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Abstract 

Introduction 

A Pickering emulsion (PE) is a particle stabilised emulsion. Due to the amphiphilic 

structure of some flavonoids, they can form good stable PE. The use of Pickering 

emulsions serve as a potential useful approach for improving the formulation solubility 

of flavonoids, as well as reducing skin irritancy for topical formulations by removing 

emulsifiers from cosmetic formulations. This research in this study is the first (to the 

authors knowledge) to investigate the skin release kinetics and permeation of the 

flavonoids incorporated into a Pickering emulsion. Changes to the barrier properties of 

porcine Stratum corneum (SC) in vivo were also evaluated by investigating lipid 

morphology changes of the stratum corneum post hoc after the application of the 

Pickering emulsion and skin permeation studies. 

Oil in water (O/W) Pickering emulsions were made with three flavonoids differing in 

structure and physiochemical properties; rutin, isoquercetin and quercetin, each with 

20 % w/w of oil. Three types of oil were used to make the Pickering emulsions; paraffin 

(hydrocarbon oil), almond and coconut (vegetable). Pickering emulsion were made 

with a jet homogeniser. PEs were evaluated for emulsion structure. Skin permeation 

release kinetics were established using split thickness porcine skin (intact stratum 

corneum and epidermis) in a Franz diffusion set up over 24 hours using an infinite 

dose technique. They were benchmarked against comparison controls, using mixtures 

of oil and flavonoid (omitting high pressure homogenisation), which did not form PEs. 

Flavonoids permeating through the skin membrane were identified by Reverse-Phase 

High Performance Liquid Chromatography (RP-HPLC). Various mathematical models 

from literature were used to describe the release kinetics of the flavonoids based on 

the permeation data. The morphology of the lipid chain packing in the SC was 

evaluated using Fourier Transfer Infrared (FT-IR) spectroscopy and subsequent 

analysis using a Gaussian curve fitting algorithm. 
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Results  

Flavonoids  were found to aggregate at the oil/water interface to form Pickering 

emulsions. From visual stability observations (low-high phase separation and 

creaming); rutin > isoquercetin > quercetin, and for oil types this order paraffin > 

almond ≥ coconut oil. High shear homogenisation is essential for Pickering emulsion 

formation, and PEs do not form spontaneously. Quercetin did not form a PE with 

coconut oil.  

FT-IR results indicated a change in lipid morphology from the CH2 symmetric 

stretching and the CH2 scissoring bandwidths. A greater disruption in the extracellular 

matrix lipid packing was observed from the flavonoid suspensions and oil mixtures 

more than the Pickering emulsions, indicating that when the flavonoids are coating the 

oil in a Pickering emulsion, it reduces oil exposure to the SC lipids. In addition, a 

change in lipid morphology was seen between flavonoids; with the effect being in the 

order rutin > isoquercetin > quercetin. 

For skin permeation assays, after 7 hours there was no difference between the 

amount of flavonoids released from the epidermis, regardless of flavonoid structure. At 

24 hours there was significantly more rutin delivered from paraffin and almond oil 

suspension (control) than the corresponding Pickering Emulsion (P < 0.05) and 

significantly more isoquercetin was delivered from vegetable oils suspensions (control) 

than the corresponding Pickering Emulsion (P < 0.05). Quercetin from PEs was not 

released from the membrane, only from the suspension (control). When flavonoids are 

aggregated at the O/W interface in a PE it changes the release kinetics and 

SC/epidermal penetration due to flavonoids being held at the interface before emulsion 

collapse.From the % dose applied, flavonoids were delivered in the order isoquercetin 

> rutin for the PEs and quercetin > isoquercetin > rutin for non-emulsions. This follows 

the predicted permeability behaviour due to the physiochemical properties of those 

specific flavonoids.   
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 Literature Review 

1.1 Introduction 

Personal care skincare products are a complex mixture of ingredients, which need to 

be optimised for stability, solubility, viscosity, preservation, colour, smell, texture, 

emolliency, before any “functional” actives are added. The formulation as a whole will 

either hinder or promote skin delivery of active ingredients that have specific effects, 

e.g. a flavonoid compound can offer antioxidant and anti-ageing performance. 

Designing a formulation that will achieve optimal delivery of an active to the skin is 

highly topical in current cosmetic science research. A prerequisite to achieving this 

goal is obtaining knowledge of both the active compound that is intended for skin 

delivery and also the chemical interaction of the formula upon said delivery. Previous 

studies have shown that even the introduction of one additional ingredient, can impede 

the penetration of active ingredients through the skin (2). Findings such as this 

demonstrate how important it is to understand the chemistry of the entire formulation 

and interactions of all the components. One ingredient could make the difference to a 

product “working”, or not. 

As well as enhancing the permeation of actives through the skin the formulation must 

also be stable and aesthetically pleasing to the end users. Wiechers et al. (2012) 

defined four important aspects that an optimal formulation should hence (3):  

(i) contain a high enough concentration of the active to provide 

demonstrable therapeutic benefits;  

(ii) solubilise the active to facilitate penetration;  

(iii) contain penetration enhancers;  

(iv) possess cosmetic product qualities such as smell, colour, and stability. 
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Another formulation property to consider has been highlighted by Abbot, who remarks 

that it is futile to deliver an active solubilised in water to the skin, as an inherent 

property of the skin is that it is water repellent, and therefore it is imperative to 

characterise a solute’s aqueous solubility (4). Within the literature it is widely debated 

how best to deliver an active from a cosmetic (5, 6). 

The rate limiting step to skin permeation is the stratum corneum (SC). Penetrating 

molecules have to overcome the SC lipid matrix before permeating into deeper or 

targeted skin layers.  
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1.2 Human Skin Structure 

The skin is the largest organ of the human body and is highly exposed to 

environmental damages. It is composed of 3 main layers Figure 1-1; the hypodermis 

(subcutaneous fat), followed by the dermis, epidermis (including stratum corneum) (7).  

 

Figure 1-1 Structure of human skin, taken from MacNeil (2007) (8). 

 

The viable dermis provides skin integrity with the extracellular matrix (ECM). The 

dermis also has appendages such as hair follicles and sebaceous glands; contains an 

array of proteins, nerve cells, lymph cells and also blood capillaries are present which 

provide nutrients and oxygen to the skin (Figure 1-1).  

1.2.1 Viable Epidermis and the Stratum Corneum 

The epidermis itself comprised of 4-5 layers (depending on anatomical site) consisting 

of: stratum basale (SB), stratum spinosum (SS), stratum granulosum (SG), stratum 

lucidum (on palms and soles of feet) and finally the stratum corneum (SC) – topmost 

layer of the skin (7), portrayed in Figure 1-2.  
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Figure 1-2 Detailed structure of the epidermis and its 4 layers (9). 

 

The stratum basale is where keratinocyte cells are produced, before migrating up 

through the other overlayers of the epidermis. This layer is typically one cell layer thick 

and contains other cells such as melanocytes, which carry the pigment melanin, and 

also Langerhans cells, which fight infection. The next layer, the stratum spinosum is 

where keratinisation of the skin cells starts to take place (10).  

The Stratum corneum is the protection barrier of the human body and main barrier to 

overcome for effective chemical penetration into the skin. The main constituents of the 

SC are typically 75-80 % protein, 5-15 % lipids and 5 -10 % unidentified material (dry 

weight) (11). The SC is comprised of 15-20 layers of flattened, dead corneocytes 

layered on top of one another and are best described in the popular term as a “brick 

and mortar” structure: the keratinocytes are the bricks and the mortar in a rich lipid 

matrix cementing the keratinocytes together. The corneocytes are arranged 
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approximately 75 nm apart and the corneocytes are also believed to be arranged in 

clusters of 12 cells (12). Long chained omega-hydroxyceramides are anchored to the 

corneocyte envelopes and these ceramides are responsible for the alignment and 

conformational order of the extracellular lipids (12). 

This lipid matrix contains essential lipids such as cholesterol, ceramides and 

phospholipids, which help to maintain skin hydration and barrier function (7). As the 

SC is mainly composed of water-insoluble proteins and lipids, it is essentially water 

repellent. The lipid matrix is thought to be the main penetration pathway and the lipids 

in the stratum corneum are present in crystalline, gel and liquid crystalline forms at 

physiological temperature (11). 

1.2.2 Skin Lipids 

Ceramides are the main constituent of the Stratum corneum lipids, forming the 

extracellular matrix (ECM). Ceramides are long chained fatty acids (C22 – C30) with 

small head groups containing at least two hydroxyl groups and an amide link (13). The 

amide linkage is to the amino group of a di- or tri-hydroxy sphingoid base (7). The 

nomenclature of the ceramides is based on their structural components and 

assignment of the structure is by letters. This nomenclature was developed by Motta et 

al. (1993), which superseded the previous structural identification of ceramides based 

on their mobility in thin layer chromatography (14, 15). Firstly, the sphingoid bases: S = 

sphingosine, P = phytosphingosine, H = 6-hydroxysphingosine. Fatty acids bound to 

the sphingoid base are identified by their hydroxylation; N = no hydroxylation, O = 

omega hydroxylated fatty acid and A – alpha-hydroxylated fatty acid. Lastly, the letter 

E represents the esterification of long chain fatty acids with unsaturated fatty acids, 

e.g. linoleic acid, which are attributed to the long chain ω-acyl ceramides. 

There are currently fifteen ceramides identified in the human extracellular matrix, with 

the fatty acid portions of the ceramides ranging from C24-C26 and the sphingoid base 
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ranging from C18-C22 (16). Figure 1-3 shows the ceramides found in porcine epidermis 

along with current nomenclature (7, 15).  
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Figure 1-3 Chemical structure of ceramides identified in porcine skin (7) with 
chemical nomenclature. 
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Ceramides make up ca. 20 % of the total lipid content of the Stratum corneum of pig 

ears, of which 0.02 % of ceramides are glucosylceramides; the main component of the 

latter being acylglucosylceramides esterified with linoleic acid. (17). Linoleic acid has 

been demonstrated as being an essential component for the water barrier properties of 

the stratum corneum (18). In human and porcine ear epidermis, long chain 

glycosphyingolipids and ceramides (C24-C30) and 2-hydroxy fatty acids with a melting 

point >75 ºC improve resistance in temperature change, UV exposure and oxidation of 

the SC domains and still provide a stable lipid phase (17). From the basement 

membrane of the epidermis to the stratum corneum, the chain length of the lipids 

increase, with chain lengths >C24 (19). Lipids are formed in the lamellar bodies in the 

spinous cells and continue to fill with lipids as they migrate into the granular layer of 

the epidermis (13).  

Ceramides with chain lengths of C30-34 and fatty acids with C14-22 in length are 

covalently bound to the corneocyte envelope, and are thought to be responsible for the 

stability and tight lattice packing of the extracellular lipids (19). 

The lipid lamella in the extracellular matrix is arranged in two alternating phases; long 

periodic phase (LPP) with a length of 13 nm and a short periodic phase (SPP) with a 

period length of 6 nm (7). When skin is hydrated, the SPP can expand from 5.8 nm to 

6.8 nm (20). However, this was observed in mouse SC, therefore could be different for 

human and porcine skin. It is still debated and investigated in literature as to role 

specific ceramides play in skin permeation. Ceramide-I (CerEOS), the least polar 

ceramide, is unique to epidermal tissue (13). 

There are strong interactions between the lipids attributed for the skin barrier function. 

There exists strong polar interactions (hydrogen bonds) between the polar head 

groups and non-polar bonds (Van der Waals) between the acyl chains (21, 22). These 

bonds are also modified by the presence and ratio of lipid components (22).The most 

impermeable barrier comes from when there exists a higher ratio of neutral lipids than 
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sphingolipids (19). Paired with trans epidermal water loss can give an indication to the 

overall barrier properties of the skin (23). Changes in the shape of lipid conformation in 

the skin can be caused by environmental factors, such as chemical and temperature 

change, which can be detected by FT-Raman spectroscopy. (11). The stratum 

corneum ceramides and fatty acids are significantly reduced in harsher weather 

environments (winter compared to summer months) (24). 

1.2.3 Water within the stratum corneum 

Different types of water exist in the SC; bound and free. Bound water describes water 

molecules hydrogen bonded within the intercellular lipids at the polar regions (25) and 

is attributed to skin elasticity (26). Bonded water in the lipid matrix contributes 

approximately 33.3 % of the total (27) which accounts for the polar regions. 
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1.2.4 Skin Lipid Packing 

The organisation of the lipids within the SC conform to an organised ordered 

orthorhombic (OR) or hexagonal (HX) structure and disordered in liquid crystal (LC) 

structure, Figure 1-4 (a). In the orthorhombic structure, the aliphatic chains of the 

lipids are packed closed together in an all-trans orientation, creating a crystal lattice 

conformation. In the hexagonal structure the all-trans aliphatic chains are tilted in the 

crystal plane, and have increased spaces between lipid chains, whereas the aliphatic 

chains in the liquid crystal structure have no lateral packing and are in a disordered 

conformation, Figure 1-4 (b) (1). The orientation of these lipids in defined structures is 

important in maintaining an efficient barrier. The structure of these lipids and lateral 

packing has been extensively studied using several techniques; X-ray diffraction, 

Fourier Transform Infrared (FT-IR) spectroscopy, Differential Thermal Calorimetry 

(DSC), 2H Nuclear Magnetic Resonance (NMR) spectroscopy and electron 

spectroscopy (1, 28).  

Infrared spectroscopy is a non-invasive, simple technique able to provide information 

on the lipid conformation of the stratum corneum. In infrared spectroscopy, a molecule 

absorbs energy from an infrared light source and that molecule converts that energy 

into vibrational energy. An isolated molecule absorbs energy at a well-defined 

frequency (29); the exact frequency in which vibrational energy is released indicates 

the strength of the bonds of that molecule (30). In FT-IR analysis the spectral region of 

4000 – 1450 cm-1 is known as the group frequency region where stretching vibrations 

of diatomic groups predominate, e.g. hydroxy O-H stretching, while the band region 

1450 – 600 cm-1 is known as the fingerprint region as it is a complex combination of 

both stretching and bending vibrational patterns unique to individual molecules (30). 
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

  

Figure 1-4 Lipid chain conformation in the extracellular matrix of the stratum 

corneum: (a) lateral packing and lamellar organisation, (b) chain 

conformation in an orthorhombic, hexagonal and liquid crystal 

conformation. Taken from Boncheva et al. 2008 (1) 
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IR spectroscopy data can be used to characterise the structure and lateral packing of 

these lipids. Boncheva et al. (2008) identified the lipid conformation and lateral packing 

by the bandwidth of the CH2 symmetric stretching; increased rotations of the aliphatic 

chains in transition from OR⟶HX and in increasing disorder of the aliphatic chains in 

the transition from HX⟶LC conformation led to broadening of this band and shifted to 

a higher wavenumber (1). 

The lipids exhibit an orthhombic structure at a skin temperature of 30 - 32 ºC (28). 

Phase transitions from OR-HEX-LIQ using Fourier Transform-Infrared Spectroscopy 

have been observed for lipid models in response to temperature increase (12, 31). The 

equimolar lipid mixtures form orthorhombic and hexagonal chain packing under 

physiological conditions (pH 5.5 and 30-35 ºC) and is greatly dependent on the 

hydration of the ceramides – a decrease in hydration results in a tightly packed 

orthorhombic phase. The lipids at the surface of the SC have medium barrier 

properties in the hexagonal conformation, however the lipid morphology becomes 

more orthorhombic in the deeper layers of the SC (28). At a depth of 4-8 µm (20 – 40 

%) into the SC, the trans-chain conformation and lateral packing of the lipids are at a 

maximum and then decrease with increasing depth to the stratum granulosum layer 

(32).. 

1.2.5 Damage to the skin 

Free radicals and reactive oxygen species (ROS) are responsible for damage to the 

skin including skin cancer. The superoxide anion (O2
-●  ), peroxide, hydroxyl radical 

(OH●), hydroxyl ion, and singlet oxygen (1O2) are the most common ROS (32). Free 

radicals are highly reactive because they have an incomplete outer electron shell and 

therefore have an affinity to either donate or obtain electrons from another species in 

order to achieve greater stability. From within the cell O2
-● and H2O2 are generated 

through natural metabolism when glucose is synthesised from adenosine triphosphate 

(ATP) (32). ROS can also be generated in the skin by external factors such as 
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cigarette smoke, pollution and ultra-violet radiation, the latter has been recognised as 

having the highest contributor to skin damage (33). UV radiation causes excitation of 

molecules and converts molecular oxygen into the superoxide anion, O2
-● (34). The 

damage caused by UV radiation triggers inflammatory immune cells to release 

proteases and more ROS (35), thus the attack from ROS increased. Damage to the 

skin by ROS can be caused directly or indirectly by attacking DNA, proteins and lipids.  

1.2.6 Protecting the skin with antioxidants 

Natural antioxidant compounds have an important role to play in preventing skin 

damage. Antioxidants are a class or organic compounds that can quench these free 

radicals and thus prevent attack on biological macromolecules. The skin has naturally 

occurring antioxidants such as vitamin C, E and ubiquinone that are present to defend 

the biological macromolecules from the constant onslaught of reactive oxygen species 

and free radical attack. However, with increasing age, these naturally occurring 

molecules are depleted from the skin and therefore the defence to ROS attack is 

lowered. 

It has been shown that topical antioxidants can help in the prevention from ROS attack 

on the skin. Synthetic antioxidants do exist, however plants provide a plentiful source 

of naturally occurring antioxidant compounds known as flavonoids. Flavonoids have 

potent antioxidant activity and a diet rich in fruit and vegetables sees these 

compounds being delivered to the human body. 
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1.3 Flavonoids 

Plant extracts contain high levels of antioxidant phenolic compounds which have been 

linked to reducing the risk of heart diseases, cancer and skin disorders (32, 36-38). 

They can be classified based on their structure, with the majority being identified as 

“flavonoids”. All flavonoids share a common structure of two 6-membered rings (A and 

B) joined by a central pyran ring (C) and are further differentiated based on the 

presence and position of additional hydroxyl, methyl and/or sugar moieties on the 

three rings, Figure 1-5 

| 

Figure 1-5 Basic structure of a flavonoid compound 

 

Phenolic compounds have a multi-functional purpose in cosmetic products and can be 

regarded as an anti-ageing active with proven antioxidant, anti-collagenase, anti-

elastase and anti-hyaluronidase properties (39) 

The structure activity relationship of phenolic compounds has been widely studied (40-

42). According to Vagánek et al. a compound should have the following features to be 

a good antioxidant: (i) a catechol (ortho-dihydroxy) group present on the B ring 

enabling electron delocalisation; (ii) a double bond between the C2=C3 conjugated to 

a carbonyl group on C4 in the C ring which allows for electron delocalisation from the 

B ring; and (iii) the presence of hydroxyl groups at the C3 and C5 providing hydrogen 
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bonds to the carbonyl group on C4 (42). These features are pictured in Figure 1-6. The 

activity of phenolics has been linked to the ease in which they can donate a hydrogen 

atom to neutralise the free radical (43). Glycosylation of the 3-OH greatly reduces the 

antioxidant activity of 3-hydroxyflavones (44) as it loses the ability to donate a 

hydrogen atom, which is a mechanism for quenching free-radicals or forming a 

hydrogen bond with the carbonyl at C4. 

 

Figure 1-6 Quercetin, a 3-hydroxy flavonol. An example of a flavonoid with the three 

main features for a good antioxidant (i) a catechol moiety on the B ring, (ii) a 

double bond between C2 and C3 and a carbonyl at C4 and (iii) hydroxyl groups at 

the C3 and C5 positions. 

The chemical structure is not alone responsible for the observed antioxidant activity of 

a compound. The medium in which the antioxidant is present (polar/non-polar) and pH 

can have an effect on the activity (44). If the pH of the medium in which the phenolic 

compound is in is higher than that of the first pKa of hydroxyl group, the antioxidant 

activity is lowered because that moiety has lost the ability to donate a hydrogen atom 

to quench the free radical. An example of this behaviour is trans-resveratrol in which 

the 4’hydroxy group has been identified as the most significant group in its antioxidant 

activity (45). Trans-resveratrol has 3 ionisation states and the 4’-OH is the most acidic. 

If the pH of the medium is higher than that of the first pKa (8.8) the activity of trans-

resveratrol will be greatly reduced (45).  

(i) 

(ii) 

(iii) 
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One of the most widely studied flavonoids are rutin and quercetin (46). Rutin is a 

glycoside of the flavonol quercetin with rutinose, quercetin-3-O-rutinoside. Rutin has 

many beneficial properties which make it a good active for personal care such as 

antioxidant activity and anti-inflammatory  (46). Both rutin and isoquercetin are the 

most abundant glycosides of quercetin and can undergo enzymatic degradation into 

the  aglycone quercetin within the intestinal tract (46) (47). 
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1.3.1 Flavonoids and skin permeation 

The solubility and the partition coefficient of an active ingredient must be thoroughly 

understood in order to achieve effective percutaneous penetration, otherwise the 

active will preferentially stay in formulation and delivery into the skin will be ineffective. 

Das and Kalita (2014) have recently conducted a study on the enhancement of 

percutaneous penetration of rutin. By creating a complex of rutin with phospholipids 

they demonstrated that the aqueous solubility and the hydrophilicity of rutin was 

increased, therefore facilitating an increase in skin penetration (48). Their argument for 

this behaviour was that rutin is very hydrophobic and to enhance skin delivery, it must 

be made more water soluble (hydrophilic).  

In a flavonoid structure (section 1.3) the hydroxyl groups can influence the overall 

hydrophilic nature of the molecule, and aromatic rings can similarly influence the 

hydrophobic nature and thus can be deemed amphiphilic molecules (49). Being both 

hydrophilic and hydrophobic in nature, some flavonoids, e.g. rutin, are reported to act 

as emulsion stabilisers resulting in aggregation at the oil/water interface, leading to the 

formation of Pickering emulsions (49). The pKa of the flavonoid will also influence the 

skin permeation.. Below the pKa, molecules will be protonated and least water soluble, 

above the pKa molecules will be ionised and water solubility increased (50). 

1.3.2 Analysis of Flavonoids using Reverse Phase – High Performance Liquid 

Chromatography 

Flavonoid compounds can be characterised and quantified using reverse phase high 

performance liquid chromatography (RP-HPLC) using an instrumental system based 

on a C-18 non-polar solid phase (stationary phase) and an aqueous phase (mobile 

phase). The elution programme for the mobile phase typically utilises a two-step 

gradient profile, starting with a high proportion of the polar component and gradually 

increasing the non-polar component. Typical solvents used are water (polar) and 
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acetonitrile (non-polar). The pH of the water is typically acidified to prevent the 

ionisation of phenolic compound. Through the use of known standards and developing 

an understanding of the structure/retention behaviour of the flavonoid compounds on a 

RP-HPLC column a detailed elution profile of mixtures of flavonoids can be 

established. It is known that phenolic compounds that contain hydroxyl groups that will 

form hydrogen bonds and interact with the mobile phase and will elute first in the polar 

mobile phase as they have a higher affinity for this phase. Likewise flavonoids with 

hydrophobic groups e.g. methyl or aromatic rings will prefer the non-polar stationary 

phase and elute slower. When detecting phenolic compounds by RP-HPLC, the 

aqueous phase is often acidified  to be lower than the pKa  of the phenolic molecules; 

of which rutin, isoquercetin and quercetin pKa are around 6 (51). This ensures 

protonation of the molecule and increases its polarity, which allows for clear flavonoid 

separation on the polar  C-18 column.  
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1.4 Formula Ingredients 

The following section outlines other ingredients that are used in personal care 

formulations which can alter the barrier properties of the Stratum corneum, therefore 

affecting the skin penetration of the chosen actives.  

1.4.1 Permeation Enhancers 

Permeation enhancers are chemicals that are added to a formulation for the purpose 

of facilitating the enhancement of an actives skin penetration by modification of the 

Stratum corneum (SC) lipids in the extracellular matrix (ECM) (28). This is done by the 

permeation enhancer disrupting the internal lipid packing of the ECM, either by 

fluidisation, disorganisation or extraction of the lipids and possibly by affecting the tight 

epidermal junction (28). Permeation enhancers work by affecting the interactions of 

the polar head groups and the non-polar alkyl chains of the ceramides in the lipid 

matrix (52). 

The most common permeation enhancers used for lipid barrier disruption for topical 

formulations for percutaneous penetration of actives include; propylene glycol, 

ethoxydiglycol, fatty acids such as oleic acid, terpenes, azone, ethanol, dimethyl 

sulfoxide (DMSO), and surfactants (28). Oleic acid and propylene glycol have no 

restrictions on EU cosmetic directive, whereas ethoxydiglycol is restricted to 2.6 % w/w 

(53). 

Penetration enhancing chemicals are the most favourable method of increasing the 

skin permeation of actives because they can be added to the formula relatively easily 

and these ingredients modify the skin barrier as soon as the formula is topically 

applied. However, the application of permeation enhancers in “effective” 

concentrations is not used in personal care products as they can cause skin irritation 

and permeate molecules to the dermis which are out the scope of the legislative 
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definition of a personal care product. These enhancers are preferentially used for 

topical medicinal products. 

1.4.2 Surfactants and Emulsifiers 

Surfactant are molecules which offer amphiphilic properties due to the chemical 

structure of a polar (hydrophilic) head group and a non-polar (lipophilic) tail) and its 

ability to adsorb at the interface between polar and non-polar media. Surfactant are 

molecules which offer amphiphilic properties due to the chemical structure of a polar 

(hydrophilic) head group and a non-polar (lipophilic) tail) and its ability to adsorb at the 

interface between polar and non-polar media. Surfactants are widely used and are 

important in personal care formulations as they provide a variety of functions based on 

their structure; emulsifiers, detergents, lubricants, softeners, wetting agents, levelling 

agents, dispersants, solubilises, foaming agents and disinfectants (54). An additional 

function is that surfactants can be utilised as a permeation enhancer ingredient and to 

aid percutaneous delivery of actives (28, 55). The structural size of the hydrophilic or 

lipophilic portions of the molecule determines its surfactant behaviour and is 

characterised by its hydrophilic-lipophilic balance (HLB) value and if charged or 

uncharged (54). Surfactants are classed based on their hydrophilic head charge; 

anionic (negative), cationic (positive), amphoteric (variable charge) and non-ionic (no 

charge) which also determines their function in formulations. In aqueous detergent 

formulations such as shampoo and body washes, when applied surfactants form 

micelles around lipid or oil-based dirt and can be removed by rinsing. In emulsion 

formulations surfactants are known as emulsifiers and provide stability against phase 

separation and the formation of multiple phases. As surfactants solubilise non-polar 

material, they can deplete the lipids from the stratum corneum, or disrupt the lipid 

packing morphology. Studies have found that exposure to anionic surfactants such as 

sodium lauryl sulphate (SLS) and sodium carboxylates resulted in a depletion and 

morphology change in skin lipids (56, 57). The change in lipid morphology by the 
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surfactant was concluded as being the primary reason for an increase in permeation 

rate of actives across the skin (56). Once the use of surfactants was stopped, there 

was recovery of the lipid barrier of the skin (57).  

Natural occurring surfactants such as lecithins, have been demonstrated to enhance 

the delivery of topical actives (58). They do so by interacting the stratum corneum lipid 

packing and occludes the skin surface, therefore increasing tissue hydration and 

consequently the permeation of actives. 

1.4.3 Emollients - barrier repair ingredients. 

Petrolatum-based ingredients including soft paraffin, paraffin oil and waxes are 

composed of multi-hydrocarbon chains (higher than C25 in length) which provide skin 

repairing properties because the chains are representable to the acyl chains of the 

ceramide lipids and can permeate into the SC easily (28). They are able to penetrate 

into the upper layers of the skin but not deeper tissues (28). 

Typically biomimetic formulations use a topical application of a multi-lamellar lipid 

structure similar to stratum corneum lipids to improve the barrier function (59).  

Included the group of barrier restoring chemicals are glycerol/glycerine, urea and 

petrolatum (28). However, urea and isopropanol hinder the formulation release of 

polyphenols such as rutin, whereas propylene glycol promotes the release (60).  

1.4.4 Plant Oils 

Natural oils derived from plant material are used in personal care for skin emollience 

and skin conditioning, as well as for marketing purposes. Two examples of oils that are 

abundantly used are almond and coconut oil. Almond oil is a light yellow, odourless oil 

containing high levels of oleic acid and liquid at room temperature (61). Coconut oil is 

semi-solid at room temperature with a distinct coconut aroma. Coconut oil falls into the 

category of lauric oils; characterised by their high levels of short and medium fatty acid 

chain lengths (C6-C14) (62). These medium chain fatty acids reach about 80 % of the 
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oil composition, whereas in non-lauric oils they are less than 2% and these fatty acids 

are also responsible for coconut oils having a sharp melting point around 32 ˚C (62). 

Table I displays the predominant fatty acid composition found in these two oils, which 

highlights that the composition between almond and coconut is different.  

 

Table I Predominant fatty acid composition in (a) almond oil and (b) coconut oil. 

a(Pantzaris and Basiron 2002) (61) b(Roncero et al. 2016) (62) 

(a) 

Predominant fatty acids in 

almond oil 

% mass Chain length 

saturation 

Oleic acid 57.5-78.7a C18:1 

Linoleic acid 12.0 – 33.9 a C18:2 

Palmitic acid 5.2 – 6.7 a C16:0 

Strearic acid 0.2 – 1.7 a C18:0 

Palmitoleic acid 0.3 – 0.6 a C16:1 

 

(b) 

Predominant fatty acids in coconut 

oil 

% mass Chain length 

saturation 

Lauric acid 45.1-50.3b 12:0 

Myristic acid 16.8-20.6 b 14:0 

Palmitic acid 7.7 – 10.2 b 16:0 

Oleic acid 5.4 – 8.1 b 18:1 

Capric acid 5.5 – 7.8 b 10:0 

 

Fatty acids in the oil can have an effect on the barrier properties of the Stratum 

corneum which will be discussed further in the next section. 
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1.4.5 Fatty Acids 

Unsaturated and saturated fatty acids have been shown to enhance the skin 

permeation of topically applied actives (63, 64).  

Kandumalla et al.(1999) investigated the effect of saturated and unsaturated fatty 

acids as well as the effect of the acyl chain length on the permeation of melatonin 

across rat and porcine skin (63). For unsaturated fatty acids there existed a parabolic 

relationship between permeation rate (flux) and the acyl chain length for both animal 

skin models. The flux of melatonin was increased with increasing acyl chain length; C9 

-C11 for rate skin and C9-C12 for porcine skin. However, as the acyl chain increased, 

the permeation rate decreased; C12-C14 for rat skin and C14 for porcine skin. These 

skin barrier disruption results have been related in Figure 1.1-7 to Trans Epidermal 

Water Loss (TEWL). With unsaturated fatty acids, as the degree of unsaturation 

increased from 1 – 3, the flux of melatonin was increased for both rat and pig skin. 

 

Figure 1.1-7 Schematic interpretation of results from Kandimalla et al. (1999) 
(63). 

 

The most commonly used unsaturated fatty acid for skin permeation enhancement is 

oleic acid. Oleic acid is a long chain mono-unsaturated fatty acid and has been widely 

studied for its permeation enhancement in topical applications and effect of lipid 
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organisation (63, 65, 66). The main action of oleic acid is believed to be the fluidisation 

of the lipid layers within the matrix membrane which causes phase separation of these 

lipids (65).  

1.5 Formulation Design strategies 

This section outlines the formulation strategies used to enhance the skin penetration 

and stability of actives and how they can be applied to flavonoids.  

There are many examples of formulation design strategies to stabilise flavonoids and 

enhance skin permeation. Micro/nano-emulsions (67), tailored emollient system (68) 

and encapsulation via liposomes (69). However, the latter have been found to be 

difficult to achieve capsule breakdown to release the contents once with the epidermal 

and dermal layers (70). Novel delivery methods include using cosmeto-textiles; 

intelligent fibres which deliver actives onto the skin (71) 

1.5.1 Supersaturation 

Supersaturation is a strategy to enhance the permeation of an active across the 

stratum corneum barrier by exceeding the saturated concentration of a active in the 

formulation (72). As the concentration of the active exceeds the saturation 

concentration, these systems are thermodynamically unstable and can result in the 

crystallisation of the active molecule (72).  

An advantage of using the supersaturated method for permeation enhancement is that 

it is low cost and, as there is no addition of permeation enhancers, does not change 

the lipid morphology of the stratum corneum (73).   

1.5.2 Formulating for Efficacy (FFE) 

Wiechers et al. (2004) coined the concept “Formulating for Efficacy” where they 

theorised the delivery of an active from a tailored formulation based on the log PO/W of 
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the active (68). The “relative polarity index” (RPI) is a tool used on a logarithmic scale 

to visualise the relationship  of log PO/W ; the solubility ratio of a molecule within octanol 

and water (discussed further on in detail in section 1.9.2), representing the active 

solubility within stratum corneum and the emollients used in the formulation. From this 

a polarity gap between the active and the stratum corneum can be visualised and used 

to theoretically select an emollient system to aid delivery to the skin by increasing the 

thermodynamic activity of the active in the formulation. An active is solubilised into a 

primary emollient which has a similar log PO/W to that of the active and then a 

secondary emollient is introduced which will reduced the solubility of the active in the 

primary emollient. When this formula is applied to the skin, thermodynamics move the 

active from the formula to partition onto the skin. This is a relatively simple method for 

delivery, and includes ingredients (emollients) that would be used in a formula to 

provide skin conditioning benefits.  
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1.5.3 Emulsions 

Emulsions are the most popular formulation for skin care products as they impart good 

sensory properties and can solubilise both hydrophilic and lipophilic substances. 

Emulsions are composed of two immiscible phases; a non-polar oil and polar aqueous 

phase. The most common emulsion type is oil-in-water (O/W) where the oil phase is 5-

20 % dispersed in an aqueous phase. 

Oil-in-water emulsions allow rapid evaporation on the skin as the continuous phase is 

water. The dispersed non-occlusive oil phase will slowly coalesce to form a continuous 

layer on the skin. In water-in-oil systems the oil is the continuous phase and comes in 

to direct contact with the skin. This gives an immediate occlusive effect and slow release 

of emulsified water to the skin and these w/o systems give time-release moisturisation 

(74).  

Micro-emulsions are thermodynamically stable. They consist of an aqueous phase, and 

oily phase, a surfactant and a co-surfactant. Common surfactants used for micro-

emulsions are Tween 80 and lecithin and usually small chain fatty alcohols are used as 

co-surfactants (75). 

An advantage of micro-emulsions is the enhanced skin delivery of oil-phase ingredients 

because of reduced droplet size, however this high surfactant level can cause skin 

irritation (74). Alcoholic emulsions are a combination of an oil phase and an alcohol, 

which can be diluted with water. However, problems arise when trying to stabilise the oil 

in the alcohol and alkyl polyglycol phosphate can be used to deliver an effective 

performance (74). Sucrose fatty acid esters are non-ionic, biodegradable surfactants 

and have been used in studies to form micro-emulsions for the skin delivery of 

polyphenols (76).  

A W/O micro-emulsion formulation consisting of water, propylene glycol, Span 80 and 

Tween 80 has been demonstrated to enhance the delivery of quercetin (77). Other 
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studies have formulated O/W micro-emulsions with a combination a 150 mM NaCl 

solution, ethanol, isopropyl myristate and Tween 80 for the skin delivery of quercetin, 

genistein and chlorogenic acid (75). Hydrophilic chlorogenic acid delivery was 

enhanced in an O/W microemulsion, compared to aqueous solution and W/O micro-

emulsions. This is most likely because of increased solubility (78). Whereas Kitagawa 

et al. also found the opposite for quercetin which is hydrophobic, that W/O micro-

emulsions considerably improved the intradermal delivery of quercetin (79). 

Otto and du Plessis (2015) composed a detailed review on the subject of transdermal 

and dermal delivery of topical emulsions (5). In their concluding remarks they 

comment that although emulsions have been found to be good vehicles for the 

delivery of actives, it was however largely dependent on the type of emulsion system 

used, including the droplet size of the internal phase and the effect of emollient on skin 

penetration. The addition of other ingredients e.g. emulsifiers, can affect the system 

and can make it difficult to determine the mode of penetration. 

Wiechers et al (2012) observed the permeation of radiolabelled actives from different 

formulation types from “in-use” conditions: hydro-alcoholic gel, O/W emulsion, W/O 

emulsion, a microemulsion and just an oil (3). The microemulsion used in their 

experiment was the only formulation to “significantly” enhance the permeation of polar 

and mildly lipophilic actives (compared to the other formulations which showed the 

permeation flux of all compounds to go in the predicted order of logPO/W and increasing 

molecular weight). However their microemulsion contained propylene glycol (PG), a 

known permeation enhancer, whereas the other formulation did not contain PG 

A study by Lalor et al. 1995 investigated the permeation effects of the hydrophilic 

surfactant Tween 60 on the enhanced permeation of methyl-p-aminobenzoate. This 

molecule has a molecular weight of 151.16 g/mol, a predicted LogP value of 1.362 and 

a predicted pKa value of 2.47. They found that the emulsifier and its distribution 

between the oil and the water phase played an important role in the solubility of the 
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active, and thus the thermodynamic activity, which is the driving force for the 

partitioning of the active from the formulation. The emulsifier used for an O/W 

emulsion will have a high HLB value, and therefore is classified as hydrophilic, 

preferred to be  in the continuous phase and will be predominantly available in the 

external (water) phase. This emulsifier will form micelles around the actives in the 

water phase allowing solubilisation. However, by solubilising, it reduces the 

thermodynamic activity within the emulsion, which can hinder skin permeation 

(discussed in more detail in section 1.8) 

1.6 Pickering Emulsions 

Pickering emulsions are emulsions that are stabilised with solid particles at the oil 

water interface, providing steric hindrance and static repulsion (80). As Pickering 

emulsions do not contain emulsifiers to stabilise the emulsion, skin irritancy is reduced 

and therefore they offer a novel approach for topical release formulations of actives 

into the skin (80, 81). 

Duffus et al. (2016)  explain that to make Pickering emulsions there needs to be 

particle collision with a newly created interfacial areas between the oil and the water 

during the droplet formation in the emulsion process (82). Next, the particles need to 

have proper adhesion to the interfacial layer and this is highly dependent on the 

electrostatic interactions and the size properties of the chosen particle. The last step 

involves the water displacement from the particle surface by the oil, which is 

determined by the contact angle, Ɵow, of the particle to the water interface, which 

determines the hydrophilic / hydrophobic character of the particle. Particles that are 

hydrophilic will reside predominantly in the water phase and produce O/W emulsions, 

and hydrophobic particles will reside predominantly in the oil phase and thus form W/O 

emulsions. The contact angle of the particle to the water determines this effect where if 

Ɵow < 90° then an O/W emulsion is formed and if Ɵow  > 90° then a W/O emulsion is 
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formed (82). Particles at the interface of Pickering emulsions have a high energy 

barrier to overcome for desorption. Free energy of spontaneous desorption can be 

calculated by r2 (1-cosθ) where r is radius of the particle and θ is the contact angle of 

the particle at the interface (49). Particles that have a contact angle between 0˚ and 

180˚ have a very high free energy of spontaneous desorption, i.e. the particles are 

very hard to be removed from the interface from the interface (49). 

Studies of Pickering emulsions in the topical delivery of drugs have primarily 

investigated active loading into the dispersed phase of the PE, using silica, titanium 

dioxide (83) or cyclodextrins (84) to form the PE particle stabilisation. It has been 

postulated based on Scanning Electron Microscopy (SEM) results that the PE formed 

with cyclodextrin form a rigid and solid inflexible film around dispersed oil droplets due 

to crystal formation. This has also been observed for silica particle stabilised PE (80). 

This pertains to the delayed collapse and release of the oil droplets and the drug 

contents inside (84) and therefore PE can have a controlled released effect. 

Flavonoids have been investigated to form Pickering emulsions for food applications 

(49, 85). They found that flavonoids with a logPO/W falling in the range of <-0.6 < 0 

made the strongest Pickering emulsions and depended on the sugar moieties present 

in the flavonoid structure (49). 
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1.6.1 Formulation Design Conclusions 

There are many examples of formulation design strategies that could be potentially 

applied to flavonoids and enhance skin permeation, for example micro/nano-emulsions 

(67), tailored emollient system (68) and encapsulation via liposomes (69). However, 

the latter have been found to have problems due to difficult lipid capsule breakdown 

and release of the active molecules once in the epidermal and dermal layers (70). 

Novel delivery methods include using cosmeto-textiles which are intelligent fibres 

which deliver actives onto the skin (71) 

A good theoretical approach to formulation development is to build the formula around 

the key active ingredient and use multi-functional ingredients where possible. In 

practice, it can be more time consuming, but ultimately  a more logical formulated 

product is created. The sustainability of the final product is increased as the number of 

ingredients in the formulation is reduced. 

An ideal formulation strategy for this is utilising flavonoids in Pickering emulsions to 

form a stable and multifunctional system. 
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1.8 Skin permeation 

Introduction 

A topical formula is considered as two different platforms when viewed in a medicated 

or a personal care product. In a topical medicated product the primary purpose of the 

formula is to deliver the specific active drug through the skin to a specific target or to 

the blood supply, whereas a cosmetic formula conforms foremost to consumer 

aesthetic acceptability. The definition of a cosmetic outlined by the Cosmetics 

Regulations: 

“A "cosmetic product" shall mean any substance or mixture intended 
to be placed in contact with the various external parts of the human 
body (epidermis, hair system, nails, lips and external genital organs) 
or with the teeth and the mucous membranes of the oral cavity with a 
view exclusively or mainly to cleaning them, perfuming them, 
changing their appearance and/or correcting body odours and/or 
protecting them or keeping them in good condition.” (86) 

 

The Medicines and Healthcare products Regulatory Agency (MHRA) are a 

government organisation that decide whether a product is a medicine or borderline 

product. The MHRA provide guidelines on borderline products, which encompasses 

cosmetics (87). The MHRAs current definition of a borderline medicine product is as 

follows: 

“Any substance or combination of substances presented as having 
properties of preventing or treating disease in human beings. Any 
substance or combination of substances that may be used by or 
administered to human beings with a view to restoring, correcting or 
modifying a physiological function by exerting a pharmacological, 
immunological or metabolic action, or making a medical diagnosis” 

 

Current personal care skincare products that are intended to have a therapeutic effect 

on the skin e.g. anti-ageing or prevention form free radical attack can encompass both 

definitions from the CTPA and MHRA and are coined as cosmeceuticals. These 

cosmeceutical products impart some physiological skin changes with specific actives. 
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Therefore, current questions that arise in the cosmetic industry is, when does a 

cosmetic become topical drug/medicine, and should the definition of a cosmetic 

product be altered to reflect the 21st century cosmetic formulation developments? To 

add complexity, in medicine, any compound administered through or to the skin is a 

drug. In cosmetics, any compound administered to the skin is an active. 

For a cosmeceutical product that is intended to provide specific benefits to skin, the 

formula’s inherent property must also be effective skin delivery of the active 

compound, as well as consideration to consumer acceptability. The formula to which 

an active is incorporated can have a great effect on the penetration behaviour of that 

compound into and through the skin (5, 88, 89). In addition to this, the formula itself 

can disrupt the stratum corneum which can modify the penetrating behaviour of 

compounds (88). How much the formula effects the penetration of active compounds 

is still a discussed topic and requires further investigation (6).  

Skin permeation has been viewed as a passive process (90) in which the 

thermodynamic activity of permeant molecule is the driving force to move the molecule 

from an area of high concentration (topical formula) to diffuse to an area of low 

concentration (into and through the skin). Research into the skin permeation and 

penetration of drugs from topical formulations in pharmaceutical and medicinal 

research is applicable to the formulation design and penetration behaviour of “actives” 

that are incorporated into cosmetic formulations.  

1.8.1 Skin permeation  

The fundamental understanding of skin permeation of drugs has been well studied and 

documented; with the most influential years in this field being the 1940s to the 1970s 

(91). It has been suggested that the development of synthetic cortisteroids was the 

influence for formulation development for transdermal delivery in the 1960s and 1970s. 

As discussed in section1.2, the primary purpose of the skin is to act as a barrier 
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between the internal body and the outside world, as is the rate limiting step for skin 

permeation. It is apparent throughout the literature that to achieve successful skin 

permeation of an active/drug compound, the following key factors need to be 

thoroughly understood, theoretically and experimentally: 

(i) the inherent physiochemical properties of the active and its stability within 

an application vehicle (formulation); 

(ii) the ability for the active to partition from the vehicle onto the SC; 

(iii) the ability of the active to then diffuse through the SC and epidermal layers 

to the target site; and  

(iv) the path length of diffusion of the active within the skin. 

All these parameters take into consideration the anatomical site and temperature of 

the skin (3, 7, 39, 92).  

1.9 Physiochemical properties of the drug/active 

1.9.1 Molecular weight and lipophilicity 

Drug or active compounds are chosen primarily based on their physicochemical 

properties; small enough and with an ideal lipophilicity to permeate the skin. Often the 

rules that are applied to cosmetic actives are the same rules that are used in the 

pharmaceutical industry. (4). “Lipinski’s rule of Five” (93) where a molecule is more 

likely to permeate a membrane barrier if it has a molecular weight < 500 g mol-1, has a 

partition coefficient between octanol and water (logPO/W) < 5, the number of groups in 

the molecule that can donate hydrogen atoms to hydrogen bonds is less than 5 and 

the number of groups that can accept hydrogen atoms to form hydrogen bonds is less 

than 10 (94). This is further refined for percutaneous penetration by Lin et al., who 

suggest that a molecule with a logPO/W higher than 3 hampers the skin penetration (95) 

which correlates with other researchers in the field who have found the best logPO/W 
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value to be between 1 and 3 (7, 91). As the lipophilicity and molecular weight have 

been regarded as the most influential physiochemical properties of a compound for 

skin penetration, these parameters been widely used in predicting the permeation of 

actives for cosmetic, food and drug application. (39, 49, 89, 95-97).  

1.9.2 Determining the octanol-water partition coefficient 

The partition coefficient of an active between a polar and non-polar solvent can 

indicate its behaviour with regards to skin permeation, the key for an effective product. 

An active compound needs to be delivered to the epidermis and the dermis of the skin 

otherwise it cannot perform its intended use. 1-Octanol is most commonly used as the 

non-polar phase in partition coefficient experiments because it has a long hydrophobic 

alkyl chain therefore is a good representative of a lipid membrane environment (97). 

The lipophilicity of a compound is expressed in terms of logP, the value of which is the 

logarithm of the ratio of the concentration a compound in octanol/water. The higher the 

value the more the compound favours partitioning into the octanol phase 

(hydrophobic) and the lower the value the more the compound favours partitioning into 

the water phase (hydrophilic). There are several methods to determine the logP of 

compounds  including computational methods (98) and by chromatography (99), 

however results vary between methods and as yet there is not a universal method, 

which proves problematic in collating literature data (97) 

1.9.3 Compound Ionisation state 

Ionisation states of the compound are highly important parameter to consider for skin 

penetration. Molecules in the non-ionic form (more lipophilic) are more permeable into 

the skin than the ionic form (50). The pKa of flavonoids, example quercetin and rutin 

are both 6.17 (51). 
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1.10 Skin Permeation Pathways 

There are several pathways in which a compound can penetrate through the skin and 

it is still a debated topic (6). The major direct penetration route through the skin is 

deemed as the diffusion through the intercellular spaces (6), however other authors 

argue that the hair follicles and sebaceous glands provide the most direct route 

through the skin (100) (101). Molecules diffusing through the skin via the intercellular 

route do so by diffusing around the cells in the SC within the lipid matrix (69). As the 

matrix is composed of lipid material one can assume that this penetration route is 

favoured by lipophilic molecules.  
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1.11 In vitro Permeation Studies  

1.11.1 Measuring Diffusion of permeants 

Several methods have been used to investigate the diffusion patterns of a permeant 

within the SC, such as fluorescence recovery after photo bleaching (FRAP), raster 

image correlation spectroscopy (RICS) and tape stripping. However, the former two 

are deemed to have limitations on determining spatial diffusion within SC lipids as the 

floursencent probe molecules themselves could alter the diffusion behaviour and these 

two techniques do not give information on the molecular structure of the lipids (102).  

1.11.2 Franz Diffusion Cells 

Franz diffusion cells have been widely used in the pharmaceutical and cosmetic 

industry to evaluate the percutaneous permeation of flavonoids in vitro (39, 95, 96). 

Franz diffusion cells (Figure 1-8) are specially designed to allow the qualification and 

quantification of compounds diffusing through a membrane in vitro into a receptor fluid 

which can be analysed by any means that the researcher chooses. Different 

membranes can also be chosen for penetration assays including human skin, animal 

skin, polymer membranes and human skin equivalents (103). Studies have 

demonstrated the percutaneous penetration in vitro through a porcine membrane (67, 

96, 104) of cosmetic ingredients. Porcine membrane has been used because it has 

similar physiology to human skin (105) and is also cheaper and more readily 

accessible, compared to other membrane samples. Other methods for investigating 

the penetration of actives through the skin are tape stripping (101), Raman 

spectroscopy (106), or time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

(107). Tape stripping however has been deemed to be an unreliable method for 

quantifying skin penetration as it has low reproducibility (69). 
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Figure 1-8. Franz diffusion cell used for skin permeation assays (103). 
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1.11.3 Membrane 

Skin membrane choice for permeation assays is determined by the experiment design. 

However, choice should follow Guidelines based on The Organisation for Economic 

Co-operation and Development (OECD) on approved membranes; excised human 

skin, animal models such as pig or mouse, and synthetic models such as cellulose 

membranes can be used (108). If excised skin is used it can follow pre-treatment 

procedures such as  separating the stratum corneum or epidermis from the epidermis / 

dermis by the water bath-heat extraction method (58) or  prior to permeation assays 

left to equilibrate with receptor mediums (76). 

1.11.4 Stratum corneum integrity 

It is important to check the integrity of the SC in diffusion studies as false results could 

be obtained if the SC is damaged. The guidelines for testing SC integrity recommend 

three methods that can be used; (i) measuring the trans epidermal water loss (TEWL) 

for a normal skin range, (ii) measuring the electrical resistance to an alternating 

current, max 2 volts for a normal skin range or (iii) measuring the penetration 

characteristics of reference material (e.g. titrated water) (109).  

1.11.5 Receptor Medium 

The OCED guidelines state that a receptor medium should be selected that will 

facilitate sink conditions and the solubilisation of all permeating compounds through 

the skin. The fluid should be of physiological pH, pH 7.4, and typical examples they 

suggest are a 1:1 water:ethanol mix or a 6 % polyethylene glycol 20 oleyl ether 

solution in water (109). The receptor fluid must not be a rate-determining step in skin 

permeation studies. 

Receptor fluids that have been used in polyphenol skin permeation studies are 

phosphate buffer saline (PBS), (76, 78, 79), PBS with 1 % bovine albumin + 10 mM 

sodium ascorbate to stabilise phenolic compounds (79) and studies have also used 50 
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% ethanol: water only (58) or with the addition of 5 gL-1 polyethylene glycol sorbitan 

monolaurate, a non-ionic surfactant known as Tween 20 (39). In static diffusion cells 

the receptor medium must be continually stirred to provide sink conditions and uniform 

distribution of permeating compounds throughout the medium, allowing for accurate 

sampling.  

1.11.6 Mathematical Models for Skin Permeation 

There are several mathematical models for determining the permeability of a 

compound through the skin, both empirical and mechanistic. Lian et al. (2008) and 

Mitragotri et al. (2011) provide comprehensive reviews and comparison of 

mathematical models for predicating the skin permeability of compounds through the 

skin (110, 111). 

In a simple diffusion mathematical model, all that is needed is the partition coefficient 

of the active between the vehicle and the SC lipids Pv/sc, the diffusion coefficient, and 

the path length of diffusion (111). More complex mathematical modelling of skin 

permeation requires parameters that are complicated to obtain. The partition 

coefficient of the active between the vehicle and the skin lipids, Pv/sc can be 

represented by the partition coefficient of the active between water an isotropic solvent 

e.g. octanol, as isotropic solvents reasonably represent the chemical environment in 

the SC lipids (111). There are two methods to determine the diffusion coefficient: lag 

time method and Higuchi model. The former method requires and infinite dose 

(constant reservoir) to be applied to allow for a constant concentration gradient across 

the membrane (90).  
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1.11.7 Theoretical determination of permeation 

A thoroughly research theoretical permeation model of actives through skin membrane 

is the Potts & Guy model (110, 112). Potts and Guy 1992 (112) estimated the 

permeability coefficient (Kp, cm s-1) of a large group of compounds through mammalian 

epidermis using a predictive model based on quantitative structure permeability 

relationships (QSPR), encompassing the partition PO/W) coefficient and the molecular 

weight (Mw) of each compound (Equation 1)  

log 𝐾𝑝 = 0.71 log𝑃O/W − 0.0061 Mw − 6.3 

Equation 1  

 

Their study investigated the permeability of over 90 compounds with varying logPO/W (-

3 to +6) and molecular weight (18 to > 750 g mol-1) and found that the model cannot 

be used to determine the permeability for very lipophilic compounds. With these 

parameters in consideration the permeation rate of an active can be determined, which 

is universally used to conclude its percutaneous delivery success. 

 

1.11.8 Steady-State Diffusion: Fick’s First Law and permeability (experimental 

determination of permeation) 

The amount of a material flowing through a unit cross section of a barrier in a unit time 

with a concentration gradient is referred to as flux, also known as Fick’s law of 

diffusion (113). Originally developed for the diffusion of heat transfer (113), Fick’s first 

law of diffusion can be applied to express the permeability rate of compounds across 

the skin when steady state permeation arise, and has been used throughout 

percutaneous permeability research (91). Fick’s First law for diffusion in is expressed 

in (Equation 2):  



 
 

55 

 

 

𝐽 =  
𝐷𝐾(𝐶𝑑𝑜𝑛𝑜𝑟 − 𝐶𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟)

ℎ
 

Equation 2  

 

where J is the flux, D is the diffusion coefficient of the active compound in the skin, 

K is the partition coefficient of active compound between the formulation and the 

skin, Cdonor is the concentration of the active compound in the formulation and 

Creceptor is the concentration of the active compound through the skin and h is the 

path length i.e. the thickness of the membrane used (6). The steady state flux is 

known when the mass transferring over a unit area does not change with time, i.e. 

there is no rate of change over time. When an infinite dose is applied (Cdonor is kept 

constant), from the plot of the penetrating amount of permeant per unit area (µg cm-2) 

against a unit area of t the gradient of the linear portion of the data points (see Figure 

1-9) can be taken as the flux Jss, given by Equation 3 (90) where D is the diffusion 

coefficient within the SC. After the flux has been determined from the gradient of the 

steady state region, the permeability Kp can be calculated using Equation 4 where C0 

is the applied concentration in the donor compartment in µg cm-2 (39) 

 

𝐽𝑠𝑠 = −𝐷
𝑑𝑚

𝑑𝑡
 

Equation 3 

 

 

𝐾𝑝 =  
𝐽𝑠𝑠

𝐶0
 

Equation 4 
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Figure 1-9. Steady state flux depicted as the gradient of the linear portion (steady 

state region) of cumulative amount penetrated of permeant against time. From the 

extrapolation of the linear region to the x-axis, the lag time is determined (from infinite 

dose). 

1.11.9 Diffusion within the membrane 

 

Diffusion is the random movement of molecules from an area of high to low 

concentration until equilibrium is reached. Thermodynamics is the driving force. The 

diffusivity coefficient can be altered if there is a change in concentration of the 

permeant, temperature and pressure within the membrane, solvent properties of the 

surrounding permeant as well as the chemical nature of the permeant (113). The 

concentration gradient is a driving force for actives to diffuse through the skin. 

Furthermore diffusion (D) of the permeant within the skin membrane can be calculated 

by the time lag (Equation 5): 
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𝐷 =
ℎ2

6𝑡𝐿
 

Equation 5  

  

Where D is the diffusion coefficient (cm2 hr-1) of the permeant within the skin calculated 

using time lag (tL) where h represents the skin membrane thickness (cm). When an 

infinite dose is applied in experimentation, the most used model for determining the 

permeation analysis is the lag time method after steady state of the permeant across 

the membrane has been reached (90). The lag time is defined as the time it takes for 

the permeant’s concentration gradient to become stabilised across the membrane 

(114). When the amount of active permeating per unit area of membrane (µg cm-2) is 

plotted against time the steady state region is found by the linear relationship between 

the data points (linear fit regression line) Figure 1-9. The time lag can be then 

calculated by the extrapolation of the linear fit to the x-axis (90, 111, 113). 

There are a few limitations of the time lag method. It is assumed that the diffusion 

coefficient of the permeant through a membrane does not change in its diffusing path 

length. However, as viable skin samples differ in structure and chemical composition 

at different depths, the diffusion coefficient could change therefore this value can be 

misleading. In addition, the diffusional path length is difficult to measure and it can be 

difficult to determine when steady state arises (90). It is deemed that the determination 

of D and Kp may be inaccurate if the steady state has not been reached. The duration 

of the experiment may have to run for prolonged hours (> 30 hours) to reach steady 

state, and for viable biological membranes can prove impossible. (90). 
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1.12 Permeation Analysis 

The work by Wiechers et al. (2012)  provides a cornerstone in skin permeation 

research (3). This study displayed the experimental techniques and example 

formulations to investigate the permeation behaviour of different actives with varying 

molecular weights and lipophilicity. Studies that investigate the permeation behaviour 

of actives from topically applied formulas, and to determine the steady state flux 

commonly use infinite doses – an excess of formulation and therefore active that will 

not limit the amount or rate of permeant across the skin. However, the draw backs of 

this will be that the constant contact and the occlusive nature of the formulation on the 

skin which over time will change the barrier properties of the SC e.g. becoming super 

hydrated. The opposite of this would be to use a finite dose; an amount that would be 

representable of real life conditions of the end user using the formulation. This amount 

had been quoted by Wiechers et al. (2012) as 2 mg cm-3. In permeation assays this 

would be “real life” conditions, and will allow for solvent evaporation and the “recovery” 

of the SC after the formulation has been applied and “sunk in” or post-solvent 

evaporation. Therefore when the permeation amount and rate is determined, it can be 

more representative of the behaviour of the active when used by the end consumer. 

The disadvantages of using finite doses is that when and if the solvent evaporates and 

leaves a supersaturated or crystallised layer of the active on the SC surface, the 

permeation of the active may not reach steady state kinetics (steady state kinetics will 

help determine what effects the formulation is having on the skin permeation; related 

to K (partition coefficient) and D (diffusion coefficient)). This is because the steady 

state flux may not be determined because of the depletion in applied concentration of 

the active in the donor compartment. These advantages and disadvantages of infinite 

and finite dosing are summarised in Table II. Careful consideration also needs to be 

applied when the solvent used to deliver the active in the formula, e.g. ethanol, as the 

rapid evaporation can lead to crystallisation of the active on the SC surface. The 
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permeation behaviour would show as a rapid amount of active permeating followed a 

decrease in permeation, as shown by Wiechers et al. (2012) (3). Due to the rapid 

evaporation of ethanol this depletes the amount of ethanol in the formulation, and as it 

is a permeation enhancer, if it is depleted it cannot facilitate the permeation 

enhancement of the actives. One question they raised in their discussion is knowing 

what happens to the formulation structure and integrity when the main solvent (the 

external phase) evaporates, leaving the residue. This has been further raised and 

postulated that once the external phase evaporates the internal phase droplets will 

coalesce to form a layer on the SC surface (115). 
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Table II Advantages and disadvantages of infinite and finite dosing in 
permeation assays using Franz diffusion cells. Summarised by Wiechers et 
al. 2012 (3) 

Finite Dose Infinite Dose 

Advantages Advantages 

Represents the end consumer use Determine the steady state flux 

Does not alter SC barrier function long term; 

SC can “recover” 

Active permeation behaviour and 

thermodynamic activity, observation of 

change of formulation on permeation 

kinetics. 

Allows for solvent evaporation and residual 

formulation behaviour determination 

 

Behaviour of active on the SC surface; 

location and SC depth profile with tape 

stripping 

 

Disadvantages Disadvantages 

The steady state flux may not be 

determined 

Non-representative of “real life” conditions 

If Jss not determined, effects of formula on 

the permeation of active (related to K and 

D) cannot be determined 

May alter the SC barrier properties with 

constant formula contact/occlusive effect 

causing super hydration of SC that would 

not occur in “real life” 
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 Experimental 

2.1 Equipment List 

School of Design, University of Leeds 

Brookfield viscometer LV-DVE with small sample adapter 

Carbon fibre composite digital callipers (Tooltec) 

Centrifuge: Grant-bio Microspin 12 

Dionex Ultimate 3000 (High Performance Liquid Chromatography) 

IKA Hotplate RCT 

IKA Temperature probe ETS-D6 

IKA RO 10 magnetic stirrer 

Franz Diffusion cells (Permagear) 

Gilson pipettes: 50-200 µL, 200 – 1000 µL and 500-5000 µL 

Perkin Elmer Spectrum BX (Fourier transform infrared) 

pH meter: Orion PerpHecT LogR meter 310 

Sartorius CP 225 D weighing scales 

Tewameter TM 300 (Courage & Khazaka) 

VeriVide lightbox 

School of Food and Nutrition, University of Leeds 

Jet homogeniser (Food sciences department, University of Leeds) 

Mavern Mastersizer 2000 

Ultra-Turrax T25 high shear mixer 

Faculty of Biological Sciences, University of Leeds 

Zeiss LSM880 Upright confocal with Airyscan (Confocal Scanning Laser Microscope) 
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2.2 Chemical List 

Ingredient Supplier 
Purity Product 

Code 

Almond oil Sigma Aldrich   

2-bromophenol Sigma Aldrich 
98 % 130915-

10G 

Coconut oil Sigma Aldrich 
 C1758-

100G 

Ethanol University of Leeds   

Formic acid Sigma Aldrich HPLC Graade 33015-M 

HPLC grade water University of Leeds   

Isoquercetin Sigma Aldrich 
>90 % 17793-

50MG-F 

Methanol Sigma Aldrich 
HPLC Grade 
≥99.9% 

34860 

Octanol Sigma Aldrich 
Analytical 
standard 

95446 

Oleic Acid Sigma Aldrich ≥99% GC O1008 

Paraffin oil Sigma Aldrich 
Analytical 
grade 

18512 

Phosphate buffer tablets, 
pH 7.4 Sigma Aldrich 

 P3288 

Quercetin Sigma Aldrich ≥95% Q4951 

Rutin Sigma Aldrich ≥94% R5143 
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2.3 Pickering Emulsion 

2.3.1 Pickering Emulsion process 

Pickering emulsions were made using a jet homogeniser made and patented by Prof. 

Brent Murray in the Food colloids Group of the School of Food Sciences and Nutrition 

department at the University of Leeds. The two phases for the emulsions were 

comprised of water+flavonoid and oil. The oils chosen were paraffin, almond and 

coconut oils., the latter two used as these are common oils used in personal care. 

Almond and coconut oil both have different states at room temperature, almond is 

liquid whereas coconut is solid and sublimes into liquid at skin temperature. The 

flavonoid suspensions were rutin, isoquercetin and quercetin, each at a concentration 

of 1 mM in aqueous. 

Flavonoid solutions were prepared as follows the day previous to the jet 

homogenisation with oil. Into a 50 mL Eppendorf tube, mass of flavonoid was weighed 

out and 40 mL of HPLC grade water was added to the tubes measured out by 

volumetric glass wear (Table III). Suspensions were stored in a cool dark place for 18 

hours. Due to the limited water solubility of the flavonoids, prior to emulsion making, an 

Ultra-Turrax T25 was used at 24, 000 rpm on the water+flavonoid suspensions to 

disperse the flavonoid as much as possible. Suspensions were dispersed for 2 

minutes at room temperature. 
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Table III Mass of flavonoid to obtain a 1 mM aqueous solution for Pickering 
emulsion 

Flavonoid Mass weighed (mg) Concentration in 40 mL 

(mM) 

Rutin 24.42 1  

Isoquercetin 25.86 1  

Quercetin 12.09 1  

 

The methodology for making the emulsions was the same for every formulation, apart 

from when using coconut oil. Coconut oil has a melting point 23-27 ºC and was semi-

solid at room temperature (22-25 ºC) therefore the oil required melting prior to 

homogenisation and was done so to approximately 35 ºC. To prevent rapid 

solidification of the oil when combined with the aqueous phase, both formulation 

phases and the jet homogeniser chamber were also pre-heated using heated water at 

45 ºC. As the chambers and pistons were metal the heat was retained during 

homogenisation. 

The volumes on the chambers used for jet homogeniser were as follows: 

external/water phase 28 mL, internal/oil chamber 7 mL. The total volume in theory 

produced is 35 mL, however the actual volume of emulsion made is less due to loss of 

water and oil fractions in the neck of the chamber (prior to pressure applied) and not 

all the liquid is expelled from the chambers. 

The clean homogeniser chambers were charged with water+flavonoid phase (80 %) 

and the oil phase (20 % volume), the pistons then gently placed by hand into the top of 

the chambers until secure. The homogeniser, pictured in Figure 2-1, was placed into 

the piston chamber and a pressure of 300 bar was used to plunge the pistons down to 
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extrude the emulsion into a glass beaker. Particle distribution measurement, pH, 

viscosity and photographs were done immediately after the emulsion formulation, and 

the skin permeation and confocal microscope images taken within 48 hours. The 

emulsions were placed in sample vials for analysis and stored at 4 ºC in between 

analysis. All analysis of the emulsions were done at room temperature. 

 

 

 

 

 

Figure 2-1 Jet Homogeniser and Piston Chamber 
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2.3.2 Pickering emulsion controls 

Control Pickering emulsion were made with water+flavonoid and oil mixed in the same 

proportions as in the jet homogeniser (28 ml aqueous phase and 7 ml oil phase) in a 

beaker with a magnetic stirrer at 800 rpm for 1 hour.  

Once the controls were removed from stirring, they quickly separated into two distinct 

layers. Prior to skin permeation experiments the controls were gently mixed with the 

magnetic stirrer to try and obtain a temporary homogeneous solution for pipette 

removal and adding to the donor compartment. Overnight the coconut oil had 

solidified. It was gently heated to just above melting temperature to obtain the liquid oil 

state before gentle mixing. 

2.3.3 Confocal Scanning Laser Microscope 

The Confocal Scanning Laser Microscope (CSLM) used was a Zeiss LSM880 Upright 

confocal with Airyscan equipped with the following lasers: Diode 405 nm, Argon 458, 

488, 514 nm, DPSS 561 nm and HeNe 633 nm. For observing Pickering emulsions, a 

welled microscope slide had to be used so the emulsion could pool within the well and 

the coverslip place over the liquid without displacement of the liquid. Approximately 20 

µL of each Pickering emulsion was transferred onto the slide using a Gilson pipette 

and the coverslip laid across. Oil immersed objective lenses were used: Plan-

Apochromat 40x/1.4 Oil DIC and Plan-Apochromat 63x/1.4 Oil DIC. 

2.3.4 Particle size Distribution  

Particle size distribution was done with a Malvern Mastersizer 2000 and 

measurements were done by the help of Dr. Didem Sanver at the Food Sciences and 

Nutrition department at the University of Leeds. 
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2.3.5 Viscosity measurements 

The viscosities of the emulsions were measured using a Brookfield viscometer LV-

DVE with a small sample adapter set. Spindle number s18 and speed 60 rpm was 

used for low viscosity measurements, with a sample size of 6.7 mL of each Pickering 

emulsion. This was done via Gilson pipette, taking care to extrude the emulsion down 

the sides of the chamber to avoid forming air bubble which would affect the viscosity 

measurement. Measurements were taken at room temperature (22 – 24 °C) 

2.3.6 pH measurements 

Measurements were taken with pH meter: Orion PerpHecT LogR meter 310 at room 

temperature. 
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2.4 Permeation Assay 

2.4.1 Franz Diffusion Cell Assembly 

Skin permeation studies were performed using six Franz Diffusion cells purchased 

from PermaGear, Inc. Hellertown, PA, USA. Franz cells were made from clear glass 

with a 5 cm3 receptor chamber and a 9 mm diameter orifice for membrane placement, 

giving a surface area of 0.64 cm2. Figure 1-8 in section 1.8 displays the Franz 

diffusion cell. 

The jacketed cells were connected to each other via rubber tubing; the first and last 

Franz cells were connected to a water bath maintained at 37 ºC by using an IKA 

temperature probe connected to the hot plate. A water pump provided constant water 

flow through the tubing system. Franz cells were placed on a multi-magnetic stirrer 

plate and held in place with clamps. Small magnetic stirrers were placed into the 

receptor chambers prior to skin membrane placement to ensure even distribution of 

flavonoids permeating through the skin in the receptor chamber and to promote sink 

conditions. 

The distribution within the receptor chamber was checked by adding a red acid water 

soluble dye and observing the colour distribution within the cell and the sampling port. 

It was confirmed that there was fast adequate dispersion throughout the cell with the 

magnetic stirrer at speed 1200 rpm. However, it was observed that the colour 

distribution in the sampling port was uneven, even after 30 minutes; the concentration 

of colour being greater at the lower portion of the sampling port connected to the 

receptor chamber, compared to the top of the port. Therefore the technique of using a 

syringe to pull up and down the liquid in the sampling port to obtain even distribution 

was employed to ensure there was no error in sampling. 

The receptor fluid was chosen to ensure solubilisation of all flavonoids permeating 

through the skin and sink conditions. It is important that sink conditions are met to 
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ensure a concentration gradient across the skin membrane. The receptor fluid is 

described in 2.4.3.  

2.4.2 Porcine Skin Membrane Preparation 

Food grade porcine skin was obtained from a slaughter house and came from the 

ears. On the day of obtaining the skin it was prepared for experimentation at room 

temperature (20-24 °C). The subcutaneous fat was carefully removed from the dermis 

using a surgical scalpel and discarded. The epidermis was removed from the dermis 

using the heat separation method (109). This involved submerging the skin tissue in 

60 ºC for 1 minute then the epidermis was carefully removed by peeling off from the 

underlying dermis with forceps. The skin was visually inspected and was not used if 

there were any blemishes or marks present on the surface including irregular 

pigmentation, veins or scars. The skin was washed with cold distilled water to remove 

surface dirt and was patted dry. The skin was then cut into 1.5 cm x1.5 cm squares 

using surgical scalpel and placed in plastic bags and stored at -20 ºC until required. 

Skin samples were removed from the freezer 24 hours before permeation studies and 

were thawed in the plastic bag at 4 ºC. This prevented the skin samples from drying 

out in the thawing process after freezing. 

It was noted that the skin samples became drier after freezing, compared to what the 

tissue would have been fresh. The skin samples were re-hydrated using distilled water 

for 15 minutes prior to permeation assays. The rehydration lead to a better seal of the 

tissue between the donor compartment and the receptor fluid, avoiding leaks and loss 

of sample. 
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2.4.3 Receptor Medium 

Receptor medium was chosen to solubilise the flavonoid compounds permeating 

through the skin and maintain skink conditions.  

This solvent system of 50 v/v % ethanol and 50 v/v % pH 7.4 phosphate buffer ( 

EtOH:PBS) was chosen because flavonoids are readily soluble in the solvent mixture 

(see solubility section 2.5) and the pH represented physiological pH (108). They were 

both prepared with a known concentration of the internal standard 2-bromophenol. 

This was chosen as an internal standard as it contains a benzene ring for detection at 

254 nm in RP-HPLC and does not form complexes with flavonoids. Phosphate buffer 

saline at pH 7.4 was made by using tablets from Sigma Aldrich. 

The 50 % v/v EtOH:PBS receptor medium was made by measuring out equal volumes 

of ethanol and phosphate buffer saline in volumetric flasks and combining in a 

separate container and allowing to equilibrate. The internal standard 2-bromophenol 

was weighed out into a volumetric flask and topped up with the 50 % v/v EtOH:PBS 

mixture to yield a final concentration of 1.7 mM. 
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2.4.3.1 Maximum Solubility of Flavonoids in Receptor Medium 

Maximum solubility of the flavonoids rutin, isoquercetin and quercetin in the receptor 

medium of 50 % v/v EtOH:phosphate buffer saline (pH 7.4 was done to determine 

whether the solubility in this solvent was a limiting factor for the permeation studies. 

This was done by adding excess flavonoid to the receptor medium in Eppendorf tubes. 

Samples were shaken and incubated at 37 ºC on 250 rpm rotation for 24 hours. Tubes 

were then centrifuged for 5 minutes at 14.5k rpm. The supernatant was then carefully 

removed with a syringe then diluted with corresponding receptor medium and filtered 

using 0.45 µm PTFE filter prior to RP-HPLC analyses. Receptor medium contained the 

internal standard, 2-bromophenol, at 1.7 mM. Dilutions of the supernatant were made 

as supernatants were too concentrated for accurate HPLC analysis. Concentration of 

the flavonoids were calculated using the peak area of the flavonoid from the HPLC 

trace using the response factor, F, with the internal standard. All maximum solubilities 

were greater than 1 mM  in aqueous (concentration in applied emulsions) therefore the 

receptor medium was deemed not a limiting actor for sink conditions (Table IV). 

Table IV Maximum solubility of rutin and quercetin in receptor medium 50 % v/v 
EtOH:PBS. 

 

Flavonoid Maximum solubility 

concentration (mM) 

Rutin 3.23 ± 0.42 

Isoquercetin 3.37 ± 0.26 

Quercetin 3.60 ± 0.12 
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2.4.4 Procedure 

The thickness of the skin samples was measured with a pair of carbon fibre composite 

digital callipers (Tooltec) and only samples with a thickness of 1 ± 0.1 mm were 

selected for use in the assay. Samples which were not in this thickness range or which 

showed signs of damage were rejected. Skin samples were placed over the orifice of 

the receptor chamber stratum corneum facing upwards (underside of epidermis 

touching the receptor fluid). The donor chamber was carefully aligned and clipped into 

place over the skin membrane with a Teflon washer in-between. Using a needle and 

syringe the internal phase was added to the cell via the sampling port and trapped air 

bubbles under the skin were released by tilting the Franz cell so the bubble could 

escape via the sample port. Doing this several times ensures that there was no air gap 

between the skin and the internal phase. The epidermal membrane was left for 1 hour 

to equilibrate with the internal phase (receptor chamber heated to 37 ºC with a 

circulating water bath). After this cells were again tilted to release any trapped air 

bubbles that may have formed before the start of the permeation study. 
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2.4.5 Trans-Epidermal Water Loss (TEWL) Measurement 

In skin permeation assays it is necessary to evaluate the barrier properties of the skin 

membrane sample prior to testing to establish uniformity and normality of the 

membrane. The OECD guidelines on skin permeation assays outlines several 

methods to evaluate skin barriers by electrical capacitance, titrated water or measuring 

the trans-epidermal water loss (TEWL).The integrity of the skin barrier – the stratum 

corneum – was measured using a Tewameter TM 300 (Courage & Khazaka) and 

values obtained were used to determine if the porcine skin, under experimental 

conditions, was representable of “normal skin”. Measurements on the porcine skin 

were taken before the skin permeation assay (after 1 hour equilibrium). If the trans-

epidermal water loss measured was within the range of “normal skin condition” then it 

was deemed satisfactory to use for the permeation experiments. If TEWL values were 

high and above the “normal range” i.e. values above 25 g m-2 hr-1, indicating a loss of 

barrier function, then the skin sample was not used and replaced. Courage & Khazaka 

have provided guidelines for the TEWL values obtained by the Tewameter TM 300 

and the interpreted corresponding skin condition, displayed in Table V. These 

guidelines were used to determine the skin condition. 
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Table V Trans Epidermal Water Loss (TEWL) values recorded by the Tewameter 
TM 300 and interpretation of data in accordance with skin condition. 

Guidelines set by manufacturer Courage & Khazaka (116) 

TEWL- values g/h/m2 Interpretation guide 

0-10 Very healthy condition 

10-15 Healthy condition 

15-25 Normal condition 

25-30 Strained skin 

Above 30 Critical condition 

 

After the 24-hour experimental period of permeation, TEWL measurements were taken 

again to observe if there had been a change in the barrier function after the applied 

formula had been absorbed. 
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2.4.6 Donor Compartment: Dosing 

To obtain release kinetic data of the flavonoids from Pickering emulsions, an infinite 

dose had to be applied to the skin. 

Samples of 200 µL of each Pickering emulsion sample and control were pipetted on to 

the exposed skin and cells were rotated gently to ensure even coverage of the skin. In 

Table VI the mass of flavonoid applied, C0, in Pickering emulsions and controls is 

shown, calculated using a 0.64 cm2 surface area. This information is needed to 

calculate the % of flavonoid permeating the membrane after 24 hours, expressed as % 

applied dose. Immediately after the emulsions had been applied to the skin, samples 

were taken from the internal phase which signified time 0 (T0) representing the start of 

the experiment. Aliquots were taken every hour up to 7 hours and then at 24 hours. 

Each sample volume was noted and immediately replaced with an equal volume of 

fresh receptor fluid. Aliquots were filtered using a 0.45 µm PTFE filter into vials ready 

for Reverse Phase – High Performance Liquid chromatography analysis (outlined in 

section 2.4.7). These permeation assays were done in an environmentally controlled 

room; with 22 °C and 75 % humidity. 

Table VI Mass of flavonoid applied to the donor phase 

Flavonoid Molecular 

mass 

Applied volume to 

donor phase, µL 

Applied mass, 

µg from 1mM 

C0 in donor 

phase in µg cm-2 

Rutin 610.52 200 120 187.5 

Isoquercetin 464.38 200 92.88 145.12 

Quercetin 302.24 200 60.45 94.45 
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2.4.7 Qualification and quantification in the receptor chamber 

To identify and quantify the flavonoids permeating the epidermal membrane, reverse 

phase – high performance liquid chromatography (RP-HPLC) was used. 

2.4.7.1 Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) 

A Dionex Ultimate 3000 equipped with a diode array detector (DAD) was used for 

reverse-phase high performance liquid chromatography (RP-HPLC) to identify and 

quantify the presence of flavonoid compounds in formulations and samples taken from 

skin permeation assays. Chromeleon™ Version 6.80 software was used to analyse 

chromatograms. The HPLC machine was equipped with a Waters Novapak C-18 

column, 150 x 3.9 mm, particle size: 5 µm with a Waters Novapak C-18 guard column. 

The injector volume was 20 µL. No auto-sampler was equipped to the RH-HPLC 

machine therefore manual injection of each sample was done. 

The programme used for analysis was as follows: solvent A water with 0.1 % formic 

acid and solvent B acetonitrile with 0.1 % formic acid. The programme was based on a 

gradient system between the two solvents and is as follows: Time 0 min. 5 % B, 0-2 

min. 50 % B; 2-4 min. 50 % B; 4 – 6 min. 60 % B; 6-8 min. 60% B; 8-10 min. 100 % B; 

10-11 min. 100 % B and 10-14 min. 5 % B Temperature was maintained at 25 ºC and 

DAD set at 254 nm for the detection of the aromatic rings of the flavonoids and the 

internal standard.  
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2.4.7.2 Retention Times of Reference Flavonoids 

Rutin and the mono-glycoside, isoquercetin, and the aglycone, quercetin were 

investigated. For possible identification of flavonoids in unknown aliquots from 

permeation assays, the retention times of these flavonoids were determined by 

running reference samples through RP-HPLC analysis. Table VII displays the 

properties of the reference flavonoids  

Table VII Retention times of three flavonoid reference samples, using HPLC 
programme. 

Flavonoid Retention Time (minutes) 

Rutin 3.3 

Isoquercetin 3.7 

Quercetin 4.05 
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2.4.7.3 Internal Standard for RP-HPLC analysis 

An internal standard (IS) was used in the receptor solvents of the Franz cells to 

determine the concentration of the flavonoid compounds that had permeated the skin 

membrane. The IS also provides a way to monitor the accuracy of the HPLC 

programme and machine. By using an IS the response factor, F, can be calculated 

between the reference flavonoid sample and the IS by using Equation 6. 

 

𝐴𝐼𝑆

𝐴𝑅𝑒𝑓
 = 𝐹 

𝐶𝐼𝑆

𝐶𝑅𝑒𝑓
 

Equation 6 

Where AIS is the peak area of the internal standard, ARef is the area of the reference 

sample, CIS is the concentration of the internal standard and CRef is the concentration 

of the reference samples. The IS chosen for quantification of the flavonoids 

permeating the skin was 2-bromophenol. It was chosen as it can be detected at 254 

nm due to aromatic ring and retention time at 4.7 minutes does not mask the 

flavonoids (Table VII).  
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2.4.8 Calibration curves and response factor, F, of flavonoids reference 

samples with internal standard 2-bromophenol 

Calibration curves of reference flavonoid samples were done in receptor solvents 

along with the internal standard (IS). Reasons for doing this are twofold: (I) to 

determine if a line of regression exists within the data over a concentration gradient 

and (II) determine the response factor, F, with the flavonoid and the IS. The reason for 

determining the response factor between the internal standard is to calculate the 

unknown concentration of flavonoid compound in permeation experiments. Response 

factor values are displayed in Table VIII.  

This method of determining the unknown concentration of flavonoid is preferred as the 

concentration will be relative to the concentration of the internal standard. 

Calibration curves were done in the receptor solvent used in the permeation 

experiments, 50 % v/v ethanol:phosphate buffer saline at pH 7.4 (EtOH:PBS). A stock 

solution of each flavonoid was made in the receptor solvent and consecutive dilutions 

made with the solvents. Figure 2-2 displays the calibration curves for rutin, 

isoquercetin and quercetin respectively. From these graphs it was determined that 

there is a regression line fit between concentration and peak area as each calibration 

gave a R2 value of 0.999. The graphs in Figure 2-2 show that the internal standard 

remains constant which indicates a good internal standard for determining the 

response factor and reproducibility of the HPLC machine injection port.  
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Figure 2-2 Calibration curves of  (a) rutin, (b) isoquercetin and (c) quercetin in 

receptor medium 50 %v/v EtOH:PBS and with the internal standard 2-

bromophenol at 1.7 mM 

Table VIII Response factor determined between flavonoid and internal standard 

2 - bromophenol using calibration curves in Figure 2-2 

Flavonoid Response Factor with Internal standard 

Rutin 41.48 

Isoquercetin 38.90 

Quercetin 22.03 
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2.4.9 Amount of flavonoid permeating 

In this study the amount of flavonoid permeated per unit area of skin in µg cm-2, was 

calculated by dividing the amount of flavonoid detected in the receptor phase in µg by 

the surface area of the skin sample exposed in the Franz diffusion cell, 0.64 cm2. 

The cumulative amount permeating was then expressed as a % of applied dose in 

Equation 7 where Qt is the cumulative amount of flavonoid in µg cm-2 at time t and C0 

the original dose applied in µg cm-2. 

 

% 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑑𝑜𝑠𝑒 = (
𝑄𝑡

𝐶0
) × 100 

Equation 7 
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2.5 Mathematical Modelling on the flavonoids permeating through 

porcine epidermis over 24 hours 

Mathematical models were used to determine the permeation parameters and to 

describe the release kinetics of flavonoids through the epidermal skin membrane. If a 

linear relationship exists between any of the models, it is taken as an indication of the 

validity of that model for the data. The following models were applied to each flavonoid 

permeating the skin over the aliquot sampling time frame. Software Microsoft excel 

was used to process the models. 

2.5.1 Steady state diffusion 

2.5.1.1  Zero-order kinetics / Fick’s first law and determination of time lag.  

From a plot of the amount of flavonoid penetrating per unit area against time, a linear 

regression indicates a constant rate of permeation, zero-order kinetics (113). The 

increase is independent of the starting concentration and the rate of increase is 

constant. When there is a constant release rate of active permeating the membrane, 

the flux of the active is said to be in steady state. The gradient of the slope is taken as 

the rate or flux in steady state, Jss, and can be integrated into Fick’s first law of 

diffusion (Equation 8) (39). 

𝐽𝑠𝑠 =  𝐾𝐷
∆𝐶

ℎ
=  𝐾𝑝 𝐶0 

Equation 8 

where, K is the partition coefficient of the solute between the vehicle and the 

membrane, D is the diffusivity of the solute within the membrane, ΔC is the 

concentration gradient over the membrane and h is the path length. The permeability 

coefficient, Kp in cm min-1, is combination of the parameters of lipophilicity and 

diffusivity of a solute. 
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2.5.1.2 Diffusion coefficient using time lag method 

Time lag was determined for each by extrapolating the linear portion of the permeation 

profile to intercept the x-axis. When the time lag is found, the diffusion coefficient, Ds of 

the flavonoid within the skin can be found using Equation 9 (90, 113). 

𝐷𝑠 =  
ℎ2

(6𝑡𝐿)
  

Equation 9 

Where h is the thickness of the epidermal membrane in cm and tL is the time lag in 

minutes. 

2.5.1.3 Permeability coefficient  

Once the steady state flux, Jss has been determined from the derivative of cumulative 

amount penetrated per unit area against time the permeability coefficient, Kp in cm 

min-1 , can be calculated from Equation 10 

𝐾𝑝 =  
𝐽𝑠𝑠

𝐶0
 

Equation 10  

where C0 is the original concentration in the donor compartment applied to the skin. 

When an infinite dose is applied, the concentration of the active in the receptor phase 

is much less that the concentration of the active in the donor side, therefore the 

concentration in the donor compartment approximates the original concentration 

applied, C0 (39). 

2.5.2 Non-Steady State Models 

First order kinetics is when an exponential decay of the active permeating the 

membrane with a concentration rate change (113).This relationship is found by plotting 

the logarithm of the amount permeating in µg cm-2 over time. Fick’s second law of 

diffusion, which describes non-steady state diffusion can be applied to determine the 
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permeability and diffusion coefficients. This requires the Laplace transformation which 

was unavailable during this research and was not used. Therefore this data can only 

be used to state whether the system is in a non-steady state. 

2.5.3 Release Kinetics: 

2.5.3.1  Higuchi Model 

Release kinetics and diffusivity determined by the Higuchi principle are found by 

plotting the square root of time against the cumulative amount of permeant normalised 

by the original concentration applied in the donor phase (39). The correlation 

coefficient is investigated and the slope of linearity taken as Higuchi’s coefficient, KH. 

Rearrangement of Equation 11 provides the diffusion coefficient (Dv) of the permeant 

within the vehicle (Equation 12). 

 

𝐾𝐻 = 2√
𝐷𝑣

𝜋
 

Equation 11 

 

𝐷𝑣 =  (
𝐾𝐻

2
)

2

∙ 𝜋 

Equation 12 

 

2.5.3.2 Korsmeyer-Peppas Model (The Power law) 

The Korsemye-Peppas Model, which characterises the release component from 

cylindrical matrices, is found by plotting the fraction of flavonoid released from the 

membrane over the logarithm of time. The slope of the linear portion, K, is used in 
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Equation 13 to determine the n component. Values of n component are cross 

checked in Table IX to determine the release behaviour. 

𝑀𝑡

𝑀∞
=  𝐾𝑡𝑛 

Equation 13 

 

Where Mt/M∞ is the fraction of flavonoid released at time Mt from the applied 

concentration M∞, K is the release rate constant and n is the release component (117). 

Table IX Korsmeyer-Peppas release component value and definitions 

 

Release exponent (n) Drug Transport Mechanism Rate as a function of time 

0.5 Fickian diffusion t-0.5 

0.5<n<1 Non fickian diffusion tn-1 

1 Case II transport Zero order release 

Higher than 1 Super case II transport tn-1 
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2.6 Octanol-Water Partition Coefficient (LogP) 

To determine the octanol-water partition coefficient, LogPO/W, the logarithm of the ratio 

of flavonoids peak area between the octanol phase and the PBS phase was 

calculated, expressed in Equation 14: 

𝐿𝑜𝑔𝑃 = 𝑙𝑜𝑔 (
[𝑜𝑐𝑡𝑎𝑛𝑜𝑙]

[𝑤𝑎𝑡𝑒𝑟]
) 

Equation 14: 

 

The octanol water partition coefficient of the three flavonoids investigated was 

determined based on the work carried out by Rothwell et al. (2005). (97). 

Solutions of flavonoids with known concentrations were prepared in methanol before 

250 µL of each were pipetted into 1.5 mL Eppendorf tubes, a total of three replicates 

per flavonoid solution. The methanol was left to evaporate off at 37 ºC to leave 

flavonoid residue in the tubes. To each tube 750 µL of octanol was added and tubes 

gently shaken, before 750 µL of phosphate buffer saline (pH 7.4) was added to each 

tube. Tubes were shaken vigorously by hand for 1 minute and visually inspected. In all 

cases there were no visual particulates that were undissolved. The octanol and PBS 

layers were separated by centrifugation for 3 minutes at 12.5k rpm with a IKA 

microcentrifuge. As octanol is less dense that water, the majority of the octanol layer at 

the top of the tube was carefully removed via syringe before filtering for HPLC 

analysis. The remaining octanol at the PBS interface was carefully removed and 

discarded, followed by the filtration of the PBS layer before HPLC analysis. The HPLC 

programme used for analysis is outlined in section 2.4.7.1. 
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2.7 Attenuated Transform Reflectance Fourier Transform Infrared 

(ATR FT-IR) Spectroscopy 

The ATR FT-IR machine used in this study was Perkin Elmer Spectrum BX coupled 

with the software Spectrum v5.3.1. Spectra were measured over the wavelength 

4000 – 600 cm-1 with 32 scans and a resolution of 4 cm-1 and interval of 2 cm-1.  

Infrared spectral measurements are sensitive to background noise. Prior to all 

sample measurements a background scan was measured and automatically 

subtracted from the sample spectra. This was done to remove background noise 

and interference peaks from the surrounding air which would give false peaks in the 

spectra of samples. 

Between each sample measured, the ATR crystal was wiped with acetone to 

prevent cross contamination and a background scan run before a new sample 

measured. 
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2.7.1 Measurement of Flavonoids 

Powders of rutin, isoquercetin and quercetin were individually compacted down onto 

the ATR crystal and the clamp screwed down with automatic  uniform pressure 

(force unmeasured)  to complete closure to secure a tight compressed powder on 

the crystal. Measurements were then taken. 

Measurement of porcine stratum corneum samples 

All skin samples were placed with stratum corneum face down on the ATR crystal 

and the clamp screwed down to complete closure to secure a tight seal before 

measurements were then taken. 

2.7.1.1 Untreated skin sample 

Untreated porcine epidermis using 200 µL distilled water in the donor compartment 

was set up as a blank control, and to be the baseline spectra for comparison of 

further permeation assays. The Franz cell set up was identical to the procedure 

outlined in section 2.4, as to keep conditions for the skin samples same as the 

permeation assays of the Pickering emulsions (same receptor fluid, temperature 

and time of experimentation). The stratum corneum lipids of each sample were 

evaluated with FT-IR after 24 hours. 

2.7.1.2 Effect of oleic acid on lipid morphology 

Positive control experiments were done on skin samples in the Franz diffusion set 

up to investigate the technique for using FT-IR analysis and determine the change 

skin lipid morphology after topical application of a donor formula. A known 

permeation enhancer, oleic acid, was selected as it has been demonstrated to 

change the lipid morphology of the stratum corneum (65). Two solutions of oleic 

acid were made; 5 %w/w (0.25 mL in 4.75 ml water) and 10 %w/w, (0.5 mL in 4.5 

mL water) using Gilson P200 and P1000 pipettes. For the experiment, 200 µL 
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aliquot of the solutions were taken with a Gilson P200 and transferred to the skin in 

the Franz diffusion cell. The stratum corneum lipids of each sample were evaluated 

with FT-IR after 24 hours. 

2.7.1.3 Oil type on lipid morphology 

To observe effect of the oils used in the study on the skin without flavonoids 

present, aqueous solutions of 20 % w/w paraffin, almond and coconut oils were 

made and applied to skin samples. This was done by mixing 1 mL of each oil with 4 

mL distilled water using a Glison P1000 pipette. Coconut oil required to be heated to 

approximately 40 ºC before transferring to water phase, which was also warmed to 

approximately 40 ºC so to prevent solidification when mixing. As there was no 

emulsifier present in the solution to stabilise the oil and water phase, the solutions 

were kept under constant stirring conditions using a magnetic stirrer in glass 

beakers to maintain oil dispersion. Under mixing, 200 µL aliquot of the oil solutions 

were swiftly taken with a Gilson P200 and transferred to the skin in the Franz 

diffusion cell. The stratum corneum lipids of each sample were evaluated with FT-IR 

after 24 hours. 

2.7.1.4 Skin Permeation Assays 

Immediately after 24 hours of the permeation assay, skin samples were removed 

from the Franz diffusion cells and transferred to the FT-IR analysis directly. This 

was done as soon as possible to avoid further ageing and environmental change of 

the skin sample, which can change the lipid morphology. 
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2.7.2 Post-analysis of the spectral data 

2.7.2.1 Normalisation 

For skin samples, all spectra were normalised at the amide I band, 1629-1633 cm1.  

2.7.2.2 Spectral Analysis – Curve fitting 

Curve fitting of the FT-IR spectra was done to measure the peak shift and width (29) 

via the software Origin Pro.The purpose of curve fitting is to measure not only the 

frequency in which bond strength of the molecule of interest absorbs at, but also the 

vibrational interaction of that molecule with the surrounding environment (29). The 

line shape of the curve is a sum of the individual molecules in the surrounding 

environment absorbing or scattering the energy (29).  

The correct curve fitting model depends on the state in which the test sample is 

measured. A bell curve Gaussian function is used for solid materials due to the 

environment of the molecule not being in motion and the surrounding molecules 

experience a statistical distribution in the environment; in a gaseous state the 

molecules have a high level of rotations and collisions therefore a Lorentzian curve 

function is used and for liquids a combined Gaussian-Lorentzian function is used as 

the curve profile will take on attributes of both Gaussian and Lorentzian (29).  

Curve fitting functions for chain conformation in the stratum corneum primarily use 

the Gaussian function as the packed lipids are in “solid” form within the matrix, 

however Gaussian-Lorentizian and Lorentzian function have been used on 

ceramide mixtures (1, 118-121). 

Baseline correction was done prior to curve fitting. For the CH2 symmetric stretching 

at ~2850cm-1, baseline correction was 2825 – 2880 cm-1  and for the CH2 scissoring 

modes at ~1468 cm-1 , baseline correction was 1450 - 1480 cm-1. 
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In this research the Gaussian curve fitting function was used to determine peak 

location and bandwidth of the CH2 symmetric stretching at ~2850 cm-1, of the CH2 

scissoring modes at ~1468 cm-1 with 2nd derivative analysis to find hidden peaks. 

Statistical Analysis 

2.8 Statistical Analysis 

On all data average and standard deviations (n = 3) were calculated, followed by 

one direction ANOVA on all comparative data then by Student’s one tailed paired T-

test using Microsoft excel software. The P value of statistical significance was taken 

as 0.05. 
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2.9 Discussion of experimental / errors  

2.9.1 Franz diffusion cell dose and viscosity of formula applied 

 

In Franz diffusion cells, the permeation of the active from a formulation is dependent 

on the viscosity of that formulation and the dose applied (122). High viscosity infinite 

dose application can impede the skin permeation of actives because of limitations of 

thermodynamic activity of the active. The active in such formulations cannot 

efficiently migrate through the bulk of the formula to the skin surface and partition 

into the SC layers, i.e. it’s thermodynamic activity is reduced, compared to low 

viscosity formulas. In addition, the formula immediately in contact with the skin can 

become depleted in the active, and bioavailability of the remaining active within 

formula is dependent on the rate of external phase / solvent evaporation. Therefore 

overall there is not a constant concentration gradient across the membrane. When a 

small amount of high viscosity formula is applied to the skin, in finite dose 

conditions, the rate of skin permeation is increased, attributed to the increased skin 

hydration from thick formulations (122). 

In literature there are discrepancies to a specified volume that represents a infinite 

dose, (OECD guidelines to finite dose), mathematical models used to describe the 

permeation of active through the membrane and receptor fluids to provide sink 

conditions. Dose dependant permeation of actives can occur when there is a 

surplus or pooled formulation applied to the skin in  the donor compartment, which 

is not representable in “in use conditions” (122). Selzer et al. 2013 provide a 

comprehensive review on skin permeation assays, and the difference of permeation 

data obtained when using an infinite or finite dose technique (123).  
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2.9.2 Skin membrane choice 

To be as close as possible to “real-life” situation porcine skin was used. The 

reasons for this as stated previously is because porcine skin offers as a viable skin 

membrane that is the closest biologically to human skin. In this study human 

cadaver skin could not be obtained. 

There comes a degree of unpredictability in using porcine membrane. The biological 

composition and integrity cannot be fully controlled; only the source, preparation, 

storage and experimental use can be controlled. Repeating the exact experimental 

procedures reduces the amount of error. This unpredictability produce skin 

permeation results that lack sensitivity with large errors over the mean sample data. 

All skin permeation data in this study collection and statistical models gave the 

same magnitude of error per formulation sample (Figure 5-1Figure 5-2Figure 

5-3Figure 5-14). A reduction in error between experimental repeats can be achieved 

by either increasing the number of experiments run, n, or using an artificial 

membrane in replacement of porcine skin. An artificial membrane, e.g. cellulose 

membrane will have uniform pore sizes, membrane volume and chemical integrity 

which would reduce variability, however, as an artificial membrane, is not 

representable of biological skin permeation. In addition, artificial membranes used 

for skin permeation assays cannot be evaluated post-hoc for the skin lipid 

morphology.  

2.9.3 Alternative membranes 

 

The skin membrane used in this research was porcine ear skin which has been 

used in skin permeation studies as an appropriate ex vivo animal model.  

Other animal skin models such as rat, mouse and guinea-pig have been used, 

however porcine ear skin is closer to human skin; with a comparable stratum 
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corneum thickness of 21 – 26 µm and hair follicle density of 20/cm2 (human 14-

32/cm2) (124, 125). The structure of the skin appendages from porcine ear skin are 

very similar also to that of human skin with sebaceous glands connected to the hair 

follicle and sweat glands in the dermis being connected to the skin surface via ducts 

(124). 

Barrier properties of porcine ear skin and human skin have been found to be similar 

(125). In human skin equimolar ratios of cholesterol, free fatty acids and ceramides 

are present, however in porcine skin it is quoted as being different (125). The 

arrangement of lipids are also reported to be different where human skin lipids are 

arranged in a tightly packed orthombic lattice and porcine lipids are arranged in a 

hexagonal phase (125). 

2.9.4 Choice of receptor fluid for Franz cell 

 

Flavonoids are not readily soluble in water or phosphate buffer therefore a solubilser 

in the receptor medium has to be introduced to obtain sink conditions. A common 

additive to the receptor medium is an emulsifier (Tween 80 or bovine albumin to 

reversibly solubilise lipophilic permeants (123). However, bovine albumin binds and 

forms complexes with polyphenols (126). Preliminary experiments in this research 

used bovine albumin with phosphate buffer for a receptor fluid to investigate the 

solubilisation of flavonoids. Flavonoids were not detectable by RP-HPLC with the 

defined programme and was theorised that a complex with the bovine albumin was 

occurring. Therefore a water-ethanol mixture was preferred as a receptor solvent for 

sink conditions. Ethanol mixed with phosphate buffer has been used at 25, 40 and 

50 %v/v ethanol as the receptor fluid for skin permeation assays (3, 39, 127). It 

should be noted that ethanol in the receptor medium within the Franz cell could 

dehydrate the epidermal membrane and cause shrinkage of the skin (123). Even 
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though this has been done in these skin permeation assays, the continuity across all 

skin samples allows for valid comparison. 

2.9.5 Determining steady state region 

 

It has been discussed in literature that the steady state region of penetration is 

difficult to determine (90). Some authors have taken the steady state region as from 

the initial release time frame (127) while another study by Weichers et al. 2012 took 

the steady state region from the later release time frame of 6 – 24 hours (3).  

Accurate deduction of whether the flavonoids reached complete steady state across 

the membrane within 24 hours could not be achieved. From experimental design 

and laboratory access, time frame of 7 – 24hours could not be measured, which 

may affect the results of accurately determining steady state flux and time lag.  

Time lag could not be determined for rutin in Pickering Emulsions for all three oils as 

detection was not until 6 or 7 hours, producing only 2-3 data plots. Time lag could 

also not be detected for quercetin Pickering emulsions as this was not detected in 

permeation studies.  

The permeation profiles of the flavonoids showed different stages of permeation; 

steady state followed by a slower permeation between 7-24 hours. When the 

system of permeation through a membrane is not in steady state, Fick's 2nd law of 

diffusion can be applied. Fick’s second law describes the rate of change over time 

of a permeant across the membrane. It is determined using specialist software, out 

the scope and availability of this research. The most common algorithm to solve 

Fick’s 2nd law is the Laplace transformation (111).  
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 Pickering Emulsions for the stability of Flavonoids 

3.1 Introduction 

Flavonoids are used as actives in cosmetics primarily for their potent antioxidant 

activity, which contributes to protection of the skin from reactive oxygen species and 

thus skin damage. However, due to their poor water solubility it is often difficult to 

incorporate flavonoids into a stable formulation and obtain efficient skin permeation 

(39, 55, 127). Flavonoids with amphiphilic structures due to the presence of sugar 

moieties pose as interesting, multifunctional ingredients if utilised as an emulsifier to 

help stabilise an oil-water formulation. Figure 3-1Figure 1-1 displays the chemical 

structure of flavonoids that exhibit this amphiphilic property; a di-glycoside flavonoid, 

rutin (1) and a mono-glycoside flavonoid isoquercetin (2). The flavonoid rutin has a 

rutinose moiety at the 3-OH position, which provides emulsifier like properties and 

therefore can form Pickering emulsions (49, 85). Forming Pickering emulsions with 

flavonoids could be a useful technique to change the skin delivery of the flavonoids, 

as well as to stabilise the flavonoids in the formulation. The benefits to forming 

Pickering emulsions with flavonoids are: i) increasing flavonoid stability in 

formulation; ii) using actives with multifunctional benefits to provide stability as well 

as therapeutic benefits to the skin. 

Rutin and isoquercetin chemical structures can be classed as surface active; the 

conjugated benzene rings contributing to the non-polar portion of the molecule and 

the sugar moieties pertaining to the polar region of the molecule. As previously 

mentioned, this parameter of the molecule lends these flavonoids to be used as 

stabilisers for emulsions. Research into rutin and its aglycon, quercetin (Figure 3-1), 

to form Pickering emulsions for food applications has been investigated  (49, 85), 

however, the application of flavonoids for emulsion stabilisation has a huge potential 

for personal care application as flavonoids also provide an active benefit to the skin. 
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Unlike other studies that have investigated the formation and then penetration 

enhancement of actives through the skin encapsulated within the solid coated 

particles (80) the active in the Pickering emulsions in this study are the stabilising 

agent and outside coating of the oil droplet, rather than the flavonoids being 

encapsulated within the oil droplet. This could lead the way to multi-component 

formulas as a technique to deliver multiple actives; soluble in the oil phase and the 

coating of the oil droplets. Increases the use of multi-functional ingredients, reduces 

emulsifiers in the formulation that can cause skin irritancy. 

  

1 

3 

Figure 3-1 Chemical structure of three flavonoids: 1) Rutin, 2) Isoquercetin and 
3) Quercetin 

2 
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3.2 Pickering Emulsions  

Using a jet homogeniser, aqueous and oil phases are combined under high 

pressure to form an emulsion. With the inclusion of a flavonoid, a Pickering 

emulsion (particle stabilised) emulsion can be formed; rutin particles aggregate at 

the oil-water (O/W) providing emulsion stabilisation by stearic hinderance at the 

interface preventing of oil droplets coalescing. A hydrocarbon oil such as n-

tetradecane, paraffin oil or mineral oil forms strong PEs due to the inert properties of 

the oil (49), and the flavonoid is only wetted by (not soluble) in these oils. There is 

an increasing trend of natural persona care formulations using vegetable derived 

oils such as sunflower, almond, soybean and coconut oils. These oils however may 

prove not to make good Pickering emulsions with rutin and other flavonoids 

because these oils contain fatty acids and triglycerides which can impart surface 

active properties due to their structure, and therefore displace the flavonoids at the 

O/W interface.  

In previous studies by Luo et al. (2011), both rutin and quercetin had been 

investigated for their Pickering emulsion formation capabilities with n-tetradecane; 

they found that rutin formed good stable Pickering emulsions with n-tetradecane, 

whereas quercetin did not (49). They investigated a range of flavonoids with 

differing aglycon structures and sugar moieties. They found that flavonoids with very 

high or very low logPO/W values were not good emulsifiers for forming PE. The 

presence of sugar moieties in the flavonoids have a significant effect on the PE 

formation: the sugar groups provide increased water solubility to the molecule, 

increasing the surface activity of the flavonoid and thus adsorption to the O/W 

interface. The study by Luo et al. (2011) did not investigate the PE potential of the 

mono-glycoside of quercetin, isoquercetin. 
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3.3 Aims and Objectives 

This study herein looked at three flavonoids with the same aglycon but differing in 

sugar moieties at the 3-OH position: rutin (rutinose moiety, di-glycoside), 

isoquercetin (glucose moiety, mono-glycoside) and quercetin (aglycon, no sugar 

moieties)Error! Reference source not found. shown previously in Figure 3-1 on p

98. The emulsions were formed with three oil types commonly used in cosmetics; 

paraffin oil, almond oil and coconut oil. To the best of knowledge, this is the first 

study to look at the formulation or rutin, isoquercetin and quercetin as emulsifiers to 

form Pickering emulsions with three different types of oil that would be used in a 

personal care formulation: paraffin oil, almond oil and coconut oil because they are 

different in fatty acid composition and different physical states at room temperature 

(refer to section 1.4.4 on p35 of chapter 1), the change in stratum corneum lipid 

morphology after application and the skin permeation and release kinetics from 

porcine epidermis.  

Research questions in this chapter are: 

• Can Pickering emulsions be formed with three different flavonoid types with 

differing structures: rutin (di-glycoside), isoquercetin (mono-glycoside), 

quercetin (aglycon) with three different oil types used in personal care 

formulations: paraffin oil, almond oil and coconut oil at a 20 % oil fraction. 

• Using confocal scanning microscopy, where are the flavonoids aggregating in 

the emulsion. 

• What is the particle size distribution of these emulsions. 

• Are these flavonoids chemically or physically stabilised in the emulsion/are the 

emulsions stable enough to be used in personal care. 
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Control emulsions were composed of the same oil:water ratio of 20:80 % w/w with a 

concentration of flavonoid in the aqueous phase, 1 mM. The experimental 

procedure for the controls was changed by omitting the jet homogeniser (high 

pressure sheer mixing) step. This step is key to forming Pickering emulsions (49). 

An alternative approach could have been using a different emulsifier to form oil 

droplets, but this would have been a modification factor to the formulation and 

potentially to the skin barrier properties. The control had to represent the same 

ingredients with no droplets. 

3.4 Results 

The following section displays image results of the formation of Pickering emulsion 

with flavonoids rutin, isoquercetin and quercetin with the oils paraffin, almond and 

coconut. 
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3.4.1 Pictures of emulsions formed with rutin 

The Pickering emulsions formed with paraffin, almond and coconut oils with rutin as 

the emulsion stabiliser are visually represented in Figure 3-2. All oils formed a 

uniform, opaque emulsion, differing in colour because of the oil used: paraffin oil 

formed the whitest emulsion, whereas almond was cream-yellow in colour due to 

the natural yellow colour of the starting oil. All the emulsions had a small distinct 

layer of the original oil at the top of the vial. This is because within the jet 

homogeniser there is a small volume of oil that will not be homogenised as it is 

passed through and expelled from the system. Analysis of expelled liquid would 

confirm this. The emulsion made with coconut oil possessed a “bitty” appearance as 

the coconut oil cooled from +35 ºC and solidified at room temperature (22-25 ºC). 

Visually, the best emulsion was formed in the order: paraffin oil > almond > coconut 

oil. After 6 months stored at room temperature the Pickering emulsions still visually 

remained, however a larger oil layer was prominent at the top of the vials. This 

demonstrates the stability of the Pickering emulsions is weakening over time, as 

expected. 
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(a) 

(b) 

 

Figure 3-2 Pickering emulsions formed with rutin 1mM and 20 vol % of (i) 

paraffin oil, (ii) almond oil and (ii) coconut oil. Pictures taken after formation 

with jet homogeniser. 1.3(a) after homogenisation and 1.3(b) 6 months after 

homogenisation at room temperature (22 ºC). 

 

(i) (ii) (iii) 

(ii) (iii) (i) 
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3.4.2 Pictures of control mixtures formed with rutin 

Control “non-emulsions” in Figure 3-3 clearly show two distinct layers of oil and 

aqueous layers with a sedimentation of rutin at the bottom of the vial. However the 

aqueous layer with almond oil showed slight opaqueness and a reduced oil layer at 

the top compared to almond and coconut oils. After 6 months at room temperature 

there was no visual change in the control emulsions, apart from almond oil (ii) which 

showed a darkening orange colour. This could be due to autoxidation of the fatty 

acids within almond oil. 

 

 

Figure 3-3. Control “non- emulsions” formed with rutin 1mM and 20 vol % of 

(i) paraffin oil, (ii) almond oil and (ii) coconut oil.  

  

(ii) 
(iii) 

(i) 
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3.4.3 Pictures of emulsions formed with isoquercetin 

The Pickering emulsions with paraffin, almond and coconut oils with isoquercetin as 

the emulsion stabiliser are visually represented Figure 3-4 (p 106) after 

homogenisation. All the oils initially formed emulsions, paraffin oil forming the most 

opaque and uniform looking emulsion. As with PE with rutin and the oils Figure 3-2 

there was a layer of un-homogenised oil at the top of the vials. However, the 

emulsions formed with isoquercetin also displayed a layer of large oil droplets at the 

top of the vials which is an indication of a reduced level of stabilisation of the oil. 

From observation, the order of stabilised emulsions formed for isoquercetin was in 

the order: paraffin oil > almond oil > coconut oil. After 6 months the Pickering 

emulsions with isoquercetin show complete emulsion break down (Figure 3-4 (b)). 

Larger oil layers at the top are distinct of phase separation of the oil and aqueous 

phase. There was also seen a layer of flavonoid sedimentation at the bottom of the 

vials. The volumes of the almond and coconut oil vials are low as availability of 

isoquercetin raw material was low. 

  



 
 

106 

 

 

(a) 

(b) 

Figure 3-4 Pickering emulsions formed with isoquercetin 1mM and 20 vol % of 

(i) liquid paraffin oil, (ii) almond oil and (iii) coconut oil. Pictures taken after 

formation with jet homogeniser: (a) after homogenisation; and (b) 6 months 

after homogenisation at room temperature (22 ºC). 

  

(ii) 

(iii) 

(i) 
(ii) 

(iii) 
(i) 
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3.4.4 Pictures of control mixtures (non-emulsions) formed with isoquercetin 

Control “non-emulsions” for isoquercetin in Figure 3-5 showed distinct layers of oil 

and aqueous phases with an isoquercetin sedimentation at the bottom of the vial. 

No emulsion was formed. After 6 months there was no change visually. 

 

 

Figure 3-5 Control “non- emulsions” formed with isoquercetin 1 mM and 20 

vol % of (i) paraffin oil, (ii) almond oil and (ii) coconut oil. 

  

(ii) (iii) (i) 
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3.4.5 Pictures of Pickering emulsions formed with quercetin 

The Pickering emulsions with paraffin, almond and coconut oils with quercetin as 

the emulsion stabiliser are visually represented Figure 3-6.From observations the 

oil and aqueous phases showed signs of separation rapidly after homogenisation 

stage, evident by the large oil layers at the top of the vial. It was seen more 

predominantly in the PE made with almond oil than paraffin oil.  

(  

(a)                                                           (b) 

Figure 3-6. Pickering emulsions formed with quercetin 1mM and 20 vol % of (i) 

liquid paraffin oil, (ii) almond oil. and (b) 6 months after homogenisation at 

room temperature (22 ºC). An emulsion with quercetin and coconut oil formed 

no emulsion 

Despite this there was still some apparent emulsion formation. The attempted PE 

emulsion with quercetin and coconut oil did not form, it was immediately apparent 

that the two phases separated. The order of quercetin PE formation from strongest 

to weakest from visual observation was paraffin oil > almond oil > coconut oil. After 

6 months there was little change in the appearance, however the oil layer slightly 

more distinct. The aqueous phase was still opaque. 

(i) (ii) (i) (ii) 
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3.4.6 .Pictures of control mixtures (non-emulsions) formed with quercetin 

Control “non-emulsions” for quercetin showed two distinct layers of oil and aqueous. 

It is difficult to decipher from the image in Figure 3-7, but the opaqueness in the 

aqueous phase comes from the suspension of quercetin. There is also a 

sedimentation of quercetin and the bottom of the vial. 

 

Figure 3-7. Control “non- emulsions” formed with quercetin 1 mM and 20 vol 

% of d (i) paraffin oil and (ii) almond oil. 

 

  

(ii) (i) 



 
 

110 

 

3.4.7 Viscosity and pH of emulsions formed with flavonoids 

Viscosities of the Pickering emulsions are relatively low (Table X), and it is seen 

that the mixture of rutin and paraffin oil has the highest viscosity.). 

Table X. Viscosity measurements of emulsions (cP). 

Flavonoid Paraffin 

Oil 

Almond 

Oil 

Coconut 

Oil 

Conditions of measurement 

(speed, spindle) 

Rutin 2.03 1.65 1.86 60 rpm, SC-4 18 

Isoquercetin 1.71 1.64 1.73 60 rpm, SC-4 18 

Quercetin 1.97 1.74 n.a. 60 rpm, SC-4 18 

 

Table XI. pH values of Pickering emulsions. 

Flavonoid Paraffin Oil Almond Oil Coconut Oil 

Rutin 6.70 6.37 7.04 

Isoquercetin 6.83 6.46 6.90 

Quercetin 6.80 6.59 n.a. 
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3.4.8 Confocal images of Pickering emulsions 

Due to the auto-fluorescence of flavonoids, confocal scanning laser microscopy 

(CSLM) is a useful technique to locate the flavonoids in the Pickering emulsions, 

and as previous work has demonstrated (49). As seen in Figure 3-8, rutin forms 

poly-dispersed emulsion with paraffin, almond and coconut oil. The majority of 

particles are spherical oil droplets with rutin visually located at the O/W interface 

evidenced by the green fluorescence (difficult to observe in print). A closer 

magnification of rutin paraffin oil in (d) and (e) shows an Aggregation of the rutin 

particles have occurred forming crystals, noticed by the “clump-like” images and 

some oil droplets are held within these rutin aggregates. 

Similar results to rutin were observed for isoquercetin with the three oil types ( 

Figure 3-9); a poly dispersed emulsion was formed although the droplet sizes 

appear to be much larger than droplets with rutin. As the oil droplets are larger, this 

would lead to instability over time. Their appears to be aggregation and crystal 

formation of isoquercetin, entrapping oil droplets as seen in 

Figure 3-9 images (d) and (e).Images of Pickering emulsions of quercetin with 

paraffin and almond oil are in Figure 3-10. With paraffin oil, the droplets are 

clustered in quercetin crystals, whereas almond oil forms droplets that appear to 

begin coalescing, leading to instability. 
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Figure 3-8. Confocal Laser Scanning Microscopy images of Pickering 

Emulsion with Rutin and 20 vol % of (a) paraffin oil (b) almond oil and (c) 

coconut oil. Rutin and paraffin oil crystal aggregation seen in (d) and (e). 

  

(a) (b) 

(c) 

(d) (e) 
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Figure 3-9 Confocal Laser Scanning Microscopy images of Pickering 

Emulsion with isoquercetin and 20 vol % of (a) paraffin oil (b) almond oil and 

(c) coconut oil. Isoquercetin and paraffin oil crystal aggregation seen in (d) 

and (e). 

(a) (b) 

(c) 

(d) (e) 
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Figure 3-10. Confocal Laser Scanning Microscopy images Pickering Emulsion 

with isoquercetin and 20 vol % of (a) paraffin oil (b) almond oil. 

  

(a) (b) 
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3.4.9 Particle size distribution 

Particle size distribution was attempted on the Pickering emulsions using with a 

Malvern Mastersizer diluted in distilled water and results tabulated in Table XII. 

Unfortunately, although attempted, results for the particle size distribution could not 

be determined from Pickering emulsions formed with isoquercetin and almond and 

coconut oil, or for quercetin and paraffin and almond oils. This could be because of 

emulsion collapse when added to the deionised water. 

All Pickering emulsions formed with the flavonoids and oils were poly-disperse with 

ranges displayed in Table XII (p 116). Pickering emulsions formed with rutin and 

paraffin and almond oil formed the smallest particle sizes with an average particle 

size of 295 and 186 µm respectively. Rutin and coconut oil formed a particle size 

much larger of 405 µm. The particle size distribution or rutin varied providing a poly-

dispersed emulsion with a large volume density of small particle sizes in the range 

0.15-4.0 µm then 30-650 µm. A smaller droplet in an emulsion pertains to higher 

emulsion stability, therefore the overall strength of Pickering emulsions based on 

droplet size: 

Rutin Paraffin ≥ Rutin Almond > Rutin Coconut > Isoquercetin Paraffin > 

Isoquercetin Almond / Isoquercetin Coconut / Quercetin Paraffin / Quercetin 

Almond. 
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Table XII. Particle size distribution of droplets in Pickering emulsions formed 

with flavonoids and different oil types (N/A = not available). Average of 3 

repetitions made immediately after homogenisation. 

Flavonoid Pickering Emulsion Particle range (µm) Average Particle size, 

(µm) 

Rutin Paraffin Oil 0.15-4.0; 30-650 295 ± 59 

Almond Oil 0.2-500 186 ± 42 

Coconut Oil 6.0-800 405 ± 27 

Isoquercetin Paraffin Oil N/A 618 ± 115 

Almond Oil N/A N/A 

Coconut Oil N/A N/A 

N Paraffin Oil N/A N/A 

Almond Oil N/A N/A 

 

3.4.10 Octanol-Water Partition Coefficient 

Table XIII Experimentally determined Octanol-Water Partition Coefficient, 
LogPo/w of Flavonoids. 

Flavonoid Octanol – water partition coefficient, LogPo/w 

Rutin -0.36 ± 0.05 

Isoquercetin 0.53 ± 0.16 

Quercetin 2.02 ± 0.09 
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3.5 Discussion 

Pickering emulsions are particle stabilised droplets. The particle aggregation at the 

interface prevent droplet shrinkage, flocculation and coalescence via steric 

mechanism, and the strength of the stability depends on how easy it is to remove 

the particles from the interface (128). Flavonoid particles can be utilised to from 

Pickering emulsions due to their amphiphilic structure. When oil and water are 

mixed, a temporary dispersion of the two phases is formed before the two phases 

separate. To maintain separation, the flavonoid particles coating the oil droplets 

create stearic hinderance by adsorbing at the O/W interface, preventing 

coalescence of the oil droplets and creaming. 

Particle Size 

As the particles are adsorbed at the O/W interface, flavonoids forming Pickering 

emulsions can also improve the flavonoid solubilisation and stabilisation within a 

formulation for a cosmetic product. Improving the solubility of an active in a 

formulation is an important property of that active that is intended to partition from a 

topical formula and penetrate into the skin (3, 7, 39, 92).  

In this research, the droplet size in Pickering emulsions formed varied in size (Table 

XII on p116 and displayed in Figure 3-11). Taking the average particle size, the 

smallest particle size was measured from rutin and almond oil PE, which was 

smaller than rutin and paraffin oil PE and 4 times smaller than particle size of rutin 

and coconut oil PE. Unfortunately, the only particle size distribution data obtained 

from isoquercetin was for the paraffin oil PE. The particle size of isoquercetin and 

paraffin oil were twice the size that of rutin and paraffin oil.  
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Figure 3-11 Particle size distribution of Pickering emulsions with flavonoids 
and different oil types. Data taken from Table XII. 

 

Observing particle size distribution, all Pickering emulsions with rutin showed a poly-

dispersion, with rutin and paraffin oil forming the smallest droplet sizes. Compared 

to surfactant stabilised emulsions, the droplet size in Pickering emulsions is usually 

larger (49) because the droplet cannot be smaller than the stabilising particle size. 

Emulsion stability can be improved by obtaining small oil droplet dispersions, 

however requires a large amount of energy to stabilise. A smaller droplet size leads 

to higher Laplace pressure with a large oil-water interface area and requires high 

amounts of energy to stabilise. Laplace pressure leads to Otswald ripening i.e. oil 

droplets form small to large oil droplets, and therefore particle size provides an 

indication of comparative stability. 

. An experimental error with using a Mastersizer for quantification of particle size is 

that the equipment cannot distinguish the difference between emulsion droplet and 

particle crystals (49), therefore some of the data for particle size may be a 

distribution of emulsion droplet and flavonoid particle aggregates. Particle sizes 

were also done immediately after homogenisation, and could not be repeated on 
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storage samples due to equipment availability. It is essential for clear conclusions to 

be made that the measurements are repeated after 6 months to compared particle 

sizes. 

Viscosity 

Between samples there was no significant differences between viscosity, although 

rutin and paraffin oil did provide the highest value. As the particle size distribution 

showed that Rutin formed a poly dispersion with the smallest droplet size (Table XII 

on p116) and visually form CSLM images (section 3.4.8), it suggests that the higher 

viscosity is attributed to the small particle size of rutin and paraffin oil PE. This PE 

also visusally showed the best emulsion stability, which may be attributed to the 

small particle size. Increasing the viscosity of the external aqueous phase with 

polymers can improve emulsion stability which will slow down coalescence and 

Ostwald ripening of the oil phase. However choice of polymer for aqueous 

thickening should be carefully selected in conjunction with flavonoids, as flavonoids 

are incompatible with anionic polymers (55). However, it was important in these first 

studies not to over complicate the system and make the formula too viscous with 

the addition of polymers. In further permeation assay analysis, when a highly 

viscous formula is applied on the donor side it would pose challenges in release 

kinetics data. This is because in a high viscous formula, a depletion of the 

concentration of the flavonoids from the bottom of the formula on the skin surface 

would occur, whereas the rest of the flavonoid would remain in the bulk formula 

“non-moving”; a high viscous formula reduces the thermodynamics of the permeant 

of interest (3).  
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Visual Stability 

Collating data from visual inspection of the emulsions samples after 6 months 

(Figure 3-2 to Figure 3-6), the Pickering emulsions which visually showed the most 

stable emulsions (lowest degree of visual phase separation) were in flavonoid order 

rutin > isoquercetin ≥ quercetin, and in oil order paraffin > almond ≥ coconut oil.  

The order of flavonoids follow the order of increasing polarity. The determined 

octanol-water partition coefficient of the flavonoids are Rutin, -0.36, Isoquercetin, 

0.56 and Quercetin 2.02 (Table XIII p116). This increasing polarity correlation is 

suggestive that the LogPo/w of the flavonoids in this research does influence the 

stability of the Pickering emulsions over time in storage. However other studies 

have shown that LogPo/w alone does not determine the viability of a flavonoid to 

form stable PEs (49). 

Flavonoids outside the range of logPO/W –0.6 < 0 are considered inadequate for 

forming Pickering emulsions as species that are strongly hydrophilic or lipophilic 

partition into the water or oil soluble phase more preferentially therefore do not 

stabilise the emulsion (49). Of these, rutin has the ideal lipophilicity to form the 

emulsion, however Pickering emulsions were seen to be formed initially with 

isoquercetin and quercetin and remain as emulsions 6 months later. Stability and 

partial wetting of isoquercetin and quercetin could be occurring in the early stages of 

PE formation, and over time the flavonoids migrate into the preferential phase 

(lipophilic portion). Another possibility is that quercetin and isoquercetin are forming 

large crystal aggregates as seen in the confocal images in section 3.4.8. These 

large aggregates could form partial flocculation of the oil droplets. In aqueous and 

oil phases, quercetin could form aggregates as the solubility is very poor in both 

mediums (79). The wetted particles adhering to the interface will have a contact 

angle to the O/W interface. If the contact angle of the particle is too close to 0º or 
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180º then the emulsion will collapse as the free energy of spontaneous desorption 

will be low (49). Rutin particles have a contact angle with water which less than 

90°(85) and therefore has a high de-absorption energy. 

The order of oil stability is interesting. Paraffin oil is a hydrocarbon oil which is more 

polar compared to almond and coconut oils, and contains no naturally occurring 

emulsifying molecules such as fatty acids and triglycerides which can displace 

flavonoids adsorption at the O/W interface. This could be the main reason for a 

visual change in stability between flavonoid and oil type is observed after 6 months. 

In addition, almond oil and coconut oil are examples of vegetable oils with different 

melting points and physical states at room temperature (25 ºC); almond oil remains 

liquid whereas coconut oil is semi-solid and will melt upon skin temperature, 32-35 

ºC. This would change the stability properties of the emulsion in storage as coconut 

oil solidifies below its melting point (25-27 ºC). A state change from liquid-solid will 

increase the density of coconut oil, increasing the force required to prevent phase 

separation, leading to obvious creaming. 

The “ control” emulsions, where the jet homogenisation step was omitted, showed 

no emulsion formation (Figure 3-3, Figure 3-5 and Figure 3-7). Flavonoid particles 

showed sedimentation and the oil creaming. It is therefore conclusive that high 

energy input is essential to form Pickering emulsions and for particles to adhere at 

the O/W interface. 

 

Location of Flavonoids in the Emulsions 

The concertation of the flavonoids used in these Pickering emulsion was 1 mM 

aqueous as previous studies (49), therefore allow a valid comparison to research. In 

addition, as isoquercetin has not been studied to form Pickering emulsions, using a 

concentration of 1 mM also provides comparative date to literature.  From CSLM 

images it can be seen that there is a layer of the flavonoid crystals around the oil 
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droplets, highlighted by self-fluorescence of the flavonoid particles. However, some 

flavonoids were observed as large aggregated crystals (Figure 3-8 to Figure 3-10). 

It is therefore unknown whether flavonoids, including rutin, form a uniform layer or a 

crystal aggregation around the oil droplets in the Pickering Emulsions. This may be 

due to self-assembly of the flavonoid particles, or the particles not being fully being 

dispersed in the system. At a concentration of 1 mM, the flavonoids are in excess 

(85) and not all flavonoid particles are located at the O/W interface; particles are 

seen to be in the external aqueous phase as a suspension (from visual inspection 

and from CSLM images).  

 

pH 

The pH between the PE systems does not differ significantly (Table XI on p110). 

The pH of the emulsions were slightly above the pKa of the flavonoids (rutin pKa 

6.17, isoquercetin 6.17 quercetin 6.31 (51). Which means that the flavonoids are 

partially ionised form in the emulsions.. This will increase water solubility of the 

flavonoids and can change the emulsion stability (49). 

Quercetin formed Pickering emulsions, although the hypothesis is that as it is more 

polar than rutin and isoquercetin, and does not posses sugar moieties that can 

provide stearic stabilisation, quercetin would not form stable PE. In addition, other 

studies found quercetin to form none or poor PEs (49).The pH of the system is 

above the pKa of quercetin, therefore it is partially ionised, increasing water 

solubility. The spontaneous energy of de-adsorption of a particle from the O/W 

interface is high (49) therefore the stabilisation could be occurring as a combined 

result of the polarity of quercetin (2.02) which provide oil solubilisation, and the 

ionisation of the molecule that improves water solubility. 
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Conclusive remarks 

Pickering emulsions were successfully made with flavonoids rutin, isoquercetin and 

quercetin together with paraffin, almond and coconut oils as seen by CSLM images 

and by visual observation. The greatest visual stability of flavonoids was in the order 

rutin > isoquercetin > quercetin, and in oil order this was paraffin > almond > 

coconut oil. Although quercetin and coconut oil PE did not form. In this research the 

degree of stability is a combination of flavonoid polarity, and oil type.  

Particle size distribution data did not provide any meaningful conclusive data as 

particle size measurements could only be obtained for rutin PE samples, of which 

only slightly provide correlated stability data with observed data, and viscosity. 

However, more repetitive experiments on particle size are required. 

As the pH of all the emulsion systems are slightly above the pKa of the flavonoids, 

they are in a partial ionised state which does increase their water solubility. This 

may effect the flavonoids adhereance to the O/W interface, thus emulsion stability. 

The next chapters look at the flavonoid-lipid interaction within the stratum corneum 

of porcine epidermis and skin permeation assays with release kinetics. It will provide 

knowledge of both improved stability and skin permeation effects when incorporated 

into a Pickering emulsion. 
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 FT-IR analysis of the skin lipids 

4.1 Introduction 

The principle of topically applied actives is for them to penetrate into the skin 

through the Stratum corneum (SC), otherwise their function for benefits in deeper 

skin layers is lost. The rate limiting barrier of the SC is the “brick and mortar” 

structure from the corneocytes and the extracellular matrix (ECM), of which 

composes of tightly packed lipids; ceramides with varying molecular configuration, 

as well as cholesterol and free fatty acids.  

Aliphatic chains of lipids in the ECM of the stratum corneum are arranged in all-

trans conformation, which results in a dense crystal lattice structure. (1). This 

arrangement of the lipids is known as orthorhombic (OR) phase (1) and is indicative 

of an intact, impermeable barrier, attributed to a healthy skin condition. Changes in 

the lateral packing indicate a change in the permeability of the lipid matrix. 

Hexagonal (HEX) and liquid crystal (LIQ) disordered packing conformation indicate 

increased fluidity of the matrix (1). In HEX phases, the acyl chains become less 

densely packed and rotate in the crystal plane and in LIQ phases there is no 

organisation to the aliphatic chains, leading to disordered phase and highest 

permeability (1). As the lipid matrix prevents water loss from the body (19), an 

impaired barrier leads to higher water evaporation indicated by an increase in trans 

epidermal water loss (TEWL). 

A higher permeability of the skin barrier also allows entry of particles from the 

external environment that can cause adverse skin irritation. Liquid crystal formation 

of the lipid packing would therefore be undesirable after topical application of a 

cosmetic. However, an impermeable barrier (OR phase) is also undesirable as 

penetration of active substances would be perturbed. Therefore a “balance” is 
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desired in the permeability of the SC barrier; OR-HEX phases of the ECM lipids 

favoured. 

The lateral conformational order of the lipid chain packing can be evaluated by 

Attenuated Transform Reflectance Fourier Transform Infrared (ATR-FTIR) 

spectroscopy, a non-invasive technique that does not destroy the skin sample 

integrity. A change from orthorhombic to hexagonal to liquid crystal (OR-HEX-LIQ) 

lateral packing order is determined in ATR-FTIR transmittance spectra by:  

(i) a shift to higher wavelength and broadening of the 2850 cm-1 peak (CH2 

symmetric stretching) which is an indication of the rotational motion of 

the alkyl chains in phase transition (1) and  

(ii) the convergence of the two split scissoring modes at ~1468 cm-1 into one 

peak is an indication of OR-HEX-LIQ phase transition (1). 
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4.1.1 Aims and Objectives 

 

The aims and objectives of this chapter are: 

1. Can ATR-FTIR be used to decipher the stratum corneum lipid morphology? 

2. Can changes in the lipid morphology be identified when a known skin 

penetration enhancer, oleic acid, is used compared to untreated skin? 

3. What changes have occurred in the stratum corneum lateral packing 

conformation after skin permeation assays with Pickering emulsions, 

between different flavonoid and oil types? 

4. Does the change of the lipid packing correlate with the release kinetics of the 

flavonoid from permeation data? 

Using this technique will contribute to the understanding of what changes are 

occurring to the Stratum corneum after topical application of formulation. 

Gaussian curve fitting function was used to determine peak location and bandwidth 

of the CH2 symmetric stretching at ~2850 cm-1, and of the CH2 scissoring modes at 

~1468 cm-1 with 2nd derivative analysis to find hidden peaks. All results are based 

on FT-IR analysis of the stratum corneum of skin samples post permeation assay (n 

=3). Raw data shown in attached Appendix. 

Section 4.2 displays the Fourier Transform Infrared transmittance spectra of the 

flavonoids rutin, isoquercetin and quercetin, and untreated porcine epidermis used 

in this experiment. They are displayed for the purpose of showing that the 

flavonoids used in this research cannot be identified on the epidermis surface and in 

addition validating that FT-IR analysis can be used for identifying SC lipid 

morphology according to literature. Following in section 4.3 contains the results for 

changes in lipid morphology after topical treatment and permeation assays using 

FT-IR spectra.  
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4.2 Fourier Transform Infrared Transmittance Spectras 

4.2.1 Flavonoids 

The Fourier Transform Infrared (FT-IR) transmittance spectra for the flavonoids 

used in this research are displayed in Figure 4-1 where they have been 

superimposed. Rutin, isoquercetin and quercetin have identical vibrational spectra. 

There is a broad peak ~3250 cm-1 which is assigned to the hydroxyl O-H bond 

stretching (129), highlighted in Figure 4-1. 

As the flavonoids differ only in structure by the presence and number of sugar 

groups, there is no comparative distinguishable peaks in vibrational spectra, which 

is why the spectra of each flavonoid overlap. The peak in the rutin spectra ~2300 

cm-1 is due to the C-O bond stretching of CO2 from air whilst measuring. This can be 

removed by ensuing measuring clamp is securely fastened.  

 

Figure 4-1 Fourier Transform Infrared Spectra of Rutin, Isoquercetin and Quercetin 
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4.2.2 Stratum corneum of porcine epidermis used in experiment (untreated) 

Porcine epidermis is an acceptable membrane to use for in vitro Stratum corneum 

lipid morphology analysis. There are similarities in the lipid composition and 

morphology between human epidermis and porcine epidermis, both containing high 

ceramide, cholesterol and fatty acid content (130, 131). In using ATR-FTIR analysis, 

comparable peaks are present in Stratum corneum IR spectra of human, porcine 

and lipid models, namely the CH2 symmetric stretching at ~2850 cm-1 and CH2 

scissoring at ~1460 cm-1 (12, 22, 31). The FT-IR transmittance spectra of untreated 

(control) porcine stratum corneum used in this research (Figure 4-2).The regions of 

interest in the FT-IR spectra for determining the lipid chain conformation in the SC in 

ordered orthorhombic (OR) phase or disordered hexagonal (HEX) and liquid crystal 

(LIQ) phases are summarised in Table XIV. 

 

Figure 4-2 Fourier Transform Infrared Spectra of Porcine Epidermis. Assignments in 

Table XIV  
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Table XIV Assignment of peaks in porcine epidermis spectra to determine lateral 

packing conformation of the lipids in the Stratum corneum (1, 12) 

Wavenumber 

cm-1 
Group Assignment Lipid Packing Arrangement 

2920 Asymmetric CH3 stretching 
Shift to higher wavelength and broadening of 

the peak indication of disorder phase transition 

2850 
Symmetric CH2 stretching of the 

acyl chains 
Shift to higher wavelength and broadening of 

the peak indication of disorder phase transition 

1740 
Ester C=O stretching – 

triglycerides/phospholipids 
Sensitive marker of hydrogen bond formation. 

~1630 
Amide I band (80% C=O) 

(Normalised) 
Sensitive to hydrogen bond formation and used 

for normalisation 

1540 Amide II (60% NH bending) Sensitive marker of hydrogen bond formation. 

1463-1468 Symmetric CH2 scissoring 

Splitting into two separate bands indicative of 
orthorhombic phase. Convergence of two 

scissoring peaks indicative of disordered phase 
transition. 

728/721/720 CH2 rocking Phase transitions OR/HEX/LIQ 
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4.2.3 Flavonoids and Stratum corneum lipid spectra superimposed  

The FT-IR analysis in this experiment was used for the determination of the aliphatic 

chain packing order of the lipids in the extracellular matrix within the Stratum 

corneum. However, FT-IR spectra of the skin samples after permeation assays 

were further analysed to identify any peak markers specific to flavonoids. Flavonoid 

spectra was first superimposed over the untreated porcine epidermis spectra to 

observe any overlapping or distinguished peaks Figure 4-3 and in Figure 4-4 which 

display zoomed in regions of the spectra at 4000 – 1450 cm-1 and 1450 – 650 cm-1. 

These spectra clearly indicate that ATR-FTIR could not be used for identifying 

flavonoids on the skin surface in post-permeation assays as all three flavonoids 

show overlapping peaks with the SC spectra. Therefore ATR-FTIR could only be 

used for identifying SC lipids and change in morphology. 
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Figure 4-3 Fourier transform infrared transmittance spectra of rutin (red), isoquercetin (green) and quercetin (blue) superimposed with porcine 

stratum corneum lipids (orange) transmittance spectra. 
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(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

  

Figure 4-4 Fourier transform infrared transmittance spectra of rutin, isoquercetin and 

quercetin superimposed with porcine epidermis control, at spectral regions (a) 

4000 – 1450 cm-1 and (b) 1450 – 650 cm-1 
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4.3 Changes in lipid morphology in porcine Stratum corneum after 

topical treatment and permeation assays 

4.3.1 Change in SC lipid packing with oleic acid: positive control:  

 

Oleic acid (OA) is a long chain mono-unsaturated fatty acid, and in the cis 

configuration is a known permeation enhancer that changes the lipid domains and 

morphology in the SC (64). OA is thought to fluidize the lipids and cause phase 

separation (65).  

An aqueous dispersion of OA was used to observe effect on the lateral packing 

morphology of the skin lipids compared to skin not exposed to OA. This was done to 

validate the analytical method for lipid chain packing in conjunction with literature. 

Oleic acid is not soluble in water, however is soluble in ethanol. Water was used 

only to be representable to the other solutions  used in this study. Using ethanol 

would have cause further disruption to the lipid chain packing and not been 

representable of oleic acid action (64). 
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Table XV Curve fitting results using Gaussian function on the FT-IR transmittance 

spectra of (a) Lipid chain CH2 scissoring and (b) Lipid chain CH2 symmetric 

stretching within Porcine Stratum corneum (SC) after topical treatment with 

oleic acid. 

(a) 

 CH2 Scissoring mode 

 R2 
value 

Reduced 
Chi-Squared 

Peak 1 

cm-1 

Peak 2 

cm-1 

Distance 
between split 

peaks 

cm-1 

Untreated SC 0.99 2.02E-04 1463.1 1469.95 6.85 

SC with oleic acid 
5% 

0.99 3.57E-05 1465.28 1470.25 5 

SC with oleic acid 
10% 

0.99 2.34E-05 1464.19 1469.47 5.3 

 

(b) 

 CH2 Symmetric stretching mode 

 R2 
value 

Reduced  

Chi-Squared 

Peak 

cm-1 

Peak shift from 
untreated SC 

 cm-1 

Peak width 
(FWHM) 

Untreated SC 0.99 7.24E-04 2851.6 n/a 17.24 

SC with oleic acid 
5% 

0.98 2.98E-05 2853.50 1.87 17.89 

SC with oleic acid 
10% 

0.97 1.44E-05 2853.93 2.33 19.27 

FWHM – Full width at half maxima 

From the results in Table XV it can be deduced that the oleic acid is having an 

effect on the lipid chain conformation order of the porcine Stratum corneum.  

The lipid chain CH2 scissoring mode in Table XV (a) showed a slight change in peak 

position; the distance between split peak position of oleic acid samples narrowing 

slightly, compared to the untreated SC which is indicative of the peak convergence. 

Peak 1 position of CH2 scissoring mode for oleic acid samples shifted to a higher 

wavelength compared to the untreated SC. These changes indicate a phase change 
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from orthorhombic to hexagonal (OR-HEX). Liquid crystal phase transition occurs 

when there is a complete convergence of the two-split peaks in the CH2 scissoring 

mode, which was not seen in these results. 

A much more sensitive marker is the lipid chain CH2 symmetric stretching at 2850 

cm-1 , Table XV (b). Oleic acid sample showed a bathchromic shift in wavenumber of 

the CH2 symmetric stretching bandwidth to ~2854cm-1 and an apparent broadening 

of the peak indicated by an increase of peak width compared to the untreated 

sample. This indicates phase transition from OR to HEX, and therefore a change in 

the barrier properties of the SC. 

As this preliminary experiment demonstrates, a difference of the lipid conformation 

has been observed between untreated skin samples and skin samples treated with 

a known skin permeation enhancer. Therefore this experimentation is a useful 

technique to use in identifying lipid chain confirmation post-permeation assays with 

Pickering emulsions and flavonoids. In addition, curve fitting procedure with the 

Gaussian function was appropriate as the R2 values were > 0.97 (Table XV) 

Other skin permeation enhancers could have been used such as ethanol, which 

changes the lipid morphology by removing and depleting the SC lipids (64). Oleic 

acid was used as it is a well-studied permeation enhancer and it is also present in 

the almond oil (refer to section 1.4.4 on p35 in literature review), which serves a 

discussion point later on in the chapter.  
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4.3.2 Vegetable and mineral oil 

 

Table XVI Curve fitting results using Gaussian function on the FT-IR transmittance 

spectra of (a) Lipid chain CH2 scissoring and (b) Lipid chain CH2 symmetric 

stretching within Porcine Stratum corneum (SC) after topical treatment with 20 

% oil in aqueous. 

(a) 

 CH2 Scissoring mode 

 
R2 

value 
Reduced 

Chi-Squared 

Peak 1 

cm-1 

Peak 2 

cm-1 

Distance between 
peaks 

cm-1 

Untreated SC 0.99 2.02E-04 1463.1 1469.95 6.85 

SC with Paraffin Oil 0.99 8.22E-05 1467.93 1470.36 2.43 

SC with Almond Oil 0.98 2.18E-05 1467.03 1470.28 3.25 

SC with Coconut 
Oil 

0.99 2.27E-05 1467.2 1469.88 
2.68 

 

(b) 

 CH2 Symmetric stretching mode 

 
R2 

value 
Reduced 

Chi-Squared 

Peak 

cm-1 

Peak shift from 
untreated  

cm-1 

Peak width 
(FWHM) 

Untreated SC 0.99 7.24E-04 2851.6 n/a 17.24 

SC with Paraffin 
Oil 

0.96 7.37E-05 2852.2 0.6 21.3 

SC with Almond 
Oil 

0.98 2.18E-05 2852.7 1.1 2.7 

SC with Coconut 
Oil 

0.98 1.11E-04 2582.8 1.2 17.6 

FWHM – Full width at half maxima 

 

Skin samples treated with an oil-water dispersion showed a change in lipid 

morphology compared to untreated skin samples (Table XVI). The lipid chaine CH2 

scissoring split results displayed in Table XVI (a) showed a narrower distance 

between split peaks and a shift of peak 1 to a higher wavenumber compared to 
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untreated SC, indicative of possible convergence of peaks to from orthorhombic to 

hexagonal lipid morphology. 

In the lipid chain CH2 symmetric stretching results, Table XVI (b) , peaks for SC 

treated with oil dispersions shifted to higher wavelength, compared to untreated SC. 

This indicative of phase transition from OR-HEX of the SC lipids when treated with 

oil solutions. Furthermore, the vegetable oils displayed a greater bathchromic shift 

of the CH2 symmetric stretching compared to paraffin oil; almond and coconut oils  

shifted by 1.1 and 1.2 cm-1 respectively, paraffin oil shifted by 0.6 cm-1. The 

vegetable oil contain naturally occurring fatty acids that can change the lipid 

morphology of the SC more so than paraffin oil (for fatty acid composition of almond 

and coconut oil see literature review section 1.4.4 on p35). The effect of oil type on  

lipid morphology is discussed in further detail in section 4.4.1. The calculated peak 

widths showed some discrepancies; both paraffin and coconut oil widths were 

slightly broadened, however the peak for almond oil sample was very small.  

 

4.3.3 The effect of Stratum corneum lipid morphology after treatment with 

Flavonoid Pickering emulsions with different oil types. 

 

Results for the lipid chain CH2 scissoring modes and CH2 symmetric stretching 

mode are in Table XVII and Table XVIII respectively. The Gaussian function was a 

good fit for the CH2 scissoring modes as the R2 values for this fit were > 0.97 and 

>0.95 for the CH2 symmetric stretching. 
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Table XVII Curve fitting results using Gaussian function on the CH2 scissoring of 
porcine Stratum corneum (SC) lipids after treatment with Pickering emulsions 

and controls 

 
Oil 

Type 

R2 

value 

Reduced 

Chi-Squared 

Peak 1 

cm-1 

Peak 2 

cm-1 

Distance 

between 

peaks 

cm-1 

Untreated SC  0.99 2.02E-04 1463.1 1469.95 6.85 

 Pickering Emulsions  

Rutin 

PO 0.99 3.23E-06 1462.1 1468.4 6.3 

AO 0.99 3.67E-05 1462.3 1468.3 6.0 

CO 0.99 1.49E-06 1466.6 1469.6 3.0 

Isoquercetin 

PO 0.97 0.002 1462.6 1469.7 7.1 

AO 0.99 1.97E-04 1462.4 1467.7 5.3 

CO 0.97 8.05E-05 1463.1 1468.9 5.8 

Quercetin 

PO 0.97 0.001  1466.6  

AO 0.97 0.005  1466.6  

 Control Emulsions  

Rutin 

PO 0.99 1.19E-05 1462.1 1468.4 6.3 

AO 0.99 4.07E-04 1462.6 1467.8 5.2 

CO 0.98 3.67E-04 1462.8 1469.6 6.8 

Isoquercetin 

PO 0.98 2.38E-04 1461.9 1468.2 6.3 

AO 0.98 2.64E-04 1462.6 1469.2 6.6 

CO 0.98 3.49E-04 1464.1 1470.4 6.3 
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Quercetin 

PO 0.99 4.96E-05 1462.3 1468.3 6.0 

AO 0.99 3.48E-04 1464.8 1469.8 5.0 

PO = paraffin oil, AO = almond oil, CO = coconut oil 

The CH2 scissoring split peaks were closer together for the vegetable oil Pickering 

emulsions with rutin and isoquercetin compared to untreated SC and corresponding 

paraffin oil PEs, indicated by a decrease in distance between peaks value. This 

indicates presence of an orthorhombic-hexagonal phase transition in the lipid 

packing conformation as a result from vegetable oil in the formula samples. Rutin 

PE with coconut oil showed the greatest narrowing between peaks of 3.0 cm-1, 

compared to the untreated SC (6.85 cm-1) and paraffin oil, (6.3 cm-1). Quercetin in a 

Pickering  emulsion with both paraffin and almond oil skin samples displayed only 

one peak at 1466 cm-1 indicating a liquid crystal phase of the SC lipids and a 

disrupted barrier.  

Control emulsions did not show distinct changes in distance between the peaks, 

although split peaks for all samples were closer together compared to the untreated 

SC. 
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Table XVIII Curve fitting results using Gaussian function on the CH2 symmetric 

stretching of porcine Stratum corneum (SC) lipids after treatment with Pickering 

emulsions and controls 

 Oil 

Type 

R2 

value 

Reduced 

Chi-Squared 

Peak  

cm-1 

Peak shift 

from control 

cm-1 

Peak Width 

(FWHM) 

Untreated SC  0.99 7.24E-04 2851.6 n/a 17.24 

 Pickering Emulsion 

Rutin PO 0.98 5.25E-05 2852.2 0.57 4.68 

AO 0.98 8.61E-05 2852.7 1.06 6.09 

CO 0.98 0.00133 2852.7 1.1 18.38 

Isoquercetin PO 0.99 2.15E-04 2852.2 0.64 16.19 

AO 0.98 2.85E-04 2853.4 1.78 17.76 

CO 0.97 0.002 2852.1 0.46 16.86 

Quercetin PO 0.92 0.001 2852.2 0.50 17.51 

AO 0.98 0.003 2852.6 1.03 17.19 

 Control Emulsions 

Rutin PO 0.99 7.19E-05 2852.7 1.05 15.29 

AO 0.99 1.09E-04 2853.1 1.46 15.77 

CO 0.99 1.66E-05 2852.7 1.08 15.53 

Isoquercetin PO 0.98 2.29E-05 2852.9 1.26 6.44 

AO 0.99 2.19E-05 2853.1 1.48 16.25 
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CO 0.99 2.56E-05 2852.3 0.66 14.22 

Quercetin PO 0.99 1.44E-04 2852.2 0.57 16.81 

AO 0.99 4.22E-04 2852.0 0.37 15.24 

PO = paraffin oil, AO = almond oil, CO = coconut oil. FWHM – Full width at half maxima 

 

The shift in peak position of the CH2 symmetric stretching at ~2851 cm-1 has 

occurred for all skin samples after skin permeation studies, displayed in Table XVIII. 

Compared to untreated skin at 2851.6 cm-1, the smallest peak shift was from the 

control with quercetin and almond oil (0.37 bathochromic shift) and the highest shift 

was from Pickering emulsion with isoquercetin and almond oil (1.78 bathochromic 

shift). 

The CH2 symmetric stretching shift in peak position form the untreated skin sample 

in Table XVIII is graphically represented in Figure 4-6, p146. 
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4.4 Discussion - Altered barrier function of Stratum corneum as a 

result of changes in lipid morphology of the extracellular matrix 

Several vibrational modes are indicative of phase transitions of the lipid packing 

conformation (Table XIV). The two markers prevalent in literature are the CH2 

symmetric stretching at ~2850 cm-1 and the CH2 scissoring at ~1463 - ~1470 cm-1. 

Changes in both these markers were seen in this research, indicating that after 

permeation assays the SC barrier function was changing which can influence the 

percutaneous permeation behaviour of the flavonoids.  

The CH2 scissoring bands for orthorhombic packing shown a split doublet peak at 

~1463 and ~1473 cm-1 (1, 12, 132). The split peaks are a result of a short-range 

bending of the C-H chain in a planar movement (scissoring). These are interactions 

of the acyl chains, and indicates that a large number of lipids are present in a tightly 

packed, orthorhombic conformation (132). Convergence of the split peaks into a 

single peak and a shift in bandwidth indicate hexagonal phase (1468 cm-1) and 

liquid crystal phase (1466cm-1) (1, 12).  

An illustration of the change in distance between split peaks of the CH2 symmetric 

stretching modes between flavonoid and oil types, comparable to untreated SC are 

displayed in Figure 4-5. 
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Figure 4-5 Distance between split peaks of the CH2 Scissoring mode, 
indicative of lipid conformation change in the Stratum corneum after FT-
IR analysis. (a) After Pickering emulsion treatment and (b) after flavonoid 
suspensions (Pickering emulsion control). Data displayed from Table XVI 

on p136 and Table XVII on p138. 
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This graph shows that the oils alone have a greater effect on barrier properties, 

indicated by the CH2 scissoring modes; a shorter distance between peaks, which 

implies orthorhombic – hexagonal lipid packing transition. The effects of oil solutions 

alone had more of an effect on lipid transformation than the Pickering emulsions 

with flavonoids + oil, as the latter had a greater distance between peaks, not 

significantly different from the untreated SC control. This indicates that flavonoids 

coating oil droplets may affect the barrier properties of the SC lipids by preventing 

oil contact with the SC. As there was no difference in peak distance for the flavonoid 

suspensions (PE controls), flavonoid particles within a solution with oil are still 

perturbing the oil from affecting the SC lipids. This could be due to flavonoid particle 

aggregation and crystallisation forming on the SC as the water evaporates from the 

surface. 

However, an interesting observation is the SC samples with quercetin. For PE 

samples, there was a convergence of the CH2 scissoring peaks indicative of a liquid 

crystal phase transition of the lipids which is a highly disrupted barrier. Whereas 

when in a suspension with the oil and no PE formation, the distance between CH2  

scissoring peaks is not affected and is similar to that of the untreated SC. A possible 

theory is that after high shear jet homogenisation, quercetin particles are forced into 

and preferentially solubilised into the oil phase droplets. As the water evaporates, 

quercetin particles will remain in the oil phase which allows for greater partition into 

the SC lipids, where quercetin can cause additional lipid phase disruption. Within 

the control suspensions, quercetin remains as a particle dispersion which 

crystallises on the SC surface as the water evaporates.  

As previously mentioned, a key additional experiment that would help this theory is 

analysis of the oil phases after jet homogenisation, and the solubility of these 

flavonoids, particularly quercetin, in paraffin, almond and coconut oils. 
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Coconut oil and rutin PE had a similar effect on the lipids as the distance between 

split peaks was shorter than other PEs, comparable to the oil alone.  
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The symmetric stretching of the CH2 mode ~2850 cm-1 is a dominant marker of the 

lipid conformation and is extremely sensitive to phase change and of any 

interactions with compounds and the lipid membrane (12). As space between the 

acyl chains become larger, C-H stretching bond absorbs higher energy, lending to a 

higher absorbed frequency and thus higher wavenumber position (129). An increase 
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in wavenumber, bathochromic shift, is therefore an indication of lipid transition from 

orthorhombic – hexagonal – liquid crystal packing. 

 

The results of the shift in CH2 symmetric stretching for pure oils (Table XVI (b)), 

Pickering emulsions and control emulsions (Table XVIII) are displayed in Figure 4-6 

which poses as a useful illustration to refer to within the discussion and findings 

From Figure 4-6, comparing flavonoids, quercetin had the lesser effect on changing 

the lipid conformation (blue solid and open box) which is shown by a small 

bathochromic shift compared to untreated SC, indicating orthorhombic-hexagonal 

lipid phase and a slightly disrupted SC barrier. Quercetin in a PE with almond had 

the greatest disruption out of the quercetin samples.  

Comparing flavonoids, isoquercetin (green solid and open box) and rutin (red solid 

and open box) have more effect on the lipid chain packing detected by the CH2 

symmetric stretching mode, especially when in a free suspension and not in a 

Pickering emulsion. However, when coconut oil is combined with rutin and 

isoquercetin in a Pickering emulsion or dispersion (control), the shift in CH2 

symmetric stretching is lowered. 

Oils alone (black box) depict that all three oils do change the lipid packing, as seen 

in CH2 scissoring mode. The vegetable oils almond and coconut oil alter the lipid 

packing of the SC more than paraffin oil, thus causing a disrupted barrier. When the 

oils are stabilised in a PE with flavonoids, the peak shift was similar or lower than 

that of the oil solution alone. However greatest disruption between oil types was 

seen when the oils were not in a Pickering emulsion with the flavonoids, and in an 

unstable suspension (controls). 

A noteworthy consideration is that the CH2 symmetric stretching results do not fully 

correlate with the CH2 symmetric stretching results. 
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4.4.1 Stratum corneum lipids disrupted by oil type 

 

The vegetable oils, compared to paraffin oil, showed a greater disruption of the lipid 

chains both in the oil controls Pickering Emulsions (PE) and control emulsions 

(Figure 4-6). The vegetable oils had the highest degree of disruption of the lipid 

chains; changes in lipid transition from orthorhombic to hexagonal lateral packing, 

seen by the FT-IR transmittance spectral changes in the lipid chain CH2 scissoring 

and CH2 symmetric stretching modes (Table XVI p136, Table XVII p138 and Table 

XVIII p140). This is an interesting observation when the fatty acid compositions of 

the oils is noted. Fatty acid composition of the almond and coconut oils were not 

conducted in this study, therefore literature provides fatty acid composition guidance 

of these oils which are displayed in Table XIX. 
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Table XIX Predominant fatty acid composition in (a) almond oil and (b) coconut oil. 

a(Pantzaris and Basiron 2002) (61) b(Roncero et al. 2016) (62) 

(a) 

Predominant fatty acids in 

almond oil 

% mass Chain length 

saturation 

Oleic acid 57.5-78.7a C18:1 

Linoleic acid 12.0 – 33.9 a C18:2 

Palmitic acid 5.2 – 6.7 a C16:0 

Strearic acid 0.2 – 1.7 a C18:0 

Palmitoleic acid 0.3 – 0.6 a C16:1 

 

(b) 

Predominant fatty acids in coconut 

oil 

% mass Chain length 

saturation 

Lauric acid 45.1-50.3b 12:0 

Myristic acid 16.8-20.6 b 14:0 

Palmitic acid 7.7 – 10.2 b 16:0 

Oleic acid 5.4 – 8.1 b 18:1 

Capric acid 5.5 – 7.8 b 10:0 

 
 

Fatty acids, notably oleic acid have been investigated in permeation enhancement 

studies (63, 133, 134). Fatty acids can disrupt the lipid packing of the lipid matrix 

within the stratum corneum (135) and the effect dependent on the chain length and 

saturation/degree of unsaturation (63). A study by Kandimalla et al. 1999 looked at 

the effect of fatty acids on the permeation of melatonin and the relationship between 

the fatty acid enhancement and trans epidermal water loss. Saturated fatty acids 

with chains < 12 disrupt the lipid barrier and long chain fatty acids with 14 or greater 

carbons are important for the improved barrier (orthorhombic lateral packing) of the 
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lipids (63, 132). Results from Kadimalla at al. 1999 were taken and interpreted into 

Figure 4-7 to depict the changes in lipid barrier function after fatty acid application. 

The fatty acids present in almond oil are predominantly in the form of triglycerides, 

the most abundant being the triglyceride of oleic acid (57 – 78 %) (61). As almond 

oil has a high content of oleic acid, a “disruptive” fatty acid, it is accountable for the 

results seen in this study which show there is a higher degree of discorded lipids in 

SC, compared to untreated SC and SC treated with paraffin (Figure 4-6). 

Coconut oil has a high content C12 and C14 unsaturated fatty acids (lauric and 

myristic acid, respectively, Table XIX (b)), and therefore explains why coconut oil 

has a lower change in lipid transition compared to almond oil. However, in addition it 

also contains oleic acid (5 – 8 %) (62) that as previously mentioned can disrupt the 

SC lipids. Coconut oil may simultaneously disrupt and repair the lipid barrier in the 

SC, which accounts for its lower disruptive effect on the SC lipids compared to 

almond oil, yet higher lipid disruption than paraffin oil. The lauric acid and myrisitic 

acids are also responsible for coconut oils sharp melting point (61). Due to the high 

level of unsaturated fatty acids, coconut oil is also very stable to oxidation (61). 
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Figure 4-7 Interpretation of Kandimalla at al. 1999 results on Stratum corneum 
barrier properties after application of different saturated fatty acid 

chains, (63). 

 

Other studies in literature have also investigated how far into the Stratum corneum 

mineral and vegetable oils can permeate, which is important in understanding the 

affect the oils in this study are having on the SC membrane. Both mineral and 

vegetable oils penetrate the upper layers of the SC 1 hour after application (136) 

however both oil types have been found not to permeate the skin further than the 

stratum corneum. These oils have been found to absorb onto the surface of the skin 

and are located surrounding the corneocytes in the lipid matrix in the first few layers 

of the SC (136-138). 

In addition, vegetable oils have been found not to penetrate deeper than 11 µm into 

the stratum corneum in both human and porcine skin, and no SC swelling was 

observed (139). As the chain conformation and lateral packing of the lipids are at a 

maximum at a depth of 4-8 µm (20 – 40 %) into the SC, (140), the vegetable oils in 

this study would affect the extracellular matrix (ECM) lipids detected by FT-IR. This 

disruption would aid the permeation of flavonoids through the SC. 
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A study by Patzelt et al. (2012) on the skin absorption of mineral oils and vegetable 

oils found that of the vegetable oils, almond and soybean oil penetrate deepest into 

the Stratum corneum compared to mineral oils (137). Patzelt et al. (2012) offered no 

explanation for this, however their results could be explained again by composition 

of the vegetable oils since these oils contain naturally occurring fatty acids, 

particularly high amounts of oleic acid (61), a known permeation enhancer (64, 65). 

These results are however in contradiction from Stamatas et al. (2008) who found 

there to be no statistical difference in the stratum corneum uptake or swelling 

between paraffin oil and vegetable oils (jojoba and almond oil) using Raman 

spectroscopy for depth profiling (141). It has then been suggested in another study 

by Intarakumhaeng et al.2018 that the oleic acid present in soybean could be 

having an enhanced permeation effect on the skin delivery of soybean oil (136). 

Mineral oil hydrocarbons are retained in the lipophilic layers of the stratum corneum 

where they are removed by constant cell renewal (138). Paraffin oil contains no 

polar head groups to interact with polar regions of the ECM, and has properties that 

perturb it from membrane permeation; long hydrocarbon chains in the range of C15-

C50 MW range of 230-270 g mol-1, and is highly hydrophobic/non-polar with a 

logPO/W range of 7.7-24.2 and (138). These attributes give reason to why paraffin oil 

has minimal lipid interaction and disruption. 
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4.4.2 Effect of Pickering emulsion on Stratum corneum lipids –controlled 

release of oil 

 

Flavonoid particle aggregation around oil droplets in a Pickering emulsion are rigid 

and inflexible due to the high energy that needs to be overcome of spontaneous de-

absorption (49). Particle coating at the O/W interface would thus prevent the oil from 

having an immediate effect upon the skin. However, the aggregation of the 

flavonoids particles around the oil droplets in this research were found not to form a 

uniform coating (seen in Confocal Scanning Laser Microscopy in Chapter 3), 

making the flavonoid particle coating porous and possibly leading to the leaching of 

oil content. As previously mentioned in section 4.4.1 on p148 the degree of lipid 

disruption is dependent on the oil type used, therefore Pickering emulsions 

preventing Oil – SC exposure would control the delivery of the oil to the skin, thus 

controlling lipid disruption. 

Studies of Pickering emulsions in the topical delivery of drugs and topical actives 

have primarily investigated active loading into the dispersed phase of the PE, using 

silica, titanium dioxide (83) or cyclodextrins (84) to form the PE particle stabilisation. 

It has been theorised from Scanning Electron Microscope (SEM) results that PE 

formed with cyclodextrin form a rigid and solid inflexible film around dispersed oil 

droplets due to crystal formation. This has also been observed for silica particle 

stabilised PE (80). This pertains to the delayed collapse and release of the oil 

droplets and the drug contents inside (84) and therefore PE can have a controlled 

released effect.  

In this research, the flavonoid crystal aggregation at the O/W interface are having a 

controlled release effect of the oil on the SC .  
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4.4.3 Effect of flavonoid particles on Stratum corneum lipids and membrane 

interactions 

Rutin and isoquercetin where seen to influence the chain packing in CH2 symmetric 

stretching more compared to quercetin. 

There are two types of bonding identified between the lipids in the SC; polar 

hydrogen bonding between polar head groups and non-polar Van der Waals 

between the acyl chains, which can be modified by the ratio of lipids present (22). In 

addition, polar regions within the ECM occur from bonded water molecules, which 

make up a third of the water content in the SC (27).  

Flavonoids have both polar sites from sugar moieties and hydroxy groups, and non-

polar sites from the benzene ring backbone. Rutin and isoquercetin have lower 

logPo/w and are more polar than quercetin as both have more polar regions due to 

sugar moieties (see Figure 4-8).  
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Flavonoids could be influencing the lipid interactions of the ECM by either disrupting 

the strength of the hydrogen bonds between the sphingoid bases and bound water,  

and/or disrupting the Van der Waals bonds between the acyl chains of the lipids. It 

could be hypothesised that the fatty acids, particularly oleic acid in the vegetable 

oils are primarily causing lipid disruption, then the flavonoids are passing through 

the impaired SC barrier.  

However, an observation made distinguished in Figure 4-6 is that there is increased 

lipid disorder from samples with rutin and isoquercetin compared to quercetin. 

Hydrophilic polar domains within the ECM could open up due to the sugar moieties 

present on rutin and isoquercetin, causing increased lipid chain movement. Glucose 

and rutinose are hydroscopic and will attract water molecules, increasing rutin and 

logPo/w 2.02 

[1] 

logPo/w 0.53 

[2] 

logPo/w -0.36 

[3] 

Figure 4-8 Chemical Structures of Flavonoids with their experimental octanol-
water partition coefficient, logPo/w [1] Quercetin, [2] Isoquercetin and [3] 
Rutin. Red dashed circle highlights the benzene ring back-bone of the 
flavonoids that attribute to the non-polar portion of the molecule, and 
the blue dashed circle highlights the sugar moieties that attribute to the 
highly polar region of the flavonoids isoquercetin and rutin. 
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isoquercetin’s hydrophilic capacity within the ECM (16) by attracting the unbound 

water in the SC (27). A study has looked at the location of a hydrophilic active 

glycerol (logPO/W -1.76) and lipophilic active octyl methoxycinnamate (logPO/W +6.1) 

within the SC lipids in reconstructed human epidermis (RHE) using Raman 

spectroscopy (142). They found that glycerol was located in the water rich areas of 

the lipid matrix, causing swelling of the polar regions leading to an opening up of the 

lipids chains and increased separation of the lipid chains compared to the untreated 

samples. This swelling could be occurring in the polar regions due to the sugar 

moieties on rutin and isoquercietin. The opposite result was seen for octyl 

methoxycinnamate which was mapped in the lipid domains of the SC, however it did 

not penetrate far into the SC model compared to glycerol after 15 minutes 

application. A possible reason for penetration depth difference was not provided, but 

molecular size of glycerol (92.09 g mol-1) and octyl methoxycinnamate (290.40 g 

mol-1) should be a factor to consider. Octyl methoxycinnamate may have a higher 

retention and slower diffusivity with the skin lipids due to its high lipophilic nature 

RHE however does not have the same water, lipid or natural moisturising factor 

(NMF) content compared to human skin in vivo, which needs to be considered 

(143).  

Due to the their amphiphilic structure these flavonoids can imbed themselves within 

the SC lipids. Cholesterol and α-tocopherol stabilise lipid membranes and their 

antioxidant activities are thought to be predominant in preventing reactive oxygen 

species from migrating within lipid bilayers, thus preventing lipid peroxidation and on 

set of detrimental effects (144). A study by Arora et al. (2000)  found  that flavonoids 

and iosflavonoids behave in a similar manner to cholesterol and α-tocopherol (144). 

Flavonoids were found to imbed themselves within acyl chains and stabilise the 

fluidity of the lipid membrane model used. In their study they observed rutin, which 

despite its large molecular size and increased hydrophilic nature due to the rutinose 
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moiety and hydroxyl groups, permeated and stabilised in the hydrophobic core of 

the membrane. They comment that this could be because of the strength of 

hydrophobic interactions between the hydrophobic part of the flavonoids and the 

phospholipids, in addition to the formation of intramolecular hydrogen bonding 

between polar regions (144). When flavonoids partition into the lipid matrix 

membrane, lipid fluidity is decreased and lipid peroxidation inhibited. 

In studies previous to this work it was assumed that flavonoids localised at the lipid-

water interface of membranes due to their amphiphilic structure.  

A more recent study by Sanver et al. (2016) investigated flavonoid interactions with 

a biological membrane model using a Langmuir lipid mono-layer of 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), on a mercury electrode and rapid cyclic 

voltammetry (145). They found that flavonoid-membrane interactions depended on 

the planar configuration of the structure; two coplanar rings in the flavonoid structure 

(e.g. quercetin and rutin) showed membrane interaction. Quercetin had a higher 

interaction with the lipid mono-layer than rutin. With complimentary structure activity 

relationship (SAR) analysis, this study concluded that due to the rutinose moiety, 

steric hindrance caused rutin to have less interaction with the membrane than 

quercetin. Sanver et al. 2016 mentioned that results for flavonoid-membrane 

interactions in the literature are inconsistent as each study uses different model 

membranes with varying lipid and cholesterol components (145).  

Interaction of flavonoids with lipid membranes is pH dependant; quercetin has a 

deeper partition into lipid membranes at acidic pH when protonated (below the pKa). 

At alkaline pH when quercetin is deprotonated (above pKa) the negatively charged 

hydroxyl groups of quercetin will interact with the polar head groups of the lipid 

membrane, thus partitioning into the hydrophobic regions of the lipids is inhibited 

(146). All emulsions in this experiment were with the range pH 6.4 – 7.0, above the 
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pKa of the flavonoids (rutin pKa 6.17, isoquercetin 6.17 quercetin 6.31 (51), therefore 

all flavonoids were deprotonated. Deprotonation increases the flavonoid water 

solubility, which could lead to ghier disruptive polar bonds within the ECM. 

Using ATR-FTIR to observe the changes in lipid conformation of the stratum 

corneum provides indication of flavonoid-membrane interactions. In Figure 4-6 on 

p146, comparison between the emulsion and oil type, quercetin has a lesser impact 

on the CH2 stretching mode than that of rutin and isoquercetin, as indicated by a 

smaller wavelength shift from untreated stratum corneum lipids. As previous studies 

by Sanver et al (21016) have eluted, the aglycone quercetin does have a strong 

interaction with lipid bio-membranes due to its planar structure (145) and at acidic 

pH (146). These strong lipid interactions lead to membrane stabilisation, similar to 

cholesterol and α-tocopherol (144) and reduced movement of the acyl chains within 

the membrane. However, increased disruption of the acyl chains could occur with 

rutin and isoquercetin due to reduced flavonoid-lipid interactions and steric 

hindrance due to the sugar moieties of rutin and isoquercetin. In addition the 

amphiphilic nature of rutin and isoquercetin can allow them to partition from regions 

of polar and non-polar domains within the lipid matrix more easily than quercetin. 

As far as the author is aware, there is no published literature investigating the 

flavonoid-membrane interaction specifically of lipids that make up the extracellular 

matrix (ECM) within the Stratum corneum. This missing research is important as the 

lipids in the stratum corneum are considerably different from cell membrane lipids 

(16). The ECM is composed of equimolar proportions of ceramides, cholesterol and 

fatty acids, whereas cell membranes are composed of phospholipids, glycolipids, 

and cholesterol. There are no phospholipids in the ECM. The formation and self-

assembly of the extracellular matrix also differs from that of cell membrane bilayers 

as there is an absence of proteins in the ECM (16). It is also currently unknown the 

roles that specific lipids play in the stability and self-assembly of the ECM, which 
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also make it difficult to determine the exact flavonoid-lipid interaction and 

permeation behaviour within the SC.  

As discussed in the literature review on p19, ceramide lipids vary in structure based 

on the polar sphingoid base and non-polar fatty acid chains and are arranged in 

changing order. This will effect partitioning of the flavonoids into and through the SC 

as varying pockets of polar and non-polar regions occur. 

Mixtures of key ceramides, fatty acids and cholesterol found in human Stratum 

corneum have been developed to mimic skin lipid organisation investigate the 

polymorphism of the acyl chains under skin physiological conditions using ATR-

FTIR, example model mixtures based on ceramides 2,3,5 and 6 which have 

different polar head groups and fatty acid chains (31). However, a concern with 

these models is that they all vary in composition and ratios of ceramides, fatty acids 

and cholesterol, thus comparability of results between research is reduced (12, 31).  

To date there are no studies on flavonoid-membrane interactions on these models. 

Therefore, although the discussion on the effect of flavonoids on the lipid 

morphology in SC in this study is led by flavonoid-membrane interactions from cell 

membrane literature, further research is required without the scope of this project to 

be conclusive. 
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Conclusive remarks  

Summarising the main findings: 

(i) Disruption of the lipids is dependent on oil type and if in combination with 

flavonoids: almond and coconut oil change lipid morphology more than 

paraffin oil. Vegetable oils contain fatty acids that can disrupt the lipid 

morphology, whereas paraffin oil is long chain hydrocarbon that does not 

penetrate to into the SC, compared to vegetable oils which can penetrate 

deeper. 

(ii) Pickering emulsions had a lesser effect on the lipid chain transition 

compared to the control emulsions and oil alone, and this is dependent 

on flavonoid type and oil type. In a PE the oil is trapped by the flavonoid 

and the oils effect on the lipids is reduced. Therefore Pickering emulsion 

pose as a controlled release of oil into the skin. 

(iii) Bioavailable flavonoids in the control suspensions are having an effect 

on the lipid packing.  

(iv) The structure of the flavonoids and the presence of sugar moieties 

changes the lipid domains: Rutin and Isoquercetin disrupted the lipid 

morphology more than quercetin. 

It has been observed that the lipid morphology of the extracellular matrix within the 

Stratum corneum , thus barrier function of the SC can be altered both by oil and 

flavonoid type. Changes in barrier occurs from phase transition of the ECM lipids 

from orthorhombic to hexagonal/liquid crystal phase transition detectable by ATR-

FTIR. The largest disruption of ECM lipids occurred from combination of almond oil, 

which contains high levels of oleic acid that can fluidise the lipid chains, and from 

the flavonoids rutin and isoquercetin, of which their amphiphilic structure disrupts 

the lipids also. 
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 Skin Delivery and Permeation of Flavonoids from 

Pickering Emulsions 

5.1 Introduction 

It is apparent throughout the literature that to achieve successful skin permeation of 

an active/drug compound, the following key factors need to be thoroughly 

understood, theoretically and experimentally; 

(v) the inherent physiochemical properties of the active and its stability 

within an application vehicle (formulation),  

(vi) the ability for the active to partition from the vehicle onto the stratum 

corneum, 

(vii) the ability of the active to then diffuse through the stratum corneum and 

epidermal layers to the target site and  

(viii) the path length of diffusion of the active within the skin, 

 all with consideration to anatomical site and temperature of the skin (3, 7, 39, 92).  
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5.2 Aims and Objectives 

1. What is the epidermal permeation release kinetics of these flavonoids from 

Pickering emulsions using infinite dose technique? Is there a difference 

between the flavonoids and oil types used? 

2. What quantity of flavonoid is delivered through epidermal membrane in 24 

hours (from infinite dose) from different oil types? 

3. Are Pickering emulsions an effective way to deliver these flavonoids, or do 

they hinder the penetration for cosmetic purposes? 

5.3 Epidermal penetration of flavonoids from Pickering Emulsions  

To obtain an understanding of the flavonoid release kinetics and permeation rates, 

an infinite dose of the flavonoids has to be applied to the membrane, i.e. a constant 

concentration gradient from the surface of the porcine epidermal membrane (split 

thickness skin) to the receptor chamber. Release kinetics are usually conducted on 

cellulose membranes, however these are not entirely representable of skin 

membranes (discussed later in section 2.9.2) 

The results are displayed and discussed in the order of permeation profiles, 

permeation parameters, release kinetics and finally cumulative amounts. 
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5.4 Permeation Profiles  

The following section displays the permeation profile and mathematical models for 

release kinetics of the flavonoid form Pickering emulsions and oil types. Plots 

indicate the amount of flavonoid detected in the receptor phase in µg cm-2 against 

time for a period of 24 hours. Complementary tables display the correlation 

coefficients (R2 values) for the fit of linear regression from mathematical models 

used on the permeation data and corresponding gradient values for release kinetics 

for initial stages of permeation (first detection to 7 hours).  

Linear regression lines were fitted on the data from individual measurements and for 

mean data points (raw data not shown)
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5.4.1 Rutin 

 

   

Figure 5-1 Permeation profiles of rutin through porcine epidermis over 24 hours from Pickering Emulsions and controls made from (a) paraffin oil, (b) almond 

oil and (c) coconut oil. Based on 3 repeats. 

(b) Almond Oil (c) Coconut Oil (a) Paraffin Oil 
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 Table XX Mathematical kinetic models on the detected amount of rutin (Q, µg cm-2) over time (t, minutes) from Pickering emulsions and 

corresponding controls. Models with good correlation (R2 > 0.95). * 3 or less data points inaccurate for linear regression 

 

. 

1st detection - 7hrs 
Zero order                         

Q vs t 

First order                    

ln(Q) vs t 

Higuchi Model          

Q vs √t 

Korsmeyer-Peppas                                       

ln (Q) vs ln (t) 

Emulsion Type Oil Type R2 
Jss  

µg cm-2min-1 
R2 K R2 K R2 n K 

Pickering Emulsion 

Paraffin 0.81±0.10 0.057±0.02 0.61±0.06 0.004±0.001 0.85±0.10 1.96±0.53 0.77±0.06 2.06±0.41 0.02±0.02 

Almond*          

Coconut*          

Non- Emulsion (Control) 

Paraffin 0.96±0.02 0.073±0.045 0.83±0.07 0.005±0.001 0.99±0.01 2.87±0.95 0.95±0.05 2.44±0.67 0.007±0.007 

Almond 0.79±0.19 0.14±0.07 0.72±0.22 0.004±0.001 0.78±0.14 4.53±2.56 0.81±0.18 2.07±0.82 0.05±0.07 

Coconut 0.92±0.04 0.07±0.02 0.92±0.05 0.0037±0.0002 0.76±0.05 1.39±0.36 0.92±0.06 1.37±0.11 0.08±0.02 
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Rutin 

From permeation profiles in Figure 5-1 there was a delay in rutin coming through the 

skin from Pickering emulsions compared to the controls. 

Paraffin oil control had the highest correlation for zero order and Higuchi model with 

>0.95 and of all the mathematical models. Zero -order and Higuchi models were 

highest for almond and coconut controls, however < 0.95. 

Korsmeyer Peppas model was 0.95 for paraffin oil control, but < 0.95 for almond and 

coconut.
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5.4.2 Isoquercetin 

 

 

Figure 5-2 Permeation profiles of isoquercetin through porcine epidermis over 24 hours from Pickering Emulsions and controls made from (a) paraffin oil, 

(b) almond oil and (c) coconut oil. Based on 3 repeats. 

(a) Paraffin 

Oil 

(b) Almond Oil (c) Coconut Oil 
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Isoquercetin 

Table XXI Mathematical kinetic models on the detected amount of isoquercetin (Q, µg cm-2) permeating porcine epidermal membrane over time (t, 

minutes) from Pickering emulsions and corresponding control from different oil types. Models with good correlation value R2 > 0.95). 

1st detection - 7hrs 
Zero order                      

Q vs t 

First order                   

ln(Q) vs t 

Higuchi Model          

Q vs √t 

Korsmeyer-Peppas                  

ln (Q) vs ln (t) 

Emulsion Type Oil Type R2 
Jss  

µg cm-2min-1 
R2 K R2 K R2 n K 

Pickering Emulsion 

 

Paraffin 0.96±0.02 0.13±0.02 0.74±0.03 0.004±0.0002 0.91±0.02 2.6±0.4 0.95±0.06 1.6±0.1 0.07±0.01 

Almond* 0.94±0.03 0.12±0.04 0.92±0.04 0.0045±0.0004 0.90±0.03 3.4±1.1 0.89±0.05 1.9±0.4 0.03±0.03 

Coconut* 0.90±0.08 0.11±0.05 0.88±0.08 0.0041±0.0002 0.86±0.13 3.1±1.3 0.91±0.07 1.6±0.2 0.06±0.01 

Non- Emulsion (Control) 

 

Paraffin 0.82±0.15 0.09±0.03 0.94±0.02 0.0042±7E-05 0.69±0.26 1.7±0.1 0.85±0.17 1.7±0.3 0.03±0.03 

Almond 0.94±0.06 0.11±0.01 0.89±0.03 0.006±0.001 0.92±0.09 3.5±0.9 0.86±0.14 2.8±1.4 0.02±0.02 

Coconut 0.90±0.01 0.37±0.15 0.73±0.08 0.009±0.001 0.91±0.09 13.3±5.5 0.82±0.09 6.0±0.8 
2E-6±4E-

06 
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Isoquercetin 

 

For isoquercetin in Pickering emulsions the best fit mathematical model was zero 

order kinetics, paraffin oil (R2 0.96), almond (R2 0.94) and coconut (R2 0.90). 

For the control systems  there was a slight difference. For paraffin oil control the best 

fit was first order kinetics (R2 0.94), whereas the vegetable oils followed a zero order 

kinetics; almond (R2 0.94) and coconut (R2 0.90). 

Higuchi models R2 values were >0.90 <0.95 apart from paraffin oil control and coconut 

PE. 
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5.4.3 Quercetin 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 Permeation profiles of quercetin through porcine epidermis over 24 hours from non-emulsions made from (a) paraffin oil, (b) almond oil. 

Based on three repeats. Pickering emulsions with quercetin were not detected in permeation assay. 

(a) Paraffin Oil (b) Almond Oil 
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Quercetin 

Table XXII Mathematical kinetic models on the detected amount of quercetin (Q, µg cm-2) permeating porcine epidermal membrane over time (t, 

minutes) from Pickering emulsions and corresponding control from different oil types. Models with good correlation values (R2 > 0.95) 

1st detection - 24hrs 
Zero order                      

Q vs t 

First order                   ln(Q) 

vs t 

Higuchi Model          

Q vs √t 

Korsmeyer-Peppas                           

ln (Q) vs ln (t) 

Emulsion Type Oil Type R2 
Jss  

µg cm-2min-1 
R2 K R2 K R2 n K 

Pickering Emulsion 

 

Paraffin          

Almond*          

Non- Emulsion (Control) 

Paraffin 0.90±0.02 0.08±0.03 0.77±0.14 0.002±0.001 0.88±0.04 1.8±0.6 0.96±0.02 0.47±0.05 0.98±0.02 

Almond 0.92±0.04 0.11±0.02 0.68±0.06 0.0037±0.0004 0.94±0.02 3.3±0.8 0.88±0.05 1.47±0.13 0.09±0.02 
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Quercetin 

The best mathematical model fit for quercetin and paraffin oil control was with the 

Korsmeyer Peppas model (R2 0.96), which implies a rapid release kinetic from the 

membrane. For quercetin  and almond oil, the Higuchi model (R2 0.94) and zero order 

kinetics (R2 0.92) were found to be the best mathematical fit of the kinetic data. 
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5.4.4 Determining steady state flux time frame 

The permeation profiles for the flavonoids from first detection to the 24 hour final 

measurement show two patterns; a partial steady state flux stage (linear gradient, 

zero-order kinetics gave the highest R2
 values) up to 7 hours followed by a reduction in 

flux 7 to 24 hours. The complete experimental time up to 24 hours could not be taken 

as the steady state flux. When zero order kinetics was applied, high R2 values (>0.95) 

where achieved, indicative of a linear correlation. However, when the residual plots of 

the linear fits were analysed, there was x-axis unbalanced pattern which means the 

data was not trustworthy to be truly linear see attached appendix. When the time 

frame was reduced to the initial stages of permeation, R2 values for zero order kinetics 

were reduced slightly, but still produced the highest linear correlation for rutin and 

isoquercetin than compared to other mathematical models. The corresponding 

residual plots showed and even distribution of data, indicating a good linear fit. In 

addition, it is unrealistic to take the steady state up to 24 hours, as the permeation time 

frame into the skin from a personal care application is highly unlikely to exceed 7 

hours. 

5.4.5 Time Lag and Diffusion 

By taking within the time frame 1 – 7 hours of permeation as the steady state region, 

the time lag could be calculated by extrapolating the linear portion of zero-order 

kinetics to the x-axis. The results for time lag are displayed in Table XXIII.  
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5.5 Permeation parameters and release kinetic data 

The following section displays the results for the permeation parameters calculated 

from the permeation profiles. 

Differences between calculated values were investigated using a one tailed students’ 

t-test after ANOVA and discussed as significantly different at the P value < 0.05.  

Table XXIII displays the steady state flux (zero order kinetics), permeability coefficient, 

time lag and the diffusion of the flavonoid within the skin determined by the time lag 

method. Table XXIV displays the initial release coefficient of the flavonoid from the 

vehicle (Higuchi model), the diffusion coefficient of the flavonoid within the vehicle 

(derived from Higuchi model), the release exponent and release rate constant 

(Korsmeyer-Peppas model) 
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Table XXIII Calculated permeation parameters of flavonoids from Pickering emulsions and controls made with Paraffin Oil (PO), Almond Oil (AO) and 

Coconut Oil (CO) from the steady state region of permeation, time frame first detection – 7 hours.  Mathematical equations described in 

experimental chapter. RR = rapid release 

 Steady state flux, Jss  Permeability Coefficient. Kp Time Lag 
Diffusion coefficient within the skin 

using Time lag, Ds 

 µg cm-2 min-1 10-3 cm min-1 MINUTES  10-6
 cm2 min-1 

Pickering 

Emulsions 
PO AO CO PO AO CO PO AO CO PO AO CO 

Rutin 0.06±0.02   0.3±0.08         

Isoquercetin 0.13±0.02 0.12±0.04 0.11±0.05 0.9±0.1 0.8±0.3 0.8±0.3 47±3 104±36 83±27 35±2.5  17±5.0 21±7.5 

Non - 

Emulsion 

Rutin 0.07±0.05 0.14±0.07 0.08±0.02 0.4±0.2 0.8±0.4 0.4±0.1 168±18 107±44 86±12 9.9±1.1 16±7.0 19±2.7 

Isoquercetin 0.09±0.03 0.11±0.01 0.37±0.15 0.4±0.4 0.8±0.01 0.3±0.1 132±11 159±83 223±19 13±1.1 13±8.6 0.7±0.07 

Quercetin 0.08±0.03 0.11±0.03  0.9±0.4 0.1±0.3  RR 28±21   80.5±59.5  
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Table XXIV  Calculated release kinetics of flavonoids from Pickering emulsions and non-emulsions made with Paraffin Oil (PO), Almond Oil (AO) and 

Coconut Oil (CO) from the steady state region of permeation, time frame first detection – 7 hours. 

 

Higuchi model Korsmeyer – Peppas  model 

Initial Release coefficient, KH Diffusion coefficient within the vehicle, Dv Release Exponent, n Release rate constant, K 

 cm min-0.5 10-3 cm2 min-1  cm min-1 

Pickering Emulsions PO AO CO PO AO CO PO AO CO PO AO CO 

Rutin 1.96±0.53   3.2 ± 1.7   2.1±0.4   0.02±0.02   

Isoquercetin. 2.6±0.4 3.4±1.1 3.1±1.3 5.3 ± 1.7 9.8 ± 6.2 8.7 ± 7.3 1.6±0.1 1.9±0.4 1.6±0.2 0.01±0.01 0.05±0.07 0.08±0.02 

Non - Emulsion 

Rutin 2.87±0.95 4.53±2.56 1.39±0.36 6.9 ± 4.9 19.6 ± 16.0 1.6 ± 0.8 2.4±0.7 2.7±0.8 1.4±0.1 0.07±0.01 0.03±0.03 0.06±0.01 

Isoquercetin. 1.7±0.1 3.5±0.9 13.3±5.5 1.6 ± 1.4 10.0 ± 5.2 154.2 ± 102.3 1.7±0.3 2.8±1.4 6.0±0.8 0.04±0.03 0.02±0.02 2E-6±4E-6 

Quercetin 1.8±0.6 3.3±0.8  2.8 ± 2.0 8.8 ± 4.3  0.5±0.05 1.5±0.1  1.0±0.02 0.1±0.02  



 
 

177 

 

 

5.5.1 Permeation Rate (Steady state flux, Jss) 

Rutin 

There was no difference in permeation rate between the emulsion system type with 

paraffin oil (Figure 5-4). No value comparison could be made between emulsion 

system types for almond and coconut oils as rate could not be determined for these 

PEs.  

Between the three oil types for control systems, rutin delivered with almond oil showed 

the fastest permeation rate (although not significantly different at P < 0.05), with 

paraffin and coconut being similar.  

The rate of rutin delivered through the skin does depend on the oil type, almond 

showing preferential increased rate from the control. 

 

Figure 5-4 Comparison of permeation rates, expressed as flux, of rutin through 
porcine epidermis over 7 hours. 
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Isoquercetin 

Permeation rate of isoquercetin was not different between oil types for Pickering 

emulsions, whereas for controls the permeation rate increased in the order of oil type 

paraffin < almond < coconut (coconut delivering isoquercetin significantly faster with P 

< 0.05), Figure 5-5. These results could indicate that isoquercetin permeation rate is 

affected by the location of isoquercetin in the system, and the exposure of the oil to the 

skin membrane.  

The flux of isoquercetin in a paraffin oil Pickering Emulsion was twice as fast as PE 

with rutin and paraffin oil (compare Figure 5-4 and Figure 5-5 (significantly different at 

P < 0.05). Control systems for isoquercetin were similar to rutin for paraffin and 

almond oil, apart from coconut oil which had a higher flux. 

 

 

Figure 5-5 Comparison of permeation rates, expressed as flux, of isoquercetin 
through porcine epidermis over 7 hours. * denotes significantly different 

from other permeation rates at P < 0.05) 
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Quercetin 

Steady state for Pickering emulsions could not be determined for quercetin as there 

was no detection of the flavonoid in the receptor phase during experimentation. For 

control systems, quercetin permeation rate with paraffin oil was slower than almond 

oil, although not significantly different, Figure 5-6. The permeation rate was similar to 

that of rutin and isoquercetin in control systems, indicating that physiochemical 

properties of the flavonoids may not have a significant impact on permeation rate. 

 

Figure 5-6 Comparison of permeation rates, expressed as flux, of quercetin 
through porcine epidermis over 7 hours.  
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5.5.2 Diffusion coefficient within the membrane (time lag method) 

 

Rutin 

Diffusivity within the membrane could not be determined for rutin from Pickering 

Emulsions using the time lag method. For the control systems diffusivity within the 

membrane increased in the order of paraffin < almond < coconut oils, with only 

coconut being significantly different from paraffin oil (P < 0.05), Figure 5-7. The 

vegetable oils can change the lipid morphology of the extracellular matrix that may be 

enhancing the diffusion of rutin through the membrane (see chapter 4 for the 

disruption of lipids). As oils in the control system are not coated with flavonoid as with 

PEs, the stratum corneum is exposed to these oils allowing lipid chains to become 

fluidized, in turn increasing the diffusion rutin through the membrane. As rutin particles 

are coating the oil droplets in the PE it is further evidence that that oil is primarily 

having an effect on the lipid morphology of the SC. 
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Figure 5-7 Diffusion of rutin within the porcine membrane calculated from the time lag method 
in 7 hours. * denotes diffusion within the skin from a coconut oil control emulsion 
significantly higher than than using paraffin oil (P < 0.05). 
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Isoquercetin 

The diffusivity of isoquercetin within the membrane was different from the results seen 

with rutin. Significantly higher diffusion of isoquercetin through the skin was from a 

Pickering emulsion with paraffin oil, compared to the vegetable oils Pickering 

emulsions and corresponding controls.  

The control systems for isoquercetin were in the order paraffin ≈ almond > coconut 

oils, diffusion coefficient of isoquercetin in coconut control emulsions was significantly 

lower compared to paraffin and almond oil which were similar.  

All diffusion coefficients for isoquercetin from control systems were lower than the 

corresponding PE (significantly for paraffin and coconut oil only). isoquercetin had 

higher diffusivity within the skin from PE than the control. 

 

Figure 5-8 Diffusion of isoquercetin within the porcine membrane calculated 
from the time lag method in 7 hours. * denotes diffusion within the skin 

from a paraffin oil control emulsion significantly higher (P < 0.05). 
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Quercetin 

Diffusivity within the membrane for quercetin in Pickering emulsions could not be 

determined. As there was rapid release from the membrane for paraffin control 

system, using the time lag method to determine the diffusion coefficient could not be 

used. However, for almond oil control results did provide a time lag which produced 

the highest diffusion coefficient between flavonoids, although with large error. The 

higher diffusivity of quercetin compared to rutin and isoquercetin within could be due to 

physiochemical properties; quercetin being more polar (logPo/w 2.20), compared to the 

more hydrophilic isoquercetin (0.53) and rutin (-0.36). Quercetin is also the smallest of 

the flavonoids at 330.27 g mol-1, whereas isoquercetin and rutin are 464.38 g mol-1 and 

610.15 g mol-1 respectively. These molecular weights are of the molecules, and not of 

flavonoid particle sizes that may have formed crystals. 

5.6 Release Kinetics 

5.6.1 Higuchi coefficient KH (Initial release 

The Higuchi coefficient, KH, describes the initial release rate of a permeant from a 

matrix membrane (147). It is worth noting that the membrane is used in other release 

kinetic studies is polymeric, e.g. cellulose, which does not swell or undergo physical 

change during drug release, as this would affect the release kinetics (148). In this 

study, viable tissue has been used instead of polymeric membrane as the former 

provides kinetic information from a real-life model akin to human skin, and so that lipid 

conformation analysis could be done post-permeation assay. Oils have been found to 

cause swelling of the Stratum corneum  

Rutin 

The non-initial release rate of rutin was lower from the Pickering emulsion than the 

control with paraffin oil, suggesting that the rutin in a Pickering emulsion has a slow 
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release. It could not be determined for rutin from Pickering Emulsion with almond 

coconut oil. A slow release of rutin from the membrane correlates with low diffusion 

within the membrane (Figure 5-7) and diffusion of rutin within the Pickering emulsion 

(Figure 5-12 on p187) 

For control systems, the non-initial release rate showed to be higher for almond > 

paraffin > coconut oil (Figure 5-9), suggesting the oil type could be having an 

enhancement the release from the epidermal membrane. Coconut oil was significantly 

slower in release rate from the emulsion in control than paraffin oil and almond oil.  

 

Figure 5-9 Release coefficient of Rutin from the membrane matrix, Higuchi 
Principle 

The non-initial release rate of rutin was slower than isoquercetin in Pickering 

emulsions, possibly attributed to the difference in physiochemical properties of the 

flavonoids. Isoquercetin is smaller than rutin therefore the former permeates the 

stratum corneum easily, and rutin has a higher water solubility that isoquercetin, thus 

remaining more preferentially at the O/W interface i.e. a slower collapse of the 

emulsion. 

 

0

2

4

6

8

10

12

14

16

18

20

Paraffin Oil Almond Oil Coconut Oil

In
it
ia

l 
re

le
a
s
e
 f

ro
m

 t
h
e
 c

o
e
ff

iie
n
t,
 K

H
 

Rutin
Pickering Emulsion

Control



 
 

184 

 

Isoquercetin 

From Figure 5-10, the initial release of isoquercetin from PE with paraffin oil was 

higher than the paraffin control (although not significantly different). KH increased from 

controls increase in the order paraffin ≈ almond < coconut oil, indicating oil type in 

combination of the location of isoquercetin crystals in the emulsions changed the 

release. Initial release of isoquercetin was higher than rutin for paraffin Pickering 

Emulsion, but not different across the 3 oil types for PE. 

 

Figure 5-10 Release coefficient of Isoquercetin from the membrane matrix, 
Higuchi Principle 

 

By comparing Figure 5-9 and Figure 5-10, initial release of isoquercetin was higher 

than rutin for paraffin Pickering Emulsion, but not different across the 3 oil types for 

PE. Isoquercetin control for coconut oil had a higher release coefficient than rutin for 

all rutin control oil types. 

Quercetin 

Initial release for quercetin from PE could not be determined. Quercetin could have 

been partially dissolved into the oil phases and been retained within the upper layers 
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of the epidermis with the oils. Analysis of the oil phases after homogenisation should 

be carried out in future experiments to investigate this possibility. From Figure 5-11 it 

can be seen that quercetin had a higher release in combination with almond oil than 

with paraffin oil, however not significantly different.  

 

Figure 5-11 Release coefficient of Quercetin from the membrane matrix, Higuchi 
Principle 

 

The initial release of quercetin from controls was not significantly different between 

paraffin oil and almond oil, and not different from the other flavonoids. 
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5.6.2 Diffusion coefficient, Dv (Higuchi model) – diffusion from vehicle 

 

Information on the diffusivity of the flavonoid within the vehicle can be deduced from 

the Higuchi principle and provides insight to the behaviour of the flavonoids within the 

formula. This is important as the thermodynamics of a permeant within a formula affect 

the skin permeation because of availability to the skin surface.  

Rutin 

Diffusion of rutin within the control systems is higher than within the Pickering 

emulsion for paraffin oil, Figure 5-12. This is due to the thermodynamic activity of rutin 

being reduced when at the O/W interface in a PE compared to a aqueous suspension 

of rutin.  Diffusivity for rutin from the PE emulsions could not be determined for almond 

and coconut oil.  

Diffusion of rutin within the almond oil control was higher compared to paraffin oil, 

which could be attributed to the lipophilivity of the oil; paraffin oil being more 

hydrophobic than almond oil. However for coconut oil, which would have the same 

possible affect as almond oil (i.e. higher diffusivity than paraffin oil)  the diffusivity was 

significantly lower than almond and paraffin oil. An explanation could be due to the 

possible solidification of coconut oil that hinders the thermodynamics of rutin when in 

the Franz diffusion cell. The jacketed Franz cell is controlled at 37 ˚C, however centre 

of the membrane away from the warmed cell could be cooler therefore solidification of 

coconut oil occurring.  
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Figure 5-12 Diffusion of rutin within the vehicle of Pickering Emulsion of Control 

 

An interesting observation is that the diffusivity of rutin within the paraffin and almond 

oil control systems was higher than the other flavonoids (refer to Table XXIV on p176 

for comparison), however not for coconut oil. The higher diffusivity in paraffin and 

almond oil could be due to the increased water solubility of rutin due to the extra sugar 

group on the structure of rutin, which effects the polarity of the molecule (LogPO/W -

0.34, isoquercetin 0.53 quercetin 2.02), which will be discussed further on in section x.  
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Isoquercetin 

Diffusivity of isoquercetin within paraffin oil was lower than almond and coconut oil for 

the Pickering emulsions, Figure 5-13. This suggests that isoquercetin is held more 

preferentially at the O/W interface with a hydrocarbon oil than with the vegetable oil. 

This can be due to the presence of naturally occurring fatty acids and glycerols within 

the almond and coconut oil that displace the flavonoid from the O/W interface.   

Diffusivity with the control system of isoquercetin increased from paraffin to almond to 

coconut oil which follows the same pattern as rutin, apart from coconut oil, which for 

isoquercetin increased the diffusivity significantly (P < 0.05).  

 

Figure 5-13 Diffusion of isoquercetin within the vehicle of Pickering Emulsion of 
Control 

Quercetin 

Diffusivity of quercetin within the Pickering emulsions could not be determined. For 

controls, quercetin increased in diffusivity in order paraffin < almond oil, which was 

similar to isoquercetin. For paraffin oil, diffusivity was overall higher for rutin compared 

to the two other flavonoids.  
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5.6.3 Korsmeyer-Peppas n component 

 

This release model is used to characterise different release mechanisms from 

cylindrical membranes (149). 

For all flavonoids from PE and controls (bar quercetin control with paraffin oil), the n 

component >1 (range 1.5 – 2.8) indicating super case II transport mechanism or 

erosion controlled release. However the R2 values for the mathematical models was 

lower compared to zero-order and Higuchi models.  

The best fit for the Korsmeyer-Peppas model was quercetin control system with 

paraffin oil, providing a n value of 0.5, indicating Fickian diffusion (127).  
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5.7 Cumulative amounts of flavonoids penetrating through epidermis 

 

  

Figure 5-14 The cumulative amounts of flavonoids penetrating porcine epidermis membrane in 7 and 

24 hours. (a) rutin (b) isoquercetin and (c) quercetin. * denotes significant differences at P < 

0.05 after a one-tailed students t-test with a P-value < 0.05 

* 

* 

* 

(a) 

(b) 

(c) 

7 hours 24 hours 
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The cumulative amount of flavonoids permeating the porcine epidermis are displayed 

in Figure 5-14 and discussed in turn: 

Rutin 

After 7 hours there is no significant difference between the amount of rutin penetrating 

the epidermal membrane from Pickering emulsions with paraffin, almond and coconut 

oil, nor from the control. However, trend across all oils indicates that the controls 

deliver higher amounts of rutin compared to the PE.  

After 24hours there are significant differences of the amount of rutin penetrating the 

epidermis. Rutin delivered from the control was significantly higher than from Pickering 

emulsion for paraffin and almond oils.  

Rutin was also delivered in higher quantity from PE made with almond oil than PE 

made with paraffin oil. Coconut oil PE and control was found not to be significantly 

different from the other oils and between emulsion types. 

 

Isoquercetin 

After 7 hours there is no significant difference in the amount of isoquercetin delivered 

from Pickering emulsions form the three oil types. The coconut oil control was higher 

in trend than the paraffin oil control emulsion. 

 

After 24hours the cumulative amount of isoquercetin was found to be significantly 

more from control from almond and coconut oils compared to the corresponding 

Pickering emulsions. No significant difference was found comparing PE or controls to 

paraffin oil. 

 

Quercetin 

Quercetin was only detected in the receptor phase after application to the donor side 

of the epidermal membrane from controls, not from Pickering emulsions. Out of the 
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three flavonoids investigated, quercetin is the least water soluble. However the 

receptor medium contain 50% v/v ethanol to ensure the solubility of all flavonoids. As 

mentioned previously in chapter 3, quercetin did not form any emulsion with coconut 

oil, and separation of water-oil was instant after homogenisation.  

There was found to be no difference between the amount of quercetin penetrating the 

epidermal membrane at 7 hours or 24 hours from controls.  

 

5.7.1.1 Flavonoids penetrating the membrane expressed as ‘Percentage (%) of 

initial Applied Dose’ 

 

An alternative analysis into quantifying the amount of flavonoids penetrating the 

membrane is to express the amount penetrated as a percentage of the initial applied 

dose. This was done for all flavonoids and emulsion systems and is displayed in Table 

XXV on p193.  

When expressed as a percentage of applied dose (Table XXV), it is clear that 

flavonoids permeate in the order quercetin > isoquercetin > rutin, which is the order of 

lipophilicity LogPO/W 2.02, 0.53, -0.34 respectively and of increasing molecular weight; 

330.27 g mol-1, 464.38 g mol-1 and 610.15 g mol-1 respectively. More isoquercetin was 

released from all oil types in a PE and control when compared to rutin after 7 hours 

(significantly for paraffin oil PE and coconut control P < 0.05) and more quercetin was 

released from a control from all oil types compared to rutin and isoquercetin 

(significantly more compared to rutin from paraffin oil, P < 0.05). 
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Table XXV Cumulative amounts and percentage (%) of applied dose of flavonoids at 7 and 24 hours after permeation assay from Pickering emulsions 

and control emulsions using different oil types. 

Flavonoid Pickering 
Emulsion 

Time 
interval 
(hours) 

Average 
cumulative amount 

µg cm-2 

Standard 
deviation 

% of applied 
dose 

Standard 
deviation 

Flavonoid Control 
emulsion 

Time 
interval 
(hours) 

Average 
cumulative 

amount 
µg cm-2 cm-2 

Standard 
deviation 

% of 
applied 

dose 

Standard 
deviation 

Rutin Paraffin 7 16.6 3.7 8.85 1.97 Rutin Paraffin 7 18.3 10.9 9.76 5.81  
24 37.4 4.7 19.95 2.51 

 
24 69.5 23.1 37.07 12.32 

Almond 7 27.1 5.5 14.45 2.93 Almond 7 51.8 27.2 27.63 14.51  
24 59.4 7 31.68 3.73 

 
24 118.6 45.8 63.25 24.43 

Coconut 7 15.9 27.5 8.48 14.67 Coconut 7 27.8 7.9 14.83 4.21  
24 46.0 28.7 24.53 14.93 

 
24 78.1 11.3 41.65 6.03 

Isoquercetin Paraffin 7 47.2 4.6 32.52 3.17 Isoquercetin Paraffin 7 32.6 17.3 22.46 11.92  
24 80.2 19.8 55.26 13.64 

 
24 60.9 50.3 41.96 34.66 

Almond 7 36.2 13.9 24.94 9.58 Almond 7 29.1 5.2 20.05 3.58  
24 45.7 12.2 31.49 8.41 

 
24 69.4 2.1 47.82 1.45 

Coconut 7 41.5 17.2 28.60 11.85 Coconut 7 70.3 29.9 48.44 20.60  
24 52.7 13.2 36.31 9.10 

 
24 176.1 93.7 121.35 64.57 

Quercetin Paraffin 7 * 
 

- - Quercetin Paraffin 7 43.0 18.4 45.50 19.31  
24 * 

 
- - 

 
24 59.0 35.8 62.43 37.93 

Almond 7 * 
 

- - Almond 7 43.5 11.4 46.06 12.07 

  24 *         24 68.9 48.3 72.95 51.14 

* No release of quercetin was detected from epidermis membrane during permeation assays, therefore % quercetin delivered as applied dose could not 

be determined. 
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5.7.2 Trans epidermal water loss 

 

The trans-epidermal water loss (TEWL) measurement was taken before and after 

permeation assay to assess if a skin barrier for normal healthy skin was in place. 

Skin samples with a normal TEWL value were used indicating an intact and 

unimpaired Stratum corneum barrier. Measurements were taken afterwards to 

assess whether the barrier had altered during the permeation assay or by the 

Pickering emulsions/control. TEWL values were in the range for“ healthy to normal 

skin condition” (values10-25) set out by the manufacturer guidelines Courage & 

Khazaka (116). All skin samples showed a reduced value in TEWL after 24 hours 

from the initial TEWL value, indicating an improved barrier (Table XXVI), apart from 

the sample of rutin with coconut oil PE. 
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Table XXVI Trans epidermal water loss (TEWL) values of porcine skin 

epidermis before and after skin permeation assays (a) rutin (b) isoquercetin 

and (c) quercetin. 

 

 

(b)                                                    Trans Epidermal Water Loss (TEWL) for Isoquercetin Samples 

Pickering Emulsions Pre-permeation (T0) Post-permeation (T24) 

Paraffin Oil 19.4 ± 3.5 18.1 ± 2.4 

Almond Oil 23.0 ± 2.6 13.8 ± 1.2 

Coconut Oil 23.9 ± 8.3 21.3 ± 2.9 

Control (Non-emulsion)   

Paraffin Oil 23.7 ± 5.6 4.2 ± 3.2 

Almond Oil 18.5 ± 4.2 7.0 ± 3.6 

Coconut Oil 27.0 ± 0.9 13.7 ± 4.8 

 

(c) 

(a)                                                        Trans Epidermal Water Loss (TEWL) for Rutin Samples 

Pickering Emulsions Pre-permeation (T0) Post-permeation (T24) 

Paraffin Oil 23.5 ± 3.9 8.5 ± 1.7 

Almond Oil 15.9 ± 2.3 7.3 ± 1.1 

Coconut Oil 17.7 ± 1.2 34.1 ± 4.2 

Control (Non-emulsion)   

Paraffin Oil 23.9 ± 5.3 7.0 ± 6.2 

Almond Oil 22.1 ± 6.4 8.5 ± 4.5 

Coconut Oil 21.4 ± 6.8 8.4 ± 4.3 
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(c)                                             Trans Epidermal Water Loss (TEWL) for Quercetin samples 

Pickering Emulsions Pre-permeation (T0) Post-permeation (T24) 

Paraffin Oil 26.0 ± 3.8 14.6 ± 0.5 

Almond Oil 17.4 ± 5.5 11.2 ± 5.1 

Control (Non-emulsion)   

Paraffin Oil 23.3 ± 4.3 14.1 ± 7.1 

Almond Oil 24.8 ± 2.2 12.4 ± 6.2 
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5.8 Discussion 

 

As the Pickering emulsion and control systems were the same in ingredient and ratio 

composition (oil + water + flavonoid), there are several factors that can affect the 

permeation of the flavonoids through split-thickness skin: 

1. the location of the flavonoid within the system, i.e. at the O/W interface or as 

a partial solution in the aqueous phase,  

2. Flavonoid physiochemistry 

3. Oil type used in the system (hydrocarbon or vegetable oil)  

4. Availability of that oil (suspended/encapsulated by the flavonoid in an 

emulsion or “free” and not in an emulsion) 

5. Barrier properties and skin membrane condition 

5.8.1 Location of the flavonoid within the system  

In a Pickering emulsion the flavonoid particles aggregate at the oil-water interface 

under shear, coating and stabilising oil droplets suspended in the external aqueous 

phase. This study used a 1 mM concertation of flavonoid in the aqueous phase to 

stabilise a 20 % oil fraction as previous studies have demonstrated (49, 150). At this 

concentration, the solubility limit of the flavonoid in water is passed  and the 

flavonoid is in excess in the system. In a PE the flavonoid is at the oil-water 

interface which reduces the amount of flavonoid suspended in the external aqueous 

phase. This is illustrated in Figure 5-15. 

In control mixtures where the aqueous and oil phases are mixed without high 

energy input (no use of the jet homogeniser), no emulsion has formed (view chapter 

3 visually demonstrating no emulsion formed). Flavonoids remain as a particle 

suspension in the aqueous external phase, possible slight solubilisation in the oil 

phase, and with sedimentation of the flavonoid particles and creaming of the oil 
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occurring after mixing in test vials. Therefore, there is a higher concentration of 

flavonoid in the external aqueous phase of the control mixtures than the aqueous 

phase of the PE. Solubility of flavonoids is the oil should be investigated for 

confirmation. As previously discussed in Chapter 3, the flavonoids are ionsed in 

these PEs and suspensions, increasing their water solubility. 

In both Pickering emulsion and controls the aqueous phase is 80 % of the applied 

formula into the donor compartment and will have a higher surface contact area to 

the Stratum corneum (SC), therefore any flavonoid remaining in the aqueous phase 

will have preferential contact with the skin than bound flavonoid at the O/W 

interface. The thermodynamic activity of the flavonoids in the external aqueous 

phase is higher than flavonoids bound at the O/W interface, changing permeation 

kinetics (115). 

Due to the presence of excess flavonoids available in the aqueous phase in the 

control, it is suggested that more of rutin, isoquercetin and quercetin are available to 

penetrate the Stratum corneum within an aqueous medium over 24 hours, 

compared to the Pickering emulsions for all oil types. This is demonstrated in a 

higher % dose of flavonoids delivered from the controls than compared to Pickering 

emulsions at 24 hours (Table XXV). Whereas for Pickering emulsions, the amount of 

flavonoid available to penetrate the SC is time dependant on the rate of water 

evaporation and the structural collapse of the Pickering emulsion. This is graphically 

represented as a basic cartoon in Figure 5-15 when an infinite dose is applied.  
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(a) 

 

(b)  

 

Figure 5-15 Schematic representation of structural differences in 
emulsion formation and possible scenario of the flavonoid 
particle/crystal location and skin penetration in (a) Pickering 
emulsions and (b) non-emulsion 
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Skin permeation is seen as a passive process of diffusion. When there is a higher 

concentration of suspended flavonoid particles in the external aqueous phase it 

pertains to an increase in thermodynamic activity of the flavonoid and a is driving 

force through the skin membrane, whereas when the flavonoid is held at the O/W 

interface in a PE the thermodynamic activity of the flavonoid is reduced (115). 

Supersaturation of a formula in which the concentration in the permeant surpasses 

its solubility limit and is in excess. Supersaturation is seen as a technique to 

enhance skin permeation of a molecule (72).  

Excess or “free” flavonoid must traverse through the external phase to the skin 

surface. A few nm into the external phase at the skin surface, the water molecules 

are more ordered and the diffusion of the flavonoids here would be slower than in 

the bulk vehicle. This film layer can be rate limiting for sorption of molecules to a 

surface in aqueous bulk mediums, but not when the bulk medium has been mixed 

(151). Considering this, a reason why rutin has slightly higher or similar release 

coefficient (Table XXIV) than isoquercetin and quercetin, despite it being larger in 

MW (610.15 g mol-1 comparative to quercetin at 338.27 g mol-1), could be do due 

the increased water solubility of the rutin molecule to traverse polar and non-polar 

regions between the ceramide chains with the extracellular matrix (ECM) of the SC. 

It is pertinent to note that this reasoning is based on the physiochemical properties 

of the rutin molecule, and not of a particle or crystal size of µm. 

After the initial release rate their comes a slightly slower release of rutin and 

isoquercetin form PE than with the controls over the 24 hour period (permeation 

profiles Figure 5-1 and Figure 5-2). This could be suggestive of a time dependant 

destabilisation of the emulsion that increases the bioavailability of these flavonoids 

to penetrate the SC. Consideration to the location of actives within an emulsion has 

been investigated in literature and it is concluded that the location and emulsion 

type greatly effects permeation delivery (115). It is also important to consider the 
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dosing in permeation experiments; finite vs infinite dosing as occlusive affects can 

occur in the latter changing thermodynamic activity of applied actives. 

Thermodynamic activity is dependent on the evaporation of the external phase and 

collapse of the internal phase (115). 

 

No detection of quercetin from Pickering Emulsions 

No detection of quercetin was found in the receptor phase of the permeation assays 

during the time period up to 24 hours, with a total of six repetitions. However, 

quercetin was detected from the controls.  

The difference between the PE and the control is the use of high pressure jet 

homogenisation. From photographs of emulsion and the Confocal Scanning Laser 

Microscopy (CSLM) images (chapter 3) quercetin appears to form an emulsion and 

quercetin to be located at the O/W interface, although in aggregated crystals 

surrounding oil droplet formation It is possible that quercetin under high pressure is 

dissolved preferentially into the oil phase of the emulsion (logPo/w of quercetion 2.02). 

Paraffin and almond oil do not penetrate the skin deeper than the Stratum corneum 

(136-139) therefore quercetin could be retained within the upper layers of the SC in 

with the oils. Further investigation into the skin retention and location of flavonoids in 

the skin would provide conclusive results on this. 
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5.8.1.1 Flavonoid physiochemistry 

Figure 5-16 Physiochemical properties of flavonoids; partition coefficient between 

octanol and water (LogPO/W) and molecular weight. Rectangle box indicates 

prefere,tial physiochemical properties for a skin permeant 

 

 

 

 

338.27, 2.02  

464.38, 0.53  

610.52, -0.36 

Figure 5-17 Chemical structures of quercetin [1], isoquercetin [2], and rutin [3] 

[1] [2] [3] 
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A comparison of the physiochemical properties of rutin, isoquercetin and quercetin 

are shown in Figure 5-16 and Figure 5-17. It is clear that these three flavonoids 

have a correlation of molecular weight and lipophilicity. The molecular weight of the 

flavonoids varies due to the sugar moieties at the 3-OH position. The lipophilic 

portion of these flavonoids comes from the conjugated aromatic rings in the parent 

aglycone structure and the hydrophilic portion comes from the sugar moieties. As 

quercetin does not possess any sugar moieties, quercetin has a higher lipophilic 

logPO/W of 2.02 compared to both isoquercetin and rutin. Isoquercetin possess one 

sugar moiety (glucose) which lower the partition coefficient to 0.53 and rutin has two 

sugar moieties (rhamnose and glucose) which reduces its partition coefficient 

further to -0.36, compared to the aglycone. 

 

Most recognised physiochemical properties for membrane permeation is the 

molecular weight and lipophilicity; molecules < 500 g mol-1 and a logPO/W between 

1-3 being ideal as the skin is predominantly lipid based (93).The box in Figure 5-16 

represents this area for an ideal physiochemical properties for a molecule to 

permeate the stratum corneum. This demonstrates that isoquercetin and rutin fall 

out of this ideal category, and quercetin molecule has the ideal properties. 
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5.8.1.2 Permeability into the skin 

 

Permeability is based on the partition coefficient of the molecule  and the diffusivity 

into the Stratum corneum, which is reliant on the physiochemical properties of the 

molecule. Potts and Guy developed an equation based on the physiochemical 

properties of a molecule to theoretically ascertain its permeability through the SC 

from an aqueous medium (112); (Equation 15) 

 

log 𝐾𝑝 = 0.71 ∙ log𝑃o/w − 0.0061 ∙ MW − 6.3 

Equation 15 

 

Where logPo/w is the octanol-water partition coefficient and MW is the molecular 

weight. Using this equation and the physiochemical properties of rutin, isoquercetin 

and quercetin in Figure 5-16, the theoretical permeability of the flavonoids were 

determined and are displayed Figure 5-18 plotted alongside the experimentally 

determined logKp of flavonoids from Pickering emulsions with different oil types using 

the permeation rate, Jss. The estimated results from the Potts and Guy model show 

that quercetin has the highest permeability, followed by isoquercetin and lastly rutin, 

with linear correlation (R2 = 0.99). However, experimentally the permeability 

coefficient for all three flavonoid was found to be similar, independent of the oil type 

used in the Pickering emulsions or from the controls. This may imply that the Potts 

and Guy model is not necessarily a good indication of the prediction of skin 

permeability of a flavonoid crystals in experimentation in combination with other 

components such as oils, as Potts and Guy model determines the permeability of 

individual molecules. It could be dependent on the applied concentration and 

availability of the active, dosing quantity or the structure of the molecule. 
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Figure 5-18 Estimated permeability of flavonoids from physiochemical properties of 

using the Potts and Guy model (equation 15) alongside the experimentally 

determined permeability, Kp from permeation data. PE = Pickering emulsion, PO 

= Paraffin Oil, AO = Almond Oil, CO = Coconut Oil, CON = control. Raw data in 

Table XXVII 

 

Table XXVII Experimentally determined permeability of flavonoids through 
porcine epidermis  and theoretically determined permeability  

Permeability, LogKp Rutin Isoquercetin Quercetin 

Predicted (Potts and Guy) -6.66 -5.15 -3.33 

Pickering emulsions 
 

Paraffin Oil -0.52 -0.05   

Almond Oil 
 

-0.1 
 

Coconut Oil   -0.1   

Control Emulsions / Suspensions 
 

Paraffin Oil -0.4 -0.4 -0.05 

Almond Oil -0.1 -0.1 -1 

Coconut Oil -0.4 -0.52   

 

y = 1.6615x - 8.3694
R² = 0.9971

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

-2.00

-1.00

0.00

1.00

2.00

Permeability, Kp, of flavonoids as estimated from Log PO/W and molecular 
weight (Potts and Guy)

Potts and Guy
PO-PE
AO-PE
CO-PE
PO-CON
AO-CON
CO-CON

Rutin Isoquercetin Quercetin
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Permeability between the flavonoids and emulsions was similar for flavonoids. 

Based on physiochemical properties of the flavonoid molecule alone, quercetin is 

the most likely flavonoid in this studied set to permeate the skin more easily due to 

its high lipophilicity and low molecular weight. The ability of rutin and isoquercetin to 

permeate the membrane as a similar permeability to quercetin could be due to their 

chemical structure; by having both polar and non-polar regions of the molecule they 

are able to traverse through the lipid membrane of the matrix. This polar and non-

polar locations within the chemical molecule are not taken into account for the Potts 

and Guy model, nor is the permeability of larger aggregated particles.  

 

Flavonoid particle did aggregate into crystals as seen visually and from Confocal 

Scanning Laser Microscopy (Chapter 3) and how these crystals influence the 

permeation through the lipid matrix is unclear, although crystallisation of a permeant 

on the skin surface after solvent evaporation does perturb the percutaneous 

permeation of flavonoids (39, 55) . 

 

Permeation of a molecule through the skin will go through polar and non-polar lipid 

regions in the ECM. It has been discussed that there are pockets of polar regions 

within the lipid matrix of the SC because of the sphingoid bases of the ceramides 

(28). Therefore permeating actives that possess both polar and non-polar 

components in their chemical structure, in this reasearch, rutin and isoquercetin, 

could partition through the polar pockets as well as the non-polar lipid chains within 

the ECM (refer to Figure 5-17 p202 to observe structural differences between 

flavonoids, particularly glucose and rutinose moieties on the structure of 

isoquercetin and quercetin, respectively). This could explain the permeation of these 

flavonoids despite their size; ≥ 500 g mol-1 (Figure 5-16 p202) of which goes out the 

guidelines of Lipinski’s rule for a suitable membrane permeant (93). As quercetin 
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does not contain sugar moieties which contribute to hydrophilicity, quercetin 

remains partitioned in the non-polar regions of the lipids and becomes "trapped" in 

the SC layers with the oils, rather than penetrating further. This suggests why no 

quercetin was measured to permeate the epidermal membrane in (Figure 5-3 p170) 

as it is retained within the lipid matrix, or is preferentially adsorbed in the oil phase 

of the emulsion, retained within the upper layers of the SC. This result is opposite to 

when quercetin is in the suspension control mixture; it was shown by permeation 

assays to penetrate the epidermal membrane in the highest percentage dose (Table 

XXV p193) and have a rapid release rate as determined by the Korsmeyer-Peppas 

model (refer to Table XXII p171 and Table XXIV p176); both sets of data higher than 

rutin and isoquercetin. This can be explained by both the lipophilicity and the 

molecular size of quercetin;  more polar and smaller than the other flavonoids which 

allow quercetin to permeate more easily through the ECM of the Stratum corneum 

and epidermal layers. These two opposing results conclude that the location of the 

flavonoid, and permeant in an emulsion or formulation, is important not only for 

partitioning into the SC, but additionally for permeating through the skin. 
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5.8.2 Oil type used in the system (hydrocarbon or vegetable oil)  

Significantly more rutin penetrated through the skin with almond oil in a Pickering 

emulsion than in a PE with paraffin after 24 hours  (P < 0.05) (Figure 5-1 p164). 

The control emulsions of paraffin and almond oils to deliver rutin were not 

significantly different, although the almond was higher in trend. This could be 

because the PE droplets formed with oil types could vary in uniform particle coating 

of the flavonoids, leading to a porous coating. Leaching of oil can be occurring, 

leading to collapse of the emulsion as the water phase evaporates off the skin. 

Therefore exposing the oil to disrupt the Stratum corneum lipids to promote rutin 

through the skin. There is no significant difference in rutin penetrated at 7 hours 

between PE with paraffin oil and almond oil. There could be a delayed response in 

permeation as the  collapse of the emulsions and vegetable oils can disrupt the lipid 

chains of the ECM over time. 

5.8.2.1 Diffusivity within the vehicle; Pickering emulsion and oils 

Rutin diffused from the emulsion to the skin faster in the control emulsion for 

paraffin oil than the PE – a reason for this could be due to the majority of the rutin 

being held at the interface within the emulsion. When rutin is not in a Pickering 

emulsion, it’s thermodynamic activity is higher therefore the driving force for rutin to 

diffuse from the aqueous medium to the skin surface is higher. This is also reflected 

in the rutin diffusing faster from the almond control compared to the paraffin control. 

Almond oil contains oleic acid that can change the packing order for the lipids in the 

matrix, which could disrupt them enough to allow for the rutin to diffuse into the SC 

greater than paraffin oil. As paraffin is a straight chain hydrocarbon that has no polar 

head groups, it will not disrupt the lipid packing. This is also the result with 

isoquercetin and quercetin: the diffusivity to the skin of the flavonoids is greater for 

the vegetable oils than the hydrocarbon oil. The diffusivity of isoquercetin from 

Pickering emulsions was also in the order of vegetable oils faster than the 
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hydrocarbon oil however not significantly different. Again, the oil type is influencing 

the lipid packing conformation of the SC. In a PE, the coating of the flavonoid 

prevents the oil from disrupting the lipid chain packing. Oil fraction was used at 20 

% and serves as a comparison to previous flavonoid Pickering emulsions (49), 

requires less stabilisation and emulsions which possess a lower oil content have 

been  found to increase the skin permeation of polyphenols (39). However, it would 

be a consideration of future work to enhance this oil content and repeat 

experimentation to build the understanding oil type has on the skin permeation of 

flavonoids. 

5.8.3 Availability of oil (suspended/encapsulated by the flavonoid in an 

emulsion or “free” and not in an emulsion) 

 

Pickering emulsions made with silica particles have been studied; a concern of 

using solid silica particles is what is the fate of the silica; does it remain in the upper 

layers of the epidermis or permeate into deeper layers? (83).  
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 Further research discussion 

6.1.1 Formation of Pickering emulsions with flavonoids and oil. 

In this study, the concentration of rutin, isoquercetin and quercetin used to form 

Pickering emulsions with 20 % oil fraction was 1 mM. This concentration surpasses 

the aqueous solubility of each of the flavonoids and the aqueous phase can be 

described as being saturated. This aturation will affect the bioavailability, 

thermodynamic activity and skin penetration behaviour of the flavonoids. A problem 

that arises with an excess concertation of the flavonoids is aggregation and crystal 

formation of the flavonoids within the oil phase of the emulsion. This aggregation 

could lead to clumping of oil droplets rather than a uniform dispersed emulsion and 

large crystal formation will hinder skin penetration. 

Reducing the concentration of flavonoids in the emulsion system needs to be 

conducted because this may i) prevent flavonoid aggregation and crystal formation, 

ii) change the Pickering emulsion formation and stability and ii) change the 

thermodynamic activity and skin penetrating behaviour of the flavonoids. 

It is not known what the minimum  nor maximum concentration of flavonoid is 

required to stabilise a Pickering emulsion with a 20 % oil fraction. However, a lower 

or concentration less than 1 mM could change the stability of the emulsion by 

preventing aggregation and crystallisation of the flavonoids. As observed in the 

Confocal Scanning Laser Microscopy images in chapter 3, the flavonoids, 

particularly rutin and isoquercetin adsorb at the O/W interface and also form clusters 

entrapping oil droplets. A uniform layer of flavonoids at the O/W interface may form 

if less aggregatiion occurs. 

Another method to ensure aggregation of the flavonoids does not occur is to ensure 

adequate dispersion in the aqueous phase prior to the jet homogenisation. In this 

study a high sheer mixer was used for 2 minutes to disperse the flavonoids, 
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however this step may need to be longer to break up crystals. The use of a 

sonicator may be used to break up crystals.  

suggested experiments include forming Pickering emulsions with consecutive  

flavonoid concentrations, e.g. 0.1, 0.2, 0.4, 0.6, 0.8 up to 2 mM with a 20 % oil 

fraction of paraffin, almond and coconut oil. Evaluation analysis using CSLM for 

location of flavonoids, particle size distribution visual stability evaluation and 

permeation assays using infinite dose. 

A knowledge gap is the flavonoids solubility within the oils and where the flavonoids 

migrate to the emulsion over time and what happens during emulsion collapse on 

the skin. Further experiments should analyse the oil fraction over time to see the 

migration and quantify the flavonoid being depleted from the emulsion during skin 

permeation assays and the location of quercetin in the oil droplets. Future work 

should also incorporate chemical analysis of the aqueous phases of the two 

systems.  
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6.2 Permeation assays 

6.2.1 Infinite vs finite dosing 

Skin permeation assays done in this study used an infinite (excess) dose loading in 

the Franz diffusion cells. Infinite loading is necessary to provide the determination of 

release kinetics and thermodynamic activity properties of the actives in the emulsion 

and how this changes when the flavonoids are incorporated into a Pickering 

emulsion. However, the draw backs of this are that the constant contact and the 

occlusive nature of the formulation on the skin which will over time change the 

barrier properties of the Stratum corneum e.g. becoming super hydrated.  

The opposite of this would be to use a finite dose; more representable of real life 

conditions of the end user using the formulation. This amount had been quoted  as 

2 mg cm-3 (89).  The differences between finite and infinite dosing are highlighted in 

the literature in chapter 1. Future experiment recommendations are to use a finite 

dose loading on skin membrane in permeation studies. Requirement for the 

substantiation of skin permeation in cosmetic dose is to obtain at least 8 repetitions 

of skin permeation assays, ideally on human cadaver skin (152). After finite dosing 

FT-IR analysis should be conducted as finite dosing changes the barrier properties 

of the Stratum corneum and should be analysed in comparison with the infinite 

study results. 
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6.2.2 Using cellulose membrane for permeation controls  

A cellulose membrane should be used in future research as a standard control 

membrane. This may be a solution to reducing the variability of error seen in the 

results. As cellulose membranes will be homogeneous, for permeation release 

kinetics the results would have higher accuracy than with a biological membrane.  

Biological tissue it will have uncontrolled variabilities; such as protein, lipid and 

structural formation that can change the permeation of molecules. Biological 

membranes can become dehydrated when exposed to the receptor fluid, changing 

the hydration and the barrier properties of the membrane. 

6.2.3 In vivo analysis 

Franz diffusion cells do not completely represent human physiological conditions, 

therefore future research should include in vitro analyses of skin permeation; paired 

with tape stripping, infrared or Raman spectroscopy for depth profiling of skin 

permeation actives. 
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6.3 Depth profiling of flavonoids within the skin membrane 

 

6.3.1 Tape stripping – removal of skin layers by tape. 

An important knowledge gap is the location and migration of the flavonoids within 

the Stratum corneum and epidermis after skin permeation. This can commonly be 

done by tape stripping layers of the skin with adhesive tape and then determining 

the concentration of active by back extraction and HPLC analysis. However, this 

technique is not accurate as the pressure to apply the tape on the skin surface must 

be the same each time a strip is taken, and each strip can have varying amounts of 

skin cells not attributed to a single planar layer. In tape stripping the membranes in 

the samples are destroyed and cannot be further analysed. 

6.3.2 Raman Spectroscopy 

Another technique is Raman spectroscopy which can be used for depth profiling of 

actives within a skin membrane and does not destroy the skin sample. Raman 

spectroscopy can provide information on the chemical moieties present on a 

compound, giving a distinctive fingerprint that can be used to identify substances in 

the upper layers of the skin. Symmetrical vibrations of non-polar groups are often 

best identified by Raman spectroscopy, whereas asymmetric vibrations of polar 

groups are best identified by IR spectroscopy (129). 

Raman spectroscopy has been used in studies to determine the spatial distribution 

of drug molecules within skin biopsies and to monitor the biotransformation of the 

pro-drug into the active molecule. (153, 154). By using a technique such as this it 

provides useful information about the location of the biotransformation e.g. in the 

epidermis or dermis, and thus where best the activity of this drug molecule will 

occur. As these techniques do not require touching the sample they are deemed 

non-invasive and non-destructive. Advantages of these techniques include that 

monitored compounds do not require labelling with fluorescence or spin labels to be 
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detectable, the sample to be measured is not limited by size and the atomic 

vibrations are detected instantaneously providing a snap shot of all molecular 

conformations (155). The technique can also be combined with confocal microscopy 

to determine depth morphology of skin samples, and to what depth actives are 

reaching in the skin (156, 157).The use of Raman spectroscopy has been used 

as a method to determine the penetration profile of flavonoids (153, 158), for the 

determination of antioxidant stability of cosmetic formulations (159) and can be 

combined with confocal microscopy to determine depth profile. 
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6.4 Additional ingredients to the emulsion 

In these preliminary experiments the Pickering emulsions and controls were 

purposely kept simple with only the omission of the jet homogeniser, which has 

been concluded as necessary to form the Pickering emulsions. If other ingredients 

such as an emulsifier were to be incorporated in the controls, the emulsion stability 

and the skin permeation of the flavonoids would have been altered and not directly 

comparable to the Pickering emulsions. Questions that arise during this research 

are how does the delivery change of multiple actives with multiple lipophilicities. 

Future studies should include a mixture of flavonoids e.g. rutin and isoquercetin 

combined in a Pickering emulsion and stability and skin permeation repeated. The 

inclusion of an aqueous thickener could be the next stage in development, such as 

xanthan gum. 

Additional future studies is to reduce the pH of the emulsions to acidic pH 4-5 to 

below the pKa of the flavonoids and observe Pickering emulsion stability and skin 

permeation. As previously mentioned, below their pKa flavonoids will be protonated 

which will increase their lipid solubility and could effect their permeation through the 

lipid membrane of the Stratum corneum. 
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6.5 Detailed stability testing of Pickering emulsions 

Time constraints and resources did not allow a full comprehensive stability test of 

the Pickering emulsions; monitoring pH, viscosity and location of flavonoids by 

CSLM over time in different environmental conditions (heat, freeze thaw and UV 

exposure). This would enhance the knowledge of further stability of flavonoids for 

Pickering emulsions for cosmetic formulations.  

The purpose of this research was to improve the formula stability of flavonoids and 

to observe the skin permeation release kinetics when these flavonoids had 

enhanced formula stability. Looking beyond this is to develop on a formula with 

consumer and market acceptability as a topical cosmetic product with antioxidant 

actives in for therapeutic benefits to the skin.  
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 Summary and Conclusions of Research 

This research had several focal points: to re-engineer formulation design for 

personal care applications, choosing flavonoids as skin actives, improving their 

formulation stability by incorporation into Pickering emulsions, evaluation of skin 

permeation and Stratum corneum lipid morphology and barrier properties after 

topical treatment. 

Unlike other studies that have investigated the penetration enhancement of actives 

through the skin encapsulated within the solid coated particles (80) the active in the 

Pickering emulsions in this study is the stabilising agent of the oil droplet, rather 

than the flavonoids being encapsulated within the oil droplet. This could lead the 

way to multi-component formulas as a technique to deliver multiple actives; soluble 

in the oil phase and the coating of the oil droplets. It also increases the use of multi-

functional ingredients and reduces emulsifiers in the formulation that can cause skin 

irritancy. 

Chapter 3 demonstrated that flavonoids rutin, isoquercetin and quercetin can be 

made into Pickering emulsions with various oil types, although the strength of the 

stability is dependent on oil type; inert paraffin oil proving to form stable PE than 

natural vegetable oils almond and coconut. The rate of de-adsorption of flavonoids 

from the surface of the PE is high, therefore they form stable emulsions, which was 

demonstrated after 6 months of storage.  

Chapter 4 demonstrated interesting results; lipid changes which change the barrier 

properties of the SC allowing for changes in skin permeation, and is a balance 

between the oil type and the flavonoid type. There is evidence that quercetin could 

be dissolving in the lipids of the SC which allows for enhanced permeation into the 

skin from the topical emulsions, but then is retained within the SC lipids, not causing 

too much disruption as to impair barrier function, but not to penetrate further into the 
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skin layers. Quercetin was not observed to penetrate the epidermal layers when 

made into a Pickering emulsion, however in suspension it did.  

Results in changes in lipid morphology of the extracellular matrix by rutin and 

isoquercitrin were highly interesting. The primary reason for selecting these 

flavonoids was for their ability to form Pickering emulsions at the O/W interface due 

to their amphiphilic structure, however surprisingly their surface active nature also 

disrupted acyl chain packing of the ceramides which form the skin’s barrier. This 

result demonstrates that flavonoids – with the correct structure – are unique multi-

functional personal care “active” ingredients; antioxidant capactiy, emulsion 

stabilising (which improves their formulation solubility) and as a potential mild 

permeation enhancer to the Stratum corneum.  

Chapter 5 evaluated the skin permeation and came to the following conclusions that 

the location of the flavonoid crystals has proven to be a key component in the 

permeation and release kinetics.It has become clear from comparison of results 

between Pickering emulsions formed with flavonoids, and flavonoid suspensions – 

“non-emulsion” controls, the location of the flavonoids with the emulsion changes 

their availability to partition into the Stratum corneum as their thermodynamic 

activity is changed, thus altering their membrane permeation. Pickering emulsions 

therefore can have potential use as a controlled release system. 

The research has shown an interesting approach to formulation design and has 

proved that incorporating rutin, isoquercetin and quercetin into Pickering emulsions 

does change the behaviour of permeation from the emulsion into the Stratum 

corneum, and further influences the penetration through the skin. In addition, the 

difference in oil type used influences the permeation and penetration into the skin, 

and is dependent on fatty acid content. The barrier properties of the lipids in the SC 

are rate limiting for any permeant penetrating the skin, and a change in these lipids 
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to impair the barrier has been observed both by oil (almond and coconut) and 

flavonoid type (rutin and isoquercetin). A combination of the polarity of the 

flavonoids, the oil and the position of the flavonoids in the emulsion system are 

important to effective formulation design, and this study provides the basis for future 

research in this field.  
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