration (µg/mL) 

calibration curve of C calibration curve of EGCG

71 
 



Chapter 2. Preformulation 

Intermediate precision 

Intermediate precision of the method was determined by assessing intra-day and 

inter-day repeatability. The results of intra-day and inter-day repeatability studies are 

listed in Table 2.3. The R.S.D. values in all tested groups were approximately or 

below 3%, which is acceptable (International Conference on Harmonisation 1994).  
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Table 2.2. Instrumental precision and intra-assay precision.  

Concentration 

(μg/mL) 

Instrumental precision Intra-assay precision 

Peak area(mAU*s) 
(means ±SD, n=5) R.S.D. (%) Peak area(mAU*s) 

(means ±SD, n=5) R.S.D. (%) 

C 

10.00 166.88 ± 1.13 0.68 160.9 ± 2.82 1.75 

50.02 796.02 ± 9.03 1.13 783.36 ± 10.91 1.39 

100.03 1569.3 ± 1.60 0.10 1555.22 ± 20.84 1.34 

EGCG 

9.70 244.78 ± 1.30 0.53      249.06 ± 4.28 1.73 

48.30 1265.72 ± 9.34 0.74 1262.34 ± 9.42 0.75 

96.70 2813.86 ± 2.59 0.09 1416.36 ± 14.97 1.06 
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Table 2.3. Intra-day and inter-day repeatability of the assay.  

 

Concentration 

(μg/mL) 

Intra-day repeatability Inter-day repeatability 

Peak area(mAU*s) 
(means ± SD, n=4) 

R.S.D. (%) Peak area(mAU*s) 
(means ± SD, n=4) 

R.S.D. (%) 

C 

10.00 155.61 ± 0.39 0.25 153.57 ± 1.65 1.07 

50.02 772.87 ± 2.32 0.30 763.03 ± 9.83 1.29 

100.03 1526.20 ± 2.25 0.15 1511.97 ± 12.28 0.81 

EGCG 

9.70 237.47 ± 1.94 0.82 256.13 ± 6.21 2.42 

48.30 1439.77 ± 5.30 0.37 1436.50 ± 4.39 0.31 

96.70 2724.73 ± 1.27 0.05 2787.00 ± 63.95 2.29 
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Sensitivity 

The sensitivity of HPLC method was determined by LOD and LOQ. LOD is the 

lowest concentration of the analyte the method can detect and LOQ is the lowest 

concentration that can be quantified accurately by the method. The LOD and LOQ of 

catechin derivatives are shown in Table 2.4., indicating the method was sensitive. 

Compared to other reported HPLC methods, the sensitivity of the described method 

was considerably improved (Piñeiro et al. 2004; Valls et al. 2009).  

Table 2.4. Sensitivity of catechins 

Catechins LOD (μg/mL) LOQ (μg/mL) 

C 0.02 0.06 

EGCG 0.33 0.98 

Recovery  

The recovery measures the closeness between the theoretically added amount and 

the experimental value and was performed by spiking the empty niosomes with a 

known amount of catechin derivatives. The recovery of C and EGCG at different 

concentrations was above 90% with R.S.D. values below 3% (Table 2.5.). The results 

indicate that C and EGCG can be fully recovered in the presence of niosome 

components. 

Table 2.5. Recovery of catechins from niosomes (n=3) 

Sample concentration 
(μg/mL) 

Concentration found 
(mean±S.D., μg/mL) Recovery (%) R.S.D.(%) 

C 20.0 19.30 ± 0.47 96.50 2.46 

50.00 48.36 ± 1.15 96.73 2.37 

72.7 70.48 ± 0.51 96.94 0.71 

EGCG 19.33 20.59 ± 0.34 106.67 1.67 

48.33 52.77 ± 0.90 109.26 1.71 

70.33 75.78 ± 0.09 107.75 0.12 

75 
 



Chapter 2. Preformulation 

2.4.2. Forced degradation studies 

Forced degradation studies provide information of the drug stability properties, 

which must be taken in to consideration during the process of formulation 

development. Both C and EGCG were exposed to base hydrolysis, acid hydrolysis, 

oxidation, temperature and light illumination until 10%-30% degradation was found. 

The chromatograms of resolved after degradation are shown in Figure 2.7. and 2.8. 

The results demonstrate that the chemical stability of both C and EGCG was 

pH-dependent, which supports the results of Su Y. L. and Dvorakova K. (Dvorakova 

et al. 1999; Lun Su et al. 2003). The two catechin derivatives underwent extensive 

degradation when subjected to the basic condition and around 30% degradation of 

either derivative was found after one hour’s exposure. In contrast, they were more 

stable under acidic condition where only 10% of the drugs decomposed after 7 days.  

Oxidation and temperature both caused extensive degradation. Under oxidation 

stress, for both C and EGCG, 30% degradation was found by the day 3. At 70 °C 

around 30% of C and EGCG had degraded by the day 3. The stress of light led to less 

degradation in comparison to other four stresses and only 10% degradation was 

detected by the day 9. 

In both C and EGCG degradation studies, the peaks of degradation products were 

separated from the peak of the parent drug and the peak purity assessment indicated 

that UV spectra of the drug were similar across the peak. 
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Figure 2.7. Representative HPLC chromatograms of C under different stress 
conditions: (A) sample degraded in 0.1 M HCL; (B) sample degraded in 0.5 mM 
NaOH; (C) sample degraded 0.01% v/v H2O2; (D) sample degraded at 70 °C and (E) 
sample subjected to photolytic degradation; (F) freshly prepared C solution (1 
mg/mL) as the control.  
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Figure 2.8. Representative HPLC chromatograms of EGCG under different stress 
conditions: (A) sample degraded in 0.1 M HCL; (B) sample degraded in 0.5 mM 
NaOH; (C) sample degraded 0.01% v/v H2O2; (D) sample degraded at 70 °C; (E)  
sample subjected to photolytic degradation; (F) freshly prepared EGCG solution 
(1mg/mL) as the control. 
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2.4.3. Aqueous solubilities of C and EGCG 

The objective of this study was to determine the aqueous solubilities of C and 

EGCG at room temperature. The results showed that the solubility of C in water and 

PBS (pH 7.4) at 25 °C was 3.03±0.02 mg/mL and 1.85±0.02 mg/mL respectively. 

At the same time the solubilities of EGCG in water and PBS was 5.79±0.08 mg/mL, 

4.90±0.006 mg/mL, respectively. These results indicated that C and EGCG are 

slightly soluble in water and PBS. The lower solubility of the two drugs in PBS pH 

7.4 compared to that in pure water may be attributed to the ionic strength of the buffer 

system. This negative effect of ionic strength on the solubility of C and EGCG is due 

to the salting-out effect (Miyazaki et al. 1981). 

2.4.4. Distribution coefficient and partition coefficient of C and EGCG 

Table 2.6. shows the D and logP values of C and EGCG at room temperature 

respectively. The logP value of C was found to be 0.41 whereas EGCG was shown to 

be more lipophilic with a logP of 1.23. The experimental values are in accordance 

with the reported results, which also indicate that EGCG is more lipophilic than C 

(Oshihiko et al. 1999; Poaty et al. 2009; Zhu et al. 2014). It can therefore be 

hypothesized that the SC is the main barrier for the permeation and absorption of C, 

which has a logP value smaller than the optimal value of 1-3 (Hinz et al. 1991).  

Table 2.6. n-octanol-buffer distribution coefficient (D) and partition coefficient (P) of 
C and EGCG. 

Catechins D P LogP 

C 0.032 2.60 0.41 

EGCG 10.37 17.07 1.23 

2.5. Conclusion 

In this chapter, a rapid, precise and sensitive HPLC method has been developed 

and validated for analysing C and EGCG. Both C and EGCG are vulnerable to 
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external stresses, which is an incentive of applying carrier in the topical delivery of 

the compounds. According to P values, C having a log P value of 0.41 is a hydrophilic 

agent and its permeation through the SC is likely to be limited. From the 

preformulation study, there are incentives to consider surfactant-based vesicles 

(niosomes) as a delivery carrier for C and EGCG in order to enhance drug uptake by 

viable skin. The bilayer membranes of the noisome may also act as a shield of to 

protect C and EGCG from oxidation before reaching their biological target. Therefore, 

the next chapter is concerned with preparing and characterising C-loaded and 

EGCG-loaded niosomes. 
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Chapter 3. Formulation Development and Characterisation 

3.1. Introduction 

Niosomes are self-assembled vesicles composed primarily of surfactants and 

cholesterol. They possess analogous structure to liposomes but exhibit outstanding 

advantages. The niosome is proved to be a promising drug carrier and various drugs 

have been incorporated into the niosome carrier. Especially, in delivering drug 

topically, the niosome carrier provides many benefits (Hamishehkar et al. 2013). In 

this chapter, the niosome was formulated to topically deliver the antioxidants. To 

formulate a carrier system, it is favourable to have a good understanding of the carrier 

components, formation theory, processing methods. A detailed introduction about 

niosomes has been depicted in Section 1.6. In addition to the good grasp of 

formulation knowledge, a sensible experimental plan was slao important in 

formulation development. 

3.1.1. Design of Experiment  

In formulation development, conducting the practical testing according to a ‘good’ 

and ‘statistic’ design is helpful in obtaining the reliable information efficiently. 

Therefore, the experimental design strategy is widely used in the pharmaceutical field.  

Design of Experiment (DOE) is a planned set-up of experiments with an aim of 

obtaining information efficiently and precisely. It can be applied to any process with 

measurable inputs and outputs. DOE was originally developed for agricultural 

purposes but has become a widely used tool in the process industries such chemical, 

food and pharmaceutical industries (Anderson et al. 2000).  

The traditional strategy of experimentation that is used extensively in 

pharmaceutical research is the one-factor-at-a-time approach. This method starts with 

the selection of a baseline for each factor, followed by varying each factor over its 

range while holding the other factors constant at the same level. After all tests are 

performed, a series of results showing how the response variable is affected by 

varying each factor are collected (Montgomery 2008). The major disadvantage of this 

intuitive experimentation strategy is that it is not able to reveal the real optimum, and 

gives different implications, depending on the starting point. Also, this approach often 
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requires a large number of experiments when the studying factors are numerous but 

only provides limited information. Moreover, it fails to consider any possible 

interactions between the factors (Tye 2004). In contrast, DOE allows the simultaneous 

examination of a number of factors in a predefined number of experiments and hence 

offers a well-organised experimentation plan and gives more precise information from 

fewer tests. It is able to provide the prediction using the mathematical modeling 

between variables and response and is an efficient tool in the optimisation step to 

yield a maximum or minimum response. Furthermore, the use of DOE discloses the 

presence of interaction between variables (Tye 2004).  

There are many types of DOE reported in the literatures such as factorial design, 

central composite design, extreme vertices design, simplex design and evolutionary 

operations (Manager 1986). To perform DOE, a series of steps could be followed: 

determination of response and selection of factors that may affect the response; 

choosing an appropriate experimental design for screening or optimisation; 

conduction of experiments; collection of results, analysis of data and drawing 

conclusion. In the above-mentioned screening phase, the selected factors that 

potentially affecting the response, are screened to determine the most important ones. 

The latter are then subjected to optimisation phase, in which the crucial factors from 

the screening are further examined to determine the optimal experimental conditions. 

Depending on the purpose of experimentation, different types of design could be 

applied.  

3.1.1.1. Factorial design 

During the screening phase, several factors are evaluated to discover the vital few 

ones that create statistically significant effects on the response and factorial design 

generally works well as a screening tool. Factorial design is one of the experiment 

designs that are widely utilised in the investigation of pharmaceutical formulation to 

characterise multivariable processes (Box et al. 1978). It allows separation of the 

important factors, and identification of any possible interactions between those 

factors. A full factorial experiment consists of two or more factors, each with discrete 

possible levels. A k factor, n level, full experimental design involves nk experiments. 

Two-level (2k) factorial design is the most popular design in pharmaceutical 

development due to its efficiency (Lewis et al. 1998).  
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For each factor in a 2k design, the low and high level can be transformed to 

dimensionless coded variables with -1 and 1 sign, respectively. A coded value can be 

translated to an uncoded value using a general equation as follows: 

𝑋𝑋𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑙𝑙 = 𝑋𝑋(−1) +
𝑋𝑋𝑎𝑎𝑐𝑐𝑙𝑙𝑎𝑎𝑙𝑙 + 1

2
× (𝑋𝑋(+1) + 𝑋𝑋(−1)) 

Equation 3.1 

where Xactual is the actual value, X(+1) and X(-1) are the actual high and low values 

(corresponding to +1 and -1 coded value), and Xcoded is the coded value to be 

translated.   

The effect of a factor is defined to be the change in response produced by a 

change in the level of the factor. The main effect of the individual factor in the 

factorial design of experiments can be calculated as following equation: 

                        𝐸𝐸𝑥𝑥 = 𝑦𝑦(+1)������ − 𝑦𝑦(−1)������                  Equation 3.2 

where 𝑦𝑦(+1)������� is the average response when the factor X is at its high (+1) level and 

𝑦𝑦(−1)������� is the average response when the factor X is at low (-1) level.  

An interaction between factors is the failure of one factor to produce the same 

effect on the response at different levels of another factor. Interactions between 

factors are also calculated using the above equation. An interaction between factor Xi 

and factor Xj is symbolised as XiXj.  

A fractional factorial experiment is a variation of the basic factorial design in 

which only a subset of runs are performed (Montgomery 2008). The full factorial 

design involves experiments covering all possible combinations of the levels of the 

factors and the number of test runs increase rapidly as the number of factor or level 

increases. But in fact, the necessary information of the main effects and low-order 

interactions may be obtained by running only a fraction of the complete factorial 

experiment. For a two-level design, a complete factorial design requires 2k (k as the 

number of factors) runs, while a one-half or one-quarter fraction factorial design only 

needs 2k-1, 2k-2 experiments performed, respectively. However, the decreased number 

of runs is compromised with the aliasing of effects which is measured by the 

‘resolution’ of the fractional factorial design (Anderson et al. 2000). For instance, the 
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one-half fractional of 24 experimentation is a ‘resolution IV’design, which indicates 

no main effect is aliased with any other main effect or with any two-factor interaction, 

but two-factor interactions are aliased with each other. To be more specifically, in a 

24-1 design with four factors: X1, X2, X3 and X4, the interaction between X1 and X2 is 

confounded with the interaction between X3 and X4 which means it is impossible to 

differentiate the interaction X1X2 from interaction X3X4; also, interaction X1X3 is 

aliased with X2X4 whereas X2X3 with X1X4. Due to its economical property, 

fractional factorial design is more practical at the screening phase when numerous 

factors need to be evaluated.  

3.1.1.2. Response surface methods  

Response surface methodology (RSM) is a collection of mathematical and 

statistical techniques useful for the modeling and analysis of problems in which a 

response of interest is affected by several variables (Montgomery 2008). For instance, 

if the yield (y) of a process is affected by two factors (x1, x2), the relationship between 

the yield and the two factors can be expressed as: 

𝑦𝑦 = 𝑓𝑓 (𝑥𝑥1, 𝑥𝑥2)+ ε                   Equation 3.3 

where ε represents the noise or error in the response y, while η= f (x1, x2) is called a 

response surface. 

RSM should be applied after the initial screening phase during which the vital 

few factors are identified (Anderson et al. 2005). The screening design only supports 

linear responses so if a non-linear response is detected or a more accurate picture of 

response surface is required, RSM is a reliable tool at this point. Usually, two or three 

key factors identified from the screening are further optimized through RSM to obtain 

an expected result.  

Central composite design (CCD) also known as Box-Wilson design, is the most 

frequently applied RSM (Box et al. 1951). It consist of a two-level full factorial 

design (2k experiments), with axial points (2k experiments) and a center point (n0 

replicates on the center points). The experiments of the full factorial design are 

situated at levels -1 and +1; the axial points are positioned on the coordinate axes of 

factorial space at a distance α from the center point (0, 0). The distance of the axial 
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points to the center point is calculated in order to make the design rotatable and is 

summarised by α = 2k/4 (k is the number of factors) (Anderson et al. 2005). A diagram 

of CCD generation for two factors is illustrated in Figure 3.1. 

 
Figure 3.1. CCD for two factors. 

The response surface can be represented graphically in the form of contour or 3-D 

rendering. The data (coded values) are fitted into a statistical second-order model 

incorporating interactive and polynomial terms: 

𝑦𝑦 = 𝛽𝛽0 + �𝛽𝛽𝑙𝑙

𝑘𝑘

𝑙𝑙=1

𝑋𝑋𝑙𝑙 + �𝛽𝛽𝑙𝑙𝑙𝑙𝑋𝑋𝑙𝑙2 + ��𝛽𝛽𝑙𝑙𝑖𝑖𝑋𝑋𝑙𝑙𝑋𝑋𝑖𝑖+∈
𝑖𝑖𝑙𝑙<

𝑘𝑘

𝑙𝑙=1

 

Equation 3.4 

where y is the observed response, Xi is the coded values of i-th factor, 𝛽𝛽0 is the 

constant coefficient, 𝛽𝛽𝑙𝑙 is the coefficient of the linear terms and represents the main 

effect of Xi, 𝛽𝛽𝑙𝑙𝑙𝑙  is the coefficient of the quadratic terms and represents the 

non-linearity effect of Xi, and 𝛽𝛽𝑙𝑙𝑖𝑖 is coefficient of the interaction terms representing 

the first order interaction effect between Xi and Xj (i < j). Once the mathematical 

model is established, the coefficients are tested for significance with a student t-test 

according to the following equation: 

                       𝑡𝑡 = |𝛽𝛽𝑖𝑖|
𝑆𝑆(𝛽𝛽𝑖𝑖)

                         Equation 3.5 
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where |𝛽𝛽𝑙𝑙 | is the absolute value of coefficient of a factor Xi and S (𝛽𝛽𝑙𝑙) is the standard 

error on the coefficient. The replicates of the centre point are used to estimate S (𝛽𝛽𝑙𝑙). 

The calculated test statistic ti is compared to a tabulated t-value at a significance level 

of 95% (α = 0.05). If the calculated t-value is higher than the tabulated t-value the 

effect is deemed to be significant (González 1993).  

The whole model is analysed using analysis of variance (ANOVA) and regression 

coefficients are calculated. Fisher F test is performed to test the adequacy of the 

model. Significance of the regression model is judged by the F value of the model. 

The probability decreases as the value of F-statistic increases. If this probability is 

less than 0.05, the full model is adequate. The goodness of fit of the model is checked 

by the adjusted coefficient (adjusted R2) (Konan et al. 2002). Based on the response 

surface and the second-order model, the value of the factors from which an expected 

response (usually maximum or minimum) can be predicted. 

3.2. Chapter aims 

The aim of this chapter is to determine an optimal condition to prepare niosomes 

for encapsulation of C and EGCG, respectively and to characterise the niosome 

formulation. The specific objectives of this chapter were to: 

1. To study the effect of several parameters on the niosome formulation and to 

determine an optimal condition by DOE methodology.  

2. To characterise drug-loaded niosomes in terms of morphology, particle size, 

zeta-potential, EE, drug compatibility with the formulation component, release 

profile and physical and chemical stability. 

3.3. Experimental 

3.3.1. Materials 

(+)-catechin hydrate (C) and (-)-epigallocatechin gallate (EGCG), sorbitan 

monostearate (Span® 60), Polyoxyethylene sorbitanmonopalmitate (Tween® 40), 

cholesterol (CH), dihexadecyl phosphate (DCP) and Triton™ X-100 were purchased 

from Sigma-Aldrich (Sigma, USA). Milli-Q water was available from the 

Pharmaceutics Laboratory at University of Auckland (Auckland, New Zealand). Other 
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chemicals were of analytical grade. 

3.3.2. Formulation development and optimisation 

3.3.2.1. Niosome preparation 

C- (or EGCG- ) niosomes were prepared by thin film hydration method. Briefly, 

surfactant and cholesterol at various molar ratio (total 150 µmol) with a certain 

amount of DCP were dissolved in a mixture of chloroform and methanol (4:1, v/v) in 

a 50 mL round bottom flask, and the solvents were rotary-evaporated (Laborota 4000, 

Buchi, Switzerland) at 45°C until a thin, dry film formed on the wall of the flask. The 

dried lipid film was purged with a stream of nitrogen for 5 min in order to get rid of 

residual traces of the organic solvent. The dry film was then hydrated with 15% 

ethanol in the water containing drug at 58 °C for a certain period of time to form the 

drug loaded niosomes. In order to obtain niosomes of homogeneous size, niosomes 

were submitted to extrusion process for 10 cycles by an extruder device (ER-1, 

Eastern Scientific, USA) equipped with a 400 nm pore size polyester membrane. The 

resultant niosome suspension was set aside at room temperature to allow for the 

vesicle membrane to anneal before being kept in a fridge. During the whole 

preparation process, working solutions were protected from exposure to the light.  

3.3.2.2. Variable screening by 26-2 fractional factorial design 

Based on the preliminary experiments and literature study, six independent 

variables (factors) namely, surfactant type (X1), drug amount (X2), molar ratio of CH 

to surfactant (X3), DCP amount (X4), hydration medium volume (X5) and hydration 

time (X6) were selected to be evaluated for their effect on drug entrapment efficiency 

(EE), which was the dependable variable (response). The six factors were examined 

on two levels: low and high, which were represented by transform codes of -1 and +1 

respectively. A one-quarter two-level six-factor fractional factorial design (26-2 ) 

comprising 24 runs as highlighted in the design display table was constructed by 

Design-Expert® 7.0. The factors and levels employed in the design are listed in Table 

3.1. In order to estimate the experimental error and check the response curvature 

duplicates were added at two centre points (one for each surfactant type), totally 

giving 28 runs. The batches were produced in a random order. The design matrixes of 
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C-niosome and EGCG-niosome for screening are shown in Table 3.3. 

Data analysis was performed by using Design-Expert® 7.0 statistical software.  

The main effect of variables and interactions were determined according to Equation 

3.2. Contribution was used to determine which factors were larger contributors than 

others and it is calculated as:  

               𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋𝑖𝑖(%) =
𝑆𝑆𝑆𝑆𝑋𝑋𝑖𝑖
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖

× 100          Equation 3.6 

where 𝑆𝑆𝑆𝑆𝑋𝑋𝑖𝑖  is the sum of square of factor Xi; 𝑆𝑆𝑆𝑆𝑤𝑤𝑐𝑐𝑤𝑤𝑎𝑎𝑙𝑙 is the total sum of square.  

The data was tested for significance by analysis of variance (ANOVA) with a 

level of significance of 5% (p = 0.05).  

Table 3.1.  26-2 screening design, providing values and coded units with center 
points. 

Factors Factor setting 

Low (-1) Centre(0) High (+1) 

Surfactant type(X1) Tween 40  Span 60 

Drug amount (mg) (X2) 1 5.5 10 

Molar ratio of CH to surfactant(X3) 1:4 7:8 3:2 

DCP content (µmol) (X4) 2 6 10 

Hydration medium amount (mL) 
(X6) 

10 17.5 25 

Hydration time (min) (X6) 30 75 120 

3.3.2.3. Optimisation of EE by central composite design (CCD)  

The key variables that were identified to have significant effects on the EE were 

subjected to the optimisation step. A CCD was applied to find the optimum conditions 

and to analyse how sensitive the response was to the variations in the settings of the 

independable variables. The CCD, as described previously, consists of a full factorial 

design with centre and star points as shown in Figure 3.1, which generates enough 

information to fit a second-order polynomial model. The two influential factors, 

namely drug amount (X1) and ratio of CH to surfactant (X2) were chosen as 
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independent variables and EE was assessed as dependent variable. Other factors were 

fixed based on the results from the screening design. A total of 13 experiments were 

performed including five replicates on the centre point which improve the assessment 

of the response surface curvature and simplify estimation of the model error. The 

levels of the factors in C-niosome optimisation and EGCG-niosome optimisation are 

shown in Table 3-2, respectively and the design matrixes are shown in Table 3-10 and 

Table 3-12. 

Table 3.2. Optimisation design of C-niosome and EGCG-niosome, providing values 
and coded units. 

Formulation Factors Factor setting 

-1.4 -1 Centre 
(0) +1 +1.4 

C-niosome Drug amount (mg) (X1) 0.4 0.7 1.35 2 2.27 

Molar ratio of 
cholesterol to surfactant 
(X2) 

3:10 1:5 3:5 1:1 9:8 

EGCG-nios
ome 

Drug amount (mg) (X1) 0.58 1 2 3 3.4 

Molar ratio of 
cholesterol to surfactant 
(X2) 

3:10 1:2 1:1 3:2 17:10 

 

Data analysis was performed by using Design-Expert® 7.0 statistical software.  

The data was tested for significance by analysis of variance (ANOVA) with a level of 

significance of 5% (p = 0.05). The second-order equation generated is described as: 

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1𝑋𝑋1 + 𝛽𝛽2𝑋𝑋2 + 𝛽𝛽11𝑋𝑋12 + 𝛽𝛽22𝑋𝑋22 + 𝛽𝛽12𝑋𝑋1𝑋𝑋2 

Equation 3.7 

where y stands for the predicted response (dependent variable), β0 is the intercept; β1- 

β22 are the regression coefficients; X1 and X2 stand for the main effect of the two 

factors; X1X2 is the interactions between the main effects; and X1
2 X2

2 are quadratic 

terms of the independent variables that are used to simulate the curvature of the 

designed space. 
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3.3.2.4. Check point analysis 

Check point analyses were carried out to establish the reliability of the regression 

model in describing composition parameters’ effect on entrapment efficiency. 

Optimum point was chosen according to the prediction based on the second-order 

equation. Predicted and experimental values were compared to determine the 

correlation extent between the actual and predicted responses (Ricci et al. 2006). 

3.3.3. Characterisation of the optimal niosomes  

The physiochemical characteristics of the optimised C-niosome and 

EGCG-niosome were studied to obtain comprehensive information of drug-loaded 

niosomes with regard to their potential topical application. 

3.3.3.1. Particle size and zeta-potential 

The mean particle size of the prepared vesicles was determined by a dynamic 

light scattering technique (Zetasizer nano series, Malvern Instruments, UK). The 

samples were diluted 100 folds with Milli-Q water and measured at 25 °C. Niosomes 

size was expressed in terms of volume diameter and the measurements were done in 

triplicate and the average values were used and polydispersity index (PDI), an 

indicator of size distribution, was also determined. 

3.3.3.2. Entrapment efficiency percentage (EE %)  

Ultracentrifigation was adopted in separating the free drug from the entrapped 

one. In brief, niosome dispersion was subjected to centrifugation (WX80, Sorvall, 

USA) at 41000 rpm for 1h at 4 °C. The supernatant was quantitatively assayed for 

drug content using the HPLC method described in Chapter 2. The niosome pellets 

were washed three times and a solution of 10% Triton-100 in methanol (v/v, %) was 

added to the sediment to disrupt the niosome structure, which was followed by a 

water-bath sonication of 10 mins (Liu et al. 2013). The dispersion was then diluted 

and filtered before subjected to HPLC. Equation 3.8.was used in the calculation of the 

entrapment efficiency of the active compounds (Wang et al. 2004):  

          𝐸𝐸𝐸𝐸 (%) = 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑤𝑤 𝑐𝑐𝑜𝑜 𝑙𝑙𝑤𝑤𝑎𝑎𝑑𝑑 𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙
𝑤𝑤𝑐𝑐𝑤𝑤𝑎𝑎𝑙𝑙 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑤𝑤 𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙

 × 100           Equation 3.8 
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3.3.3.3.  Morphology 

The morphology of niosomes was studied by Scanning electron microscopy 

(SEM). The niosome dispersion was diluted twenty times with Mili-Q water before 

dropped onto the grid and dried under room temperature. The vesicles were 

sputter-coated with gold and palladium and examined for morphology with a scanning 

electron microscope at 25 kV (XL30S FEG, Philips, Netherlands). The morphologic 

examination of the optimum formulation was also performed by Transmission 

electron microscopy (TEM) (G2 Spirit Twin, FEI Tecnai™, USA). One drop of the 

diluted niosome dispersion was deposited on the surface of a carbon-coated copper 

grid, negatively stained with 2% uranyl acetate. The sample was allowed to dry under 

room temperature before observation.  

3.3.3.4. Differential scanning calorimetry (DSC) and Fourier transform 

infrared spectroscopy (FTIR) 

The interaction and entrapment of the drug into the vesicular structure were 

studied using IR spectroscopy and DSC. DSC is a basic method to invesitigate the 

thermotropic behaviour, structure change and interaction of drug and materials by 

determining the variation of temperature and energy at phase transition (Huang et al. 

1999). Thermal characteristics of the optimum niosomes were evaluated using DSC 

(Q2000+ RCS40, TA instruments, USA). Surfactant, cholesterol, pure drug, physical 

mixture of the components and lyophilised niosomes were weighed into T-zero 

aluminium pans and hermetically sealed. All experimental runs started from an initial 

temperature of 20 °C, with a temperature increase rate of 10 °C/min to 200 °C. 

The interaction between drug and lipid was studied using IR spectroscopy 

(Tensor 37, Bruker optics, USA). The lyophilised niosome was collected for testing. 

Surfactant, cholesterol, pure drug, physical mixture of the components and optimised 

niosomes were characterised respectively by IR spectroscopy in the region of 4000 

cm-1 to 500 cm-1. 

3.3.3.5. In vitro release studies 

In vitro release studies for up to 24 hrs were carried out using Franz diffusion 

cells (FDC-6, Logan instrument Corp, USA) to obtain the release profile of C- and 
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EGCG-niosomes. The C- and EGCG-niosomes were prepared by the aforementioned 

method. Aliquot of 2.5 mL of the niosome dispersion was added to the upper donor 

chambers of the Franz diffusion cells, respectively. Drug solution (15% ethanol in 

water) containing the equivalent amount of C or EGCG was added in the donor in the 

control group. A 12 mL aliquot of PBS (pH 5.5) was filled in the receptor chamber. 

The temperature of the donor was maintained at 37 ± 0.5 °C. The donor and receptor 

chambers were divided by a single layer of synthetic cellulose membranes 

(12000-14000 wt cut-off, pre-soaked in the release medium overnight). At time 

intervals (15, 30 min and 1, 2, 3, 6, 9, 12, and 24 h), the aliquot of 400 μL samples 

was taken from the receptor chambers and replaced with the medium. The samples 

were then analysed using the HPLC. 

To elucidate the mechanism of drug release from the prepared niosomes, the 

release data were put through various mathematical models including zero orders, first 

order, Higuchi and Korsmeyer-Peppas equations. Selection of model was based on the 

best fit of model. For the different models, data obtained were plotted in the following 

manner: zero order as cumulative percentage of drug release versus time, first order as 

log cumulative percentage of drug remained versus time, Higuchi’s model as 

cumulative percentage of drug released versus square root of time, and 

Korsmeyer-Peppas model as log cumulative percentage of drug released versus log 

time. 

Zero order kinetics: 

Zero order kinetics can be used to describe the drug dissolution of several types 

of modified release pharmaceutical dosage forms, as in the case of some transdermal 

systems, as well as matrix tablets with low soluble drugs, coated forms, etc. Drug 

dissolution from its dosage form following Fick’s law can be expressed by the 

equation below: 

                     𝑄𝑄𝑤𝑤 = 𝑄𝑄0 + 𝑘𝑘0𝑡𝑡                      Equation 3.9 

where Qt is the amount of drug released in time t, Q0 is the initial amount of drug in 

the release medium which is usually zero, and k0 is the zero-order release constant 

(Costa et al. 2001; Sinko 2006). Under zero order kinetics, the rate of drug release is 

independent of time and the concentration of drug within a dosage form. To fit the 

93 
 



Chapter 3. Formulation Development and Characterisation 

data into first order model, cumulative percentage of drug release is plotted versus 

time and the slope of the line equals to k0. Zero order mechanism ensures that a steady 

amount of drug is released over time. 

First order kinetics  

The first order model can be expressed by the following equation: 

                     𝑄𝑄𝑤𝑤 = 𝑄𝑄0𝑒𝑒−𝑘𝑘𝑤𝑤                      Equation 3.10 

where Qt is the amount of drug released in time t, Q0 is the initial amount of drug in 

the solution and k is the first order release constant. To express this equation in 

decimal logarithms, the equation below can be used: 

                        𝑙𝑙𝐶𝐶𝐷𝐷𝑄𝑄𝑤𝑤 = 𝑙𝑙𝐶𝐶𝐷𝐷 𝑄𝑄0 + 𝑘𝑘1𝑤𝑤
2.303

            Equation 3.11 

where k1 is the first order release constant (Costa et al. 2001; Sinko 2006). The first 

order model describes the release of drug from its dosage and the rate of drug release 

is proportional to the amount of drug remained in its dosage form, such as in the 

case of water-soluble drug released from porous matrices (Schwartz et al. 1968). A 

linear relation between decimal logarithm of the released amount of drug and time 

can be obtained when data is put though the above equation. 

Higuchi model 

Higuchi model has been applied to study the release of water soluble and low 

soluble drugs incorporated in semi-solid and/or solid matrixes. The Higuchi equation 

is expressed as: 

                     𝑄𝑄𝑤𝑤 = [𝐷𝐷(2𝐶𝐶 − 𝐶𝐶𝑎𝑎)𝐶𝐶𝑎𝑎𝑡𝑡]1 2⁄             Equation 3.12 

where Qt is the amount of drug released in time t per unit area, C is the drug initial 

concentration, CS is the drug solubility in the matrix media and D is the diffusivity of 

the drug molecules (diffusion constant) in the matrix substance. In general, the 

equation can be simplified as: 

                         𝑄𝑄𝑤𝑤 = 𝑘𝑘ℎ𝑡𝑡1 2⁄                       Equation 3.13 

where kh is the Higuchi dissolution constant (Higuchi 1963; Costa et al. 2001). In 

model-fitting, a linear relation between the amount of drug released and the reciprocal 
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of the square root of time can be obtained. This relation can be used to describe the 

drug dissolution from several types of pharmaceutical dosage forms, as in the case of 

some transdermal systems and matrix tablets with water matrix. 

Korsmeyer-Peppas model  

The Korsmeyer-Peppas model is used to analyse the release of polymeric dosage 

form, when the release mechanism is not well known or when more than one type of 

release phenomena could be involved (Korsmeyer et al. 1983; Ritger et al. 1987; 

Costa et al. 2001): 

                      𝑄𝑄𝑤𝑤 = 𝑘𝑘𝑘𝑘𝑡𝑡𝑎𝑎                       Equation 3.14 

where Qt is percentage cumulative amount of drug release at time t, t is the release 

time, kk is a kinetic constant characteristic of the drug/polymer system, and n is an 

exponent that characterises the mechanism of release. The release exponent (n) 

indicates the general operating release mechanism; an n value of 0.43 indicates 

Fickian diffusion-mediated release; 0.43 < n < 0.85 indicates non-Fickian release or 

coupled diffusion and erosion; and n = 0.85 indicates erosion-mediated release 

(zero-order kinetics). The release exponent n is the slope of the log fraction of the 

drug release versus log time plot. Care should be taken as the equation is only 

applicable to the release of drugs in a shorter time, which is Qt  < 0.6. Therefore, data 

for the first 60% of drug release were plotted as log cumulative percentage of drug 

released versus log time and a linear relation could be obtained. Then the exponent n 

was calculated through the slope of the straight line, while Y intercept provided kk. 

3.3.3.6. Physical and chemical stability of the prepared niosomes 

C-niosomse and EGCG-niosomes were prepared and stored in screw-capped 

amber vials at three different temperatures (4, 25 and 37 °C) for three months. 

Samples were withdrawn at specified time intervals and evaluated for: 

i) Changes in size by measuring the particle size and PDI as previously 

mentioned in Section 3.3.3.1. 

ii) The amount of drug retained in the niosomes by measuring the residual EE% 

as previously described in Section 3.3.3.2. 

In the control groups, drugs with the equivalent to that entrapped in the niosomes 
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were dissolved in 15% ethanol in water and the drug solution was subjected to the 

three temperatures and the drug retained was examined at the end of each month 

during the 90-day storage. 

3.4. Results and discussion 

3.4.1. Formulation development  

3.4.1.1. Variable screening 

As with most pharmaceutical processes, the development of niosome involves 

many factors, which may affect the properties such as size and encapsulation of the 

drug of the formulation. The traditional experimental approach implies altering one 

factor at a time while keeping other ones constant. In this case, to evaluate a certain 

number of factors, a great effort and long period of time are required. In contrast to 

the traditional ‘one-factor-at-a-time’ method, utilisation of fractional factorial design 

is able to provide maximum amount of information with the least amount of 

experiments (Araújo et al. 2009).  

The EE is the most important property of niosome formulation as from 

pharmaceutical viewpoint a high entrapment would mean less time and effort 

involved in the removal of unentrapped material and enhanced therapeutic effect of 

the product (Aboelwafa et al. 2010). Hence, EE was considered as an important 

response (dependent variable) in the screening design. Five formulation variables: 

surfactant type (X1), drug amount (X2), molar ratio of CH to surfactant (X3) and DCP 

(X4), hydration medium amount (X5) and one process parameter: hydration time (X6) 

were selected and their effect on drug entrapment efficiency (Y) was evaluated. A 

2(6-2) fractional factorial design has a resolution of IV, which means no main effects of 

the examined factor are confounded with any other interactions of order less than 3, 

but two-way interactions are confounded with each other. The fractional factorial 

arrangement of 26-2 was used to produce 16 experimental runs, rather than 64 runs if a 

full factorial (26) study was performed. Because each noisome preparation is 

time-consuming and requires costly materials, the use of one-quarter fractional 

factorial design considerably reduced the effort in the preparation. The experimental 

matrix for C-niosome and EGCG-niosome and responses of different batches obtained 
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are presented in Table 3.3. 

Table 3.3. Screening design of C-niosome and EGCG-niosome showing variables in 

coded values and response EE (%).  

Run 
number 

Variables Responses (Y); EE (%) 

X1 X2 X3 X4 X5 X6 C-niosome EGCG-niosome 

1 1 1 -1 -1 1 1 23.9 2.3 

2 1 1 1 1 1 1 13.1 47.9 

3 1 1 1 -1 1 -1 2.6 24.5 

4 -1 1 1 1 -1 1 29.3 25.7 

5 -1 1 1 -1 -1 -1 22.0 12.6 

6 -1 1 -1 1 1 -1 18.4 27.8 

7 1 -1 1 -1 -1 1 43.7 49.0 

8 1 -1 -1 1 1 1 47.6 15.8 

9 1 -1 1 1 -1 -1 22.8 45.8 

10 -1 0 0 0 0 0 21.4 18.3 

11 -1 -1 1 1 1 -1 28.0 22.7 

12 -1 -1 -1 1 -1 1 43.4 17.0 

13 1 1 -1 -1 -1 1 46.3 30.0 

14 1 0 0 0 0 0 49.4 42.7 

15 -1 0 0 0 0 0 34.7 24.6 

16 -1 -1 1 -1 1 1 39.6 46.0 

17 1 -1 -1 -1 1 -1 47.2 48.7 

18 -1 -1 -1 -1 -1 -1 50.5 21.0 

19 1 1 -1 1 -1 -1 9.0 38.7 

20 1 0 0 0 0 0 44.0 24.8 
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The EE of the developed C-niosome varied from 2.6 to 50.5 % whereas the EE of 

EGCG-niosome had a range from 2.3 to 48.7 %, which indicated that the factors were 

influential on the drug encapsulation. Calculations were carried out based on the 

responses to determine the main effects of the factors and the interaction effects with 

Equation 3.2. The results are shown in Table 3.4. and 3.5. for C-niosome and 

EGCG-niosome respectively. The main effect of one factor can be interpreted as the 

deviation in response produced by altering the level of that factor from negative to 

positive. In case of positive values of effect, a higher EE was expected, whereas a 

decrease in EE would be observed with negative values. For instance, an 

improvement of the EE by 13.30 could be predicted when the hydration time was 

increase from 30min to 120min. Contribution of each factor and two-factor interaction 

was calculated with Equation 3.8.  

Table 3.4. Main effects of each single factors and two-factor interactions in 
C-niosome variable screening. 

Factor  
Response (EE %) 

Standardized Effect Contribution (%) 

X1-Surfactant 2.85 0.68 

X2-Drug amount -23.53 46.10 

X3-Molar ratio of CH to 
surfactant -11.90 11.79 

X4-DCP content -8.03 5.36 

X5-Hydration medium amount -8.33 5.77 

X6-Hydration time 13.30 14.73 

[X1X2]=X1X2+X3X5 -2.80 0.65 

[X1X3]=X1X3+X2X5 -3.82 1.22 

[X1X4]=X1X4+X5X6 -5.05 2.12 

[X1X5]=X1X5+X2X3+X4X6 4.25 1.50 

[X1X6]=X1X6+X4X5 7.73 4.97 

[X2X4]=X2X4+X3X6 1.78 0.26 
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Table 3.5. Main effects of single factors and two-factor interactions in 
EGCG-niosome variable screening. 

Factor 
Response ( EE %) 

Standardized Effect Contribution (%) 

X1-Surfactant         15.58        28.64 

X2-Drug amount -6.98         5.74 

X3-Molar ratio of CH to 
surfactant -9.20 9.99 

X4-DCP content -1.00 0.12 

X5-Hydration medium amount -0.60 0.04 

X6-Hydration time -0.93 0.10 

[X1X2]=X1X2+X3X5 2.60 0.80 

[X1X3]=X1X3+X2X5 -0.52 0.03 

[X1X4]=X1X4+X5X6 1.82 0.39 

[X1X5]=X1X5+X2X3+X4X6 -6.22 4.57 

[X1X6]=X1X6+X4X5 -2.65 0.83 

[X2X4]=X2X4+X3X6          6.48         4.83 

[X2X6]=X2X6+X3X4 1.50 0.27 

 

After the estimation of the main effects, ANOVA was performed to determine the 

significant factors. The ANOVA results of C-niosome and EGCG-niosome are shown 

in Table 3.6. and Table 3.7., respectively. In the ANOVA tables, the sum of squares 

were used to estimate the factor effects, F value was the ratio of mean-square-effect 

and the mean-square-error. A p value less than 0.05 (p < 0.05) indicated the effect was 

statistically significant. In the case of C-niosome variable screening study, from the 

results it was revealed that the model passed the significance test with a probability of 

less than 0.05 (> 95% confidence). Three highlighted factors, namely drug amount 

(X2), ratio of CH to surfactant (X3) and hydration time (X6) were significant as 

shown by their probability values being less than 0.05. By the same criteria, it was 

concluded that none of the other three factors, namely X1, X4, X5 or two-way 

interactions were significant. Whereas in EGCG-niosome screening, surfactant type 
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(X1), drug amount (X2) and ratio of CH to surfactant (X3) were significantly 

influential on the response. As mentioned before, in an experiment of resolution IV, 

the effect of single factor is aliased with three-factor interaction, i.e. the effect X2 

cannot be separated from the three-factor effect X1X3X5 or X3X4X6. However, 

three-factor interactions are not plausible, so generally they can be ignored (Box et al. 

1961). Besides the confounding of the single-factor effect with the three-factor 

interaction, this design cannot give full separation of two-factor interaction, for 

instance, the effect of X1X3 is aliased with X2X5 and in the same way X1X6 

interaction is confounded with X4X5. Nevertheless, the ANOVA showed that none of 

two-factor interactions has significant effect in either C-niosome or EGCG-niosome 

screening experiment.   

In summary, three variables were identified as significant factors on EE in 

C-niosome including drug amount (X2), ratio of CH to surfactant (X3) and hydration 

time (X6). Taking into account the stability issue of the drug C, no longer hydration 

time than two hours would be applied to avoid degradation. As a consequence, Factors 

X6 was fixed at level+1, which was two-hour in the following step, only Factors X2 

and X3 were further modified in the next optimisation phase while other three factors 

were fixed at the levels which were shown to have positive effect on EE according to 

the screening test results. With regard to the EGCG-niosome, surfactant type (X1), 

drug amount (X2) and ratio of CH to surfactant (X3) were as the significantly 

influential factors on EE. Surfactant type (X1) played an important role in determining 

EE, therefore, in the optimisation step, Span 60 was used whereas drug amount (X2) 

and ratio of CH to surfactant (X3) were optimised. 
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Table 3.6. Summary of analysis of variance (ANOVA) for the 2 (6-2) factorial design 
for C-niosome variable screening. 

* statistically significant p<0.05, R-Squared=0.96, Adj R-Squared=0.861, Pred 
R-Squared=0.598 
** df: degree of freedom 
*** Cor Total: corrected total sum of square 

 

 

 

 

Source Sum of 
Squares 

df** Mean 
Square 

F Value p-value 

Model 4566.98 13 352.25   9.12   0.023 

X1-Surfactant 32.49 1 32.49   0.84   0.411 

X2-Drug amount 2213.70 1 2213.70  57.32 0.002* 

X3-Molar ratio of CH to 
surfactant 

566.40 1 566.44  14.67 0.019* 

X4-DCP content 257.60 1 257.60   6.67   0.061 

X5-Hydration amount 277.22 1 277.22   7.18   0.055 

X6-Hydration time 707.56 1 707.56  18.32   0.013* 

[X1X2]=X1X2+X3X5 31.36 1 31.36   0.81   0.419 

[X1X3]=X1X3+X2X5 58.52 1 58.52   1.52   0.286 

[X1X4]=X1X4+X5X6 102.01 1 102.01   2.64   0.179 

[X1X5]=X1X5+X2X3+X4X6 72.25 1 72.25   1.87   0.243 

[X1X6]=X1X6+X4X5 238.70 1 238.70   6.18 0.068 

[X2X4]=X2X4+X3X6 12.60 1 12.60   0.33   0.598 

[X2X6]=X2X6+X3X4 13.69 1 13.69   0.35   0.584 

Lack of Fit 21.84 2 10.92   0.16   0.859 

Pure error 123.73 2 61.86   

Cor Total*** 5784.34 19    

101 
 



Chapter 3. Formulation Development and Characterisation 

 

Table 3.7. Summary of analysis of variance (ANOVA) for the 2 (6-2) factorial design 
for EGCG-niosome variable screening. 

Source Sum of 
Squares 

df** Mean 
Square 

F Value p-value 

Model 2848.13 14 203.44 10.63 0.0379 

X1-Surfactant 970.32 1 970.32 50.70 0.0057* 

X2-Drug amount 194.60 1 194.60 10.17 0.0498* 

X3-Molar ratio of CH to 
surfactant 

338.56 1 338.56 17.69 0.0245* 

X4-DCP content 4.00 1 4.00 0.21 0.6786 

X5-Hydration amount 1.44 1 1.44 0.075 0.8016 

X6-Hydration time 3.42 1 3.42 0.18 0.7009 

[X1X2]=X1X2+X3X5 27.04 1 27.04   1.41 0.3201 

[X1X3]=X1X3+X2X5 1.10 1 1.1 0.058 0.8258 

[X1X4]=X1X4+X5X6 13.32 1 13.32 0.70 0.4653 

[X1X5]=X1X5+X2X3+X4X
6 

155.00 1 155.00 8.10 0.0653 

[X1X6]=X1X6+X4X5 28.09 1 28.09 1.47 0.3124 

[X2X4]=X2X4+X3X6 112.22 1 112.22 8.12 0.057 

[X2X6]=X2X6+X3X4 9.00 1 9.00 0.47 0.5421 

Lack of Fit 0.16 1 0.16 5.59e-003 0.9472 

Pure Error 

Cor Total*** 

57.25 

3388.23 

2 

19 

28.63   

* statistically significant p<0.05, R-Squared=0.96, Adj R-Squared=0.861, Pred 
R-Squared=0.598 
** df: degree of freedom 
*** Cor Total: corrected total sum of square 

 

3.4.1.2. Optimisation of EE by CCD 

In this step, significant factors detected by the screening design were optimised 

using a CCD. This design provides a solid foundation for generation a response 
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surface map, from which it is possible to get a target response and in the current study 

it was the maximum EE that the optimisation aimed to achieve. Transformed values of 

all the batches along with results of C-niosome are shown in Table 3.8.  

Table 3.8. Optimisation design of C-niosome showing variables in coded values and 
responses EE (%).  

Run number Type X1 X2 Responses 

Entrapment Efficiency 
(%) 

1 Center 0 0 54.1 

2 Axial 0 -1.4 49.6 

3 Factorial -1 +1          43.0 

4 Center 0 0 50.4 

5 Center 0 0 47.6 

6 Axial 0 +1.4 35.8 

7 Factorial -1 -1 43.9 

8 Axial +1.4 0 45.1 

9 Center 0 0 54.2 

10 Factorial +1 -1 53.1 

11 Factorial +1 +1 42.8 

12 Axial -1.4 0 48.8 

13 Center 0 0 54.1 

 

The values of EE obtained at various levels of the independent variables in 

C-niosome optimisation were subjected to multiple regressions to yield a 

second-order polynomial equation as the following: 

𝑌𝑌 (𝐸𝐸𝐸𝐸) = 51.85 + 2.61𝑋𝑋1 − 3.98𝑋𝑋2 − 2.14𝑋𝑋12 − 4.30𝑋𝑋22 − 0.61𝑋𝑋1𝑋𝑋2 

Equation 3.15 

The correlation coefficient (r2) of regression was found to be 0.91, indicating that 

the moel fitted the data very well. By applying Equation 3.15., one can predict the EE 
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by varying the level of the factors. ANOVA for the model is shown in Table 3.9. Both 

variables had significant effect on the EE. In contrast, there was little interaction 

effects on the EE. F-test was performed to determine the significance of the 

regression model. A low probability value (Pmodel < 0.05) and insignificant lack of 

fitness (p > 0.05) indicated the model was statistically significant.  

Table 3.9. Analysis of Variance of the drug entrapment (C-niosome optimisation). 

Source Sum of 
Squares 

df** Mean 
Square 

F 
Value 

p-value 

Model 303.32 5 60.66 5.98 0.0182 

X1- Drug amount 128.87 1 128.87 12.70 0.0092* 

X2- Molar ratio of CH to 
surfactant 

126.69 1 126.69 12.48 0.0096* 

X1X2 27.04 1 27.04 2.66 0.1466 

X1
2 31.98 1 31.98 3.15 0.1191 

X2
2 21.43 1 21.43 2.03 0.1083 

Residual 71.03 7 10.15   

Lack of Fit 38.89 3 12.96 1.61 0.3199 

Pure Error 32.14 4 8.04   

Cor Total*** 374.36 12    

* statistically significant p<0.05; ** df: degree of freedom; *** Cor Total: corrected 
total sum of square 

 

The second-order model can be constructed as a contour plot or a 

three-dimensional surface representing the response of EE as a function of the two 

factors (X1: drug amount; X2: molar ratio of CH to surfactant) as in Figure 3.2. The 

figure below presents graphical representations of the second-order model. The 

three-dimensional response surface plot is a graph of the plane of y-values (EE) 

generated by the various combinations of X1 and X2. The contour plot shows the 

contour lines of response y in the X1, X2 plane. It can be predicted that highest EE 

can be obtained when drug amount (X1) is 2 mg and (X2) is 0.25.  
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Figure 3.2. (a) Three-dimensional surface plot for EE of C-niosome as a function of 
the formulation variables; (b) Contour plot for EE of C-niosome as a function of the 
formulation variables (‘5’ refers to five replications on the center point).  
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Regarding EGCG-niosome optimisation, the CCD design matrix and response of 

each batch are shown in Table 3.12.  

Table 3.10. Optimisation design of EGCG-niosome showing variables in coded 
values and responses.  

Run number 

 

Type X1 X2 Responses 

Entrapment Efficiency 
(%) 

1 Center 0 0 49.1 

2 Axial 0 -1.4 47.5 

3 Factorial -1 +1 11.6 

4 Center 0 0 54.0 

5 Center 0 0      39.1 

6 Axial 0 +1.4            7.3 

7 Factorial -1 -1           43.6 

8 Axial +1.4 0           12.1 

9 Center 0 0 46.0 

10 Factorial +1 -1           34.6 

11 Factorial +1 +1           12.8 

12 Axial -1.4 0           30.5 

13 Center 0 0           47.1 

 

Equation below represents the polynomial model for EGCG-niosome as obtained 

from the above experiment.  

𝑌𝑌 (𝐸𝐸𝐸𝐸 %) = 47.06 − 3.98𝑋𝑋1 + 2.61𝑋𝑋2 − 4.30𝑋𝑋12 − 2.14𝑋𝑋22 − 0.61𝑋𝑋1𝑋𝑋2 

Equation 3.16 

The correlation coefficient (r2) of 0.92 indicated that the model fitted the data 

very well and the ANOVA of the model reported a high significance (p < 0.001) 

(Table 3.11.). The three-dimensional response surface and contour plots showing the 

variation in the entrapment efficiency with changes in drug amount (X1) and CH to 
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surfactant ratio (X3) are presented in Figure 3.3. The highest EE was predicted to be 

achieved when drug amount (X1) is 1.4mg and molar ratio of CH to surfactant (X2) is 

0.9.  

Table 3.11.  Analysis of Variance of the drug entrapment efficiency (EGCG-niosome 
optimisation). 

Source Sum of 
Squares 

df** Mean 
Square 

F Value p-value 

Model 3232.04 5 646.81 27.80 0.0002 

X1- Drug amount 1530.47 1 1530.47 65.78 0.0001* 

X2- Molar ratio of CH to 
surfactant 

142.99 1 142.99 6.15 0.0423* 

X1X2 26.01 1 26.01 1.12 0.3255 

X1
2 1096.54 1 1096.54 47.13 0.0002 

X2
2 628.49 1 628.49 27.01 0.0013 

Residual 162.86 7 23.27   

Lack of Fit 46.05 3 15.35 0.53 0.6879 

Pure Error 116.81 4 29.20   

Cor Total*** 3396.90 12    

* statistically significant p<0.05; ** df: degree of freedom; *** Cor Total: corrected 
total sum of square 
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Figure 3.3. (a) Three-dimensional surface plot for EE of EGCG-niosome as a 
function of the formulation variables; (b) Contour plot for EE of C-niosome as a 
function of the formulation variables (‘5’ refers to five replications on the center 
point).  
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3.4.1.3. Check point analysis 

Having studied the effect of independent variables on the response, EE, the levels 

of the factors were further determined by the optimisation process. The predicted 

optimal condition of factors for a maximum EE are shown in Table 3.12. Check 

points were evaluated in order to confirm predictivity of the mathematic models by 

comparing the experimental EE (mean value out of four experiments) with the 

predicted value. In both C-niosome and EGCG-niosome, the experimental values 

were close to the predicted values with low percentage bias, suggesting that the 

optimised formulation parameters were reliable. 

Table 3.12. Check point analysis for model adequacy. (n=4) 

 X1(drug 
amount)

(mg) 

X2 (molar 
ratio of CH to 

surfactant) 
Actual (%) Predicted 

(%) 
Bias 
(%) 

C-niosome 2 0.25 49.48 ± 4.82 54.2 8.70 

EGCG-niosome 1.4 0.9 53.05 ± 4.46 53.0 0.40 

* Both C-niosome and EGCG-niosome were prepare with Span 60 with a DCP 
amount of 2 μmol with the 10 mL of hydration medium after two hours of hydration. 

In general, the formation of non-ionic surfactants into bilayer vesicles is 

dependent on many factors including surfactant properties, membrane additives, 

operation parameters in preparation. The aim of the current study was to develop a 

niosome carrier to deliver C and EGCG into the skin through topical application. 

DOE strategy was applied in the factor evaluation and optimisation processes. To 

improve drug entrapment is always the main target of formulation development as 

higher entrapment means enhanced therapeutic effect of the product (De Jong et al. 

2008). Therefore, factors were optimised in order to obtain niosomes with the best 

possible drug entrapment.  

The effect of drug content used in preparation on EE was significant (Table 3.6. 

and 3.7.). Generally, increasing drug amount led to an improved EE, but in the case of 

EGCG-niosome, further increase in drug above 1.4 mg (the total amount of surfactant 

and CH was 60 mg ) showed a decrease of EE. This might be due to the fact that the 

saturation amount of drug entrapped had been reached, further addition of drug was 

not able to induce more drug entrapped. 
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The ratio of CH to surfactant was found to be significantly influential on the 

entrapment of both C-niosome and EGCG-niosome. The possible interaction between 

CH and surfactant in the niosome structure has been described previously in Section 

1.6.2.2 (Azeem et al. 2009). CH imparts rigidity to the flexible bilayer thus resulting 

in the formation of highly ordered structure of vesicle membrane. Increased rigidity of 

the bilayer reduced leakage of drug from the vesicles, consequently the amount of 

drug entraped was increased (Azeem et al. 2009). Nevertheless, the addition of CH 

above a certain level may cause disruption of the regular vesicle structure thus 

decreases the entrapment (El-Samaligy et al. 2006). This finding is consistent with 

those reported by other researchers. Incorporation of CH into Span 60 niosome of 

flurbiprofen resulted in an increase of EE from 55% to 67% but further increase of 

CH caused a 30% decrease in EE (Mokhtar et al. 2008). The EE of caffeine decreased 

from 80% to 50% when the molar ratio of CH to surfactant increased from 3:7 to 3:5 

(Khazaeli et al. 2007). In the current CCD study, it was obvious that the response 

surface had curvature in the optimisation phase of both niosome formulations. It 

indicated that in both niosome preparation, as the CH amount in preparation increased, 

the EE increased at first; whereas after a certain level, further increase of CH caused a 

decrease of EE.  

A longer hydration time increased the EE in the case of C-niosome. This maybe 

due to the fact that increasing hydration time helps the swelling of the lipid film thus 

enhances the density of the vesicle formed (Kumbhar et al. 2013). However, 

hydration time was not the significant factor in EGCG-niosome screening and this 

could be due to the degradation of the drug under long period of time of two hours. 

Besides, Span 60 was preferable for EGCG-niosome formation than for C-niosome, 

which might be due to the more lipophic property (logP 1.23) of the drug than C (logP 

0.41). The finally optimised niosomes are listed below.  
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Table 3.13. Optimised formulation. 

 C-niosome EGCG-niosome 

Surfactant (X1) Span 60 

Drug amount (mg) (X2) 2 1.4 

Molar ratio of CH to surfactant (X3) 0.25 0.9 

DCP amount (μmol) (X4) 2 

Hydration medium volume (mL) (X5) 10 

Hydration time (h) (X6) 2 

EE (%) 49.48 ± 4.82 53.05 ± 4.46 

3.4.2. Characterisation 

The niosomes were further subjected to the characterisation step so that 

comprehensive information about the formulation can be obtained. 

3.4.2.1. Vesicle size and zeta-potential 

The results obtained of vesicle size and zeta-potential of optimised niosomes 

were summarised in Table 3.14. The particle size of C-niosome was 204.0 ± 13.24 nm 

and the EGCG-niosome had a vesicle size of 235.4 ± 15.64 nm. PDI values were 

lower than 0.5 indicating a relatively narrow size distribution. Particle size has been 

reported to play a crucial role in dermal delivery. Large vesicles with a size > 600nm 

were found not to be able to deliver content into the deeper layer of the skin while 

vesicles with size < 300 nm facilitated skin deposition and vesicles with a size around 

300nm had the highest skin reservoir (du Plessis et al. 1994; Verma et al. 2003; 

Verma et al. 2003). The optimised niosomes were within the range of 200-250 nm and 

this size range may be favourable because particles of larger size are not able to 

deliver drug into the skin while the ones of smaller size may result in excessive 

transdermal drug delivery. 

The analysis of zeta-potential, which is the electrical potential at the plane of 

shear, is a useful indicator of the physical stability of particles during storage. 

Zeta-potential of C-niosome and EGCG-niosome was determined to be - 41.7 ± 0.04 

and -45.2 ± 0.03 mV, respectively (Table 3.14.). It has been reported that a 
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zeta-potential value under -30 mV indicated good physical stability and the current 

results indicated that the inclusion of DCP imparted sufficient negative potential to the 

particle (Jacobs et al. 2002) 

Table 3.14. Results of particle size and zeta-potential of optimised niosomes (means ± 
SD; n=4). 

 Size (nm) PDI Zeta-potential 
(mV) 

C-niosome 204.0 ± 13.24 0.272 ± 0.024 - 41.7 ± 0.04 

EGCG-niosome 235.4 ± 15.64 0.267 ± 0.053 - 45.2 ± 0.03 

3.4.2.2. Morphology 

The morphology of the optimised C-niosome and EGCG-niosome were observed 

using SEM and TEM (Figure 3.4. and Figure 3.5.). SEM showed that both niosomes 

had the spherical and closed vesicular structure in the range of 200 to 300nm with a 

narrow size distribution, which was further confirmed with TEM observation. The 

results were in accordance with the one of particle size testing. 

 

 
Figure 3.4. (a) SEM images of C-niosomes (b) TEM image of C-niosomes.  

 

 

 

(a)                                 (b) 
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Figure 3.5. (a) SEM images of EGCG-niosomes (b) TEM image of EGCG-niosomes.  

3.4.2.3. DSC and FTIR  

Figure 3.6. shows the DSC curves of the pure drug, Span 60, the physical mixture 

of excipient (Span 60) and drug and the lyophilised formulated drug-loaded niosomes. 

Span 60 has endothermic peak at 53 °C corresponding to its melting temperature. The 

DSC curve for C (Figure 3.6.(a) shows different endothermic transitions at 100 and 

124 °C, which correspond to the dehydration of hydrated drug standard, 174 and 

205 °C relating to the melting point of catechin conformers and 290 °C corresponding 

to the decomposition of the catechin molecule (Pool et al. 2012). For pure EGCG 

(Figure 3.6. (b).), phase transitions were observed at 120 and 225 °C, which are 

consistent with the DSC in the literature (Kesani 2007). Physical mixture of drug and 

Span 60 gave DSC profiles with a series of thermal transitions that correspond to 

those observed for the drug and the surfactant alone, whereas the characteristic peaks 

of the pure drug disappeared when incorporated into niosomes.  

(a)                                 (b) 
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Figure 3.6. DSC thermograms of (a) pure drug C, Span 60, C and Span 60 mixture, 
and C-niosome; (b) pure drug EGCG, Span 60, EGCG and Span 60 mixture, and 
EGCG-niosome. 

 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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The finding from the DSC study was further confirmed by IR spectroscopy. FTIR 

spectra of the formulated niosomes, drugs and excipients were recorded (Figure 3.7.). 

FTIR showed the characteristic peaks of pure C and EGCG as –C-O stretching 

(1200-1000cm-1 for aromatic ring) and -C=C stretching ( 1600-1500 cm-1). The 

spectra of drug-loaded niosome were similar to Span 60 alone and all the 

characteristic peaks were masked, indicating the incorporation of drug into the 

vesicles.  

The same finding was also reported by other researchers (Wang et al. 2012; 

Basha et al. 2013; Kumbhar et al. 2013). When drug was incorporated into the 

vesicles, the characteristic peaks of the drug would be masked by the main forming 

materials of the niosome. The loss of characteristic peaks of the drug suggests 

amorphisation of the drug in the niosomes and the amorphous drug shows advantages 

in topical application (Kumbhar et al. 2013). 

 
Figure 3.7. Infrared spectra of drug C and EGCG and drug-loaded niosome. 
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3.4.2.4. In vitro release studies 

In vitro release test is a regulatory requirement of formulation characterisation 

and quality control in pharmaceutical research to assure the dosage form will release 

the active ingredients at an ideal rate and extent. Release performances of C and 

EGCG from prepared niosomes were studied on the Franz diffusion cells respectively 

for up to 24 hrs with drug aqueous solution as the control group. The release profiles 

of C and EGCG from niosomes and from aqueous solution are shown in Figure 3.8.  

From the release profiles, it appeared that the diffusion of free drug from solution 

was fast and nearly complete (> 90%) within 2 hours. In comparison to the free drug 

solution, the efflux of C and EGCG from the niosome formulation was a biphasic 

process containing an initial fast phase followed by a sustained release phase. About 

20 and 35% of C and EGCG was released from niosomes over a period of 3 hours 

respectively. In both cases, the initial rapid release phase was followed by a prolonged 

release up to more than 20 hours and around 60 and 75% cumulative release of C and 

EGCG were observed respectively at the end of 24 h.  
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Figure 3.8. Release profiles of (a) C-niosome and Csolution; (b) EGCG-niosomes and 
EGCG solution (mean±SD, n=3). 

The data obtained from the drug release was fitted to different kinetic models to 

understand the drug release mechanism and kinetics. The modelled kinetic parameters 

are reported in Table 3.15. The release data was subjected to goodness of fit test (r2) 

by linear regression analysis according to the selected release kinetics models. 

In zero order release, the amount of drug release is independent of its 

concentration. To fit the data into the zero-order model, the cumulative amount of 

drug release was plotted against time. The r2 value for the zero order kinetics was 

0.549 and 0.521 for C-niosome and coated EGCG-niosome, respectively. This 
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suggested the drug release didn’t comply with zero order. The first order release 

describes the release from systems where the rate of release is concentration 

dependent and the release follows Fick’s diffusion mechanism. This model did not 

provide a high r2 for both formulations, indicating that release occurred independently 

of the amount of drug remaining in the formulation. Higuchi model describes the 

release of drug from an insoluble matrix, taking into account the volume of the dosage 

form accessible to the dissolution media changes with time. This model can be 

analysed by plotting the amount of drug released against square root of time. The r2 

values for both formulations indicated drug release from niosomes did not comply 

with Higuchi model very well. A Korsmeyer-Peppas model can be obtained by 

plotting log cumulative percentage of drug released versus log time for the first 60% 

released drug. Based on the results, C or EGCG release from niosome followed 

Korsmeyer-Peppas model and the goodness fit test was satisfied (r2 = 0.982 and 0.996 

respectively) and the release exponents were 0.462 and 0.461. The exponents between 

0.45 and 1 indicated the drug released by coupled diffusion and erosion mechanism. 

Table 3.15. Comparison of various release kinetic parameters of formulated 
niosomes. 

Formulation Zero order First order Higuchi 
model 

Korsmeyer-Peppas 
model 

r2 k0 r2 k1 r2 kh r2 n kk 

C-niosome 0.549 0.059 0.859 0.001 0.919 1.892 0.982 0.462 2.425 

EGCG-niosome 0.521 0.077 0.832 0.002 0.876 2.555 0.996 0.461 3.885 

 

An initial rapid release of the drug following a slower release phase was observed 

with both niosomes. The initial rapid release phase may be due to the permeation and 

desorption of free drug from the surface of niosomes. The sustained release phase 

relates to the diffusion of the drug through bilayers, which may leads to high retention 

of the drug. The data were best-fitted into the Korsmeyer-Peppas release model with 

the release exponents between 0.45 and 1, indicating an anomalous diffusion 

mechanism controlled by more than one process. The similar release pattern was also 

observed for the delivery of isoniazid and diclofenac from niosome formulation 

(Singh et al. 2011; Prem Kumar et al. 2013). This kind of release pattern is of interest 
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for dermal drug delivery in the view that the initial fast release improves drug 

penetration, while the further sustained release provides the drug delivery over a 

prolonged period to maintain a therapeutic level in the skin without the need for 

frequent re-application (Agrawal et al. 2010). 

3.4.2.5. Stability study 

Over the 90-day storage period, the optimised niosome suspension were 

withdrawn and evaluated for size. Table 3.16. shows the size results recorded for the 

prepared niosomes over 3 months’ storage at the three different temperatures. The 

results revealed that storage temperature had a noticeable effect on the stability. At 

higher temperatures, the niosomes showed quicker aggregation than at cold 

temperature. This might be due the thermal energy imparted to vesicles causing both 

the rate and force of collision between vesicles to increase. The collision and 

aggregation led to the increased particle size. These findings suggest that the storage 

temperature of choice of 4 °C for prepared niosomes showed minimal changes in 

sizes over one month  

Another stability parameter to determine is the drug leakage from the prepared 

niosomes over the 90-day storage period. The percentages of drugs retained in 

niosomes were measured for three months at the three different temperatures; 4, 25 

and 40 °C. The effects of storage temperatures on drug EE in the prepared niosomes 

over the 90-day period are presented in Table 3.17. The results showed that there was 

no drug retained in the formulation after 90 days at 40 °C; in both C-niosome and 

EGCG-niosome, drug EE decreased after 90 days and the prepared niosomes were 

relatively more stable to drug leakage at 4 °C than at 25 °C. For C-niosome, there 

were 17% and 51% of drug originally entrapped retained after three months at 25 °C 

and 4 °C, respectively (Figure 3.9.), whereas, for EGCG-niosome there was 34% drug 

retained after three months at 4 °C but no drug retained was found at 25 °C after three 

months (Figure 3.10.). These results could be attributed to defects in the niosomes’ 

bilayer integrity, as a consequence of aging and the effect of temperature on the 

fluidity of the bilayer membranes leading to partitioning of drug throughout the 

bilayer membranes. At 4 °C, the bilayer membranes are extensively in a gel state, 

hence drug leakage is less compared with the state of bilayer membranes at higher 

temperatures. Although there was decrease in drug retained in niosome, compared to 
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the control groups, the vesicle still showed protective effect. At 25 °C there was no 

drug found in solution of either C or EGCG after one month and at 4 °C only 4% of C 

retained after two months and 9% of EGCG after one month. The drugs retained in 

the solutions were significantly lower (p < 0.05) than that in niosomes. 

Table 3.16. Influence of time and temperature on the particle size (nm) of niosomes 
(mean ± SD; n =3).  

Formulation Storage 
conditions 

Initial 1 Month 2 Month 3 Month 

C-niosome 

2-8°C 204.0 ± 13.2 221.5 ± 34.6 185.3 ± 4.0* 234.6 ± 2.6* 

25°C 229. 6 ± 4.8* 232.2 ± 11.5* 241.1 ± 12.2* 

40°C, 75% 
RH 

231.5 ± 4.1* 247.8 ± 23.1* 274.8 ± 3.3* 

EGCG-nioso
me 

2-8°C 235.4 ± 15.6 239.0 ± 1.3 252.0 ± 19.0 250.1 ± 20.3* 

25°C 234.9 ± 3.7 250.7 ± 7.8* 253.9 ± 18.0* 

40°C, 75% 
RH 

238.0 ± 2.7 262.0 ± 18.9* 284.1 ± 19.5 

* p < 0.05 vs initial  

 

Table 3.17. Influence of storage conditions on the chemical stability (EE %) of 
niosomes (mean ± SD; n =3). 

Formulation Storage 
conditions 

Initial 1 Month 2 Month 3 Month 

C-niosome 

2-8°C 49.48 ± 4.82 40.68 ± 4.06 30.66 ± 4.37 25.48± 3.20 

25°C 29.67 ± 4.12 11.61 ± 2.48 8.83 ± 0.38 

40°C, 75% 
RH 

0 0 0 

EGCG-nioso
me 

2-8°C 53.05 ± 4.46 27.04 ± 1.30 16.78 ± 3.05 11.80 ± 2.31 

25°C 18.54 ± 3.00 10.56 ± 3.78 0 

40°C, 75% 
RH 

0 0 0 
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Figure 3.9. (a) Effect of storage temperature on drug C retention in the prepared 
niosomes over three months, (b) drug C retention in niosomes and solution at 25°C 
over three months, (c) drug C retention in niosomes and solution at 4°C over three 
months (mean ± SD; n=3). 
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Figure 3.10. (a) Effect of storage temperature on drug EGCG retention in the 
prepared niosomes over three months, (b) drug EGCG retention in niosomes and 
solution at 25°C over three months, (c) drug EGCG retention in niosomes and 
solution at 4°C over three months (mean ± SD; n=3). 
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3.5. Conclusion 

C-loaded niosome and EGCG-loaded niosome were prepared by a thin film 

hydration method. Effects of six different variables on the drug EE were evaluated 

and the identified prominent factors were further optimised by CCD. By means of 

DOE strategy, drug-loaded niosomes with the possible highest drug entrapment were 

achieved. The optimal C-loaded niosomes were as follows: Span 60 and CH (total 150 

μmol) at the molar ratio of 4:1 were used as vesicle components; a DCP amount of 2 

μmol was added as charge inducer; 10 mL of hydration medium containing 2 mg of C 

was applied to hydrate the lipid film for two hours. For the EGCG-niosome, Span 60 

and CH (total 150 μmol) at the molar ratio of 10:9 were used as vesicle components; a 

DCP amount of 2 μmol was added as negative charge inducer; 10 mL of hydration 

medium containing 1.4 mg of EGCG was used to hydrate the lipid film for two hours. 

Under such process conditions, drug loaded niosomes were produced with acceptable 

size for skin drug delivery (204 - 235 nm) and high drug entrapment efficiency (49% 

and 53% respectively). FT-IR and DSC revealed that drug was entrapped in the 

niosomes in an amorphous state. In vitro release of the drug from the optimised 

formulation showed biphasic profile exhibiting a rapid release followed by slow and 

steady release in both types of formulation, indicating that C-niosome and 

EGCG-niosome could be effective in sustaining drug release for a prolonged period. 

The kinetic followed Korsmyer release model indicating an anomalous diffusion 

mechanism controlled by more than one process. Results upon the stability studies, 

niosome showed protective effect on the entrapped drug and drug-loaded niosomes 

were relatively stable under at 2-8 °C.  

In summary, niosome is a promising carrier system for controlled release of 

catechins. From the above-mentioned key findings, the next chapter in the thesis is 

concerned with evaluating the prepared niosomes for topical delivery using the skin 

model. 
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Chapter 4. In vitro Skin Permeation and Deposition Studies 

4.1. Introduction 

In the previous chapter, the physical and chemical characters of both C-niosome 

and EGCG-niosome were evaluated. The next step in the study was to test the 

formulation using an in vitro model to investigate the effect of the carrier on the skin. 

A vast number of studies in the past have used in vitro methods to evaluate dermal 

absorption and penetration of drug or drug formulation. The Organisation for 

Economic Co-operation and Development (OECD) Test Guidelines 428 has 

confirmed that in vitro studies can predict in vivo absorption when the correct 

methodology is used (OECD 2004). In vitro methods in the literature vary in terms of 

source of skin samples, experimental procedures, and measuring methodology.  

Many reported data arise from the experiments using artificial skin membranes 

that mimic the human skin. One example of the artificial skin membrane is the 

reconstructed human epidermis, which consists of one cell type only and models of 

this kind are formed by human keratinocytes at the air-liquid interface to create a 

stratified epithelium structure (Mathes et al. 2013). Models of reconstructed human 

epidermis, such as EpiSkin® and EpiDerm™ have been validated and accepted 

internationally as the predictive models for skin corrosion (Kandárová et al. 2006). 

Concerning skin penetration studies, however, these models are not suggested as 

alternatives as their barrier properties are less developed and the permeation 

coefficient differs from that of human skin (Schmook et al. 2001; Schäfer-Korting et 

al. 2006). Full thickness skin models are another common skin model and examples 

include the fibroblast-derived matrix model, the full-thickness collagen model and the 

full thickness outgrowth model (Thakoersing et al. 2013). Full thickness skin models 

consist of a dermal equivalent adjacent to a constructed epidermal structure, thus it 

allows interactions between keratinocytes and fibroblasts (Sorrell et al. 2004). 

Although the barrier properties of this kind of model are much closer to the ones of in 

vivo human skin, the arrangement and density of the SC lipid are still found to be 

different from the human skin. Therefore, the barrier function of the existing skin 

models is insufficient in predicting the in vivo penetration and absorption conditions 

as the lipid composition and packaging differ from human skin (Mathes et al. 2013).  
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Skin excised from animal or human donor is another option to assess the the 

effect of topical drugs. Due to the difficulty in accessing human skin, excised skin 

from other mammalian animals, such as rats, mice, rabbits, pigs, etc. are often used as 

a practical replacement. Since skin from an animal is much easier to obtain in large 

quantity, and the age and sex of the animals can be controlled, it has been often used 

by other researchers (Friend 1992). Hairless mouse skin provides a popular model for 

the studies of human percutaneous absorption (Touitou et al. 1985; Huq et al. 1986). 

Many published works have demonstrated similarities in permeation and absorption 

characteristics between hairless mouse skin and human skin (Scheuplein 1965; 

Benavides et al. 2009). However, the primary problem with using animal skin as a 

human model is that it could be misleading by under- or overestimating permeation 

(Friend 1992). This problem is partly induced by overexposure of the skin to an 

aqueous environment, which may lead to diminution of the barrier properties. As the 

result of this consideration, the exposure time is suggested to be controlled within a 

short time (Bond 1988). Generally, the most reliable and relevant membrane to be 

used to evaluate dermal absorption or transdermal permeation in vivo is human skin 

from autopsies, amputations or cosmetic surgery, because excised human skin is the 

closest to the in vivo situation concerning the complexity of the tissue (Dick et al. 

1992; Godin et al. 2007). In this study, both human skin and nude mouse skin were 

used for evaluation and comparison of skin permeation and deposition of the new 

formulations. 

Whether to choose split thickness or a full thickness skin was another issue to 

consider. In general, both full thickness and split skin can be used in permeation 

studies. According to the OECD guidelines, either epidermal membranes (enzymically, 

heat or chemically separated) or split thickness skin prepared with a dermatome, are 

acceptable. Full thickness skin may be used when the determination of the test 

chemical in layers of the skin is required (OECD 2004). Although viable skin is 

preferred, non-viable skin can also be used, provided that the integrity of the skin can 

be demonstrated (Franz 1975). It is reported that the skin of a mouse, pig, rat, rabbit 

and guinea pig can be used within 6 months of its storage at -20 °C. Human skin can 

be stored at -20 °C for up to 12 month (Davies et al. 2004). 

From the experimental perspective, there are a number of approaches to evaluate 
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the effects of formulation on the skin: improved drug absorption or penetration is 

usually the goal of utilising carrier strategy, thus quantification of the drug amount 

deposited in and permeated through the skin provides the most direct information. 

Over the years, various methodologies have been employed for quantifying drug 

quantity within the skin. The techniques include skin extraction measurement, 

horizontal skin sectioning and quantitative autoradiography (Touitou et al. 1998). 

Skin extraction measurement is performed by extraction and determination of drug 

within whole skin after removal of the excess formulation on the skin surface then an 

appropriate, sensitive analytical technique such as HPLC, gas-liquid chromatography 

(GLC) is involved in the quantify process. This method can be easily conducted but 

offers no data on drug localization (Michaels et al. 1975; Touitou et al. 1998). 

Horizontal sectioning technique involves the application of the test compound to the 

skin, removal of SC usually by adhesive tape, sectioning of skin layers by excision or 

microtome and quantifying the test substance in each layer by an analytical method 

(Schaefer et al. 1977; Reifenrath et al. 1991). With this method, it is possible to obtain 

the distribution information of substance in the skin. Besides, quantitative skin 

autoradiography is another technique to provide the spatial distribution of substance, 

though it is only limited to fluorescence-labelled substance (Sun et al. 1994; Touitou 

et al. 1998).  

The diffusion (Franz) cell is a widely used tool in the quantification process 

(Degim 2006). Diffusion cells aim to stimulate in vivo conditions by using an agitated 

receptor solution to correspond to the blood, and a donor phase to represent the 

formulation. The donor compartment may be occlusive or open to the ambient 

conditions; the receptor solution is well-stirred and refilled with fresh medium after 

sample-taking so that the ‘sink’ condition is achieved. In a standard Franz diffusion 

cell, shown in Figure 4.1., the skin is sandwiched between a donor and a receptor 

compartment and the test formulation is applied to the donor with contact to the skin 

surface. To determine drug deposition, the skin is removed and the drug is extracted 

from the skin for quantification. To evaluate drug permeation, samples are removed 

from the receptor chamber at pre-determined time intervals and analysed for drug 

content. This method has been successfully used to determine the drug distribution 

and permeation in a number of studies. For instance, Junyaprasert et al used the 

diffusion cell setting to investigate the absorption of ellagic acid entrapped by 
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niosome carrier in the human skin samples (Junyaprasert et al. 2012). Also 

Dragicevic-Curic et al applied this model in the skin penetration study of 

temoporfin-loaded invasomes (Dragicevic-Curic et al. 2008). 

 

Figure 4.1. Schematic of a Franz cell (top) and real setup of Franz cells used to 
evaluate drug skin permeation and absorption (down). 

In addition to the aforementioned quantification method, spectroscopic 

methodology serves as one visual approach to assess the drug penetration depth and 

distribution. This includes fluorescence spectroscopy, attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) and remittance spectroscopy (Touitou et al. 

1998). Fluorescence spectroscopy is a method which analyses the emitted light from a 

fluorescent drug after the light passing a second monochromator (Grahn et al. 2004). 

This method offers several advantages: it is able to obtain images of optical sections 

in a non-invasive manner; and the sensitivity of the method provides detailed 
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information of drug penetration and deposition. Weiner et al utilised this method to 

analyse the deposition extent of carboxyfluorescein which is encapsulated in 

liposomes in the sebaceous glands (Lieb et al. 1992). Similar to fluorescence 

microscopy, confocal laser scanning microscopy (CLSM) is also widely used to 

investigate the extent of deposition and pathways of permeants through the skin 

(Lasch et al. 1995; Kirjavainen et al. 1999). In addition to fluorescence microscopy 

and CLSM, electron microscopy, including SEM and TEM, is instrumental when 

biological specimens need to be studied at very high resolution at ultrastructural level 

(Mathes et al. 2014) .  

Topical formulation may cause skin structure changes and utilisation of FTIR or 

DSC to detect changes in the structural arrangement is another common method to 

evaluate the topical effect of formulation. FTIR spectrum provides information on the 

vibrational modes of the skin components and hence probes the structure on a 

molecular level (Singh et al. 2003). Also, FTIR spectroscopy has been proven to be 

able to monitor the skin penetration of deuterated liposome system in the research 

(Schwarz et al. 2013). 

In addition to the above methods, there are some other useful skin analysis 

methods to determine drug permeation and deposition in the skin including bioassays, 

ultrasound and spectral analysis using Raman spectroscopy (Gniadecka et al. 1994; 

Bernier et al. 2000; Caspers et al. 2001) which are not described here. 

In this chapter, the Franz cell diffusion system was used to measure the 

permeation and deposition of C and EGCG from niosome carrier and solution across 

human and nude mouse skin, respectively. FTIR in combination with fluorescence 

microscopy examination of the skin tissue are used to elucidate the mechanism of 

action of the carrier. 

4.2. Chapter aims 

The aim of the current chapter is to investigate the niosome as a carrier for the 

improvement of topical delivery of catechins, namely C and EGCG. Human and nude 

mouse skins will be used. The specific objectives of the current chapter are: 
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1. To measure the permeation amount of C and EGCG from drug-loaded 

niosome and aqueous solution. 

2. To determine the deposition of C and EGCG in the deep layers of the skin. 

3. To investigate the possible mechanisms of action of drug-loaded niosomes on 

the skin. 

4.3. Experimental 

4.3.1. Materials 

C, EGCG, sorbitan monostearate (Span 60), cholesterol (CH) dihexadecyl 

phosphate (DCP), Fluorescein 5(6)-isothiocyanate (FITC) and trichloroacetic acid 

(TCA) were purchased from Sigma-Aldrich (Sigma, USA). Methanol, ethanol and 

chloroform of analytical reagent grade were purchased from Merck (Merck, 

Germany). Milli-Q water was available from the Pharmaceutics Laboratory at 

University of Auckland (Auckland, New Zealand). Other chemicals were of analytical 

grade.   

4.3.2. Preparation of C- and EGCG-niosomes 

C- and EGCG-niosomes were prepared by the method described in Section 

3.3.2.1 (without separation of the non-entrapped drug). C- and EGCG- solution were 

prepared by dissolving the drug in a hydroalcoholic solution (i.e. 15% ethanol).  

4.3.3. Skin preparation 

Full thickness human skin samples were obtained from breast reduction surgery 

from female patient supplied by Middlemore Hospital, Auckland. The study was 

carried out with the approval of University of Auckland Human Participants Ethics 

Committee (Ref: 010990). Any excessive subcutaneous fat on the skin was carefully 

removed using a scalpel (size 20) and discarded. The skin was wrapped with 

aluminium foil, stored at - 20 °C and used within one month.  

Full thickness mice skin from fresh nude white CD1 mouse skin (ex-breeders) 

was collected from the Vermon Janson Unit (VJU) at the University of Auckland 

(Auckland, NZ). Any excessive subcutaneous fat on the skin was carefully removed 
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using a scalpel (size 20) and discarded. The skin was wrapped with aluminium foil, 

stored at – 20 °C and used within one month.  

4.3.4. Franz diffusion cell preparation 

Percutaneous penetration and deposition studies were performed on Franz 

(vertical) diffusion cell (VTC 200, Logan Instruments Corporation, USA). The skin 

was checked for visual surface damage. The skin was sandwiched between the donor 

and receptor compartments with SC facing upwards into the donor. Before the 

formulation was applied in the donor, the skin membranes were checked for integrity. 

Both donor and receptor compartments were filled with phosphate buffer saline (PBS, 

pH 5.5) and the skin integrity was tested using electrical resistance which is described 

below. Caution was taken to remove all air bubbles between the underside of the skin 

and the receptor medium. The receptor cells were maintained at 37 ± 0.5 °C and 

stirred by a magnetic bar at 600 rpm, so that the skin surface temperature was 

controlled at around 35 °C to mimic the condition of normal human skin. The 

effective diffusional area was 1.77 cm2. All skin samples that passed the integrity test 

were left for equilibration for at least 4 hours before used for the study.  

4.3.5. Evaluation of skin integrity 

The integrity of the skin was evaluated by measuring the electrical resistance (ER) 

across the skin using a Millicell-ERS apparatus (Millipore, Bedford, MA, USA). This 

was undertaken at least 30 minutes after PBS was added into donor and receptor to 

ensure the equilibration had been achieved. The ER was measured by passing an 

electrical current across the skin using two silver probes which were connected to the 

electrodes of the Millicell-ERS system. One probe was inserted into the PBS medium 

of the receptor chamber via the sample port and the other probe was submerged into 

the PBS in the donor chamber. Special care was taken not to touch the skin. The ER 

was calculated from the recorded reading with a correction of permeation surface area 

(1.77 cm2) and expressed as kΩ· cm2 (Ruddy et al. 1995). The ER cut-off value for 

human and mouse whole skin must be equal or above 27.4 kΩ· cm2  and 4.4 kΩ· cm2, 

respectively (Davies et al. 2004). 
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4.3.6. Permeation study 

To start the test, donor was emptied and refilled with aliquot of 3 mL of C- (or 

EGCG) niosome suspension and solution respectively. The C- (or EGCG) solution 

had an equivalent drug quantity as the niosome suspension. At periodic intervals, 

samples (435 µL) were withdrawn and immediately replaced by an equal volume of 

fresh receptor medium. The samples were mixed with TCA (65 µL) to precipitate 

protein and then centrifuged for 30 mins at 13000 rpm. The supernatant was filtered 

with 0.22 µm syringe filter and analysed by HPLC method. 

The cumulative amount (Qt, µg/cm2) of C- (or EGCG) permeated through unit of 

skin surface area was calculated using the following equation: 

           𝑸𝑸𝒕𝒕 = �𝑽𝑽𝒓𝒓𝑪𝑪𝒕𝒕 + ∑ 𝑽𝑽𝒏𝒏𝑪𝑪𝒏𝒏𝒕𝒕−𝟏𝟏
𝒏𝒏=𝟎𝟎 � 𝟏𝟏

𝑨𝑨
      Equation 4.1 

where Vr is the volume of the receptor chamber (12 mL), Ct is the drug concentration 

of the receptor medium at each sampling time, Vn is the volume of sample withdrawn 

and Cn is the concentration for the cumulated number of samples withdrawn and A is 

the relative diffusion surface area (1.77 cm2). The amount of C- or EGCG permeated 

over 24 hrs was plotted over time. Regression analysis was carried out on linear 

regions of each plot.  

The steady state flux (Jss, µg/cm2·hr) of drug across the skin was represented by 

the slope of the linear portion of the curve of cumulative amount of drug permeated 

per surface area per hour:  

                   𝐽𝐽𝐽𝐽𝐽𝐽 =  ∆𝑄𝑄𝑡𝑡
∆𝑤𝑤×𝐴𝐴

                       Equation 4.2                                             

The apparent permeability coefficient (Papp, cm/min) of drug was calculated 

using the equation: 

                  𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂=
∆𝑸𝑸𝒕𝒕
∆𝒕𝒕

× 𝟏𝟏
𝟔𝟔𝟎𝟎

× 𝟏𝟏
𝑨𝑨

× 𝟏𝟏
𝑪𝑪𝟎𝟎

                       Equation 4.3 

where C0 is the initial concentration in the donor chamber (µg/mL). 

4.3.7. Deposition study 

After equilibration, a C- (or EGCG) niosome suspension or drug solution which 

contained equal amount of drug was added in the donors. At the time points of 12 h 
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and 24 h, skin samples were removed and subjected to the following steps discussed 

below. 

4.3.7.1. Stripping of the SC 

The skin removed from the Franz-cell was wiped 10 times with methanol and 

stretched well on a chopping board. The stratum corneum was removed by stripping 

with an adhesive tape (Scoth® Magic tape, 810, 3M center, St Paul, USA). In brief, 

each tape was put onto the skin and a 2 kg weight was placed on the tape for 10 

seconds. Afterwards, the tape was rapidly torn from the skin with forceps. Fifteen 

such strippings (nine strippings with mouse skin) were performed consecutively 

(Jui-Chen et al. 1991; du Plessis et al. 1994). 

4.3.7.2. Drug extraction from the skin 

After tape-stripping, the skin was cut into small pieces and weighed. 

Aproximately 60 mg of skin pieces were collected into a gentleMACS™ M tube 

(Mitenyi Biotec Inc, Auburn, USA) and suspended in 5 mL of methanol. Afterwards, 

the sample was dissociated with gentleMACS dissociator (Mitenyi Biotec Inc, Auburn, 

USA) using the method ‘RNA 02.01’ for 90 seconds. Then the dissociated samples 

were mixed with TCA to precipitate protein and centrifuged at 13000 rpm for 30 

minutes. The supernatant was filtered through a 0.22 µm syringe filter and analysed 

by HPLC (described in Chapter 2). Due to the minor difference between the refractive 

index in pure methanol (1.33) and 20% methanol in water (1.37), the standard curve 

set up in Section 2.4.1.3 was applied.  

4.3.8. FTIR analysis 

The human skin samples were removed from Franz diffusion cells at the end of 

the permeation study of 24 hrs at 37 °C.  The sections were then rinsed with MilliQ 

water to remove the remaining formulation and gently tapped dry with a paper towel. 

The infrared spectrum of the resulting samples was measured using FTIR 

spectroscopy (Tensor 37, Bruker optics) with the SC facing the diamond surface. 

Every sample was scanned 30 times at a resolution of 4 cm-1 from 3000 to 600 

wavenumbers. Untreated skin worked as the controls. Peak height and peak area were 

calculated by software Opus version 6.5. 
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4.3.9. Visualization of skin penetration and deposition 

To observe the drug penetration and deposition, FITC was used as model drug to 

replace the drug being encapsulated in niosome carriers. In brief, to replace C with 

FITC, the niosome vesicles were prepared with the method described in Section 

3.3.2.1; the only difference was that 2 mg of FITC was dissolved in the hydration 

medium. Also, FITC was used to substitute for EGCG in the vesicle preparation.  

Full thickness human skin was loaded on Franz cells as described previously and 

niosome suspension containing FITC was added into the donors. After 12 hrs, the skin 

samples were removed from diffusion cells and wiped. The skin tissue was embedded 

into frozen blocks. Cryo-microtome was performed and ribbons of sections (thickness 

of 5 μm) were fixed onto glass slides. The sections were observed under a 

fluorescence microscope (DM IL LED, Leica, Germany) with photo acquisition by 

LAS software version 4.1.0. 

4.4. Results and discussion 

4.4.1. Skin integrity study 

Ensuring skin barrier integrity is essential in conducting skin permeation and 

deposition studies, as compromised skin integrity is misleading in predicting skin 

adsorption. Especially when the skin tissue has been stored prior to use, evidence 

should be presented to show that barrier function is maintained (OECD 2004). Three 

commonly used means of appraising skin integrity include: measuring the flux of 

standard dye across the skin, determining transepidermal water loss (TEWL) and 

testing ER (Dugard et al. 1984; Nangia et al. 1998; Heylings et al. 2001). In this study, 

ER measurement was conducted to assess skin integrity, due to the fact that it is a 

relatively time efficient method compared to using dyes or water leaking methods, 

which involve soaking the skin samples for at least 60 minutes (Chilcott et al. 1996). 

Additionally, dyes and water may influence the surface of the skin, causing SC 

disruption and swelling (Warner et al. 1999). In this study, data was collected 30 

minutes after PBS was applied, given the evidence from the previous research that 

little or no difference in ER measurement was shown between 30 minutes and over 

longer time period. (Davies et al. 2004). As ER is inversely-proportional to the 

membrane area, the data was presented as kΩ· cm2 (Ruddy et al. 1995; Lawrence 
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1997).  

Table 4.1. shows the ER values of the skin membranes in the study. The 

acceptance and rejection criteria were based on previous research. The cut-off value 

for human and mouse whole skin must be equal or above 27.4 kΩ· cm2  and 4.4 

kΩ· cm2, respectively (Davies et al. 2004; Hasler-Nguyen et al. 2009).  

Table 4.1. Electrical resistance of human and mouse skin membranes. 

Species Skin type ER* (kΩ·cm2) n 

Human Whole 30.15 ± 3.04 22 

Mouse Whole 8.09 ± 1.57 28 

* The ER cut-off values for human skin were equal to or above 27.4 kΩ· cm2, whereas 
those of mouse skin were equal to or 4.4 kΩ· cm2 (mean ± SD). 

4.4.2. Skin permeation studies 

4.4.2.1. Human skin 

Penetration and deposition studies across full thickness human skin were 

conducted. No permeation of drug across full thickness human skin, regardless of 

formulation type, was detected for either C- or EGCG-group. 

4.4.2.2. Nude mouse skin 

The C-niosome formulation was characterised in vitro for skin permeation profile 

and C- solution with equivalent amount of drug was the control. Figure 4.2. compares 

the permeation profiles of the two groups. The cumulative amount of drug permeated 

of both groups increased within 24 hrs. In the first four hours, the cumulative 

permeated amount of drug from C-solution was higher than that from noisome, 

whereas after the 4 h time point, the niosome formulation had substantially enhanced 

drug permeation than the solution. For C-niosome, the amount of drug permeated at 

the end of 24 h was found to be 71.18 ± 9.49 µg/cm2, while for the C-solution group, 

the permeated amount was only 26.09 ± 0.96 µg/cm2, which was significantly (p < 

0.05) lower than the C-niosome. The enhancement could also be reflected by the 

steady-state flux and permeability coefficient values: compared to C-solution which 

had a steady state flux of 0.84 ± 0.15 µg/cm2·hr and a permeability coefficient of 2.33 
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× 10-5 cm/min, the coefficient of C-niosome was 3.8-fold higher, which was 8.91 × 

10-5 cm/min and the flux was 3.21 ± 0.30 µg/cm2·hr (p < 0.05).  

The permeation profiles of EGCG-niosome and EGCG-solution are shown in 

Figure 4.2 (b). At the end of the experiment conducted over 24 hrs, the permeated 

quantity of drug was found to be 98.87 ± 7.15 µg/cm2 and 51.07 ± 7.64 µg/cm2, for 

EGCG-niosome and EGCG-solution, respectively. The steady-state flux was 

calculated to be 3.71 ± 0.42 µg/cm2·hr for EGCG-niosome and 2.04 ± 0.30 µg/cm2·hr 

for EGCG-solution. The permeability coefficients were 9.27 × 10-5 and 5.09 × 

10-5 cm/min respectively for EGCG-niosome and solution. It indicated that the same 

increasing effect on the drug permeation was also observed with EGCG-niosome 

compared to EGCG-solution. In comparison to EGCG-solution, the coefficient of 

EGCG-niosome was 1.8-fold higher, which was significant (p < 0.05) though not as 

great as the 3.8-fold in the comparison of C-niosome to C-solution. Drug permeation 

of the four groups is summarised in Table 4-2. 
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Figure 4.2. Skin permeation profiles of (a) C-niosome and C ethanol solution; (b) 
EGCG-niosome and EGCG ethanol solution (mouse skin) (mean ± SD; n=3). 

 

Table 4.2. Summary of skin permeation results on mouse skin (mean ± SD; n=3).  

Formulation Cumulative 
amount within 24 

hrs (µg/cm2) 

Flux (µg/cm2·hr) The apparent 
permeability 

coefficient (× 10-5 
cm/min) 

C-niosome 71.18 ± 9.49 3.21 ± 0.30 8.91  

C-solution 26.09 ± 0.96 0.84 ± 0.15 2.33  

EGCG-niosome 98.87 ± 7.15 3.71 ± 0.42 9.27  

EGCG-solution 51.07 ± 7.64 2.04 ± 0.30 5.09  
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4.4.3. Skin deposition studies 

It is described in Chapter 1, the epidermis and the dermis layers are sites where 

beneficial skin compounds exhibit their pharmacological functions. One purpose of 

utilising formulation strategies topically is to overcome the skin barrier and to help 

actives into the viable epidermis and dermis. Hence, the amount of drug eventually 

deposited in the epidermis/dermis partly reflects the effect of using carriers on the 

skin barrier which mainly lays in the SC. To determine the drug amount in epidermis 

and dermis, the SC needs to be removed. Tape stripping is a technique which has been 

found useful in dermatological research for selectively removing SC (Jui-Chen et al. 

1991). It has long been known that SC can be removed by repetitive application of an 

appropriated adhesive tape to the skin surface (Jui-Chen et al. 1991). Thus, this 

technique has become a basic method to study the penetration and reservoir behavior 

of topically applied substances (Moser et al. 2001). Fifteen repetitive strippings (or 

nine strippings with mouse skin) on human skin was found to be necessary to ensure 

removal of SC (Jui-Chen et al. 1991; du Plessis et al. 1994). After tape-stripping, the 

skin surface appeared glistening indicating that the bulk of SC had been stripped off 

(Pinkus 1951). 

4.4.3.1. Human skin 

Drug deposition amount in epidermis and dermis layers was determined after an 

exposure time of 12 and 24 hrs, respectively, and the amount of C-niosome was 

compared with the one of C ethanol solution (Figure 4.3 (a)). It was found that the 

deposition amount of C-niosome at 12 h and 24 h were 30.62 ± 7.59 µg/cm2 and 

49.46 ± 5.07 µg/cm2, respectively. There seemed to be an increasing trend from 12 

h to 24 h, however the difference was not significant (p > 0.05). Deposition of 

C-solution at the two time points were 8.56 ± 1.35 µg/cm2 and 10.93 ± 4.26 

µg/cm2, respectively with no significant difference (p > 0.05). At 12 h, the deposition 

of C-niosome was around three folds of that of C-solution (p < 0.05) and at 24 h an 

enhanced deposition (p < 0.05) was found with C-niosome compared to C-solution. 

The amount of deposition from C-niosome at 24 h was around five folds of that of 

C-solution. 

Figure 4.3 (b). exhibits the deposition of EGCG-niosome and EGCG solution at 
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the two time points. Deposition results of EGCG-solution at 12 h and 24 h were 30.02 

± 2.45 µg/cm2, 29.00 ± 1.36 µg/cm2, respectively, and there was no significant 

difference (p > 0.05) between the deposition amount at these two points. The same 

trend was found with EGCG-niosome, the amount of deposition at 12 h and 24 h was 

detected to be 69.0 ± 13.87 µg/cm2 and 54.38 ± 8.86 µg/cm2, respectively with no 

significant difference (p < 0.05) When comparing deposition of EGCG-niosome and 

solution at the two time points, it was found that the deposition from EGCG-niosome 

was around two folds of solution. It was indicated that niosome carrier served as a 

more effective penetration enhancer across SC and it facilitated drug distribution in 

epidermis and dermis.  

 

 

Figure 4.3. Skin deposition of (a) C-niosome and C; (b) EGCG-niosome and EGCG 
ethanol solution in epi/dermis (human skin) (mean ± SD; n=3).  
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4.4.3.2. Nude mouse skin 

With regard to drug deposition on the mouse skin, the results of C-niosome and C 

ethanol solution skin deposition are presented in Figure 4.4 (a). The amount of C 

deposited in the skin was determined at two time points, namely 12 h and 24 h. For 

C-solution, skin deposition maintained round 4.6 µg/cm2 at the two time points, while 

for C-niosome, the deposition kept around 10 µg/cm2. It was found at both two time 

points, C-niosome showed higher deposition (10.94 ± 1.52 µg/cm2, 10.51 ± 1.44 

µg/cm2 at the time point of 12 h and 24 h respectively) in comparison to C-solution 

(4.66 ± 0.72 µg/cm2, 4.62 ± 1.03 µg/cm2, at 12 h and 24 h, respectively and the 

differences were all significant (p < 0.05).  

Figure 4.4 (b). exhibits the deposition of EGCG-niosome and EGCG-solution at 

the time points of 12 h and 24 h. Deposition result of EGCG-solution at 12 h was 4.38 

± 0.76 µg/cm2, and higher deposition appeared at 24 h which was 7.09 ± 0.2 µg/cm2. 

For EGCG-niosome, the deposition was 11.67 ± 0.84 µg/cm2 at 12 h and then 

maintained till 24 h which was 12.66 ± 1.74 µg/cm2. EGCG-niosome showed higher 

deposition than EGCG-solution at 12 h and 24 h (p < 0.05). The deposition results of 

the two skin models are summarized in Table 4.3. Figure 4.5. compares the drug 

deposition in the two skin models and the effects of niosome carrier on the deposition. 

Overall, drug deposition in the human skin was higher than that in the mouse skin and 

using the niosome carrier enhanced the deposition amount. 
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Figure 4.4. Skin deposition of (a) C-niosome and C ethanol solution; (b) 
EGCG-niosome and EGCG ethanol solution in epi/dermis (mouse skin) (mean ± 
SD, n=3). 

Table 4.3. Summary of skin deposition results on human skin and mouse skin (mean 
± SD; n=3).  

Formulation Drug deposition after different exposure time (μg/cm2) 

12 h 24 h 

Human skin Mouse skin Human skin Mouse skin 

C-niosome 30.62 ± 7.59 10.94 ± 1.52 49.46 ± 5.07 10.51 ± 1.44 

C-solution 8.56 ± 1.35 4.66 ± 0.72 10.93 ± 4.26 4.62 ± 1.03 

EGCG-niosome 69.02 ± 13.87 11.67 ± 0.84 54.38 ± 8.86 12.66 ± 1.74 

EGCG-solution 30.02 ± 2.45 4.38 ± 0.76 29.00 ± 1.36 7.09 ± 0.20 
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Figure 4.5. Drug deposition results of (a) different skin models and of (b) different 
formulations (mean ± SD, n=3) 

4.4.4. FTIR analysis 

FTIR has been successfully used to study the uppermost skin layer as this 

technique provides a deeper insight into the molecular organization of the lipid matrix 

in the SC (Boncheva et al. 2008). A representative FTIR spectrum of human skin is 

shown in Figure 4.6. The profile is characteristic of hydrated skin tissue with three 

main regions. The occurrence of peaks near 1540 (A) and 1640 cm-1(B) are due to 

N-H bending vibrations of amide II and C=O stretching vibrations of amide I 

stretching, respectively. The amide I and II bands are attributed to a range of 

molecular vibrations from peptide groups and proteins in the epidermis and SC layers 
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symmetric and asymmetric CH stretching, respectively. The wide peak region 

between approximately 3100 and 3700 cm-1(E) is a relative indicator of water content.  

 

Figure 4.6. Spectrum of untreated human skin (peak near 1540 cm-1 (A) due to N-H 
bending vibrations of amide II; peak near 1640 cm-1 (B) due to C=O stretching 
vibrations of amide I stretching; peak near 2850 cm-1 (C) due to symmetric CH 
stretching; peak near 2920 cm-1(D) corresponding to asymmetric CH stretching; wide 
peak at 3100 and 3700 cm-1(E) is indicator of water content). 

Figure 4.7. and 4.8. show the expanded view of the amide regions from 

representative FTIR spectra of drug-niosome (C and EGCG) and drug-solution (C and 

EGCG) after 24 hrs’ treatment. A comparison of peak shifts of drug-solution and 

drug-niosome is summarised in Table 4.4. The occurrence of peaks in the region of 

1500-1700 cm-1 denotes C=O stretching and N-H bending of amide group. Significant 

shifts (p < 0.05) were observed in C=O and amide stretching between the untreated 

skin and the niosome groups. A number of research revealed that C=O and amide 

stretching changes are associated with structural alterations in SC lipid. Even a shift 

as small as 1.0 cm-1 is considered to be large enough to indicate significant 

intercellular lipid disorder (Fang et al. 2003). Compared to C- or EGCG- solution 

groups, the niosome groups showed a more significant shifts, which may suggest that 

using carrier cause a more marked structural change of SC. 
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Figure 4.7. Expanded FTIR spectrum of human skin showing the amide stretching 
region before and after treatment with C-formulations. 

 

 

Figure 4.8. Expanded FTIR spectrum of human skin showing the amide stretching 
region after treatment with EGCG-formulations. 
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the untreated skin, the peak shapes of treated groups generally became wider and 

broadened, and less intensive in both figures. The drug solution showed a peak shift 

indicating lipid change, which may be attributed to the ethanol as penetration 

enhancer in the solution, whereas the niosome carrier showed more significant shifts 

which may be resulted from the interaction of carrier with the lipids of SC. 

Figure 4.9. Expanded FTIR spectrum of human skin showing the CH stretching 
region after treatment with C-formulations. 

 

Figure 4.10. Expanded FTIR spectrum of human skin showing the CH stretching 
region shifting after treatment with EGCG-formulations. 
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Table 4.4. FTIR summary of amide stretching regions for specific peaks for various 
formulations (n=3). 
Formulation Amide II stretching (cm-1) Amide I stretching (cm-1) 

Untreated skin 1547.28 ± 0.18 1643.74 ± 0.52 

C-niosome 1546.98 ± 0.14 1645.54 ± 0.20 

C-solution 1547.90 ± 1.04 1644.50 ± 0.27 

EGCG-niosome 1546.27 ± 1.15 1645.44 ± 0.05 

EGCG-solution 1550.36 ± 0.77 1644.38 ± 0.01 

 

Table 4.5. FTIR summary of CH stretching regions for specific peaks for various 
formulations (n=3). 
Formulation Symmetric CH stretching  

(cm-1) 
Asymmetric CH stretching 

(cm-1) 

Untreated skin 2851.51 ± 0.74 2921.13 ± 0.67 

C-niosome 2850.49 ± 0.16 2918.49 ± 0.31 

C-solution 2852.19 ± 0.76 2921.57 ± 1.30 

EGCG-niosome 2850.14 ± 0.65 2918.01 ± 1.00 

EGCG-solution 2852.75 ± 0.52 2922.54 ± 0.97 

 

4.4.5. Fluorescence microscopy observation 

Fluorescence microscopy was utilised to confirm the permeation of the 

fluorescent marker FITC facilitated by the niosome carriers. Figure 4.11. depicts the 

results of fluorescence microscopy observation. It was revealed that ethanol solution 

deliver weak fluorescence into viable epidermis and dermis after 12 hrs and most 

fluorescence accumulated homogeneously throughout the SC. On the contrary, the 

niosome carrier enhanced the penetration of fluorescence across SC and higher 

fluorescence intensity was found in the epidermis and dermis layers. This observation 

was in accordance with the results of deposition studies indicating that more drug was 

deposited in the epidermis and dermis when niosome vesicles were applied. 
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Figure 4.11. Fluorescence microscopic images of a cross-section of human skin 
treated with different formulations containing FITC as fluorescence marker after 12 
hrs: a) C-niosomes with FITC as substitute (a up) versus an ethanol solution 
containing FITC as the control (a down); and b) EGCG-niosomes with FITC as 
substitute (b up) versus an ethanol solution containing FITC as the control (b down). 

(a) 
(up) 
 
 
 
 
 
 
 
 
 
(a) 
(down) 
 
 
 
 
 
 
 
 
 
(b) 
(up) 
 
 
 
 
 
 
 
 
 
 
(b) 
(down) 
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4.4.6. Discussion 

As discussed in Chapter 1, topical carriers can be used to enhance drug 

penetration across SC and increase drug skin deposition. This finding has been 

supported by published research (Maheshwari et al. 2011; Liu et al. 2013). In the 

permeation studies, no transdermal flux was found on human skin models from either 

drug-solution or drug-niosomes, whereas drug transport through full thickness skin 

was detected on mouse skin. Numerous studies have reported that mouse skin is 

thinner and has a permeability much higher than human skin, and rat skin is 

approximately 11-fold more permeable than the human skin (Godin et al. 2007). 

Given that mouse skin is even thinner than rat skin, mouse skin is supposedly far 

more permeable than human skin. Table 4.6. lists the thickness comparison of SC and 

whole skin of mouse and human. In addition, it was found the permeability of hairless 

mouse skin rose dramatically after long period of hydration due to structure disruption 

whereas human skin was more stable (Bond et al. 1988). The above may explain the 

difference in the transdermal flux between the two types of skin model. Moreover, the 

epidermis and dermis of human skin is much thicker than the mouse skin, therefore, 

more drug could be retained in this layer. This may explain the deposition difference 

between the two types of the skin (Table 4.3. and Figure 4.5 (a).   

Table 4.6. Thickness of skin strata in mice and human.  

 SC* (μm) Epidermis (μm) Dermis (mm) Whole skin (mm) 

Mouse 9 29 0.6 0.7 

Human 17 47 2.8 2.9 

* SC: stratum corneum 

In the permeation study on mouse skin, it was found that using a carrier to 

encapsulate the drug significantly increased the drug permeation in comparison to the 

control ethanol solution and the degree of enhancement was slightly different between 

the C group and the EGCG group. Niosome being used as a carrier for improved 

penetration of topical active compounds has been explored by a number of researchers 

(Shahiwala et al. 2002; Paolino et al. 2008; Maheshwari et al. 2011). Although the 

mechanism is not fully elucidated, there are two possible explanations for the 

enhanced drug delivery by using a niosome carrier topically. Firstly, niosomes may 
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act as drug carrier system by which intact vesicles carrying the encapsulated drug 

enter and pass the SC and then deliver the drug into the deep layer or across the skin. 

Secondly, niosomes may serve as penetration enhancers. The two possible 

mechanisms are illustrated in Figure 4.12.  

The mechanism of intact vesicles with loaded drugs penetrating into the skin was 

first proposed by Mezei, but here the vesicles were specified as traditional liposomes 

(Mezei et al. 1980). However, this finding evoked disputations and recently it has 

become evident that traditional liposomes have little or no value as carriers for skin 

penetration (Kirjavainen et al. 1996; Bouwstra et al. 2002). Therefore, a new 

generation of liposomes called deformable liposomes was designed to overcome the 

problem. Several studies have reported that this sort of lipsome, which contains 

surfactant as an edge activator, is effective in enhancing skin penetration of various 

chemical entities (Honeywell-Nguyen et al. 2003; Liu et al. 2013). The niosome was 

evolved from liposome and is a vesicular system formed on hydration of a mixture of 

cholesterol and a single-alkyl chain nonionic surfactant. Given that the surfactant is 

the main constituent of the niosome, this colloidal system also possesses considerable 

flexibility and deformability similarly to deformable liposomes to enable the vesicle 

pass through the skin (Paolino et al. 2008). Maheshwari et al labeled the niosome 

with a fluorescent marker and applied it on the skin. Confocal laser scanning 

microscopy observation showed fluorescence accumulated in the epidermal layer with 

a diminished intensity into the dermis (Maheshwari et al. 2011). Kong et al conducted 

experiments with the same method and found that niosomes diffused deep into the 

dermis after 8 hours (Kong M 2013). In light of the above research, it is indicated that 

niosomes may penetrate SC as drug carriers. The process of vesicle penetration may 

be attributed to the deformability of the vesicles, which results from the surfactant 

component as an edge activator. Owing to the high propensity of such molecules for a 

highly-curved structure, niosome vesicles may undergo shape changes when 

deformation is required by surrounding stress or space confinement. Consequently, 

the vesicles can penetrate readily even through the pores that are much smaller than 

their diameter (Cevc et al. 1995; Uchegbu et al. 1998). This mechanism is illustrated 

as mechanism A in Figure 4.12. 

The second mechanism (mechanism B in Figure 4.12.) by which niosomes can 
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act as penetration enhancers can be explained by the following: the surfactant 

component of niosome vesicle may fuse and mix with skin lipids so that the 

well-packed intercellular lipid lamella of SC is modified into a loose structure; 

consequently, the passage of drug molecule across the SC barrier is eased (Sarpotdar 

et al. 1986; Elsayed et al. 2007).   

 

Figure 4.12. Proposed mechanisms of niosomes enhancing drug penetration through 
SC. (A) illustrates intact vesicle penetration through SC (B) is the penetration 
enhancing process of niosome components and adsorption and fusion with skin lipids 
of vesicle component. Reproduced from El Maghraby et al (El Maghraby et al. 2008). 

Additionally, the effect of ethanol on enhanced permeation cannot be ignored. 

Ethanol is also a well-known permeation enhancer. The penetration enhancing effect 

of ethanol can be summarized into two aspects: ethanol decreases phase transmission 

temperature of the SC lipids, which results in an increased fluidity and decreased 

density of the SC lipid multilayer. These changes fulfill the passage of vesicles 

through the gaps even smaller than themselves (Jain et al. 2007); on the other hand, 
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ethanol imparts soft characteristics to the vesicle’s bilayers, which in turn facilitates 

vesicle skin permeation (Touitou et al. 2000). In this study, it was shown from the 

results that although the control groups had ethanol as a penetration enhancer, the 

enhancing effect is lower than that of niosomes. Conclusively the niosome carrier has 

a predominant enhancing effect in drug penetration across SC. 

The above possible mechanisms explain the increased drug permeation by the 

C-niosome or EGCG-niosome in comparison to the hydroalcholic solution. With 

regard to the difference between the permeation of C-niosome and EGCG-niosome, 

the partition coefficients of the drugs should be taken into account. Drug skin 

penetration involves a series of steps including interaction between SC and lipid 

vesicles, partitioning of the drug from its lipid vesicular system to the skin and the 

following drug diffusion in the skin. Drug partition coefficient or Log Po/w, which is 

a measure of how well the drug molecule partitions between a lipid and water, is one 

key factor in each above-mentioned step (Verma et al. 2004). When a hydrophilic or 

lipophilic penetrant permeates into the skin, it firstly partitions into the lipophilic SC 

and then partitions from the SC into the less lipophilic epidermis (Nicoli et al. 2009; 

Zhang et al. 2010). Consequently, due to the lipophilicity of the SC, a lipophilic drug 

penetrates the SC barrier with much more ease and this could be the reason for the 

higher permeation of EGCG (Log P 1.23) compared to that of free C (Log P 0.41). In 

the meantime, the Log Po/w value of drug molecule also affects enhancement efficacy 

of penetration enhancers. Hydrophilic molecules such as C, owing to the low partition 

coefficient, would show a dramatic increase in permeation if enhancer is applied. 

Because the intercellular lipid lamellae is considered as the major barrier of the 

penetration of the hydrophilic compound and the lipid component or the addictives of 

the vesicles such as ethanol is supposed to modify the lipid structure. However, in the 

case of penetration of the more lipophilic molecules, due to the fact that they already 

move with relative ease through the SC, the increase with the use of enhancer is not as 

marked as that of hydrophilic drug (Chen et al. 2011). To summarize, the penetration 

enhancing effect of vesicles plays a more important role in the improved skin delivery 

of a hydrophilic drug (Barry et al. 1987; Verma et al. 2004; Zhang et al. 2010). 

Therefore, in the current study, it was revealed that using a niosome carrier improved 

the penetration of both drugs but the degree of increase was different.  
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The enhanced skin-barrier-penetration effect of the niosome carrier was also 

demonstrated by the deposition results in this study. For topical carrier systems, drug 

accumulation in the skin with minimal permeation is desired. Both the C-niosome and 

EGCG-niosome resulted in an increased drug deposition, which is an outstanding 

merit of the formulation as the topical one. Drug distribution and transportation 

through the skin is a complicated process which involves a sequence of steps. Figure 

4.13. represents the movement of drug molecules from a topical delivery system. At 

the surface of the skin, vesicles with the entrapped drug and the drug molecules 

released from the system may partition into the SC and diffuse though it. In the SC, 

some drug may bind at a depot site whereas the remaining free drug and vesicles 

permeate further until they meet the SC/epidermis interface. Then the free drug and 

the remaining intact vesicles continue to partition into the epidermis/dermis. Within 

the epidermis and dermis, enzymes may metabolize the drug or it may interact with a 

receptor. After passing into the dermis, drug may partition into the blood vessels for 

systemic removal (Aulton 2007). As skin adsorption and penetration is one dynamic 

process, a series of biological and physicochemical factors may affect it, and the 

utility of carrier or delivery system has a significant effect on the process (Li et al. 

2010; Chen et al. 2011). The finding of improved drug skin deposition by using 

delivery system has been reported by several researchers (Schäfer-Korting et al. 2007; 

Balakrishnan et al. 2009; Junyaprasert et al. 2012). On both skin models, C-niosomes 

showed improved skin deposition at two time points and the same phenomenon was 

found with EGCG-niosomes at 12 h and 24 h. The mechanisms by which niosomes 

facilitate the drug passing through the SC barrier are summarized in the above section 

and these could also explain the increased deposition. It was revealed from the results 

that with the nude mouse skin as a model, there was an excessive transdermal drug 

flux and the amount of drug deposited in the epidermis and dermis was limited 

compared to drug deposition in the human skin. This can be explained by the 

thickness and the high permeability of mouse skin. The similar finding has been 

reported by Zhao et al (Zhao et al. 2013). It is also suggested that the excessive 

transdermal flux may be attributed to the use of ethanol as penetration enhancer in the 

formulation (Zhang et al. 2012). 
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Figure 4.13. Schematic process of drug transport through the skin. (Reproduced from Lane (Lane 2013)) 
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Over the past few decades, ATR-FTIR has become commercially available for the 

detection of structural changes of the skin. Treatment with drug ethanol solution and 

niosomes changed the peak height and peak area of the skin FTIR data (both amide 

and CH stretching). There is various research reporting that stretching changes are 

associated with structural changes in the lipid bilayer of SC (Golden et al. 1987; 

Ongpipattanakul et al. 1991; Suhonen et al. 1999). Significant peak shifts observed 

from drug-loaded niosomes indicated that niosome formulations were able to change 

the packing arrangement of SC and acted as a penetration enhancer. The peak shift 

after the treatment of drug solution may be attributed to the hydration of SC. The 

stratum corneum readily absorbs water which affects the microstructure of SC and 

causes cellular swelling and this is reflected by the shape shift in the absorbance peak 

(Bouwstra et al. 2003). The significant peak shifts found in the niosome groups could 

be due to the enhanced penetration effect of the carrier on the SC. Overall, the FTIR 

data suggests that niosome carriers have more significant effects on changing the 

packing arrangement of SC.  

4.5. Conclusion 

In this chapter, niosomes were investigated as a novel topical carrier for two 

compounds from the catechin family, namely C and EGCG. Two kinds of drug-loaded 

niosomes were evaluated in two different skin models, which were human skin and 

nude mouse skin. The application of the niosome formulation resulted in enhanced 

drug penetration across SC on both skin models. Drug deposition in epidermis and 

dermis was significantly improved with the use of a niosome carrier, although, due to 

structural variance, drug transport across the whole skin showed difference between 

the two models. On the mouse skin, an excessive transdermal transport of drug was 

detected while no transdermal drug was found with human skin. It is acknowledged 

that the enhancing effect is associated with lipid structural alterations of SC, which 

was also supported by the FTIR results. The concept was further evidenced by the 

fluorescence microscope study in which enhanced penetration and deposition of a 

fluorescent agent facilitated by the carrier was observed. In the next chapter, the 

antioxidant effect of catechin-loaded niosomes on skin cells will be further explored.
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Chapter 5. Evaluation of Antioixdant Effect and Interaction 

of Drug-loaded Niosomes with Skin Cells 

5.1. Introduction  

The application of drug carriers has long been an interest to improve the existing 

therapeutic functions of a drug. In the previous chapter, the interaction of drug-loaded 

niosomes with the skin was examined, from which it was found that the niosome 

vesicles were able to aid the penetration of a drug across the skin barrier. In this 

chapter, the pharmacological effect and interaction of drug-loaded niosomes with the 

skin cells were studied. 

Fibroblasts are the main cell component of connective tissue in the body. They 

are the principal cells responsible for synthesizing collagenous, elastic and the 

amorphous ground substances and also are the cellular source of 

proteoglycan/glycosaminoglycan macromolecules (Burns et al. 2010). This type of 

cell is involved in the pathologic processes of numerous skin diseases.  As described 

in Chapter 1, oxidation and ROS act largely in the molecular pathologic processes of 

many diseases as well as skin aging, thus antioxidants such as the catechin family 

compounds are advantageous in treating these skin conditions. Taking the above facts 

into account, human skin fibroblasts were applied as a skin cell model to evaluate the 

antioxidant effect of catechin-loaded niosomes. The oxidation resistance of drug or 

drug-loaded niosomes is reflected by the level of lipid peroxidation products and 

antioxidant enzyme activity of the cells. As mentioned in the first chapter ROS may 

cause dysfunction of cell and tissue which is partly manifested as lipid peroxidation. 

Malondialdehyde (MDA) is the main product of lipid peroxidation and it reveals the 

level of cell damage under oxidation. In addition, antioxidant molecules in the skin 

interact with ROS or their by-products such as MDA to minimise the deleterious 

oxidation effect. The antioxidants in the skin including superoxide dismutase (SOD) 

and glutathione peroxidase (GSH-px) are activated by the cells after being exposed to 

oxidative stress and their levels also reflect the oxidation resistance ability of the cells. 

Thus MDA, SOD and GSH-px were examined and their levels revealed the 

antioxidant effect of the drug and drug-loaded niosomes. 
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The mechanisms by which the drug-loaded niosomes enhance antioxidant effect 

were further explored. It was hypothesised that the enhanced antioxidant effect of 

niosome was partly related to the increased cellular uptake of the drug facilitated by 

the niosome carrier. Cellular uptake efficiency is an important factor in drug delivery 

because it is influential on the therapeutic efficacy as well as the toxicity of 

drug-loaded vesicles. Generally, vesicles must adhere/bind to the lipid bilayer cell 

membrane before being internalised. The Brownian motion of particles of less than 1 

µm in diameter provides the force for random motion and diffusion through a media 

(Sinko 2006). Once in contact with the cell surface, the absorption of particles can 

take place. Such process can be mediated through passive diffusion or active 

endocytosis governed by particle-cell surface interactions. Taking into account the 

above information, the cellular uptake studies were performed on the skin fibroblast 

model to shed some light on the cellular uptake mechanism of niosomes. 

5.2. Chapter aims 

The aims of this chapter are to carry out pharmacological studies of C-niosomes 

and EGCG-niosomes using a skin cell model and subsequently to explore the cellular 

internalisation of niosome vesicles. Specific objectives include: 

1. To evaluate the antioxidant effect of C-niosome and EGCG-niosome on the 

UV-irradiated skin fibroblasts.  

2. To explore the interactions of niosome with the fibroblasts and how different 

factors can influence the uptake process. 

5.3. Experimental  

5.3.1. Materials 

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose and 

L-glutamine, Hank’s Balanced Salt Solution (HBSS), Phosphate-Buffered Saline 

(PBS), Non-Essential Amino Acid Solution (NEAA), heat inactivated Fetal Bovine 

Serum (FBS), penicillin-streptomycin, trypsin-EDTA, trypan blue, Molecular Probe® 

CellTrackerTM Red CMTPX, 4’6-diamindino-2-phenylindole (DAPI) were 

purchased from Invitrogen (Auckland, New Zealand). Fluorescein isothiocyanate 
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(FITC), Sulforhodamine B (SRB), Triton X-100, TCA, DMSO, β-mercaptoethanol 

(β-ME), phenylmethan esulfonyl fluoride (PMSF) were purchased from 

Sigma-Aldrich (Sigma, USA), MDA, SOD and GSH-px kits were from Biovision 

(Biovision Inc, USA). Pierce® BCA protein assay kit was from Thermo Scientific 

(Thermo Scientific, USA). Mill Q water was used throughout the studies and all other 

reagents were of analytical grade. 

5.3.2. Cell Culture 

Primary human dermal fibroblasts (Fbs) from normal adult were original obtained 

from the American Type Culture Collection (ATCC, Rockville, MD, USA). Fbs were 

cultured in complete DMEM with 10% fetal bovine serum (FBS), 1% non-essential 

amino acid (NEAA), and 1% penicillin-streptomycin. The elevated CO2 

concentrations help maintain the culture medium at proper pH (7.4 ± 0.2). Cells were 

fed with fresh complete DMEM every 2 days and reached confluency after 5-7 days 

in culture.  

The cells were split when reaching about 80% confluence. For subculturing, the 

medium was discarded and the cells were washed with pre-warmed PBS for removing 

the traces of serum which would inhibit the action of trypsin. The cells were then 

incubated with 0.25% trypsin-EDTA (0.2 mL/cm2) in an incubator until all the cells 

were detached and floating. The same amount of FBS was added to inactivate trypsin. 

The suspended cells were collected and the suspension was centrifuged at 800 × g 

for 7 min. Then the trypsin-containing medium was discarded and replaced with fresh 

complete medium. An amount of 100-200 μl was removed and the viable cells were 

counted on a haemocytometer using trypan blue exclusion method (the same amount 

of 0.4% trypan blue was added to the cell suspension). Cells without staining by the 

dye were deemed to be viable. The cells were then seeded into a new culture flask at a 

density of approximate 10,000 cells/cm2. For all experiments, cells used were 

passages 10 - 20. 

5.3.3. Preparation of drug-loaded niosomes and drug solution 

C-niosomes and EGCG-niosomes were prepared as describe in Section 3.3.2.1. 

The niosome suspension was subjected to ultracentrifugation and the niosome pellets 
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were collected. The pellet was resuspended in complete DMEM to obtain the 

predetermined concentrations, whereas pure drug (C or EGCG) was dissolved in 

DMEM to obtain drug solutions. 

5.3.4. Sulforhodamine B Assay 

SRB assay is one technique available to assess the cell growth. The assay is based 

on the ability of dye sulforhodamine B to bind electrostatically and pH-dependently 

on protein basic amino acid residues of trichloroacetic acid-fixed cells. Under mild 

acidic conditions the dye binds to the protein while under mild basic conditions the 

dye can be extracted from cells and solubilised for measurement (Voigt 2005). The 

greater the number of cells, the greater amount of dye is bound, and when the cells are 

lysed under basic conditions, the released dye will give a more intense colour and 

greater absorbance (Vichai et al. 2006). As the binding of SRB is stoichiometric, the 

amount of dye extracted from stained cells is directly proportional to the cell mass. 

SRB assay is sensitive and rapid in determining cell amount and has a stable 

end-point that does not require a time-sensitive measurement (Keepers et al. 1991). 

Therefore, the SRB assay was selected in this research to assess the cytotoxic effect of 

the drug and drug-loaded niosomes and the cell viability after UV radiation.     

For the cytotoxicity study, cells were cultured on 96-well microtiter plates (0.1 

mL, containing approximately 5,000 cells/well) (BD FalconTM, BD, NZ) for 24 hrs 

at 37 °C to allow attachment. Before incubation with drug and drug-niosomes, the 

culture medium was discarded and cells were washed with PBS. For dose-dependent 

experiments, cells were exposed to various concentrations of drug (5 - 1500 µg/mL) 

or drug-loaded niosome (117-15000 µg/mL) for 24 hrs. After incubation, the cells 

were washed gently with ice-cold PBS and followed by cell fixation with 10% (w/v) 

TCA. The cellular proteins were stained with 0.1 mL 0.4% (w/v) SRB in 1% acetic 

acid. Cell bound dye was extracted with 0.1 mL 10mM unbuffered Tris base solution 

(pH 10.5) to solubilise the dye and absorbance determined in a plate reader 

(SpectraMax® Plus, Molecular Devices, USA) at 596 nm. Cell viability was 

expressed as the percent absorbance relative to that obtained for untreated cells. In 

this way, the percentage of viable cells compared to control was determined. The 

concentrations of drug or drug-loaded niosomes used in the following experiments 

were selected based on the cytotoxicity results obtained above.  
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5.3.5. Cell viability after UVA-irradiation 

Fbs were seeded onto 96-well plates at a density of 5000 cells/well and then 

subjected to UVA-irradiation. UVA-irradiation was carried out with a UVA light 

source at a wavelength of 320-400 nm and a wave peak at 365 nm (Spectroline, 

EN-160L/FE, USA) at a dose of 0.72 J/cm2. After irradiation, drug-loaded niosome 

suspension and drug solutions which contains equivalent amount of drug were added 

to the cells for 24 hrs incubation. Then cell viability was determined by SRB assay as 

described in Section 5.3.4.  

5.3.6. Determination of lipid peroxidation 

Human skin Fbs were seeded onto 6-well plates and subjected to UVA irradiation 

as described previously. After UV-radiation, medium containing pure drug or 

drug-loaded niosomes were added into 6-well plate and incubated with cells for 24 hrs. 

Cells were scraped off and collected. Cells (1 × 106) were homogenized on ice in 300 

µL of the MDA Lysis Buffer (with 3 µL butylated hydroxytoluene (BHT), provided by 

the assay kit), then centrifuged (13,000 × g, 10 min) to remove insoluble material. An 

aliquot of 200 µL of the supernatant from each homogenized sample was placed into a 

microcentrifuge tube. Then 600 µL of Thiobarbituric acid (TBA) solution (provided 

by the assay kit) was added to the sample for incubation. The incubation was at 95 °C 

for 60 min. Then the samples were cooled to room temperature in an ice bath for 10 

min then read for absorbance at 532 nm using a plate reader. Calculation was carried 

out by using the equation provided by the assay kit. 

5.3.7. Antioxidant enzyme activities: SOD and GSH-px 

Fbs were seeded onto 6-well plates and subjected to UVA radiation. After 

incubation with either drug-loaded niosomes or free drug for 24 hrs, the amount of 

cellular SOD and GSH-px was determined by biochemical methods. To determine the 

intercellular amount of SOD, cells were lysed in ice-cold 0.1 M Tris/HCl, pH 7.4 

containing 0.5% Triton X-100, 5 mM β-ME, 0.1 mg/mL PMSF. The cell lysate was 

centrifuged at 14000 × g for 5 minutes at 4 °C and the cell debris was discarded. The 

supernatant contained total SOD from cytosolic and mitochondria. Then the 

supernatant and various reaction reagents were added to each well of 96-well plate. 
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The plate was incubated at 37°C for 20 minutes and read for absorbance at 450 nm 

using a microplate reader. Calculation was carried out by using the equation provided 

by the assay kit. 

To measure the amount of GSH-px, 106 cells were homogenized on ice in 0.2 mL 

cold assay buffer and centrifuged at 10,000 × g for 15 min at 4 °C and the supernatant 

was collected. The supernatant was added into a 96-well plate. The Reaction Mix 

(provided in the kit) was added to each test samples and the mixture was incubated for 

15 minutes. Then Cumene Hydroperoxide Solution was added to start GPx reaction. 

The plate was read for absorbance at 340 nm. Calculation was carried out by using the 

equation provided by the assay kit. 

5.3.8. Exploration of interactions of niosomes with human fibroblasts 

To study the interactions of niosomes with the Fbs on a molecular level, the 

uptake condition of niosomes by the cells was examined.   

5.3.8.1. Preparation of FITC-labeled niosomes 

FITC is the simplest and most commonly used fluorescent dye for labeling of 

proteins, peptides and antibodies (Brinkley 1992). It has excitation and emission 

wavelengths of 495 nm and 525 nm, respectively, therefore emitting green visible 

light. In this study, FITC-labelled niosomes were prepared by the same method 

described in Section 3.3.2.1 and 4.3.9 (the amount of surfactant and CH was 60 mg ) 

except that in the hydration step, FITC replacing C or EGCG, was dissolved in the 

hydration medium (15% ethanol in water). The FITC-labelled niosome pellets were 

collected after ultracentrifugation and dissolved in DMEM to obtain the 

predetermined concentrations. In the control samples, FITC was dissolved in DMSO 

then further diluted with DMEM (the concentration of DMSO in the final solution 

was below 0.2%). The cytotoxicity of FITC-labelled niosomes and solution was 

evaluated by SRB assay as described in Section 5.3.4. 

5.3.8.2. Quantitative investigation of FITC-labelled niosome uptake 

For the uptake studies, aliquot of 5 mL of Fbs suspension (1 × 105 cells/mL) were 

added in 100 mm culture dishes (Corning Coster Corp, USA) and incubated to allow 
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cell attachment and proliferation. The cells reached confluence after 7-9 days of initial 

seeding. On the day of the experiments, the growth medium was removed and the 

cells were washed with HBSS (pH 7.4) then the cell monolayers were pre-incubated 

with HBSS for 15 min at 37 °C. After equilibrating the cells in HBSS for 15 min, 

uptake studies were initiated by replacing the buffer with FITC-niosome suspension. 

The effects of various factors on uptake were evaluated: i) to assess 

concentration-dependency, cells were incubated with FITC-labelled niosomes 

suspension at specified concentrations (50-2000 µg/mL) for 2 h; ii) time-dependent 

uptake experiments were performed with niosome concentration at 500 µg/mL at 37 

ºC for various periods of time (0.5-24 h); iii) to determine the effect of temperature, 

incubation was carried out for at 4 and 37 ºC. 

To terminate the cell uptake, the dishes were rapidly rinsed three times with 

ice-cold HBSS to remove the vesicles that were not internalised. The Fbs were then 

scraped off using cell scraper (BD Biosciences, CA, USA) and transferred to a 

microcentrifuge tube containing 1.0 mL lysis medium (10% Triton X-100 in 

methanol). No trypsinisation was performed during the cell detachment procedure 

since trypsin can suppress fluorescence intensity. After sonication for 15 min at 37 °C, 

20 µL of the cell lysates were used to determine the total cell protein content using 

bicinchoninic acid (BCA) method with a Pierce® BCA protein assay kit (Smith et al. 

1985). The amount of FITC in the lysate was also determined by a fluorescein 

spectrophotometer (Perkin Elmer Precisely, USA) with a standard fluorescence 

excitation/emission filter ( λex 495 nm, λem 525 nm) . 

5.3.8.3. Investigation of FITC-labelled niosome uptake by Confocal Laser 

Scanning Microscope  

Confocal Laser Scanning Microscope (CLSM) was used to examine whether 

FITC was taken up and localised intracellularly or was simply adsorbed onto the cell 

surface. Fbs were transferred into 2-well chamber slides (BD Falcon, USA) at a 

density of 2 × 105 cells/well (5 × 104 cells/cm2) and grown in complete DMEM 

culture medium. FITC-labelled niosome suspension (2 mL) at the specified 

concentrations was incubated with cells for 2 hours at 37 °C. At the predetermined 

time, the transfer buffer was removed and Fbs were washed with ice-cold HBSS. Fbs 

were incubated with serum-free DMEM for 15 min. After equilibrium, incubation 
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medium was replaced with pre-warmed CellTracker dye (Invitrogen, New Zealand) 

with concentration of 5 µM in serum-free DMEM and cells were incubated for 30 min 

at 37 °C. After cytoplasm staining with CellTracker, the cells were then washed with 

PBS before with a freshly prepared 3% (w/v) paraformaldehyde solution for 30 min at 

room temperature. The slides were then rinsed twice with PBS followed by nuclei 

staining with DAPI (100 nM in PBS) (Invitrogen, New Zealand) at room temperature 

for 3 min. After removing the culture chambers, slides were thoroughly washed with 

PBS and mounted with CITI-Fluor (a medium used to decrease photobleaching during 

observation under CLSM). Coverslips were placed on top of the slides and sealed 

with nail polish. The slides were stored at 4 °C and protected from light.  Slides were 

visualized by CLSM (Olympus FV1000; Olympus, Heidelberg, Germany). Samples 

were excited with 488 nm (green), 543 nm (red) and 633 nm (blue) laser lines. Images 

were captured with a 60 × /1.35 oil immersion lens. A step motor was used to image 

3D sections of the cells and images were processed using FluView 2.0b software 

(Olympus, Heidelberg, Germany). The internalisation of FITC-niosomes can be 

confirmed by the visualisation of the cells at different planar sections.  

5.4. Results and discussion 

5.4.1. Effects of drug and niosome on the growth of Fbs 

Cytotoxicity studies were conducted to investigate the effect of drugs in the 

presence or absence of the niosome carriers on the growth of Fbs. Thus Fbs were 

incubated with pure drugs (C and EGCG respectively) or with drug-loaded niosomes 

(C-niosomes and EGCG-niosomes, respectively) at various concentrations. Results 

are presented as percentage (%) of cell viability relative to control. 

With regard to the pure C, increasing concentrations of pure drug (5-1500 µg/mL) 

were incubated with Fbs for 24 hours incubation. The cell viability was measured by 

SRB assay. The results showed that the drug was not toxic up to 46 µg/mL (> 90% 

cell survival at this concentration). As the concentration increased, a decreasing 

viability was observed (Figure 5.1 (a)). Whereas in the case of EGCG, the safe 

concentration at which over 90% cell survived was found to be 40 μg/mL (Figure 5.1 

(b) ). The similar results were also observed in other studies (Dooley et al. 2010; 

Tanigawa et al. 2014).  
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Figure 5.1. Effect of drug concentrations of (a) C and (b) EGCG on the Fbs viability. 
Cells were incubated with drug at 37 °C for 24 h (mean ± SD, n=5).  

To evaluate the cytotoxicity of drug-loaded niosomes, the concentrations of 

niosomes were increased from 117 to 15000 μg/mL. Neither C-niosome nor 

EGCG-niosome showed toxicity (> 90 % cell viability) when the concentration was 

below 1800 μg/mL. A trend of lower cell viability with further concentration increase 

from 1800 μg/mL was found with both C-niosome and EGCG-niosome (Figure 5.2). 

This suggests that the cytotoxicity of drug-loaded niosomes was concentration 

dependent. The reduction of cell viability by niosomes at high concentration could be 

attributed to the adhesion or interaction of vesicles with cells. It was reported that 

adhesion of vesicles may influence the cellular transport and uptake thus affecting the 

normal metabolism of the cells. Therefore, the normal function was disturbed  

leading to reduction of cell viability (Seal et al. 2001).  
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Figure 5.2. Effect of niosome concentrations on the Fbs viability. Cells were 
incubated with drug at 37 °C for 24 hrs (mean ±SD, n=5).  

In the following experiments, the allowable concentrations of either niosomes or 

drug solutions were chosen according to the above results so that the cell viability was 

not affected (viability > 90%). 

5.4.2. Cell viability after UVA-irradiation 

The antioxidant effect of catechins and catechin-niosomes was examined and 

compared. As is shown in Figure 5.3., UVA irradiation caused dramatic cell damage 

which was revealed by the significantly (p < 0.05) lower cell viability of 60% of the 

control. Compared with the UVA-irradiation group, Fbs treated with pure drug C 

without carriers or C-niosome had greater viability (79% and 90% of control, 

respectively). Fbs treated with C-niosome had an even higher cell viability than the 

one treated with pure drug and the difference was significant (p < 0.05). Similarly, 

cells treated with EGCG-niosome also showed a greater viability (89% of control) 

after UVA irradiation than the one treated with pure EGCG (78% of control). The 

results indicated an enhanced protective effect of the drug against UVA irradiation in 

the presence of the niosome carrier. Although there is one research reporting that 

Tween 20 and Tween 80 may decrease the ROS production in human neutrophils, 

there is no evidence indicating Span 60 has the similar effect on cells, especially when 

the surfactant is in the vesicular structure. Thus, the improving effect of surfactant 
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itself could be ignored at this stage (Pérez-Rosés et al. 2015).  

 

 

Figure 5.3. Effect of (a) C, C-niosomes and (b) EGCG, EGCG-niosome on the 
viability of UVA-irradiated Fbs (mean ±SD, n=5). 
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The MDA revealed the level of lipid peroxidation in cells after UVA damage. As 

shown in Figure 5.4., in comparison to the untreated cells, the MDA amount in the 

cells irradiated by UVA was significantly (p < 0.01) increased to 5.12±0.76 

µmol/L/mg protein, which indicated the strong oxidation effect of UVA on the skin 
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higher than that in the cells treated with C-niosome (0.42±0.15 µmol/L/mg protein) 

though the difference was not significant. The similar result was observed in the 

EGCG group, in which the amount of MDA in the Fbs treated with EGCG-niosomes 

(0.80±0.33 µmol/L/mg protein) was significantly lower than that in cells with EGCG 

in the absence of carriers (2.08±0.33 µmol/L/mg protein). This result suggested that 

the level of lipid peroxidation induced by UVA in the cells treated with drug without 

carriers was higher and the protective effect of drug in the presence of carrier was 

higher. 

 

 

Figure 5.4. Effect of (a) C, C-niosomes, and (b) EGCG, EGCG-niosome on the lipid 
peroxidation of the UVA-irradiated Fbs (mean ±SD, n=3).  
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5.4.4. Antioxidant enzyme activities: SOD and GSH-px 

The change of activity of antioxidant enzymes including SOD and GSH-px in the 

cells after UVA–triggered oxidation was tested. The activities of SOD and GSH-px 

decreased dramatically after the Fbs were exposed to UVA (24.39±1.48 U/L/mg 

protein and 1.56±0.89 mU/L/mg protein, respectively). Treatment of drugs and 

drug-loaded niosomes increased the activity of SOD in cells but to different extents. 

C-niosome increased the SOD activity in the UV-damaged Fbs to 37.84±2.85 

U/L/mg protein and compared to drug without the vesicles (32.12±1.52 U/L/mg 

protein) the enhancement was significant (p < 0.05). EGCG-niosome seemed to have 

greater enhancing effect on the SOD activity compared to the pure drug but the 

difference was insignificant (p > 0.05) (Figure 5.5.). 

 

 

Figure 5.5. Effect of (a) C, C-niosomes, and (b) EGCG, EGCG-niosome on cellular 
SOD of the UVA-irradiated Fbs (mean ±SD, n=3).  
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In the case of GSH-px, drugs and drug-loaded niosomes all improved the activity 

of the enzyme after UVA irradiation. C-niosomes enhanced the GSH-px level in the 

UV-irradiated Fbs to 11.92 ± 1.08 mU/L/mg protein, which was higher than that in 

the cells treated with drug C without the carriers (9.61 ± 0.22 mU/L/mg protein) 

though the difference was insignificant. The increasing effect of EGCG-niosomes on 

the enzyme activity (12.53 ± 0.01 mU/L/mg protein) was significant compared to 

that of EGCG drug (10.88 ± 0.55 mU/L/mg protein) (Figure 5.6.). 

 

 

Figure 5.6. Effect of (a) C, C-niosomes, and (b) EGCG, EGCG-niosome on cellular 
GSH-px of the UVA-irradiated Fbs (mean ±SD, n=3) 
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5.4.5. Interactions of niosome with Fbs 

The previous study revealed that antioxidants when incorporated in the niosome 

carriers exhibited improved antioxidant effects on the cells. The observed 

enhancement effect of antioxidant-loaded niosome was an incentive to further explore 

the possible interactions between niosome and cells in the following experiments. It 

was found from the pilot experiments, the amount of drug taken up could not be 

detected by the HPLC method. Therefore, due to the limitation of the HPLC method, 

a fluorescent dye was used to replace the actual drug as model in the niosome 

preparation so that a more sensitive fluorescein spectrophotometry method could be 

applied. FITC is a green-fluorescent dye for biological research because of its high 

absorptivity and excellent fluorescence quantum yield. It has been found that FITC 

has limited permeability to the cell membrane and the free FITC does not readily 

penetrate into viable cells (Graziadei et al. 1991; Zhang et al. 2004; Han et al. 2008). 

Hence FITC detected intercellularly could be attributed to the fluorescent dye 

encapsulated in the vesicles. Another reason for the application of fluorescent dye as a 

model was that it allowed the visualisation of cellular uptake of the substance under 

CLSM. Therefore, FITC was used to substitute the drug in the preparation of 

niosomes. 

5.4.5.1. Cellular uptake of FITC-labelled niosomes 

The uptake of FITC-labelled niosome by human skin Fbs was quantitatively 

examined by fluorescein spectrophotometer. The effect of three factors, namely 

niosome concentration, exposure time and temperature on the cellular uptake was 

evaluated. The results in Figure 5.7. reveal that with the concentration increase from 

50 to 500 µg/mL, the amount taken up was increased, whereas further increase of 

concentration from 500 µg/mL caused no increase in cellular uptake. Also the cellular 

uptake showed a time-dependent manner (Figure 5.8.). The amount taken up reached 

the maximum within 2 to 3 h but longer exposure time resulted in no increase in 

uptake amount. Experiment performed at 37 °C showed 6 folds greater uptake than 

that at 4 °C, as is shown in Figure 5.9., which may be attributed the active cellular 

metabolism at 37 °C. In comparison to the FITC-labelled niosome, there was no 

intercellular fluorescence detected when the cells were incubated with free FITC. 
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Figure 5.7. Effect of niosome concentrations on the uptake of vesicles by Fbs. (a) 
Cells were incubated with FITC-labelled niosomes prepared using the C-niosome 
formula; (b) Cells were incubated with FITC-labelled niosomes prepared using the 
EGCG-niosome formula. Niosomes were incubated with cells at various 
concentrations at 37 °C for 2 hrs (mean ±SD, n=3). 
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Figure 5.8. Effect of exposure time on the uptake of vesicles by Fbs. (a) Cells were 
incubated with FITC-labelled niosomes prepared using the C-niosome formula; (b) 
Cells were incubated with FITC-labelled niosomes prepared using the 
EGCG-niosome formula. Niosomes at the concentration of 500 µg/mL were incubated 
with cells at 37 °C for various time (mean ±SD, n=3). 
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Figure 5.9. Effect of temperature on the uptake of vesicles by Fbs.Niosomes at the 
concentration of 500 µg/mL were incubated with cells for 2 hrs at 4 and 37 °C (mean 
±SD, n=3). 

5.4.5.2. Investigation of FITC-labelled niosome uptake by CLSM 

The uptake of FITC-labelled niosomes by Fbs was also qualitatively evaluated by 

confocal microscopy. CLMS allows a 3-D cross-sectioning image of cells to be 

observed and gives information on the localisation of the substance taken up. 

Labelling the cells with Tracker Red and DAPI resulted in the extracellular membrane 

and nuclei being clearly visualised.  

Figure 5.10. and Figure 5.12. show the distribution of green FITC within cells 

after 2 hours incubation at a concentration of 500 µg/mL at 37 °C. The images 

indicated that FITC was adsorbed on the cell membrane and also green fluorescence 

distribution of FITC was also observed in cytoplasm. Instead of merely adsorption on 

the cell membrane, the internalisation of FITC was confirmed by the planar section 

observation (Figure 5.11. and Figure 5.13.).  
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Figure 5.10. Confocal laser scanning microscopy 3D cross-section image of  human 
skin Fbs after 2 h incubation with FITC-labelled niosomes prepared using the 
C-niosome formula at 37 ºC showing a perinuclear accumulation of particles. (a) 
Nuclei stained with  DAPI (blue), (b) FITC-labelled niosomes (green) and (c) 
Cytoplasm stained by Tracker Red (red) and (d) Merged image. Magnification (600 
×). 
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Figure 5.11. Intracellular distribution of FITC-labelled niosomes prepared using the 
C-niosome formula in Fbs after incubation for 2 h at 37ºC as observed by CLSM. 
Eight images of optical sections taken in the vertical axis at intervals of 1 µm from the 
apical surface (left to right; top to bottom, depths 0, 1, 2, 3, 4, 5, 6 and 7µm) 
confirming the internalisation of particles. Magnification (600×) 
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Figure 5.12. Confocal laser scanning microscopy 3D cross-section image of  human 
skin Fbs after 2 h incubation with FITC-labelled niosomes prepared using the 
EGCG-niosome formula at 37 ºC showing a perinuclear accumulation of particles. (a) 
Nuclei stained with  DAPI (blue), (b) FITC-labelled niosomes (green) and (c) 
Cytoplasm stained by Tracker Red (red) and (d) Merged image. Magnification (600×). 

 

 

 

 

 

(a) (b) 

(c) (d) 

176 
 



Chapter 5. Evaluation of Antioxidant Effect   

 

 

 

Figure 5.13. Intracellular distribution of FITC-labelled niosomes prepared using the 
EGCG-niosome formula in Fbs after incubation for 2 h at 37ºC as observed by CLSM. 
Eight images of optical sections taken in the vertical axis at intervals of 1 µm from the 
apical surface (left to right; top to bottom, depths 0, 1, 2, 3, 4, 5, 6 and 7µm) 
confirming the internalisation of particles. Magnification (600×). 

5.4.5.3. Discussion 

In the current section, to evaluate the antioxidant effect of drug C, EGCG and 

their niosomes, several oxidative stress parameters were selected and determined.  

Lipid peroxidation is the oxidative degradation process caused to the polyunsaturated 

fatty acids of biological membranes (Halliwell et al. 1993). This process leads to 

alteration of membrane fluidity and permeability and also inactivation of a number of 

membrane bound enzymes (Goel et al. 2005). MDA is one of the major oxidation 

products of peroxidised polyunsaturated fatty acids therefore it was selected as the 
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indicator of lipid peroxidation. SOD plays a major role in the first line of antioxidant 

defence system of the body. It functions by catalysing the dismutation of O2•- radicals 

to H2O2 and molecular oxygen O2 (Matés 2000). GSH-px are antioxidant 

selenoenzymes, the major function of which is to reduce soluble hydrogen peroxide 

and alkyl peroxidases. GSH-px convert hydrogen peroxide into H2O in the presence 

of oxidated glutathione (Kanbur et al. 2009; Demir et al. 2011). Hence, the activity of 

these two enzymes was evaluated to reflect the antioxidant defending ability of the 

skin cells in this experiment.  

It has been mentioned in Chapter 1 that skin exposure to UV radiation generates 

ROS in excessive quantity that overwhelms the tissue antioxidants. Thus UV exposure 

contribute to many skin diseases and disorders though oxidative stress pathways (Starr 

et al. 2014). UVA radiation is abundant and penetrates much deeper than UV of other 

wavelengths into epidermis and dermis of the skin. It has been used as the source of 

oxidation stress in other experiments (Vile et al. 1995; Yue et al. 2010). SOD and 

GSH-px can alleviate the toxic effects of ROS. The decrease of SOD and GSH-px 

observed after UV irradiation could be explained by the massive production of free 

radicals which overrides the enzymatic activity of these antioxidants (Eroglu et al. 

2013). Furthermore, the decrease of enzymatic activity could also be due to the 

inactivation of the enzymes by damage to DNA by ROS (Wei et al. 2011). With 

regard to the MDA content, as it reflects the lipid peroxidation status, the content 

increased after UV irradiation indicating the lipid damage caused by oxidative stress. 

Similar results were observed elsewhere. UV induced oxidative stress to the skin cells 

leading to the decreased activity of antioxidant enzymes and an increase of lipid 

peroxidation product MDA (Erden Inal et al. 2000; Wang et al. 2002).   

Catechin is a group of polyphenolic compounds that possess a variety of 

pharmacological effects. These compounds are reported to have strong antioxidant 

ability through multiple actions including scavenging ROS or their precursors, 

inhibiting ROS formation and binding metal ions which are required for the catalysis 

of ROS generation (Bhatt et al. 2009). Moreover, they induce antioxidant enzymes 

and have protective effects of antioxidant enzyme metabolism (Kalender et al. 2012). 

As a result, an increase in SOD and GSH-px activity was observed in skin fibroblasts 

treated with C or EGCG after UV irradiation compared with the UV-treated cells. 
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Also, the drug treated group showed lower content of MDA in comparison to the UV 

group. When C or EGCG was in niosome carriers, it exhibited even stronger 

antioxidant ability. This enhancement could be explained by the following reasons. 

Catechin may suffer from auto-oxidation under cell culture conditions but when in the 

vesicles, the drug is partly protected from degradation (Wei et al. 2011). In addition, 

the drug-loaded niosomes provided a sustained release which may maintain the 

therapeutic drug amount resulting in an improved performance. Besides, the carrier 

may affect the internalisation of drug by the cells, which will be described in the 

following section. The finding of antioxidant when incorporated with drug delivery 

system manifesting improved effect has been reported by other studies: CoQ10 

nano-structured lipid carriers were more effective in protecting UV-damaged 

fibroblasts (Yue et al. 2010); w/o microemulsion containing quercetin significantly 

prevented the UVB irradiation-induced GSH depletion and secretion/activity of 

metalloproteinases in the skin (Vicentini et al. 2008).  

One merit of using a carrier is to improve cellular uptake of the encapsulated drug. 

It was found from the results that free FITC had difficulty in penetrating into the cells 

while the niosome carrier augmented the FITC intake. The increased drug uptake 

mediated by carriers has been reported by many studies. An enhanced uptake of 

genistein by human lens epithelial cells was found when the drug was loaded in 

nanostructured lipid carriers (Zhang et al. 2014). The incorporation of antimicrobial 

agents into drug carriers, for instance nanoparticles or microemulsion, could be an 

effective strategy to enhance the cellular uptake (Parisi et al. 2014). Also, the niosome 

vesicles loaded with beclomethasone dipropionate elicited a significant improvement 

of intracellular uptake of the drug by human lung fibroblasts (Marianecci et al. 2010). 

Although the mechanism of how drug carrier interacts with different cells has not 

been fully elucidated, the uptake of drug carrier by cells is considered to be 

predominantly via endocytosis (Conner et al. 2003; Lu et al. 2014). Endocystosis is a 

fundamental process that is used by cells to internalise molecules and macromolecules. 

It plays a crucial part in the communication among or between cells and their 

microenvironments (Canton et al. 2012). Being different from passive transport 

mediated without an expenditure of energy, endocytosis requires energy. Human cells 

use various endocytosis pathways to internalise foreign particles (Hausman et al. 

2004). Generally, endocytic pathways include phagocytosis, macropinocytosis, 
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clathrin-mediated endocytosis and caveolae-mediated endocytosis (Grazu et al. 2012). 

The literature shows that liposomes are predominantly endocytosed through either 

clathrin- or caveolae-mediated endocytosis (Straubinger et al. 1983; Hong et al. 1985). 

From the current results, the uptake of niosomes has proven to be an energy 

dependent process. In addition, it was revealed that the absorptive endocytosis of 

niosome had a concentration- and time- dependent pattern or briefly the endocytosis 

had a saturation point. Thus it is possible that the endocytosis of niosome could be 

mediated by the cell surface proteins. It was also found that apart from the 

internalisation by endocytosis pathways, fusion of liposome with the cell membrane 

and exchange of lipids between the liposome and the plasma membrane was involved 

in the particle internalisation (Torchilin 2005; Dutta et al. 2011). Overall, the niosome 

carriers could improve the uptake of the encapsulated drug even if the drug had low 

permeability into the cells. The enhanced antioxidant ability of catechin-loaded 

niosome could be related to the improved uptake facilitated by the niosome carriers. 

In this section, the interaction of niosome carrier with the cells was studied at an early 

stage. Further experiments need to be carried out to fully reveal the uptake 

mechanisms.  

5.5. Conclusion 

The cytotoxicity of two catechins namely C and EGCG and their niosomes on the 

growth of human skin Fbs was examined using SRB assay. UVA irradiation severely 

caused cell damage and the cell viability decreased dramatically after UVA irradiation. 

The two catechins and their niosomes significantly enhanced the cell viability. 

Compared to the pure drug, drug with niosome carrier had more favourable effect on 

the protective effect on the Fbs. The lipid peroxidation product MDA and two 

antioxidant enzymes: SOD and GSH-px which reflect the antioxidant capacity of Fbs 

in oxidative stress were evaluated. The two catechins when encapsulated in nisomes 

functioned as greater antioxidants. To get a better understanding of how niosomes 

interact with the cell, a fluorescent dye was used as model drug to be incorporated in 

the vesicles. The results of the uptake studies demonstrated that the uptake of 

niosomes by Fbs was dependent on concentration, time and temperature of incubation, 

via an energy dependent process of endocytosis. Overall, to encapsulate an 

antioxidant in niosome carriers may be a promising approach to enhance therapeutic 
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effect of the drug. The niosome carrier offers an efficacious tool for delivering 

antioxidants such as catechins to the skin cells and improving their biological effect. 

This carrier could be widely used in dermal or cosmetic products.  
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Chapter 6. General Discussion and Future Perspective 

6.1. Overview 

The skin is the largest body organ which serves as the important interface barrier 

between the body and environments. This major barrier provides protection for the 

body against external insults and is therefore crucial for homeostasis. As mentioned in 

Chapter 1, the environmental toxicants or their metabolites are inherent oxidants or in 

other cases directly drive the production of a variety of reactive oxidants known as 

ROS. As a consequence of being exposed to chemical and physical agents, the skin is 

constantly under oxidative stress. The exposure to oxidative stress leads to altered 

metabolism and pathological changes in cells and tissues, eventually causing diseases 

and disorders including skin cancer, photosensitivity diseases, and skin inflammatory 

diseases (Bickers et al. 2006). The prevalence of skin diseases is high in the general 

population. One study estimated that the prevalence of skin diseases in the general 

UK population according to a physical examination was 55% and the proportion 

considered to have skin diseases worthy of medical care was 22.5% (Rea et al. 1976). 

In New Zealand, skin cancer is by far the most common cancer. The total number of 

new melanoma and non-melanoma skin cancer (basal cell carcinoma and squamous 

cell carcinoma) cases amounts to around 80% of all new cancers each year. New 

Zealand, along with Australia, has among the highest melanoma rates in the world. In 

2010, melanoma was the fourth most common cancer, with 2,341 registered cases 

(Cancer Society of New Zealand 2013). In addition to the skin diseases, oxidative 

stress is also one key factor in skin aging, especially in premature skin aging; 

antioxidants which possess a wide spectrum of activities towards a variety of ROS, 

are the major substances to defend the organism against oxidative stress.  

The compounds of the catechin family are naturally occurring antioixdants 

derived from plants. This group of compounds show many benefits to skin disease 

prevention and treatment. However, to apply these compounds poses some challenges 

such as a low oral bioavailability and instability of the compounds (Chapter 1). 

Moreover, the skin barrier causes low drug penetration and deposition in deep skin 

following topical application. As a result, to incorporate catechin in a drug carrier 

serves as an alternative to deliver drugs into the skin. In this thesis, the niosome 
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(non-ionic surfactant based vesicle) was as a potential topical carrier system for the 

compounds of the catechin family. Niosomes are economic and chemically stable 

alternatives to liposomes; they can be formulated from biodegradable and 

biocompatible materials; they can protect the encapsulated drug from degradation; 

they can provide controlled drug release and enhance penetration across the skin 

barrier. Two compounds from the catechin family were selected to be encapsulated in 

niosome vesicles; C, the most common isomer, and EGCG, the most potent 

antioxidant reported in the group. The developed niosomes were evaluated for 

physiochemical characteristics (Chapter 3), and how the niosomes interact with the 

skin tissue and further with the skin cells was studied (Chapter 4 and 5). 

This thesis focused on designing and characterising the major attributes of 

niosomes as the topical carriers for the two compounds from the catechin family. 

Prior to the formulation stage, the fundamental physical properties of drug candidates, 

such as aqueous solubility, distribution and partition coefficients and stability under 

various conditions were determined. Additionally, a simple and accurate HPLC 

analytical method was developed and validated to ensure the accuracy of further 

studies (Chapter 2). The results showed that C and EGCG are slightly water-soluble, 

and C (logP of 0.41) is more hydrophilic than EGCG (logP of 1.23). The forced 

degradation studies showed that the chemical stability of both C and EGCG was 

pH-dependent and underwent extensive degradation under the basic conditions. 

Oxidation and temperature both caused extensive degradation of the two compounds. 

The HPLC method was rapid and sensitive. The short run time of approximately 10 

mins with isocratic flow, made it ideal for routine analysis. There was no interference 

with the excipients used and the assay can be applied to quantify both catechins in 

niosome formulations. Additionally, the method can simultaneously quantify five 

catechin derivatives (Li et al. 2012). This validated HPLC method was used 

throughout the whole project. 

The knowledge gained from the preformulation studies which was described in 

Chapter 2 helped direct the formulation development of catechin-loaded niosome in 

Chapter 3. The drug-loaded niosomes were prepared by modified film-hydration 

method. The formulation work included multiple steps (Scheme 6.1). The first step 

was to determine that the goal of the development process was to evaluate the effect 
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of different variables on the drug entrapment and to obtain the variable combination to 

achieve the maximum drug entrapment. Secondly, factors were identified to be 

influential on the entrapment based on literature and preliminary experiments. Due to 

the fact that many factors were to be investigated, to perform the experiments in a 

classical experimental manner which scrutinises the variable one at a time would be 

time-consuming and cumbersome. Thus, the statistical DOE methodology was applied 

so that factors could be simultaneously studied to save time and effort while at the 

same time providing more information can. The development process was divided 

into two steps: screening and optimisation. In the screening phase (step 3), six factors 

including surfactant type, drug amount, molar ratio of CH to surfactant, DCP amount, 

hydration medium amount and hydration time were evaluated through a one-quarter 

two-level six-factor fractional factorial design (26-2 ). In the case of variable screening 

study of C-niosomes, three factors namely drug amount, ratio of CH to surfactant and 

hydration time passed the significance test (p < 0.05) being influential on the EE. For 

EGCG-niosome, surfactant type, drug amount and ratio of CH to surfactant were 

significantly influential. Due to possible degradation of the drug, a hydration time of 

no more than 120 min was determined. Span 60 was used in EGCG-niosome 

formulation. The other two factors (drug amount and ratio of CH to surfactant) were 

subjected to further optimisation. A central composite design was applied to find the 

optimal formulation condition. The regression models were gained based on the 

experiment results and the 3-D response surface as well as the contour plots were 

generated. From the response surface the best combination of the factors for the 

maximum EE was determined. High EE for C-niosomes was prepared with Span 60 

(51.7 mg), CH (11.6 mg, molar ratio of CH to surfactant was 1:4), drug (2 mg) and 

DCP (1.1 mg). The hydration was performed with the 10 mL amount of medium 

under the hydration time of two hours. With regard to EGCG-niosomes, high EE was 

achieved by Span 60 (32.3 mg), CH (29.0 mg, molar ratio of CH to surfactant was 

9:10), drug (1.4 mg) and DCP (1.1 mg). The hydration was performed with the 10 mL 

amount of medium under the hydration time of two hours. The check point analysis 

conducted afterwards was to evaluate the suitability of the response model. The actual 

EE of C-niosome and EGCG-niosome was around 49% and 53%, respectively with 

little bias to the predicted values. The schematic diagram of steps involved in the 

formulation development is listed in Figure 6.1. The developed C-niosome had a 
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particle size of 204 nm and EGCG-niosome of a size of 235 nm. It is worth 

mentioning that niosome size affects the drug deposition in the skin and it was 

reported elsewhere that the intermediate vesicle size around 300 nm have the better 

skin reservoir. Particle size is often considered as a response in formulation 

development, but in the current study the size of all batches was detected to be within 

the acceptable range (100 - 400 nm) thus it was not as a response in the development 

process. The two types of niosomes had a zeta potential of around - 40 mV, which was 

high enough to prevent vesicle aggregation. Morphological examination showed that 

particles had a spherical shape and the size was in confirmation of the results of the 

previous size determination. DSC and FTIR revealed that drug was encapsulated in 

the niosome vesicles in an amorphous state. In vitro release of the drug from the 

optimised formulation showed biphasic profile exhibiting a burst release followed by 

slow and steady release in both types of formulation. The kinetic studies showed that 

both drugs released from niosomes followed the Korsmyer release kinetics model. 

Results indicated that C-niosome and EGCG-niosome could be effective in sustaining 

drug release for a prolonged period. This type of release is of benefit in topical 

application because the initial fast release improves drug penetration and the further 

sustained release provides the drug over a prolonged period, which may maintain a 

therapeutic concentration in the skin without the need for frequent re-application. The 

drug-loaded niosomes were demonstrated improved stability at 2 - 8 ºC, indicating the 

vesicles had protective effect on the entrapped drug.  
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Figure 6.1. Schematic diagram of the steps in formulation development. 

The aim of Chapter 4 was to investigate the penetration across the skin barrier 

and deep layer tissue deposition of two antioxidants from the optimised niosome 

formulations. C-niosomes and EGCG-niosomes were applied on human skin and nude 

mouse skin respectively and the results on different skin models were compared. The 

application of niosome formulation resulted in enhanced drug penetration across SC 

on both skin models. After application on the human skin, the drug deposition from 

C-niosome at 24 h was around five fold of that of C-solution after 24 hrs, whereas the 

deposition from EGCG-niosome was around two folds of solution. On the nude 

mouse skin, the similar enhanced deposition was found with drug with niosome 

carriers in comparison to drug in the absence of carriers. Drug deposition in epidermis 

and dermis was significantly higher with the use of niosome carrier, whereas, due to 

structural variance, drug transport across whole skin showed difference on the two 

models. On the mouse skin, an excessive transdermal transport of drug was detected 

while no transdermal drug was found with human skin. The enhancing effect is 

associated with lipid structural alterations of SC, which was also supported by the 

FTIR results. Changes in the amide and CH stretching regions suggested there were 

interactions of niosome vesicles with the lipids of the SC bilayer. These interactions 
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were able to disrupt and swell the skins surface, facilitating drug partitioning into the 

skin. FTIR spectra showed that the niosome vesicles were able to shift the amide and 

CH stretching regions, while studies of drug ethanol solution showed that the degree 

of amide and CH stretching was not as drastic as that caused by vesicles. The 

enhanced penetration and deposition of a fluorescent agent entrapped in the niosome 

carrier was observed under fluorescence microscope. An intensive fluorescent 

distribution in the viable epidermis and dermis after 12 hrs was observed when the 

fluorescent marker was applied with niosome carriers. Whereas fluorescence 

accumulated homogeneously throughout the SC under the condition that only the 

marker was applied as a solution.  

The aim of the final chapter was to investigate the antioxidant effect of C and 

EGCG and their niosomes on human skin Fbs. The cytotoxicity study led to the 

choice of the concentrations of drug and drug-loaded niosomes in the following 

experiments so that the cell viability was not affected. In the case of pure drugs, the 

safe concentration at which over 90% cell survived was found to be up to 43 μg/mL 

for C and 40 μg/mL for EGCG. With regard to niosomes, the safe concentration of 

C-niosome and EGCG was 1800 μg/mL, which was much higher than their solutions. 

UVA irradiation severely caused cell damage and the cell viability decreased 

dramatically after UVA irradiation. C and EGCG and their niosomes significantly 

enhanced the cell viability. Compared to the pure drug, drug with niosome carrier had 

more favourable effect (p < 0.05) on the protective effect on the Fbs. The drugs and 

their niosomes exhibited an antioxidant effect on the UV-damaged Fbs with a 

decrease in the lipid peroxidation product MDA and an increase in the activity of the 

two antioxidant enzymes: SOD and GSH-px which reflect the oxidation resistance 

capacity of Fbs. The two drugs when encapsulated in nisomes functioned as greater 

antioxidants than solutions. To get a better understanding of how drug incorporated in 

niosomes presented better antioxidant function, the interaction of niosome with the 

cell was studied. A fluorescent dye (FITC) was used as the model drug to be 

incorporated in the vesicles. The results of the uptake studies demonstrated that 

niosome carriers could facilitate the encapsulated substance to enter the cells. An 

endocytosis pathway requiring energy may be involved in the internalisation of 

niosomes (Conner et al. 2003).  
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6.2. Limitations and future direction 

The main objective of this thesis was to develop a novel topical niosome carrier 

for two antioxidants from the catechin family to exert their antioxidant functions in 

the skin. The developed niosome formulations were able to achieve the objective; 

however, the formulation could be further improved. In the next section an outline of 

the research limitations and the future directions that could be taken from this research 

are listed. 

The drug EE of C-niosome and EGCG-niosome was relatively low (< 55%). 

Some strategies can be applied to improve the EE. For instance, a freeze-thaw method 

has been used to enhance the drug entrapment of liposomes in some studies (Chapman 

et al. 1990; Zhao et al. 2009). In addition to this, the use of other cosolvents could be 

used to improve the drug solubility in the hydration medium, hence more drug will be 

entrapped. 

Although the formulations were adopted to protect the antioxidant from 

degradation to some extent, it seemed to be insufficient based on results of the 

stability studies. Other strategies should be considered for any future work. Dispersing 

niosome in a gel can be used to reduce drug leakage from the vesicles by enhancing 

the physical stability of niosomes. Moreover, gel or cream is an easily acceptable 

form in topical application. However, the drug release from such a system is likely to 

be complex, as the drug molecules have to release from the bilayer membranes and 

diffuse through the gel, which may require further optimisation to the release 

properties of the formulation. In addition to the previous approach, converting the 

final niosome liquid dispersion to a powder form by lyophilisation (freeze-drying) or 

spray-drying can enhance the physical stability of the vesicles. Additionally, altering 

the form can also dramatically reduce the oxidative instability of the inside oxidisable 

drug (Uchegbu et al. 1998). The final niosome formulation developed in this research 

could be applied directly to the skin in its current form as a topical lotion. Also, a gel 

or a cream is a convenient topical form.  

The developed niosome carriers improved drug penetration across the skin barrier, 

further enhancement could be made feasible by combining the formulation strategy 

with other techniques, for instance, combining with iontophoresis. In a typical 
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iontophoretic drug delivery system there is an iontophoretic patch consisting of two 

reservoirs, one of which contains charged drug solution and the other one is the place 

wherein the electrolyte solution is placed (Kasha et al. 2008). The iontophoretic 

delivery of charged liposomes intended for local dermal treatment is disclosed in a US 

patent (Fisher et al. 2000). According to the invention description, compounds having 

low lipid or aqueous solubility can be encapsulated into vesicles and can be targeted 

at different layers of the skin. Deeper tissue penetration and controlled delivery of 

drug is possible by using this method. This method also helps unionized drugs be 

delivered iontophoretically using negatively charged liposomes. It would be of 

interest to incorporate the iontophoresis technique to facilitate the transport of the 

drug-loaded niosomes into the skin.   

In Chapter 4, fluorescent dye instead of actual drug was encapsulated in niosomes 

so that the skin distribution could be visually observed by eye. In the uptake studies, 

the fluorescence marker was also used to replace the drug because the drug amount 

taken up was under the detection limitation of the validated HPLC method. Although 

to use fluorescence model can only partly reflect the penetration and uptake condition, 

it would be of advantage in the future to find a method to bind the actual drug with 

fluorescein or label the carriers with a fluorescence marker. In one study, the 

fluorescent dye FITC was conjugated with EGCG via 3-(or 5-) OH group of the 

gallate ring and the uptake of the conjugate by the murine fibroblasts was studied. It 

was found the FITC-EGCG was incorporated into the cytoplasm of the cells in a 

time-dependent manner (Han et al. 2008). Another approach was to add the 

fluorescein in the lipid film so that the niosome carriers were labelled with the marker 

(Paolino et al. 2008). In the future, these approaches could be employed to elucidate 

the mechanisms of skin penetration and cellular uptake of the vesicles. Moreover, it 

would be of interest to use an inhibitor of the cell membrane receptors in the uptake 

studies to further explore the internalisation mechanisms. 

Besides, the antioxidant effect of drug-loaded niosomes on the skin cells was 

evaluated in this research. Another important step would be to examine the 

pharmacological effect of the niosomes on an in vivo model. Future studies could be 

carried out on animals or human participants. 
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6.3.  Conclusive remarks 

From various experiments conducted, it is concluded that drug-loaded niosomes 

(C-niosomes and EGCG-niosomes) can improve drug penetration across the skin 

barrier and increase drug deposition in the skin. They had an enhanced antioxidant 

function on the skin cells. This research fulfilled the objective for the development 

and optimisation of niosome carriers for topical delivery of two antioxidants. 

Specially, the results of the studies showed that: 

1. The HPLC assay was a reliable, accurate and simultaneous analytical method. 

This validated method was used for the drug concentration measurement in the 

formulation matrices.  

2. The two compounds (C and EGCG) were successfully encapsulated into 

niosome carriers and the niosome system was optimised efficiently using 

experimental design. 

3.  The optimised niosomes were characterised in terms of particle size, surface 

charge, morphology, drug EE, in vitro drug release, drug compatibility with vesicle 

components by DSC and FT-IR and stability. 

4. The niosome carrier can increase drug penetration across the skin barrier and 

the extent of drug deposition in the skin was improved compared to the control 

solutions.  

5. The enhanced antioxidant effects of the antioxidant-loaded niosomes were 

demonstrated on the UV damaged skin cells.  

6. The niosome carrier may facilitate drug uptake by the cell through 

endocytosis mechanism, which could partly be the reason for the improved 

antioxidant effect on the cells.   

This drug carrier system has been developed with the aim to encapsulate two 

catechin compounds for topical application. As antioxidants have multiple-functions 

on the skin health, this niosome formulation can potentially be applied in the 

treatment of many skin diseases and disorders including skin aging. This carrier may 

have potential in both pharmaceutical and cosmetic fields and can serve as a platform 
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into which a range of antioxidants and other drugs from different therapeutic classes, 

with different physiochemical properties can be loaded. 
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