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This dissertation is presented in the so-called article format, which includes an introductory 

chapter with sub-chapters, a full length article for publication in a pharmaceutical journal and 

appendices containing experimental results and discussion.  The article in this dissertation is to 

be submitted for publication in the International Journal of Pharmaceutics, of which the complete 

guide for authors is included in Appendix D. 
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Caffeine is frequently used in cosmetics due to its well-characterised skin permeation properties 

and is widely incorporated in cosmetic-related products intended for skin (Samah & Heard, 

2013:631).  Despite its polar characteristics (Dias et al., 1999:41), caffeine is an important 

biologically and cosmetically active compound (Herman & Herman, 2012:13).  This active 

pharmaceutical ingredient (API) has a broad range of advantages in the world of cosmetics, 

including the improvement of microcirculation in the capillaries (Lupi et al., 2007:107), showing 

anti-cellulite activity in the fatty tissue (Velasco et al., 2008:24), anti-oxidation activity in 

sunscreens & anti-ageing products (Koo et al., 2007:964) and the stimulation of hair growth 

(Fisher et al., 2007:27).  Caffeine has also shown significant decreases in UV-induced skin tumour 

multiplicity (Lu et al., 2001:5003, 5008) and has been proven to prevent photo-damaged skin, 

which includes the formation of wrinkles and histological alterations (Mitani et al., 2007:86).  It is 

therefore clear that the challenge for the dermal delivery of the hydrophilic caffeine is for it to be 

retained in the specific skin layers (dermal delivery) where it can exert its action, rather than to 

permeate through the skin and into the hydrophilic systemic circulation (transdermal delivery) 

(Wiechers et al., 2008:10). 

In this study the calculated skin delivery gap (SDG) values, and the transdermal and dermal 

delivery of caffeine from three different semi-solid topical formulations were compared.  The SDG 

theory was developed to evaluate the effectiveness of dermal delivery of API from topical 

formulations and is known as the ratio between the concentration required to achieve minimum 

effect relative to the concentration obtained at the target site (JW Solutions, 2011).  During this 

study the principle of the SDG was investigated by using the formulating strategy, Formulating for 

Efficacy (FFE™), which aims to optimise skin delivery of APIs from different formulations.  The 

SDG was therefore implemented and in vitro transdermal studies were utilised to ultimately prove 

or disprove the hypothesis of SDG on the prediction of the topical delivery of caffeine. 

The human skin consists of two distinctive layers namely the epidermis (including the stratum 

corneum (SC) and viable dermis) and the dermis (Menon, 2002:S3).  The main barrier to dermal 

and transdermal permeation is the outermost layer of the skin, the SC (Fang et al., 2007:343).  

The difference between the target site for dermal and transdermal delivery of APIs is crucial to be 

mentioned.  Dermal delivery includes the delivery of an API to the skin surface, SC, viable 

epidermis or dermis, whereas transdermal delivery requires the API to permeate all the way 

through the various skin layers and into the systemic circulation (Wiechers, 2000:42).  Since this 

study involves the optimisation of the topical delivery of caffeine, the physicochemical properties 

of this API as well as those of the skin should be considered.  As mentioned before, caffeine is a 

rather polar molecule (Dias et al., 1999:41), whereas the SC (lipophilic) provides the rate-limiting 
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barrier to the percutaneous absorption of polar (hydrophilic) molecules, such as caffeine (Barry, 

1983:105). 

Caffeine was incorporated into three different formulations: a gel and two creams (differing only 

in the ratio of the primary and secondary emollient).  The three topical formulations each had 

different polarities, where the Gel represented the hydrophilic formulation (more polar than the 

skin), whereas the first cream, Cream 1 (containing 5% DMI and 9% glycerine), served as the 

intermediate formulation (similar polarity as the SC), and the second cream, Cream 2 (10% DMI 

and 4% glycerine), was the formulation less polar (therefore more lipophilic) than the SC. 

Franz cell type transdermal diffusion studies were performed on the three semi-solid formulations 

(Gel, Cream 1 and Cream 2).  The diffusion studies were conducted over a period of 12 h, followed 

by the tape stripping of the skin directly after each diffusion study.  Caucasian female abdominal 

skin was obtained with consent from willing donors.  Ethical approval for the acquisition and use 

of the donated skin was granted under reference number NWU-00114-11-A5.  The formulations 

each contained 1% of caffeine as API.  The skin used for the diffusion studies was prepared with 

the use of a Zimmer Dermatome®.  The receptor phase of each Franz cell was withdrawn at 

predetermined time intervals and subsequently analysed with high performance liquid 

chromatography (HPLC) in order to determine the concentration of caffeine that permeated 

through the skin.  Stratum corneum-epidermis (SCE) and epidermis-dermis (ED) samples were 

prepared and left overnight at a temperature of 4 °C, and they were analysed the following day 

with the use of HPLC in order to determine the concentration of caffeine that had accumulated in 

the particular skin layers.  The SDG value for each caffeine formulation was calculated and it was 

compared to the flux and tape stripping results obtained from the diffusion studies.  To ultimately 

prove or disprove the SDG theory, the skin diffusion studies and tape stripping results were used 

to determine whether any difference occurred in the absorption or penetration of the API from the 

different formulations into the skin. 

The formulation with the intermediate polarity (Cream 1) produced the highest transdermal flux of 

caffeine due to the hydrophilic and lipophilic nature of caffeine and the formulation, respectively.  

Cream 1 is sufficiently lipophilic to transport caffeine into the SC and at the same time sufficiently 

hydrophilic (more polar than Cream 2) to cause a greater driving force of caffeine through to the 

more hydrophilic epidermis, dermis and systemic circulation.  The results from the tape stripping 

yielded that Cream 2 (the more lipophilic formulation) produced the highest concentration of 

caffeine into the SCE due to the hydrophilic and lipophilic nature of caffeine and the formulation, 

respectively.  The difference in polarity between the formulation and the API in Cream 2 was the 

greatest compared to the other formulations, which significantly increased the driving force of 

caffeine to partition into the SC (Wiechers et al., 2004:177).  The hydrophilic gel showed the 

highest concentration of caffeine in the ED layer of the skin due to the hydrophilic compounds 
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formulated in the Gel, which showed greater ability to partition into the aqueous dermis and viable 

epidermis (Imai et al., 2013:372). 

Cream 2 had the lowest calculated SDG value compared to that of the Gel and Cream 1.  The 

smaller the delivery gap, the greater the delivery of the API should be into the skin (Wiechers, 

2010).  Considering this, it was expected that Cream 2 would deliver greater amounts of caffeine 

into the skin than the more hydrophilic formulations.  Cream 2, which showed the lowest 

calculated SDG value delivered the highest amount of caffeine into the SCE during the diffusion 

studies.  The calculated SDG values therefore are consistent with the concentration of caffeine in 

the SCE (the lowest SDG value produced the highest concentration of API in the SCE).  However, 

no correlations were found between the calculated SDG values and ED delivery or the flux of 

caffeine. 

The final conclusion for this study is that the SDG theory proved to be effective and trustworthy 

regarding the delivery of caffeine into the SC. 

Keywords: caffeine, skin delivery gap, formulating for efficacy, transdermal, cosmetic, diffusion
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Kaffeïen word gereeld gebruik in skoonheidsmiddels weens sy kenmerkende vel 

deursypelingseienskappe en word dus wêreldwyd in kosmeties-verwante vel produkte 

geïnkorporeer (Samah & Heard, 2013:631).  Ten spyte van sy polêre eienskappe (Dias et al., 

1999:41) is kaffeïen ‘n belangrike biologiese en kosmetiese aktiewe bestanddeel (Herman & 

Herman, 2012:13).  Hierdie geneesmiddel bied ‘n wye verskeidenheid voordele in die 

skoonheidsmiddel-wêreld, insluitende die bevordering van mikrosirkulasie in die haarvate (Lupi 

et al., 2007:107), anti-selluliet werking in die vetweefsel (Velasco et al., 2008:24), anti-oksidant-

aktiwiteit in sonskermmiddels en anti-verouderingsprodukte (Koo et al., 2007:964) en die 

stimulering van haargroei (Fisher et al., 2007:27).  Kaffeïen het ook ‘n beduidende afname in die 

veelvuldigheid van ultraviolet (UV)-geïnduseerde velgewasse getoon (Lu et al., 2001:5003, 5008) 

en daar is bewyse dat dit foto-beskadigde vel, insluitende plooivorming en histologiese 

veranderings in die vel kan voorkom (Mitani et al., 2007:86).  Die uitdaging vir die dermale 

aflewering van hidrofiele kaffeïen is dus om dit in die spesifieke vellae (dermale aflewering) te 

behou waar dit sy werking kan uitvoer, eerder as om deur die vel en in die hidrofiliese sistemiese 

sirkulasie te dring (Wiechers et al., 2008:10). 

Hierdie studie het die vel afleweringsgaping (“skin delivery gap” of SDG) en die transdermale 

aflewering van kaffeïen in die dermis- en epidermislaag van die vel, vanuit drie semi-soliede 

topikale formulerings, ondersoek.  Die beginsel van die SDG is ontwikkel met die doel om die 

effektiwiteit van dermale geneesmiddel-aflewering vanuit topikale formulerings te bepaal.  Die 

SDG word beskryf as die verhouding tussen die konsentrasie wat benodig word om minimale 

effek te lewer en die werklike konsentrasie wat by die teiken-area verkry is (JW Solutions, 2011).  

Die SDG is tydens die studie ondersoek deur gebruik te maak van die formuleringstrategie, 

genaamd formulering vir effektiwiteit (“Formulating for Efficacy” of FFE™), wat daarop gemik is 

om die vel aflewering van geneesmiddels vanuit verskeie formulerings te optimaliseer.  Die SDG 

was dus geïmplimenteer en in vitro transdermale diffusie studies is gebruik om die hipotese van 

die SDG ten opsigte van die voorspelling van topikale geneesmiddel aflewering te bewys of te 

weerlê. 

Die mens se vel bestaan uit twee kenmerkende lae, naamlik die epidermis (wat die stratum 

corneum en lewensvatbare epidermis insluit) en die dermis (Menon, 2002:S3).  Die grootste 

hindernis vir die topikale en transdermale geneesmiddel-deursypeling is die buitenste laag van 

die vel, die stratum corneum (SC) (Fang et al., 2007:343).  Dit is noodsaaklik om die verskil tussen 

die topikale en transdermale geneesmiddel-aflewering-teikenareas uit te wys.  Die topikale 

aflewering van geneesmiddels vereis dat die geneesmiddel aan die veloppervlak, die SC, die 

lewensvatbare epidermis of dermis gelewer moet word, terwyl transdermale aflewering die 
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deurdringing van die geneesmiddel reg deur al die bogenoemde vellae tot in die sistemiese 

sirkulasie behels (Wiechers, 2000:42).  Aangesien hierdie studie die optimalisering van topikale 

kaffeïenaflewering insluit, word die fisies-chemiese eienskappe van beide die vel en die 

geneesmiddel in ag geneem.  Soos reeds genoem, is kaffeïen ‘n polêre molekuul terwyl die SC 

(lipofilies) die tempo-beperkende versperring bied vir die velabsorpsie van polêre (hidrofiele) 

molekules soos byvoorbeeld kaffeïen (Barry, 1983:105). 

Kaffeïen is in drie verskillende formulerings geïnkorporeer, naamlik ŉ jel en twee rome (wat slegs 

in die verhouding van die primêre en sekondêre versagtingsmiddel verskil).  Die drie bogenoemde 

topikale formulerings verskil elk in polariteit; die jel verteenwoordig die hidrofiele formulering 

(m.a.w. meer polêr as die vel), terwyl die een room, Room 1 (wat 5% dimetiel isosorbied en 9% 

gliserien bevat) dien as die intermediêre formulering (soortgelyke polariteit as die SC) en Room 2 

(10% DMI en 4% gliserien) is minder polêr (m.a.w. meer lipofiel) as die SC. 

Franz-sel diffusiestudies is uitgevoer op die drie semi-soliede formulerings (die jel, Room 1 en 

Room 2).  Die diffusiestudies is oor ŉ tydperk van 12 ure uitgevoer, gevolg deur die kleefband 

afstroping van die vel direk na afloop van die diffusiestudies.  Vroulike Koukasiese abdominale 

vel was verkry vanaf anonieme skenkers.  Die formulerings het elk 1% kaffeïen as aktiewe 

bestanddeel bevat.  Velsirkels vir die diffusiestudies is voorberei d.m.v. ŉ Zimmer Dermatome®.  

‘n Fosfaatbufferoplossing met ‘n pH van 7.4 was tydens die diffusiestudies as die reseptorfase 

gebruik.  Die reseptorfase is na spesifieke tydsintervalle onttrek en vervolgens geanaliseer met 

hoëdruk-vloeistofchromatografie (HDVC) om die hoeveelheid kaffeïen wat deur die vel beweeg 

het, te bepaal.  Kleefband afstropingsmonsters en dermale monsters is voorberei na elke 

diffusiestudie en is oornag gebêre by 4 °C.  Die monsters is die volgende dag geanaliseer met 

HDVC ten doel om die konsentrasie kaffeïen in die verskeie vellae te bepaal.  Die SDG-waarde 

van elke formulering is bereken, waarna dit vergelyk is met die vloed en 

kleefbandafstropingsresultate wat verkry is tydens die diffusiestudies.  Om uiteindelik die teorie 

van die SDG te bewys of te weerlê, is die diffusiestudies en die kleefband afstropingsresultate 

gebruik om te bepaal of daar enige verskil in die opname of penetrasie van die geneesmiddel 

vanuit die verskeie formulerings in die vel was. 

Die formulering met die intermediêre polariteit (Room 1) het die hoogste transdermale vloed van 

kaffeïen in die vel as gevolg van die hidrofiele en lipofiele aard van kaffeïen en die formulering 

self.  Room 1 is dus lipofiel genoeg om die vervoer van kaffeïen in die SC te bewerkstellig en is 

terselfdertyd hidrofiel genoeg om ŉ groter dryfkrag van kaffeïen deur na die hidrofiele dermis en 

sistemiese sirkulasie te veroorsaak.  Die resultate van die kleefbandafstroping het getoon dat 

Room 2 (die meer lipofiele formulering) die hoogste konsentrasie kaffeïen in die stratum corneum-

epidermis (SCE) gehad het, wat toegeskryf kan word aan die onderskeidelike hidrofiele en 

lipofiele aard van kaffeïen en die formulering.  Die verskil in polariteit tussen die formulering en 
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die geneesmiddel in Room 2 was die grootste in vergelyking met die ander formulerings, wat 

gevolglik die dryfkrag van kaffeïen verhoog (m.a.w. ŉ toename in die verdeling van die 

geneesmiddel in die SC) (Wiechers et al., 2004:177).  Die hidrofiliese jel het die hoogste 

konsentrasie kaffeïen gehad in die epidermis-dermis (ED) laag van die vel as gevolg van die 

hidrofiele verbindings wat in die jel geformuleer is.  Hierdie hidrofiele verbindings toon verdeling 

in die water-agtige omgewing van die dermis en lewensvatbare epidermis (Imai et al., 2013:372). 

Room 2 het die kleinste SDG waarde gehad in vergelyking met dié van die jel en Room 1.  Hoe 

kleiner die afleweringsgaping, hoe beter sal die mate van geneesmiddel-aflewering wees in die 

vel (Wiechers, 2010).  Deur laasgenoemde in ag te neem, is daar verwag dat Room 2 dus groter 

hoeveelhede kaffeïen in die vel sal lewer as dié van die meer hidrofiele formulerings.  Room 2 

wat die kleinste SDG waarde gehad het, het meeste kaffeïen in die SC afgelewer gedurende die 

diffusiestudies.  Die berekende SDG waardes is dus in ooreenstemming met die verkrygde 

konsentrasies van kaffeïen in die SCE (die kleinste SDG waarde toon die beste geneesmiddel-

aflewering in die SCE).  Daar is egter geen korrelasie tussen die berekende SDG-waardes en 

ED-aflewering of die kaffeïenvloed gevind nie.  Die SDG teorie is dus as effektief en betroubaar 

bewys ten opsigte van die aflewering van kaffeïen in die SC. 

Sleutelwoorde: kaffeïen, vel-afleweringsgaping, formulering vir effektiwiteit, transdermaal, 

kosmetiese, diffusie
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The word “caffeine” is derived from the French word for coffee (café) and the compound is 

obtained from tea (dried leaves and leaf-buds of Camellia sinensis from the family plant 

Theaceae) and coffee (dried ripe seeds of Coffea arabica, from the plant family Rubiaceae) 

(Wade & Reynolds, 1977:276).  The study of caffeine in various commercial cosmetic products 

has increased in popularity over the past decade (Dias et al., 1999:14).  There are several types 

of cosmetic and transdermal products with caffeine as the active ingredient such as micro-

emulsions, lotions, creams, gels, etc. and the reason for its popularity as an active in cosmetic 

products lies in the advantages that caffeine provides for the skin (Herman & Herman, 2012:8). 

Caffeine appears to have a risk-lowering effect on skin-cancer due to the fact that it protects the 

skin from ultraviolet (UV) light (Brandner et al., 2006:345; Shakeel & Ramadan, 2010:356).  

Several types of skin cancers are known and the three most common types include basal cell 

carcinoma (BCC), squamous cell carcinoma (SCC) and cutaneous malignant melanoma 

(melanoma) (Armstrong & Kricker, 2001:8; De Gruijl et al., 2001:19).  UV radiation is believed to 

be the main risk factor for most cutaneous cancers.  A second advantage is the ability of caffeine 

to reduce the appearance of cellulite as it provokes lipolytic action on fatty tissue (Hexsel & 

Soirefmann, 2011:169).  Khan et al. (2010:361) describe cellulite as a localised metabolic disorder 

of the subcutaneous tissue which leads to change in the body shape.  Cellulite presents as an 

alteration of the skin topography in the form of skin dimpling and nodularity found mainly in women 

on the pelvis, lower limbs and abdomen.  Mitani et al. (2007:86) suggest a third advantage which 

involves the prevention of UV-induced wrinkle formation or has possible anti-photodamage 

(oxidation) effects on the skin.  Short wavelength UV induces skin photodamage such as 

erythema, wrinkling and skin cancer (Mitani et al., 2007:86). 

The recognition of the skin’s poor penetration characteristics has caused an increase in the 

commercial interest of transdermal products, which attract major research projects worldwide.  

These research projects aim to improve transdermal drug delivery that is both reproducible and 

reliable (Monti et al., 2001:131).  The transdermal delivery of pharmacologically active 

pharmaceutical ingredients (APIs) is an appealing alternative to oral dosage forms for many 

reasons including constant plasma concentrations, a lower risk of gastro-intestinal adverse 

effects, improved patient compliance and bioavailability, avoiding the hepatic first pass 

metabolism, and quick discontinuation of drug treatment in cases of adverse reactions (Naik et 

al., 2000:319; Heard et al., 2006:27).  It is said that there is a difference between dermal and 
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transdermal delivery of APIs.  According to Hadgraft (2003:471) the uptake of APIs into the 

systemic circulation is not required for dermal delivery.  On the contrary, transdermal delivery 

requires the uptake of APIs into the systemic circulation (Hadgraft, 2003:471). 

The “skin delivery gap” (SDG) is the ratio between what is needed for effect to take place 

(minimum effective concentration or MEC) and what can ‘usually’ be delivered (the local tissue 

concentration or LTC) (Wiechers, 2010).  According to JW Solutions (2011), the MEC can be 

calculated with a series of calculations based on molecular modelling of skin penetration and 

some assumptions in pharmacokinetics.  Wiechers (2010) states that the smaller the delivery gap, 

the better the delivery of the API through the skin.  It appears that a low SDG is required to 

ultimately achieve optimal dermal delivery in terms of efficacy (JW Solutions, 2011).  The SDG is 

essentially used to calculate the probability of success during clinical trials by identifying the most 

appropriate candidate(s) for further development.  The main scope of this study will be focused 

primarily on formulation and the implementation of the delivery gap theory, therefore the 

advantages of caffeine or diseases itself will be of minimum importance. 

Professor J.W. Wiechers developed a formulating strategy, Formulating for efficacy (FFE™), 

which is known as a systematic approach to topical formulation design in order to enhance skin 

delivery of lipophilic active ingredients (Wiechers, 2011).  In order to obtain topical delivery, the 

right chemical needs to be delivered to the right target site at the right concentration for the correct 

period of time (Wiechers et al., 2004:173).  The relative polarity index (RPI) is an important factor 

that influences the formulation of a product and results in enhanced transdermal delivery 

(Wiechers et al., 2004:176; Wiechers, 2010).  The RPI is a novel way to see the comparison 

between the polarity of the active ingredient and that of the stratum corneum (SC) and the final 

cosmetic product.  Considering these factors, one can formulate the most effective skin delivery 

system to obtain optimal concentrations of the active ingredient into the skin. 

During this study we utilised the FFE™ software to choose the most appropriate semi-solid topical 

formulations.  According to Wiechers (2011) the purpose of the FFE™ program (Abbott & 

Wiechers, 2011) involves the calculation of the optimal oil phase compilation of a formulation for 

a given lipophilic active at a given concentration in order to reach a concentration near maximum 

solubility and therefore enhancing the clinical efficacy of the active. 

The main aim of this study was to prove whether the skin delivery gap theory was trustworthy and 

effective.  In order to test the hypothesis, skin diffusion studies were performed on three different 

semi-solid topical formulations containing caffeine as the active, one which was more polar than 

the SC, one with equal polarity as that of the SC and one less polar than the SC.  The experimental 

data obtained were ultimately compared with one another to prove or disprove the theory.  The 

objectives of this study include the following: 
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 Validating an existing HPLC method to determine concentrations of caffeine in the 

obtained samples obtained 

 Formulation of two cream formulations (one with equally polar and one less polar than the 

SC) and gel (more polar than the SC) containing caffeine as the API 

 Determination of the physicochemical properties of caffeine 

 Determination of the transdermal permeation of the caffeine formulations 

 Determination of the topical delivery of caffeine to the skin layers by making use of the 

tape stripping technique 

 Calculation of the SDG the final three formulations 

 To determine whether caffeine can permeate the skin in optimal concentrations upon the 

manipulation of the formulation by comparing the results obtained from the diffusion 

studies and tape stripping of each formulation with the applied theory of the SDG 
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2.1 INTRODUCTION 

The transdermal route of delivery offers several potential advantages compared with the oral 

route, including the avoidance of fluctuating plasma levels, no first-pass metabolism, and no 

degradation caused by gastro-intestinal digestion (Steele, 2009:224).  The recognition of the 

skin’s poor penetration characteristics has caused a constant increase in the commercial interest 

of transdermal products, which attract major research projects worldwide.  These research 

projects aim to improve transdermal drug delivery that is both reproducible and reliable (Monti et 

al., 2001:131). 

Caffeine was frequently used in various transdermal studies (Otberg et al., 2007:489) and a wide 

range of information is therefore available on this active pharmaceutical ingredient (API), including 

some advantages and cosmetic uses of caffeine in transdermal formulations.  Caffeine is found 

in a number of commercially available topical preparations, which usually contain up to 3% of 

caffeine (Dias et al., 1999:41).  According to Herman & Herman (2012:13) this API appears to 

have a wide spectrum of advantages in cosmetics, including the reduction of puffy eyes, 

microcirculation improvements in the capillaries, exhibiting anti-cellulite activity in the fatty tissue, 

anti-oxidation activity in sunscreens & anti-ageing products and the stimulation of hair growth.  All 

these properties indicate that caffeine is an important biologically and cosmetically active 

compound (Herman & Herman, 2012:13).  Some of these advantages and clinical uses are 

discussed in Section 2.2.1. 

The skin delivery gap (SDG) theory, developed by Prof. Johann Wiechers, is a novel hot topic for 

effective transdermal drug delivery (Wiechers, 2011) and is discussed in Section 2.4.  There is 

very little literature on this principle and not much research has been conducted in a systematic 

way to implement this theory to develop effective formulations for the topical delivery of specific 

APIs. 

2.2 CAFFEINE 

According to Barone & Roberts (1996:120) caffeine can be found in several dietary sources 

consumed worldwide, including coffee, tea, cocoa beverages, chocolate bars and soft drinks.  It 

was suggested that the consumption of caffeine, in one form or another, dates back to the 

Paleolithic period (Barone & Roberts, 1996:119).  As a well-known central nervous system 

CHAPTER 2 

TRANSDERMAL DELIVERY OF CAFFEINE THROUGH THE 

SKIN AND THE IMPLEMENTATION OF THE DELIVERY GAP 
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stimulant, it is mainly used for this purpose (Wade & Reynolds, 1977:276) but during the 

development of transdermal studies over the past few decades, caffeine has been frequently used 

as model permeant to examine its permeation through human skin and is now available in various 

commercial cosmetic preparations (Dias et al., 1999:41; Brandner et al., 2006:345; Heard et al., 

2006:27).  Caffeine is a rather hydrophilic molecule and it is expected to permeate through any 

polar channels of the skin (Dias et al., 1999:42).  Caffeine is an inexpensive, nontoxic, non-irritant 

and safe active ingredient to the skin (Brandner et al., 2006:343; Shakeel and Ramadan, 

2010:356).  In the subsections below we discuss the physicochemical properties of caffeine, 

mechanism of action in the human body, pharmacokinetics, clinical uses as well as the adverse 

effects. 

2.2.1 Clinical uses of caffeine 

Caffeine causes systemic effects which include central nervous system stimulation, positive 

inotrope, chronotrope and dromotropic effects on the heart and it acts as a powerful diuretic.  It is 

also commonly formulated in several painkillers and anti-migraine pharmaceuticals, as caffeine 

has the ability to constrict blood vessels in the brain (Schardt, 2008:2).  Pain causes vasodilatation 

of blood vessels which means more blood flows in the brain.  Caffeine, which is a potent 

vasoconstrictor, acts as an adenosine receptor antagonist.  Adenosine is a well-known vasodilator 

due to its muscle relaxing effects where caffeine causes an opposite reaction of adenosine, which 

in turn results in vasoconstriction and pain relief.  Caffeine can also increase the absorption and 

availability of other analgesic and anti-migraine drugs, thus increasing the effectiveness 

(Abourashed & Mossa, 2004:617; Ribeiro & Sebastião, 2010:S10). 

As a methylxanthine, caffeine can be used for the treatment of asthma but large doses may be 

required for the same effect as theophylline for instance.  The nonmedical use of methylxanthines 

in coffee, tea and cocoa for example is much higher (in total amount consumed) than the medical 

use of the API (Trevor et al., 2008:168).  Undem (2006:730) states that certain physicians 

nowadays prefer the use of caffeine for the treatment of apnoea in premature infants since the 

dosing regimens are much simpler and also more predictable than theophylline. 

Caffeine was also included in some studies for a potential treatment option for cellulite and is thus 

found in a number of commercial anti-cellulite products (Dias et al., 1999:42).  Acting directly on 

the adipose cells, promoting lipolysis, inhibiting PDE and decreasing cAMP levels, caffeine is 

preferred as the most useful and safest methylxanthine used for cellulite according to Hexsel et 

al. (2011:167). 

Caffeine also formed part of several studies concerning the treatment of UV-induced skin cancers 

and has shown significant decreases in tumour multiplicity in high-risk mice (Lu et al., 2001:5003, 

5008) and the studies involving UV-induced skin cancer and caffeine grow exponentially in 
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popularity every year.  Caffeine has also shown its contribution to the prevention of 

photodamaged skin, including the formation of wrinkles as well as histological alterations (Mitani 

et al., 2007:86). 

2.2.1.1 UV-induced skin cancer 

In a healthy human body, normal body cells grow, divide into new cells and finally die due to a 

process called apoptosis.  Cancer initiates when cells in a specific part of the body start to grow 

beyond control.  Instead of dying, the cancer cells keep on growing to produce new, abnormal 

cells.  In many cases, cancer cells may also invade the surrounding tissues.  Normal body cells 

amend into cancer cells due to deoxyribonucleic acid (DNA) damage.  The DNA in each cell has 

the responsibility to guide all its actions.  Supposedly (in normal cells) when DNA in the cell gets 

damaged, one would expect the cell to either repair the damage or die off, but because of the 

DNA damage, cancer cells continue to form new, abnormal cells.  Most cancerous cells grow into 

tumours and often migrate to other parts of the body where they start to grow and form new 

tumours, replacing normal body tissue.  This unique feature of cancer cells is called metastasis.  

Not all tumours are cancerous or lethal.  Benign tumours are non-cancerous tumours and mostly 

not life-threatening whereas malignant tumours are cancerous and are lethal.  The difference 

between benign tumours and malignant tumours is that benign tumours have the ability to grow 

but they don’t invade other tissues or spread to other parts in the body like malignant tissue does 

(American Cancer Society, 2012). 

Our genes are made up of DNA and own the responsibility to control cell growth as well as self-

induced apoptosis.  The gene which mimics normal cell growth and division is known as an 

oncogene (Hanahan & Weinberg, 2000:57).  Another important gene, the tumour suppressor 

gene (TSG), keeps cell growth under control by slowing cell division or instructing the cell to die 

at the right time.  Changes or damage of the DNA, for example the deactivation of TSG or 

irreversible activation of the oncogene is another cause of skin cancers (American Cancer 

Society, 2012). 

According to Armstrong & Kricker (2001:8) basal cell carcinoma (BCC), squamous cell carcinoma 

(SCC) and melanoma are the three main types of skin cancer.  BCC and SCC (collectively known 

as non-melanoma skin cancers) are rarely lethal, whereas melanomas (cutaneous malignant 

melanoma) is, although less prevalent than BCC and SCC, the major cause of death from skin 

cancers (WHO, 2002:15).  Abovementioned skin cancer types are illustrated in Figure 2.1. 

Caffeine appears to inhibit UVB-induced carcinogenesis (Lu et al., 2008:2529).  In recent studies, 

caffeine has shown enhanced UVB-induced apoptosis and increased removal of DNA-damaged 

cells by inhibiting the phosphorylation of serine/threonine protein kinase (Chk1), an ataxia 

telangiectasia and Rad3-related protein (ATR) mediated checkpoint in the cell cycle causing the 
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cell to self-destruct.  This effect is seen only on UV-damaged cells, while healthy cells are left 

unchanged (Lu et al., 2004:5026; Anon, 2009:218). 

 

Figure 2.1: The clinical appearance of (a) melanoma (National Cancer Institute, 1985);  

(b) nodular or cystic basal cell carcinoma (Madan et al., 2010:678) and (c) 

squamous cell carcinoma (Madan et al., 2010:678). 

2.2.1.2 UV-induced skin ageing 

According to Wolff et al. (2005:258) recurrent solar exposure over many years can eventually 

develop into a skin syndrome called dermatoheliosis (better known as photo-ageing).  Skin ageing 

is generally associated with increased wrinkling, sagging and increased laxity.  It is a complex 

biological phenomenon consisting of two components, namely: intrinsic (chronological) ageing, 

which is mostly determined by genetics, and extrinsic ageing caused by environmental exposure, 

mainly UV irradiation (photo-ageing) (Jenkins, 2002:801).  According to Rittié and Fisher 

(2002:705) skin ageing is affected by many factors, namely genetics, environmental exposure 

(including UV irradiation, xenobiotics, and mechanical stress), hormonal changes and metabolic 

processes (generation of reactive chemical compounds like activated oxygen species, sugars and 

aldehydes).  Altogether, these factors result in the cumulative alterations of the skin structure.  

The influence of the environment, especially solar UV irradiation, is crucially important for skin 

ageing (Rittié & Fisher, 2002:706).  The appearance of photo-damaged aged skin is illustrated in 

Figure 2.2. 

Short wavelength UV induces skin photo-damage such as erythema, wrinkling and skin cancer 

(Mitani et al., 2007:86).  As with UV-induced skin cancers, photo-ageing is caused by excessive 

and long-term exposure to UV irradiation (mainly UV-B and UV-A rays) from sunlight (discussed 

in Section 2.2.1.1) and is characterised by wrinkles, modified pigmentation and a loss of skin tone 

(Fisher et al., 1997:1419).  The DNA damage, which is caused by UV irradiation, leads to 

mutations due to defective DNA repair (Xu & Fisher, 2005:S2). 

(a) (c) 
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Figure 2.2: The manifestation of photo-aged skin (Seo & Chung, 2006:S14). 

According to Jenkins (2002:804) photo-damaged skin can be characterised by the loss of 

elasticity, increased roughness and dryness, irregular pigmentations and deep wrinkling.  This 

phenotype is caused by changes in cellular function, as well as degeneration of the extracellular 

matrix of the dermal connective tissue (Xu & Fisher, 2005:S1).  UV irradiation accelerates several 

key aspects of the chronological ageing process in human skin (Rittié & Fisher, 2002:706).  These 

include the following: 

 Collagen degeneration; 

 reactive oxygen species (ROS) formation and oxidative damage (Rittié & Fisher, 

2002:709); 

 matrix metalloproteinase (MMP) induction; 

 signal transduction pathways of photo-ageing; and 

 cross-linking of the extracellular matrix. 

MMPs, mainly produced by cells as inactive zymogenes (pro-enzymes), are known as a large 

family of zinc-requiring endoproteases with a broad range of substrate specificities that have the 

ability to degrade all extracellular matrix proteins in the skin (Rittié & Fisher, 2002).  Damage to 

the collagenous matrix is believed to be the underlying basis of the coarse, rough, wrinkled 

appearance of photo-damaged skin (Varani et al., 2001:934).  An important mechanism by which 

UV irradiation causes degrading alterations to connective tissue (collagen) in the skin can be 

attributed to the induction of MMPs (Xu & Fisher, 2005:S5). 

According to Mitani et al. (2007:86) a significant increase in the total hydroxyproline content 

caused by UV irradiation was observed in UV-induced skin ageing.  Hydroxyproline is a modified 

amino acid present in collagen but rarely found in other proteins and can be used to determine 

the released amount of collagen hydrolysis product (Varani et al., 2001:932). 
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According to Xu & Fisher (2005:S5), UV irradiation causes alterations in the expression of several 

distinct genes, including MMP, which play an important role in the pathophysiology of photo-

ageing.  UV exposure evidently promotes a degradative environment within the dermis, thus 

causing destruction of both collagen and elastic fibre network (Jenkins, 2002:806). 

Chronic exposure of human skin to an excess amount of UV light triggers the formation of 

inflammatory cytokines such as interleukin (IL-1α, IL-6), and tumour necrosis factor (TNF-α), as 

well as chemical mediators of inflammation including arachidonic acid, prostaglandins and 

histamine that cause histological alterations on the skin (Mitani et al., 2007:86).  Tumour growth 

factor (TGF-β) type II receptors are inhibited by UV irradiation, therefore preventing TGF-β 

transduction pathways.  TGF-β is known as an important regulator for extracellular matrix.  The 

impaired TGF-β signalling pathway eventually leads to reduced pro-collagen biosynthesis (Xu & 

Fisher, 2002:S4). 

Mitani et al. (2007:86) suggested that caffeine had an advantage regarding the prevention of UV-

induced wrinkle formation and might have possible anti-photo-damage (oxidation) effects on the 

skin.  A reduction in the total amount of hydroxyproline and pepsin-resistant hydroxyproline, major 

components of collagen, was also observed after the application of xanthine derivatives (Mitani 

et al., 2007:86, 90).  They also demonstrated that xanthines might contribute to the suppression 

of collagen crosslinks caused by photo-damage, therefore preventing collagen polymerisation 

(epidermal thickening) (Mitani et al., 2007:93).  When topically applied, caffeine can also inhibit 

UV-induced skin cancer due to its antioxidant properties, inhibitory effects on signal transduction 

pathways, cell proliferation, angiogenesis and capacity for apoptosis induction, which in turn might 

contribute to the effect of caffeine on UV-induced skin ageing (Mitani et al., 2007:92).  The topical 

application of xanthine derivatives (caffeine, theobromine and theophylline) noticeably prevented 

photo-damage, wrinkle formation and histological alterations including epidermal thickening, 

abnormal collagen accumulation in the upper dermis and hyperplasia (Mitani et al., 2007:93). 

2.2.1.3 Cellulite 

According to Khan et al. (2010:361) cellulite is defined as a localised metabolic disorder of the 

subcutaneous tissue which provokes change in the female body shape.  It clearly presents as an 

amendment of the skin topography in the form of skin dimpling and nodularity found mainly on 

the pelvis, lower limbs, and abdomen in women.  These are caused by the herniation of 

subcutaneous fat within fibrous connective tissue which ultimately leads to a padded or orange 

peel-like appearance (Khan et al., 2010:361).  Cellulite has several synonyms, including 

panniculitis, hydrolipodystrophy gynoid, adiposis edematosa, status protusus cutis (Velasco et 

al., 2008:23), dermapanniculosis deformans, nodular liposclerosis and edematofibrosclerotic 

panniculopathy (Khan et al., 2010:362).  This aesthetic detriment is cosmetically unacceptable as 
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it remains a common embarrassment to even the fittest of women (Velasco et al., 2008:23; Khan 

et al., 2010:361). 

According to Hexsel & Soirefmann (2011:168) the existing cosmeceutic products show limited 

effect in improving cellulite, and none could provide complete disappearance.  Therefore, several 

treatments are currently available exclusively to provide temporary effect (Hexsel & Soirefmann, 

2011:168). 

The clinical appearance of cellulite is shown in Figure 2.3. 

 

Figure 2.3: Appearance of cellulite on the buttocks and thighs (Hexsel & Soirefmann, 

2011:168). 

Velasco et al. (2008:24) suggested several methods or treatments of lipodystrophy were known, 

including: lymphatic drainage, chromotherapy, electrolipophoresis, mesotherapy, liposuction, 

ultrasound, iontophoresis, endermology, acupuncture, and thalassotherapy.  There is a wide 

range of topical products available to aid cellulite reduction, but most are ineffective due to poor 

absorption through the skin.  Effective anti-cellulite cosmetics are formulated with active 

compounds that reduce hypertrophy and hyperplasia of fatty tissue; inhibits lipogenesis; have the 

ability to reorganise connective tissue through cellular regeneration mechanisms; stimulate 

microcirculation; and decrease capillary fragility (Velasco et al., 2008:24). 

According to Velasco et al. (2008:23) caffeine seems to have the ability to reduce the appearance 

of cellulite as it provokes the lipolytic action on fatty tissue.  The lipolytic activity of caffeine on 

fatty cells acts by inhibiting phosphodiesterase at high concentrations, which results in the 

stimulation of β-adrenergic receptors and increasing cyclic adenosine monophosphate (cAMP) 
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levels (Brandner et al., 2006:344).  Caffeine also activates the triglyceride lipase enzyme resulting 

in the degradation of triglycerides into free acids and glycerol.  Caffeine might also stimulate the 

cutaneous microcirculation (Hexsel & Soirefmann, 2011:169). 

2.2.2 Mechanism of action of caffeine 

According to Trevor et al. (2008:168) the mechanism of action of methylxanthines (for the purpose 

of asthma) is based on the inhibition of the cyclic nucleotide phosphodiesterase (PDE) enzyme.  

PDE is responsible for the degradation of cyclic adenosine monophosphate (cAMP) to AMP 

(inactive form), and therefore the methylxanthines increases cAMP.  The increase in cAMP results 

in the relaxation of the bronchial tone (bronchodilation). 

Caffeine also plays a role in the adenosinergic tonus, causing vasoconstriction, thus leading to 

hypertension.  Caffeine is a potential antagonist of the adenosine receptor (AR), particularly the 

A1 and A2A adenosine receptors (Ribeiro & Sebastião, 2010:S3).  A1 receptors are known to inhibit 

the activity of adenylate cyclase (AC) which is responsible for the conversion of adenosine 

triphosphate (ATP) to cAMP.  A2A receptors cause an increase in AC activity, therefore increasing 

cAMP levels.  Caffeine antagonises the effect of adenosine by deactivating the ARs, leading to 

increased calcium (Ca2+) current in the venous endothelium, and induces cAMP levels and causes 

vasoconstriction (Roden, 2006:917). 

2.2.3 Pharmacokinetics of caffeine 

Methylxanthines are part of purine derivatives.  According to Trevor et al. (2008:167) three main 

methylxanthines are found in plants which supply the stimulant effects of three common 

beverages: theophylline (in tea), caffeine (coffee) and theobromine (cocoa).  According to Wade 

and Reynolds (1977:277) the API is absorbed readily after oral, rectal or parental administration 

and is also absorbed through the skin.  Caffeine readily crosses into the central nervous system 

(CNS) as well as into the saliva, breast milk and through the placenta (Brayfield, 2011).  Caffeine 

is absorbed more rapidly than theophylline and a maximum plasma concentration is reached 

within 1 h (Undem, 2006:729).  Caffeine is metabolised almost entirely in the hepatic cytochrome 

P450 iso-enzyme known as CYP1A2.  Caffeine is excreted in the urine as 1-methylxanthine, 1-

methyluric acid, 7-methylxanthine, paraxanthine, 5-acetylamino-3-methyluracil and other 

metabolites with only 1% unchanged (Brayfield, 2011).  The elimination half-lives are 

approximately 3 to 7 h for adults and may be up to 3 or 4 days for neonates.  The clearance of 

caffeine may vary with age, smoking and health status, liver diseases and pregnancy (Trevor et 

al., 2008:168). 
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2.2.4 Adverse effects of caffeine 

Gastro-intestinal distress, tremor and insomnia are the most common adverse effects of caffeine.  

As a result from overdose of caffeine, severe nausea and vomiting, hypotension, cardiac 

arrhythmias and convulsions may be experienced (Trevor et al., 2008:168).  Large overdoses can 

be potentially fatal, relating to the arrhythmias and convulsions, although Undem (2006:729) 

states that the fatal intoxication of caffeine occurs less frequently than that of theophylline.  In 

order to reverse the cardiovascular toxicity of caffeine, beta-blockers are useful agents. 

2.3 TOPICAL AND TRANSDERMAL DELIVERY OF ACTIVE PHARMACEUTICAL 

INGREDIENTS 

Topical delivery has been utilised as a medicinal route of delivery for thousands of years.  

Significant advances in our mechanistic understanding of the process has only occurred over the 

past 60 years or so (Hadgraft & Lane, 2005:3).  According to Hadgraft & Somers (1956:625) the 

application of topical preparations for medical and cosmetic purposes is as old as the history of 

medicine and records of the use of ointments, salves and pomades date back to Egyptian and 

Babylonian medicine. 

It is crucial to keep in mind that there is a difference between dermal and transdermal delivery of 

active ingredients.  According to Hadgraft (2003:471) the uptake of active ingredients into the 

systemic circulation is not required for dermal delivery and is probably unwanted.  When dermal 

formulations are used to treat skin conditions, the barrier function of the skin is often impaired.  

On the contrary, transdermal delivery requires the uptake of active ingredients into the systemic 

circulation.  Upon transdermal delivery, the formulation is delivered to an intact, healthy skin 

(Hadgraft, 2003:471). 

According to Wiechers (2000:39) the words “transdermal” and “cosmetic” should not be used in 

the same sentence.  This is because the aim of cosmetic scientists is to avoid the penetration of 

cosmetic ingredients all the way through the skin into the systemic circulation, as mentioned 

above.  The term “delivery” is derived from the pharmaceutical sciences, where active ingredient 

delivery is defined as the overall transport process of the active ingredient, from the dosage form 

in which it is formulated to its site of action in the body (Wiechers, 2008:2).  When cosmetic 

delivery is required, functional skin ingredients need to be delivered to the skin, rather than 

through the skin (Wiechers, 2000:42).  To clarify this, he suggested that those ingredients had to 

be delivered to the skin surface, stratum corneum, viable epidermis and dermis (dermal or 

cosmetic delivery) and not to the systemic circulation (transdermal delivery) (Wiechers, 2000:42).  

Therefore, Wiechers (2008:10) identified the big issue in cosmetic delivery: to avoid transdermal 

delivery and keep the functional molecule in the specific skin layer. 
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2.3.1 Factors influencing permeation of APIs through the human skin 

2.3.1.1 Biological factors 

According to Williams (2003:14) it is indisputable that certain deviations in the basic skin structure 

or skin disorders may affect the nature of the skin barrier and therefore influence the percutaneous 

absorption of penetrants.  These deviations are known as biological factors and include skin age, 

skin condition, regional skin site, skin metabolism, circulatory effects and race (Barry, 1983:129). 

2.3.1.2 Physicochemical factors 

Apart from the structure of the stratum corneum through which it has to permeate, 

physicochemical properties of the penetrant and vehicle or formulation also play an important role 

in the determination of percutaneous absorption (Wiechers, 1989:188).  Factors involved include 

skin hydration, temperature, pH, penetration enhancers, molecular size, partition coefficient, 

diffusion coefficient and relative polarity. 

2.3.1.2.1 Molecular size 

Absorption is seemingly indirectly related to molecular weight, where small molecules may 

penetrate the skin at higher rates than large molecules, though, the specific effect of the size of 

the penetrating molecule on the flux can only be determined if the effect of size could be separated 

from the consequential change in solubility characteristics (Barry, 2007:578).  In order for a 

molecule to optimally penetrate the stratum corneum, the ideal properties required are 

summarised as follows: 

 A low molecular weight, preferably less than 600 Dalton; 

 an adequate solubility in oil and water; 

 a balanced partition coefficient; and 

 a low melting point (less than 200 °C) (Barry, 2007:579). 

2.3.1.2.2 Partition coefficient 

Williams (2003:27) defines partition coefficient as a measure of the distribution of molecules 

between two phases.  For transdermal studies, a partition coefficient between n-octanol and water 

is often used as a guideline to determine how well a molecule will distribute between the stratum 

corneum lipids and water.  According to Barry (2007:578) the partition coefficient (K) is essential 

in determining the flux of an active ingredient through the stratum corneum.  When the membrane 

serves as the sole or main source of diffusional resistance, then the magnitude of the partition 

coefficient is of extreme importance, differing by a factor of 108.  In order to obtain high levels of 
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penetrant in the initial layers of the stratum corneum, the penetrant should have a high tendency 

to leave the formulation and move into the skin (Wiechers, 1989:189). 

Roberts and Walters (1998:34) suggest that a partition coefficient of between 1 and 3 indicates 

the ability of an active ingredient to dissolve in both water and oil, therefore ensuring that the 

molecule will permeate the skin relatively fast.  During this study the partition coefficient of caffeine 

was determined to the value of 0.94, which means that permeation through the skin might be 

slightly less than optimal. 

2.3.1.2.3 Diffusion coefficient 

The diffusional speed of a molecule is primarily determined by the state of matter of the medium.  

In gases and air, diffusion coefficients are high because the void space available to the molecules 

is large compared to their size, and the average free path between molecular collisions is great.  

In liquids, the free volume, mean free paths as well as the diffusion coefficients are much smaller 

compared to that of gases or air.  In skin, the diffusivities fall progressively and reach their lowest 

values within the compacted horny layer matrix.  Where there is an occurrence of constant 

temperature, the diffusion coefficient of an active ingredient in a topical vehicle or in skin depends 

on the following: the characteristics of the active ingredient; the diffusion medium; and on the 

interaction between them.  The value of diffusion coefficient (D) may point out influences other 

than intrinsic mobility.  For example, a proportion of the active ingredient may bind and become 

immobilised within the stratum corneum, thus affecting the magnitude of D (measured in units of 

cm2/h or cm2/s) as determined from the lag time.  It is therefore useful to know that the value of D 

determines the penetration rate of a molecule under specified conditions (Barry, 2007:577). 

2.3.1.2.4 Polarity or relative polarity index (RPI) 

According to Wiechers et al. (2004:176) the RPI is a novel way to compare the polarity of an 

active ingredient with that of the stratum corneum as well as the emollient ingredients of cosmetic 

formulations.  The polarity of the formulation relative to that of the stratum corneum has a 

considerably large influence on skin delivery: if the penetrant shows better solubility in the stratum 

corneum than in the formulation, then the active ingredient will tend to show a stronger preference 

to be in the stratum corneum rather than in the formulation.  This means that a low solubility in 

the formulation relative to the stratum corneum is needed (Wiechers et al., 2004:175).  RPI forms 

part of the theory of formulating for efficacy and is discussed further in Section 2.5.4. 

2.3.2 Physicochemical properties of caffeine 

Caffeine (1,3,7-trimethylxanthine) is categorised as a methylxanthine derivative and occurs as an 

odourless white crystalline powder or crystals.  Caffeine is freely soluble in water and is readily 

absorbed after oral ingestion where it is distributed widely throughout the body (Wade & Reynolds, 
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1977:277).  The physicochemical properties are shown in Table 2.1.  Due to the fact that caffeine 

is a relatively polar molecule with high water solubility, a reasonable flux through the skin can be 

anticipated.  Figure 2.4 illustrates the chemical structure of caffeine. 

 

Figure 2.4: Chemical structure of caffeine (Heard et al., 2006:27). 

Table 2.1: Physicochemical properties of caffeine 

Physicochemical 
properties 

Caffeine Reference 

Synonym Anhydrous caffeine 
(Wade & Reynolds, 
1977:273) 

Chemical name 

1,3,7-Trimethylxanthine or 
1,3,7-trimethyl-3,7-
dihydro-1H-purine-2,6-
dione 

(Blacow & Wade, 1972:351; 
British Pharmacopoeia, 
2012:327) 

Molecular formula C8H10N4O2 (Blacow & Wade, 1972:351) 

Aqueous solubility 20 mg/ml (Dias et al., 2007:66) 

Molecular weight 194.19 g/mol (Potard et al., 1999:251) 

Melting point 235 – 237 °C (anhydrous) (Blacow & Wade, 1972:351) 

Partition coefficient 
(Log P) 

-0.07 (Grégoire et al., 2009:84) 

pKa 10.4 (Grégoire et al., 2009:84) 

 

According to Naik et al. (2000:319) the aqueous solubility of an API should be more than 1 mg/ml 

in order to achieve optimal transdermal delivery.  As seen in Table 2.1, caffeine has an aqueous 

solubility of 20 mg/ml, which indicates that effective skin permeation is expected.  In contrast, 

caffeine has a partition coefficient of -0.07 (Table 2.1), which may negatively affect the diffusion 

of this API into the skin, since a log P between 1 and 3 is required for optimal skin permeation 

(Roberts & Walters, 1998:34).  Therefore it is expected that caffeine would not partition optimally 

into the skin layers.  Additionally, a melting point greater than 200 °C was obtained for caffeine 

(as seen in Table 2.1), which could result in insufficient permeation of the API into the SC (Barry, 

2007:579). 
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Since caffeine is a relatively small molecule (196.19 g/mol) with hydrophilic properties, optimal 

flux through the skin can be expected.  As previously stated, a low molecular weight (< 600 Da) 

is required in order to cause optimal penetration through the skin (Barry, 2007:579).  The 

hydrophilic properties of caffeine contributes to the high polarity of caffeine (-0.07, represented 

by its n-octanol/water partition coeffient) compared to that of the skin (0.8) (see Section 2.5.4.2), 

which can be overcome by developing a formulation with a polarity favouring the solubility of the 

API into the skin, rather than in the formulation itself (Wiechers et al., 2004:177).  As a result, the 

transdermal delivery of caffeine is enhanced. 

2.4 OPTIMISED SKIN DELIVERY THROUGH THE IMPLEMENTATION OF THE SKIN 

DELIVERY GAP HYPOTHESIS 

2.4.1 Introduction 

According to JW Solutions® (2011) the SDG principle was developed for the purpose to predict 

the clinical efficacy of cosmetic active ingredients.  The efficacy of any preparation containing a 

functional ingredient is determined by two main factors, namely 

1) the intrinsic activity of the active molecule, and 

2) the delivery of this molecule to its site of action (Wiechers, 2000:39). 

Wiechers (2000:39) states that the intrinsic activity, i.e. the ability to do something, is controlled 

by the functionality profile of the active ingredient.  However, it does not ensure functionality of all 

preparations containing the specific ingredient.  For functionality or activity of an ingredient to 

emerge, delivery to the correct site of action at relevant concentration for a sufficient amount of 

time is required.  Therefore, the overall efficacy of a preparation containing a functional ingredient 

is known as the result of multiplying the intrinsic activity of the ingredient and its delivery, shown 

in the following equation (Wiechers, 2000:39): 

Clinical efficacy = Intrinsic activity × delivery Equation 2.1 

To obtain an effective preparation, both the intrinsic activity and delivery require optimisation 

(Wiechers, 2000:39). 

According to JW Solutions® (2011) the capability of an active molecule to penetrate the skin is 

regarded as being similar to any other physical property (such as melting point or log D) and can 

be calculated using molecular modelling.  Although the theoretical skin delivery of a product was 

not previously associated with the clinical efficacy in the cosmetic industry, Professor Johan W. 

Wiechers has developed the calculation of the SDG, which is based on the molecular modelling 

of physicochemical properties of the penetrating active ingredient (JW Solutions®, 2011). 
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The main objective of this study is based on the SDG.  The aim is to determine whether this theory 

is trustworthy and/or effective.  Therefore, the SDG was implemented to prove or disprove the 

hypothesis of the prediction of the delivery of caffeine in and through the skin. 

2.4.2 The skin delivery gap 

According to Wiechers (2000:45) the SDG is a systematic calculation to assess the feasibility of 

the delivery.  JW Solutions® (2011) described SDG as a ratio of the concentration that you need 

for sufficient dermal delivery relative to what you actually get.  The minimum concentration of API 

that is required to achieve effective dermal delivery is known as the MEC, whereas the 

concentration that is obtained at the target site (the skin layers where cosmetic activity is needed) 

is represented by the LTC (JW Solutions®, 2011).  Therefore, the SDG can be defined as the ratio 

of MEC relative to LTC, and is shown in Equation 2.2: 

SDG = 
MEC

LTC
 Equation 2.2 

Given the equation shown above, it is evident that the intrinsic activities (via the MEC) as well as 

the delivery of the active molecule (via the LTC at the target site) are important determinants of 

clinical efficacy.  It is therefore essential that both parameters should be considered in order to 

predict whether the relevant molecule will be active (functional) or not (JW Solutions®, 2011). 

The SDG is essentially used to calculate the probability of success during clinical trials by 

identifying the most appropriate candidate(s) for further development.  It should be kept in mind 

that the SDG does not serve as a replacement for clinical trials, but it might bring some peace of 

mind that research is going according to plans in terms of efficacy.  Therefore, the validity of the 

assumptions should be inspected, since SDG makes use of the latest theories of molecular 

modelling (JW Solutions®, 2011).  It appears that a low SDG is required to ultimately achieve 

optimal dermal delivery in terms of efficacy (JW Solutions®, 2011). 

2.4.2.1 Minimum effective concentration (MEC) 

MMD (2009:1153) defines MEC as the lowest concentration at which an active ingredient shows 

activity and appears to be effective at any level above this threshold value. 

The intrinsic activity (represented by the MEC) plays an important role in the determination of the 

efficacy of cosmetic preparations (the SDG) as mentioned in Section 2.4.1.  Ideally, the MEC is 

acquired from in vitro skin efficacy measurements (Wiechers, 2000:45). 
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2.4.2.2 Local tissue concentration (LTC) 

The concentration achieved at the target site can be predicted via a series of calculations based 

on molecular modelling of skin penetration and some assumptions in pharmacokinetics.  This 

concentration is known as the LTC (JW Solutions®, 2011). 

To evaluate dermal delivery, the permeability coefficient (Kp) for the functional ingredient is 

calculated via a formulation provided by Potts & Guy (1992:666): 

log Kp  (cm.sec-1) = -6.3+0.71 (log Koct) - 0.0061 (MW) Equation 2.3 

in which log Kp represents the permeability of the compound, log Koct the partition coefficient and 

MW the molecular weight of the permeant (Potts & Guy, 1992:666).  This indicates that an 

increase in the lipophilicity of the permeant (expressed as octanol/water partition coefficient (Ko/w)) 

results in the increase of the permeability Kp, and an increase in its MW causes Kp to decrease.  

This equation is used to predict the permeability of compounds from an aqueous solution through 

the SC, with the compounds having MW from 18 to >750 and Koct from -3 to 6.  The unit of Kp, 

cm.s-1, indicates that the permeability reflects the speed at which the penetrating molecule 

diffuses through the SC and not the amount of penetrant diffusion (Wiechers, 2004:174). 

According to Wiechers (2000:45) the desired flux across the skin is calculated in order to reach 

MEC at the target site which is feasible by accepting that at steady-state, the input (skin 

penetration) is equal to the output (clearance from the target site).  This calculation of flux is also 

known as the classic flux method (see Section 2.10.4.2.1) (Wiechers, 2011).  Equation 2.4 can 

be utilised to calculate the flux of the active ingredient into the skin: 

Input = Jss = Kp × ∆C Equation 2.4 

in which Jss represents the flux of the active ingredient across the skin, Kp the permeability of the 

active ingredient and ∆C the concentration gradient over the SC (Wiechers, 2000:45).  If the 

molecular weight (MW) and log K of the penetrant are known, then the skin permeability (Kp) can 

be calculated using the Potts & Guy equation (Equation 2.3).  For the classic flux method, the 

concentration of the saturated aqueous solution is used for the ∆C (Wiechers, 2011).  The output 

of the active ingredient is calculated with the following equation: 

Output = Cl × CT Equation 2.5 

in which Cl represents the clearance of the active ingredient from the target site and CT the tissue 

concentration (LTC) at the target site.  The blood perfusion of the dermis is used as an estimate 

of clearance.  Since the input is equal to the output, LTC can be calculated via Equation 2.9: 
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LTC = 
Kp × ∆C

Cl
 Equation 2.6 

According to Wiechers (2011) this LTC value assumes the following: 

 Equal distribution of the functional molecule throughout the whole skin (i.e. from the SC to 

the dermis), which is mostly not the case; and 

 the clearance of all active ingredients is almost equal to blood flow, which suggests that 

specific uptake of molecules into blood (albumin binding) and skin tissue (hydrogen 

bonding to proteins) is not considered. 

Subsequently, the relationship (the SDG) determines whether delivery from a saturated aqueous 

solution will be in the right order of magnitude or not (Wiechers, 2000:45). 

2.4.3 The implementation of the delivery gap principle using caffeine as model API 

The SDG calculates the ratio between the required concentration at the target site relevant to 

what can be delivered from the formulation, hence MEC/LTC.  Suppose the SDG is smaller than 1, 

then the delivery of the active molecule is more than what is required to achieve minimal efficacy.  

Therefore, the formulation should be functional and efficient.  A SDG greater than 1 indicates that 

the delivery is less than what is required to achieve optimal efficacy (Wiechers, 2011).  In that 

case, several types of clever delivery systems are required to bridge the gap to ultimately deliver 

enough active ingredient to the target site (JW Solutions®, 2011). 

If the gap size is extremely wide, it suggests that skin penetration is not an option and the use of 

specific skin delivery systems (such as microneedles) is required.  The SDG may also be used 

as a guideline when choosing the type of skin delivery system.  If the SDG is small, but not too 

small, specific formulation approaches (such as the FFE™ program or adjuvants) can be 

implemented to deliver the active molecule (JW Solutions®, 2011).  According to Wiechers 

(2000:45) a delivery gap of less than 100 requires the use of solvency enhancers (such as 

dimethyl isosorbide or DMI) or moderate skin penetration enhancers (such as glycerol 

monocaprylate/caprate) in order to bridge the gap.  He also suggests that a delivery gap of more 

than 500 makes it highly unlikely to formulate efficacious preparations with the specific penetrating 

molecule. 

When the SDG is equal to 1/40 or 0.025, it indicates that delivery of the active ingredient is 40 

times greater than the MEC, therefore there should be no skin delivery problems and any type of 

skin formulation can be utilised.  When the SDG is about 1, it indicates that delivery of the active 

molecule is equal to the MEC, which is quite risky to predict.  When SDG is equal to 40/1 or 40, 

it indicates that delivery of the active is 40 times less than the MEC and therefore no efficacy of 

the active molecule is expected (JW Solutions®, 2011). 
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2.5 FORMULATING FOR EFFICACY: THE THEORY 

2.5.1 Introduction 

Professor J.W. Wiechers developed the formulating strategy, FFE™, which is known as a 

systematic approach to topical formulation design in order to enhance skin delivery of lipophilic 

active ingredients (Wiechers, 2011). 

The concept of “Formulating for Efficacy” is used to optimise skin delivery of the active ingredient 

via two methods.  Firstly, the thermodynamic activity of the active ingredient in the formulation is 

optimised by selecting the most appropriate polarity (the solubility profile of the active ingredient 

in the formulation).  On the other hand, the FFE™ concept also ensures that optimisation is not 

achieved at the expense of using excessive amounts of active ingredients (Wiechers, 2008:99). 

Wiechers (2008:105) suggests that one should keep in mind that the use of the FFE™ concept 

does not increase the clinical efficacy at saturated point, but brings this point of saturation to much 

lower levels of the active ingredients.  The use of the FFE™ concept provides three main benefits, 

if 

 at a given concentration of an active ingredient in a formulation, only ingredients claims 

could be made, since only levels below the MEC were delivered.  These levels could cause 

a real consumer-perceivable effect.  FFE™ allows the change from an active ingredient 

claim to a product claim without the need to increase the concentration of the active 

ingredient (i.e. cost).  This cost efficiency is known as the “creating efficacy” benefit of 

FFE™ (Wiechers, 2008:105); 

 at a given concentration of an active ingredient in a formulation, product claims is already 

made because skin delivery levels have reached the MEC, the FFE™ formulating strategy 

is implemented to obtain significantly more effect from the same loading of active 

ingredient (i.e. cost).  This is known as the “maximizing efficacy” benefit of FFE™ 

(Wiechers, 2008:106); 

 at a specific concentration of an active ingredient in a formulation, optimum skin delivery 

and therefore optimal clinical efficacy is obtained, the use of FFE™ allow the reduction of 

active ingredient levels without the loss of clinical efficacy.  This is known as the “reducing 

concentration” benefit of FFE™ (Wiechers, 2008:106). 

Wiechers et al. (2004:174) listed certain selection criteria for cosmetic formulations to enhance 

the delivery (and therefore the efficacy of the formulation) of an active ingredient into the skin.  

These include important factors that need to be taken into account when selecting the ingredients 

of the cosmetic formulation, such as the activity or functionality of the permeant, its 
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physicochemical parameters (such as the partition coefficient, flux and diffusion coefficient), the 

RPI and the choice of emulsifiers and emollients. 

2.5.2 The requirements for cosmetic activity 

For a formulation to be cosmetically active, the right chemical needs to be delivered to the right 

target site at the right concentration for the correct period of time (Wiechers et al., 2004:173).  

These are called the 4 Rs.  This transport process is characterised by two major parameters: rate 

and extent.  Based on the 4 Rs, cosmetic delivery is related to the site of action, the chemical, the 

concentration and the time (Wiechers, 2000:39).  The four determinants of cosmetic delivery are 

discussed below. 

2.5.2.1 The right site of action 

According to Wiechers (2008:3), the site of action for most skin care cosmetics is the surface of 

the skin.  Various target sites of the skin can be distinguished, namely 

 the outside layer of the SC; 

 the SC or the lipids between the corneocytes or the corneocytes themselves within the 

SC; 

 the viable epidermis; 

 the dermis; and also 

 the structural entities such as the hair follicle, the sebaceous or eccrine gland or 

 specific cell types such as melanocytes, Langerhans of Merckle cells. 

Functional ingredients such as UV filters should remain on the skin surface.  Should they 

penetrate into the skin, they would be beyond their site of action.  Therefore, such ingredients do 

not desire skin penetration.  Occluding moisturisers also need to remain on the skin surface, 

where other moisturisers, such as humectants require penetration of superficial layers of the skin 

in order to retain water or interact with intercellular lipids.  Other functional ingredients, such as 

antioxidants or skin lightening ingredients with anti-ageing properties mostly exert their activity in 

the viable epidermis or even the dermis (Wiechers, 2000:40). 

According to Wiechers (2008:4) the concept of delivery allows the degree of differentiation in the 

location of the target site.  It distinguishes between: 

 “No skin penetration”, where the active ingredient needs to remain on the skin surface; 

 “epidermal delivery” where the site of action is in the SC and/or the viable epidermis; 
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 “dermal delivery” where the site of action is the dermis; 

 “transfollicular delivery” where the hair follicles and sebaceous glands are targeted; and 

finally 

 “transdermal delivery” where the site of action is beyond the dermis (which usually 

includes the systemic circulation or the subcutaneous tissue). 

2.5.2.2 The right chemical 

The active molecule should reach the target site before being inactivated by skin metabolism.  

The penetration of an active molecule into the skin is frequently inhibited by its characteristics.  

Unfortunately, this undesired event occurs quite often.  Such derivatives need to be metabolised 

to the active compound prior to reaching the site of action.  This is known as the pro-drug 

approach (Wiechers, 2000:40). 

2.5.2.3 The right concentration 

Like pharmacology, dose-effective relationships can also be determined for most functional 

ingredients in cosmetics.  A certain concentration of the ingredient is needed at the target site in 

order to show effect; this is known as the MEC.  The effect increases as the concentration at the 

site of action increases until a concentration is reached where the effect becomes more toxic.  

This is called the minimum toxic concentration (MTC).  In terms of pharmacology, the 

concentration range between MEC and MTC is known as the therapeutic window.  In 

cosmetology, most active ingredients tend to have a very wide therapeutic window, where very 

high maximal doses are tolerated effectively.  MEC can also be used to calculate the feasibility of 

effective delivery (Wiechers, 2000:40). 

2.5.2.4 The correct period of time 

According to Wiechers (2000:40) continuous delivery usually leads to continuous performance of 

an active ingredient.  However, in cosmetic science it is not always desired.  Lipstick and nail 

polish, for instance, are removed when their decorative functions have run their course, whereas 

oily night creams require application only during the night, since their sensory properties do not 

allow continuous application.  On the other hand, water-resistant sunscreen formulations require 

prolonged periods of efficacy, which ensures that the UV-protecting properties of the formulation 

are not significantly reduced after swimming.  In addition, some anti-ageing products require 

continuous application to ensure that a constant flux of the active ingredient is maintained at the 

site of action (Wiechers, 2000:40). 
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2.5.3 Theoretical considerations for skin delivery and the formulation of cosmetically 

active ingredients and its parameters 

The skin delivery of cosmetic formulations involves several theoretical considerations.  Barry 

(1983:127) describes skin permeation as a series of consecutive steps, each of which may 

potentially be rate limiting.  These include: 

1) The diffusion of the active ingredient within the formulation onto the surface of the skin. 

2) The molecule partitions into the skin, followed by diffusion through the SC. 

3) The partitioning of the molecule into the viable epidermis, followed by diffusion into this 

layer. 

4) The molecule partitions into and diffuses through the dermis. 

5) The partitioning of the molecule into fat deposits and/or the distribution of the active 

molecule via the blood capillaries at the epidermal/dermis boundary. 

6) The activation of the desired pharmacological response (Wiechers et al, 2004:174). 

From this, it is evident that both the partition and diffusion are vital determinants for skin 

penetration.  The partition and diffusion coefficient can be combined by using Equation 2.7: 

Kp = 
Ko/w × D

L
 Equation 2.7 

where Kp represents the permeability coefficient, Ko/w the octanol/water partition coefficient, D the 

diffusion coefficient and L the length of pathway of the diffusion.  As mentioned in Section 2.4.2.2, 

Potts and Guy (1992:666) demonstrated that the permeability of a molecule from an aqueous 

solution through the SC could be predicted by using only two parameters, namely Ko/w and 

molecular weight (MW) (Wiechers et al., 2004:174). 

According to Wiechers et al. (2004:174) the abovementioned equation indicates that when the 

lipophilicity of the penetrant (Ko/w) increases, the permeability, Kp, also increases and when its 

MW increases, the permeability decreases.  The unit of Kp, cm/s, serves as an indication that the 

permeability reflects the speed at which the molecule diffuses through the SC and not the amount.  

In order to get the active molecule into the skin, it needs to partition from the formulation into the 

SC, as indicated by the following equation of the partition coefficient (SC/formulation): 

KSC/form = 
C

penetrant
 in  SC

C
penetrant

 in formulation
 Equation 2.8 

where Cpenetrant represents the solubility of the penetrating molecule in the SC relative to that in 

the formulation.  The amount of molecules penetrating the SC can be increased by enhancing the 
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solubility of the penetrating molecule in the SC or by reducing its solubility in the formulation 

(Wiechers et al., 2004:174). 

A large Cpenetrant in the formulation is required in order to increase the flux (J) (see Section 2.4.2.2).  

A high concentration gradient is therefore required to increase the flux through the SC (Wiechers 

et al., 2004:175).  The following table shows the effect in skin permeation of an active molecule 

of varying physicochemical properties. 

Table 2.2: The effect of parameter variation on skin delivery of cosmetic ingredients 

(Wiechers et al., 2004:175). 

Parameter Change Effect Method 

Kp 

Greater 
Speeding up 
permeation rate 

Increasing K and D 

Reducing MW and L 

Smaller 
Slowing down 
permeation rate 

Reducing K and D 

Increasing MW and L 

D 

Greater 
Speeding up 
diffusion 

Use skin penetration 
enhancers 

Smaller 
Reducing 
diffusion 

Use skin binding to retard 
penetration 

Ko/w 

Greater 
Increased levels 
in SC 

Make penetrant more 
lipophilic 

Smaller 
Reduced levels in 
SC 

Make penetrant more 
hydrophilic 

KSC/form 

Greater 
Depending on 
polarity of 
formulation 

Change the polarity of the 
formulation 

Smaller 
Depending on 
polarity of 
formulation 

Change the polarity of the 
formulation 

∆C 

Greater 
Increasing flux 
without affecting 
KSC/form 

Formulate as closely as 
possible to maximum 
solubility of active ingredient 
in formulation 

Smaller 
Reducing flux 
without affecting 
KSC/form 

Formulate far below the 
maximum solubility of active 
ingredient in formulation 

 

Changing Ko/w or D requires the repeat of all efficacy studies, which is undesirable.  The only 

parameter which can easily be changed is the KSC/form, as it depends on the formulation and its 

polarity (Wiechers et al., 2004:175). 

According to Wiechers et al. (2004:175), the formulation determines the following parameters: 
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 The total amount of active ingredient dissolved in the formulation available for skin 

penetration – the higher this value, the more active will penetrate until a saturation 

concentration is reached in the skin, therefore a high solubility in the formulation is needed. 

 The polarity of the formulation relative to that of the SC – if the penetrant tends to dissolve 

better in the SC, then the active ingredient will prefer to be in the SC over being in the 

formulation and therefore, a low solubility in the formulation relative to the SC is required. 

Aforementioned requirements are inconsistent, but the problem can be solved using the novel 

concept of RPI. 

2.5.4 Relative polarity index 

As mentioned in Section 2.3.1.2.4, Wiechers et al. (2004:176) describe the RPI as a novel concept 

which is used to compare the polarity of an active ingredient with that of the SC and the emollient 

components of cosmetic formulations. 

According to Wiechers et al. (2004:173) the RPI was established from a rather theoretical 

approach based on the polarity of the active ingredient, the SC and the oil phase.  The RPI allows 

the selection of a suitable emollient and therefore ensuring optimal skin penetration of the active 

ingredient (Wiechers et al., 2004:173).  Practical examples indicated the validity of the RPI 

approach, which demonstrated that the delivery of an active ingredient (and therefore the efficacy 

of a cosmetic formulation) could be regulated via the selection and control of the emollient system.  

Because cosmetic formulations are usually complex mixtures, experiments utilising different 

emulsifier systems indicated that the RPI of a cosmetic formulation could also have an impact on 

steering the active ingredient to the right layer of the skin (Wiechers et al., 2004:173). 

In order to fully understand this systematic approach of RPI, the SC should be considered as yet 

another solvent with its own polarity.  Apparently, the SC behaves similar to, but in a somewhat 

more polar way, than 1-butanol with respect to its dissolving ability for penetrants.  The log Ko/w 

of 1-butanol is determined as 0.88.  For the purpose of RPI, the polarity of the SC is expressed 

by its Ko/w = 100.8 ~ 6.3.  This indicates that the SC is 6.3 times more ‘soluble’ in n-octanol than in 

water (Wiechers et al., 2004:176). 

The RPI is visualised as a vertical line, with a high polarity (hydrophilic) at the top and a low 

polarity (lipophilic) at the bottom.  The polarity of a compound is expressed by its octanol/water 

partition coefficient (Ko/w).  According to Wiechers et al. (2004:176) the use of RPI requires three 

values, namely 

 the polarity of the SC, which is set at 0.8; 

 the polarity of the penetrating molecule; and 
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 the polarity of the formulation. 

According to Wiechers et al. (2004:176) the polarity of the SC, 0.8, may vary due to a variation in 

hydration levels of the SC which is determined by the external relative humidity stated by 

Bouwstra et al. (2003:752).  The polarity of multiphase formulations, such as emulsions, is 

determined by using the multi-polarity of the phase in which the active ingredient is dissolved in 

(Wiechers et al., 2004:176). 

The polarity values of the three entities are placed on the RPI scale (vertical line) by simply 

marking their positions on the line.  It should be kept in mind that the RPI scale is a logarithmic 

scale.  This means that the absolute difference between 1 and 2 is much greater than that of 11 

and 12, for instance (Wiechers et al., 2004:716). 

Three different RPI scenarios are identified, which include the following: 

 Penetrants with a polarity equal to that of the SC 

 Penetrants which are more polar (hydrophilic) than the SC 

 Penetrants which are less polar (lipophilic) than the SC (Wiechers et al., 2004:176) 

2.5.4.1 Penetrant with a polarity equal to that of the SC 

Active ingredients with a log Ko/w of 0.8 share the same polarity as the SC.  If the formulation also 

has the same polarity, then the solubility of the active ingredient in the SC and the formulation 

should be equal.  Therefore, the concentration of the active ingredient across the two phases (the 

SC and the formulation) would be the same when equilibrium has been reached, though the 

absolute amount in both phases ultimately depends on their respective volumes.  Based on the 

physicochemical properties of the abovementioned system, it is clear that the active ingredient 

has no driving force to move out of the formulation and into the skin, apart from the fact that the 

skin initially contains no amount of penetrant (known as the dilution effect).  Despite this, 

significant partitioning into the SC can still occur, even with the lack of polarity differences.  In 

reality, this situation is very unlikely to occur, since almost all active ingredients have polarities 

that differ from that of the skin (Wiechers et al., 2004:176). 

2.5.4.2 Penetrants which are more polar than the SC 

This is a very common type of scenario.  To explain the use of the RPI with an active ingredient 

which has a higher polarity than the skin, it will be assumed that the active ingredient is caffeine 

with a log Ko/w of -0.07 (as seen in Table 2.1).  Firstly, the polarity difference between the SC and 

the penetrant (also known as the penetrant polarity gap or PPG) is calculated via the following 

equation (Wiechers et al., 2004:177): 
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Penetrant polarity gap (PPG) = |Polarity of penetrant - polarity of SC| Equation 2.9 

Therefore, in the case of caffeine as active ingredient, the polarity difference is calculated as 

-0.07 + 0.8 = 0.73.  This value of 0.73 is known as the PPG and since there is dealt with an 

absolute difference, irrespective whether the polarity of the SC or the penetrant was bigger, the 

PPG should always be positive (Wiechers et al., 2004:177).  The RPI scale is illustrated in 

Figure 2.5. 

 

Figure 2.5: The visualisation of the penetrant polarity gap between an active ingredient (in this 

case, caffeine) which has a higher polarity than that of the skin and the SC using 

the RPI (Adapted from Wiechers et al., 2004:176). 

The second step is to calculate the desired polarity of the formulation.  To ensure that at least 

50% of the active ingredient penetrates into the skin, the polarity of the formulation phase in which 

the active ingredient is dissolved, should be greater or less than that of the active ingredient itself.  

In this case, it should be greater than 0.66 (or -0.07 + 0.73) or less than -0.8 (or -0.07 – 0.73).  If 

a formulation is more lipophilic than the skin (for instance, above 0.8), then caffeine with a RPI of 

-0.07 would be more soluble in the skin than the formulation and, therefore caffeine would show 

higher preference to be located in the SC.  The greater the difference in polarity between the 

active ingredient and the SC, the greater the driving force will be for the partitioning of the active 

ingredient into the skin.  In contrast, if the polarity difference between the formulation and the 

active ingredient increases, the solubility of the active ingredient in the formulation is consequently 

reduced (Wiechers et al., 2004:177). 
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As a general rule, the required polarity of the formulation is calculated by using the following two 

equations, which ensure that a higher concentration of the active ingredient is obtained in the SC 

than in the formulation: 

Polarity of formulation > Polarity of penetrant + Penetrant polarity gap Equation 2.10 

Polarity of formulation < Polarity of penetrant - Penetrant polarity gap Equation 2.11 

Abovementioned equations are illustrated in the following schematic representation, Figure 2.6. 

 

Figure 2.6: A schematic representation of the optimal polarity of the formulation relative to the 

polarity of the penetrant to ensure that at least 50% of the active ingredient would 

penetrate the SC (Adapted from Wiechers et al., 2004:177). 

2.5.4.3 Penetrants which are less polar than the SC 

According to Wiechers et al. (2004:177) another common situation is where penetrants are more 

lipophilic than the SC.  In this case, octadecanedioic acid (dioic acid) is used as an example of 

such a penetrant.  Dioic acid has a calculated logKow of 5.8.  The polarity difference between the 

skin and the penetrant (PPG) is calculated via the same equation as 5.8 – 0.8 = 5.  The next 

important step is the calculation of the required polarity of the formulation.  According to 

calculations, the polarity of the phase of the formulation in which the active ingredient is dissolved, 

should be 5 less or greater than that of the active ingredient itself.  Therefore, it should be either 

above 10.8 (or 5.8 + 5) or below 0.8 (or 5.8 – 5).  If a formulation is less lipophilic than the skin, 

then the solubility of dioic acid is greater in the skin than in the formulation, and would therefore 
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prefer to be located in the skin rather than in the formulation.  This creates a driving force for the 

partitioning of the active ingredient into the skin.  Similar to the previous scenario, the more 

extreme the difference in polarity between the active ingredient and the formulation, the greater 

the driving force for the partitioning into the SC.  At the same time, an increase in the polarity 

difference between the formulation and the active ingredient leads to the reduction in solubility of 

the penetrant in the formulation (Wiechers et al., 2004:178). 

2.5.4.4 Using the RPI concept in practice 

Referring to the theory discussed above, the following can be concluded (Wiechers et al., 

2004:178): 

 In order to increase the driving force of the active ingredient into the skin, the polarity of 

the formulation needs to be as far away as possible from the polarity of the ingredient. 

 At the same time, the polarity of the formulation should be as close as possible to that of 

the active ingredient.  This ensures that a high concentration of the active ingredient is 

obtained and also ensures that enough of the active penetrates the SC and therefore, 

effective tissue concentrations are reached at the target site. 

These opposing requirements cannot be met concurrently, but the following steps can be followed 

in order to find the optimum polarity of the formulation. 

2.5.4.4.1 Optimising the solubility by selecting the primary emollient or solvent 

According to Wiechers et al. (2004:179) the first step is to identify an emollient (for lipophilic active 

ingredients) or a water-miscible solvent (for hydrophilic active ingredients) in which the active 

ingredient dissolves well.  This is known as the primary emollient or solvent and should have an 

RPI value equal or close to that of the active ingredient. 

2.5.4.4.2 Optimising the driving force by selecting the secondary emollient or solvent 

Once a primary emollient or solvent has been selected, the next step is to optimise the driving 

force for the penetrant into the skin by reducing the solubility in the primary emollient or solvent.  

The secondary emollient or solvent, in which the active ingredient is far less soluble, yet miscible 

with the primary emollient or solvent, is therefore incorporated (Wiechers et al., 2004:179). 

2.5.5 The influence of emulsifiers 

According to Wiechers et al. (2004:181) the choice of emollients significantly influences the total 

quantity of active ingredient absorbed into the skin.  The effect of an emulsifier on skin delivery is 

also of great interest.  Skin delivery studies showed that whilst the total amount delivered was 
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high (due to the choice of emollients via the RPI concept) a completely different skin distribution 

pattern was obtained at formulations which contained different types of emulsifiers.  Wiechers et 

al. (2004:181) therefore suggested that emulsifiers determine the distribution profile of the active 

ingredients within the skin.  The rationale for selecting the most appropriate emulsifier remains a 

mystery; therefore further investigation is required in this field (Wiechers et al., 2004:182). 

2.6 FORMULATING FOR EFFICACY™: THE SOFTWARE 

The purpose of the FFE™ program (Abbott & Wiechers, 2011) involves the calculation of the 

optimal oil phase compilation of a formulation for a given lipophilic active at a given concentration 

in order to reach a concentration near maximum solubility and therefore enhancing the clinical 

efficacy of the API (Wiechers, 2011). 

According to Wiechers (2011) the FFE™ program is based on the Hansen solubility parameters 

(HSPs) and therefore optimises skin delivery of active ingredients from formulations using these 

parameters (Wiechers, 2011).  The solubility parameter is regarded as a vector with the following 

components: 

 Energy from dispersion bonds between molecules (δd) 

 Energy from hydrogen bonds between molecules (δh) 

 Energy from dipolar intermolecular force between molecules (δp) 

The Hansen space is defined as the three dimensional (3-D) representation of δd, δp and δh.  The 

HSPs of the skin are 17, 8 and 8, respectively.  In the Hansen space, the positions of the HSPs 

of the skin, active ingredient and formulation are represented by spheres in their respective 

positions.  The three parameters serve as co-ordinates for a point in the Hansen Space 

(Wiechers, 2011). 

2.6.1 Active delta and active formulation gap (AFG) 

The active delta is the difference between the HSP values of the active ingredient and the 

formulation.  When combined, they form the active formulation gap (AFG).  According to Wiechers 

(2011) the AFG is known as the ‘distance’ between the active and the combination of the selected 

ingredients in the formulation and is represented by a line between the two particular spheres 

shown in the Hansen Space (Wiechers, 2011).  The shorter the distance, the higher the solubility 

of the one in the other, i.e. the shorter the line between the two spheres on the Hansen Space, 

the higher the solubility of the active in the formulation (Wiechers, 2011). 
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2.6.2 Skin delta and skin formulation gap (SFG) 

The skin delta is the difference between the HSP values of the skin and those of the ingredients.  

When combined, they form the skin formulation gap (SFG) (Wiechers, 2011).  The SFG is defined 

as the distance between the skin and the formulation as a whole and is represented by a line 

between the green and red spheres in the Hansen Space (see Figure 2.7).  Wiechers (2011) 

showed that the SFG of a formulation should be smaller than the AFG in order to achieve optimal 

delivery of the active ingredient.  If the AFG is smaller than the SFG, the skin delivery of the active 

ingredient is less than optimal.  Therefore: 

SFG < AFG → Optimal delivery of active Equation 2.12 

SFG > AFG → Less than optimal delivery of active Equation 2.13 

Figure 2.7 shows the 3-D visualisation of two different formulations where the SFG and AFG are 

illustrated by the distance between the particular spheres. 

a) b)  

Figure 2.7: A graphical illustration of the 3D Hansen Space for two different formulations.  

Three major points (the skin, formulation and active) are plotted; the yellow sphere 

represents the position of the selected active ingredient, the green sphere the skin 

and the red the position of the chosen formulation.  The spheres in  

a) show that the distance between the skin (green) and formulation (red) is 

significantly bigger than that of b).  The distance between the active (yellow) and 

the formulation of b) appears to be bigger than that of a).  Therefore, the SFG of 

a) is bigger than the AFG, indicating poor skin delivery of the active ingredient.  In 

b) it appears that SFG < AFG, where significantly better delivery is predicted by 

the FFE™ program. 
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2.6.3 Optimising the skin delivery of the active ingredient from the formulation 

According to Wiechers (2011) the FFE™ program allows the user to choose one of three options 

by which the skin delivery of the active ingredient from a given formulation can be optimised to, 

including: 

 Optimise towards the active ingredient - the HSPs of the formulation are matched to those 

of the active ingredient.  The goal here is to dissolve as much active ingredient in the 

formulation as possible. 

 Optimise towards the skin - the HSPs of the formulation are matched to those of the 

stratum corneum.  This option provides the assurance of skin penetration of a large 

proportion of the active ingredient, which ultimately depends on the relative thickness of 

the skin layers as well as the physicochemical properties of the active ingredient. 

 Optimise towards the target concentration (TC) - this ensures that the concentration 

selected on the “Actives” tab is close to the maximum solubility limit, to ultimately reach 

maximum driving force for the active ingredient to leave the formulation and enter the skin 

(Wiechers, 2011). 

When optimising skin delivery to the skin, the SFG is minimised; therefore the spheres 

representing the skin and the formulation are brought as closely together as possible.  The default 

HSP value for the skin is set at 17, 8, and 8 (δd, δp and δh, respectively) (Wiechers, 2011).  It is 

apparent that very lipophilic ingredients tend to have smaller HSP values (for example; 16, 2 and 

2), whereas more hydrophilic ingredients have HSP values bigger (for example 20, 10 and 15) 

when compared to those of the skin. 

2.6.4 Skin Delivery Gap (SDG) determination using the FFE™ software 

According to Wiechers (2011) the SDG is a new feature in the FFE™ which could be very useful 

when assessing the efficacy of ingredients.  It calculates the difference between what is needed 

(MEC) at the target site and the obtained delivery from the selected formulation (LTC).  If MEC 

levels are reached, one should expect effect from the selected formulation.  Therefore, the active 

molecule must be delivered in sufficient amounts to the target site in order to obtain efficacy (JW 

Solutions®, 2013). 

2.6.4.1 Minimum Effective Concentration (MEC) 

As mentioned above, the MEC levels of an active molecule should be obtained for a selected 

formulation.  The MEC is determined from in vitro experiments or cell-based studies of the 

particular active ingredient.  When using the FFE™ program, it is essential to use the correct unit 

for the MEC (Wiechers, 2011). 
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2.6.4.2 Local tissue concentration (LTC) 

According to Wiechers (2011) there are two different methods to calculate the LTC, namely the 

classic flux method and the FFE™ flux method, which are discussed below. 

2.6.4.2.1 Classic flux method 

The classic flux method is known as a strictly theoretical method to determine the LTC and is 

based on the assumption of a steady-state, suggesting that the flux moving into the skin is equal 

to the flux moving out of the compartment.  The flux into the skin is calculated using the classic 

Fick law of diffusion, whereas the flux moving out of the skin is derived from pharmacokinetics 

(see Section 2.4.2.2). 

This method is used only when working with saturated aqueous solutions and when the active 

ingredient is present at maximum solubility of the formulation.  Therefore, the SDG should be 

valid within the given assumptions listed above (Wiechers, 2011). 

2.6.4.2.2 FFE™ flux method 

Wiechers (2011) suggested a less theoretical and more targeted approach, known as the FFE™ 

flux method.  This method is a more relevant approach to obtain the LTC from the selected 

formulation, which the FFE™ software facilitates in the optimisation.  The FFE™ flux method also 

uses Fick’s law of diffusion shown in Equation 2.14.  The subsequent calculation for LTC is 

performed using Equation 2.5 and Equation 2.6 (see Section 2.4.2.2). 

J = k.∆C = 
D.K

L
 ∆C Equation 2.14 

where J represents the flux (µg/cm2.h); k the permeability coefficient of the penetrant in the 

stratum corneum (cm/s); ∆C the concentration gradient (µg/cm3); D the diffusion coefficient of the 

penetrant in the stratum corneum (cm2/s); K the partition coefficient of the penetrant between the 

stratum corneum and the vehicle; and L the thickness of the stratum corneum (cm). 

According to Wiechers (2011) the diffusion coefficient can be calculated from the molar volume 

of the active molecule.  The Flory-Huggins theory suggests that the partition coefficient (K) can 

be obtained from the AFG/SFG (active formulation gap/skin formulation gap) ratio.  The length of 

the pathway (L) is based on the thickness of the SC (Wiechers, 2011). 

2.6.4.3 Calculation of the SDG and interpretation 

When the MEC and LTC are known, the SDG is calculated.  As discussed in Section 2.4.3, a 

SDG value smaller than 1 indicates that the delivery is higher than what is strictly needed (MEC); 

therefore the formulation should be active.  A SDG value bigger than 1 indicates active delivery 
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less than what is required (MEC); therefore no efficacy is predicted (JW Solutions®, 2011).  A 

SDG of 1 shows that the exact activity which was required, is reached. 

2.7 SUMMARY 

The transdermal delivery of APIs is known as an appealing alternative to other dosage forms due 

to improved patient compliance as well as enhanced bioavailability of APIs.  While the transdermal 

delivery system might be desirable for a large number of APIs it is frequently unfeasible due to 

the nature of the stratum corneum.  The SC is very selective regarding the type of molecule that 

is transported across or through this layer of skin, and not all molecules have the necessary 

physicochemical properties in order to diffuse through it.  Caffeine is a relatively polar and 

hydrophilic molecule; therefore a reasonable flux through the skin is expected.  Because of its 

high polarity, it is assumed that caffeine diffuses through the skin via the follicular penetration 

pathway.  Several types of novel delivery systems have emerged throughout the years of research 

which aim to overcome the skin barrier and ultimately deliver enough API to the target site. 

When formulating active cosmetic products, it must be kept in mind that an API should be 

delivered to the correct location at the correct concentration for the correct period of time.  All this 

therefore depend on the formulation.  It is important to develop the most cost-effective formulation 

to enhance transdermal drug delivery.  FFE™ is a systematic approach to the design of topical 

formulation in order to enhance skin delivery of APIs.  FFE™ optimises the driving force of the API 

into the SC without affecting this layer in the skin.  This formulating strategy assumes the 

following: the barrier for diffusion is in the SC; the SC is constant and uniform; and the intercellular 

route is the only penetration route into the SC.  However, these assumptions seem unrealistic 

and not true.  Therefore, more research is required in order to differentiate between various routes 

of skin penetration (such as the transfollicular route). 

The SDG is a systemic calculation to assess the feasibility of the delivery of an API.  The SDG 

provides the formulator the advantage to determine whether the transdermal product will be 

active, even before the formulation process.  SDG also allows the prediction of clinical efficacy 

and to reduce the dose without the loss of efficacy. 
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Abstract 

Background: Caffeine is a relatively polar molecule with a high aqueous solubility.  

Formulating for efficacy is a novel formulation strategy which can be utilised to calculate the 

most effective topical formulation in order to ensure enhanced skin penetration of the active 

pharmaceutical ingredient (API).  The skin delivery gap (SDG) theory can be implemented to 

predict whether optimal concentrations of caffeine will reach the target site (stratum 

corneum), and whether the formulation can produce effective transdermal delivery of the 

API. 

Objective: The aim of this study was to prove whether the SDG theory was trustworthy and 

effective.  To test the hypothesis, transdermal diffusion studies were performed on three 

different semi-solid topical formulations containing caffeine as the API (1% m/v).  The 

experimental data obtained were ultimately compared with the calculated delivery gap 

values in order to prove or disprove the theory. 

Methods: Three topical products were formulated on which Franz cell diffusion studies were 

conducted over a 12 h period.  Tape stripping was conducted after each skin diffusion study.  

The SDG for caffeine was calculated for each formulated topical product. 

Results: The SDG calculated for each formulation produced a positive correlation with the 

median concentration of caffeine in the epidermis. 

Keywords: Caffeine, SDG, Formulating for efficacy, Transdermal delivery, Enhanced skin 

penetration, Formulation 
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1 INTRODUCTION 

As a well-known central nervous system stimulant, caffeine is mainly used for this purpose 

(Wade and Reynolds, 1977).  Three main methylxanthines are found in plants which supply 

the stimulant effects: theophylline, caffeine and theobromine (Trevor et al., 2008).  Caffeine 

causes systemic effects which include central nervous system stimulation, positive inotrope, 

chronotrope and dromotropic effects on the heart and it acts as a powerful diuretic.  It is also 

commonly formulated in several painkillers and anti-migraine pharmaceuticals; as caffeine 

has the ability to constrict blood vessels in the brain (Schardt, 2008).  As a methylxanthine, 

caffeine can be used for the treatment of asthma but large doses may be required for the 

same effect of theophylline for instance (Trevor et al., 2008). 

The recognition of the skin’s poor penetration characteristics has caused an increase in the 

commercial interest of transdermal products, which had attracted major research projects 

worldwide.  These research projects aim to improve transdermal drug delivery that is both 

reproducible and reliable (Monti et al., 2001).  The transdermal delivery of pharmacologically 

API is an appealing alternative to oral dosage forms for many reasons including constant 

plasma concentrations, a lower risk of gastro-intestinal adverse effects, improved patient 

compliance and bioavailability, avoiding the hepatic first pass metabolism and quick 

discontinuation of drug treatment in cases of adverse reactions (Heard et al., 2006; Naik et 

al., 2000). 

However, during the development of transdermal studies over the past few decades, 

caffeine has been frequently used as model permeant to examine its permeation through 

human skin and is available in various commercial cosmetic preparations (Brandner et al., 

2006; Dias et al., 1999; Heard et al., 2006).  The study of caffeine in various commercial 

cosmetic products has increased in popularity over the past decade (Dias et al., 1999).  The 

reason for its popularity as an API in cosmetic products lies in the advantages that caffeine 

provides for the skin.  Caffeine appears to have a risk-lowering effect on skin cancer due to 

the fact that it protects the skin from ultraviolet (UV) light (Brandner et al., 2006; Shakeel & 

Ramadan, 2010).  The API formed part of several studies concerning the treatment of UV-
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induced skin cancers and showed significant decreases in tumour multiplicity in high-risk 

mice (Lu et al., 2001) and the studies involving UV-induced skin cancer and caffeine has 

grown exponentially in popularity every year.  A second advantage is the ability of caffeine to 

reduce the appearance of cellulite as it provokes lipolytic action on fatty tissue.  Caffeine was 

included in some studies for a potential treatment option for cellulite, and is therefore found 

in a number of commercial anti-cellulite products (Dias et al., 1999).  Acting directly on the 

adipose cells, promoting lipolysis, inhibiting PDE and decreasing cAMP levels, caffeine is 

preferred as the most useful and safest methylxanthine used for cellulite (Hexsel et al., 

2011).  A third advantage of caffeine involves the prevention of UV-induced wrinkle 

formation or that it has possible anti-photodamage (oxidation) effects on the skin (Mitani et 

al., 2007). 

The skin delivery gap (SDG) principle was developed for the purpose to predict the clinical 

efficacy of cosmetic active ingredients (JW Solutions, 2011).  In the cosmetic industry, the 

theoretical skin delivery of a product was not linked to its clinical efficacy, which gave 

Professor Johan W. Wiechers the opportunity to develop the calculation of the SDG (JW 

Solutions, 2011).  The SDG, which is based on the molecular modelling of physicochemical 

properties of the penetrating active ingredient, is a systematic calculation to assess the 

feasibility of the delivery of an API (Wiechers, 2000). 

The SDG is described as a ratio between the minimum concentration required to obtain an 

effect relative to the actual concentration delivered at the target site (JW Solutions, 2011).  

The concentration required to obtain an effect is known as the minimum effective 

concentration (MEC), whereas the concentration that is obtained at the target site is 

represented by the local tissue concentration (LTC).  Therefore, the SDG can be defined as 

the ratio of MEC relative to LTC (JW Solutions, 2011).  The MEC can be calculated with a 

series of calculations based on molecular modelling of skin penetration and some 

assumptions in pharmacokinetics (Wiechers, 2011).  The LTC is predicted via a series of 

calculations based on molecular modelling of skin penetration and some assumptions in 

pharmacokinetics (JW Solutions, 2011).  A SDG value smaller than 1 indicates delivery of 
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the active molecule more than what is required to achieve minimal efficacy.  Therefore, the 

formulation should be functional and efficient.  A SDG greater than 1 indicates that the 

delivery is less than what is required to achieve optimal efficacy (Wiechers, 2011).  

Therefore, the smaller the delivery gap, the better the delivery of the API through the skin 

(Wiechers 2010). 

The SDG is essentially used to calculate the probability of success during clinical trials by 

identifying the most appropriate candidate(s) for further development.  It should be kept in 

mind that the SDG does not serve as a replacement for clinical trials, but it might bring some 

peace of mind that research is going according to plan in terms of efficacy.  Therefore, the 

validity of the assumptions should be inspected, since SDG makes use of the latest theories 

of molecular modelling.  It appears that a low SDG is required to ultimately achieve optimal 

dermal delivery in terms of efficacy (JW Solutions, 2011). 

The formulating strategy, Formulating for Efficacy© (FFE™), is a systematic approach to 

topical formulation design in order to enhance skin delivery of lipophilic API (Wiechers, 

2011).  The concept of FFE™ is used to optimise skin delivery of the API via two methods.  

Firstly, the thermodynamic activity of the API in the formulation is optimised by selecting the 

most appropriate polarity (the solubility profile of the API in the formulation).  On the other 

hand, the FFE™ concept also ensures that optimisation is not achieved at the expense of 

using excessive amounts of APIs (Wiechers, 2008).  Certain selection criteria are listed for 

cosmetic formulations to enhance the delivery (and therefore the efficacy of the formulation) 

of an API into the skin.  These include important factors that need to be taken into account 

when selecting the ingredients of the cosmetic formulation, such as the activity or 

functionality of the permeant, its physicochemical parameters (such as the partition 

coefficient, flux and diffusion coefficient) and the relative polarity index (RPI) (Wiechers et 

al., 2004).  The relative polarity index (RPI) is an important factor that influences the 

formulation of a product and results in enhanced transdermal delivery (Wiechers, 2010; 

Wiechers et al., 2004).  The RPI is a novel way to see the comparison between the polarity 

of the API and that of the stratum corneum (SC) and the final cosmetic product (Wiechers et 
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al., 2004).  Considering these factors, one can formulate the most effective skin delivery 

system.  The purpose of the FFE™ program involves the calculation of the optimal oil phase 

compilation of a formulation for a given lipophilic API at a given concentration in order to 

reach a concentration near maximum solubility and therefore enhancing the clinical efficacy 

of the API (Wiechers, 2011). 

In this study, two different types of semi-solid topical products were formulated, one being a 

gel and the other one a cream.  Two similar creams, each differing only in the ratio of two 

particular emollients, were formulated.  The reason for the difference was to examine 

whether caffeine could permeate the skin in optimal concentrations upon the manipulation of 

the formulation in order to create an effective dosage form.  Franz cell diffusion studies were 

conducted to determine the release and diffusion of caffeine from these topical formulations 

into the skin.  SDG values of each topical formulation were calculated using the FFE™ 

software, where they were compared with the average flux obtained during the diffusion 

studies in order to prove whether the SDG theory was effective and trustworthy. 

2 MATERIALS AND METHODS 

2.1 Chemical materials utilised in the formulation and analysis of topical 

preparations containing caffeine as API 

Anhydrous caffeine (1,3,7-trimethylxanthine or 1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-

dione) and glycerol were obtained from Sigma-Aldrich Inc. (St Louis, MO, USA).  The 

following materials were obtained from Merck Laboratory Supplies (South Africa): potassium 

dihydrogen orthophosphate and sodium hydroxide used to prepare the phosphate buffer 

solution (pH 7.4); acetic acid and HPLC analytical grade acetonitrile used for the mobile 

phase of the high performance liquid chromatography (HPLC) analysis of samples; 

propylene glycol, triethanolamine, polyethylene glycol 400, methyl paraben and propyl 

paraben were some of the ingredients used in the formulation of the topical semi-solid 

preparations; butanol, which was also used during the Franz cell membrane release studies 

as a receptor phase; and HPLC grade methanol used during the HPLC analysis.  The other 

ingredients used for the formulation included ethanol, obtained from Rochelle Chemicals 
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(South Africa), Carbopol Ultrez® 20 obtained from Lubrizol® Corp. (Cleveland, OH, USA), 

Veegum® HV, obtained from R.T Vanderbilt Inc. (South Africa) and Arlacel™ 2121, Cithrol™ 

GMS 40, Arlasove™ DMI and Crodamol™ GTCC which were obtained from Croda (South 

Africa).  The water used during this entire study was purified by a Milli-Q® water purification 

system from Millipore (USA). 

2.2 Determination of the physicochemical properties of caffeine 

2.2.1 Preparation of a standard solution containing caffeine 

A standard solution of caffeine was prepared as control by weighing and dissolving caffeine 

(25 mg) in HPLC grade methanol (approximately 10 ml) in a 100 ml volumetric flask and 

filling up to volume with HPLC grade water.  Subsequently 5 ml of the abovementioned 

solution was diluted to 50 ml with HPLC grade water.  It was finally filtered through a 0.45 

µm Millipore® filter and degassed with the use of an ultrasonic bath.  The final standards 

were transferred to autosampler vials and injected into the HPLC in triplicate for analysis. 

2.2.2 HPLC analysis method to determine the concentration of caffeine 

Samples obtained during this study were analysed utilising an Aligent® 1200 Series HPLC 

equipped with an Aligent® 1200 pump, auto sampling injection mechanism, UV detector and 

Chemstation Rev. A.10.03 data acquisition and analysis software.  A Venusil XBP column 

(150 x 4.6 mm) with a 5 µm particle size was used (Agela Technologies, Newark, DE).  The 

mobile phase comprised 15% acetonitrile and 1% acetic acid in water.  The operating flow 

rate was 1.0 ml/min and the injection volume was 20 µl.  The UV detector was set at 275 nm 

for the detection of caffeine.  The retention time of caffeine was 5.8 min, and the total 

runtime 8 min.  Analysis was performed in a controlled laboratory environment and the 

temperature was maintained at 25 °C. 

2.2.3 Procedure for the determination of the solubility of caffeine 

The solubility of caffeine was determined by preparing saturated solutions (100 mg caffeine) 

in water and PBS (pH 7.4).  The solutions were stirred with a shaking device in a 32 °C 

water bath for 24 h.  Subsequently, the solutions were filtered, diluted with methanol and 
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injected into the HPLC in order to determine the concentration of caffeine in each solution.  

This experiment was performed in triplicate. 

2.2.4 Procedure for the determination of the partition coefficient of caffeine 

Pre-saturated n-octanol and PBS (pH 7.4) were prepared by vigorously stirring equal 

amounts of each for 24 h, after which the two phases were separated.  Caffeine (25 mg) was 

dissolved in pre-saturated n-octanol (50 ml).  Portions of 2, 3 and 4 ml of this solution were 

placed into test tubes and 4, 3 and 2 ml of pre-saturated PBS (pH 7.4) were added to the 

tubes to obtain mixtures with a total volume of 6 ml, but different proportions of the solvents.  

The solutions were shaken for 24 h at 32 °C, followed by centrifugation for 10 min at 5 000 

rpm, after which the two layers were separated, diluted with methanol and analysed.  This 

experiment was performed in triplicate.  The logarithmic ratio of the concentration in the n-

octanol phase to the concentration in the PBS was used to determine the n-octanol/PBS 

partition coefficient (log D). 

2.3 Formulation of semi-solid topical formulations containing caffeine as API 

Three semi-solid topical products were formulated with caffeine as the API: a gel and two 

creams (of which one was predicted to show better delivery than the other, according to the 

FFE™ program).  Creams 1 and 2 were very similar in consistency and differed only in the 

concentration of both glycerol and dimethyl isosorbide (DMI).  The purpose of incorporating 

two similar creams was to determine whether the manipulation of a formulation caused any 

difference in skin absorption or release of caffeine from both creams.  It was also used to 

determine whether the FFE™ program was effective for the prediction of skin absorption or 

release of an API from a semi-solid topical formulation. 

2.3.1 Formulation of a gel containing caffeine 

Caffeine was dissolved in heated (40 °C) HPLC grade water.  C10-30 alkyl acrylate 

crosspolymer (1%) was added to the mixture as the thickening agent and was allowed to 

completely “wet out” (5-6 min).  The mixture was then slowly stirred for 10 min by using a 

mechanical stirrer.  The glycerine (40.0%), propylene glycol (7.5%) and ethanol (9.3%) were 

slowly added to the polymer mixture.  The mixture was then stirred for 30 min.  In order to 
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thicken and form a gel, triethanolamine (1%) was slowly added to the mixture while stirring 

continuously for 15-20 min.  The final preparation was homogenised for 5 min at a speed of 

13 500 rpm in order to create a homogenous gel.  Undesired air bubbles were removed by 

placing the gel in a vacuum oven until it was clear. 

2.3.2 Formulation of a cream containing caffeine 

Phase A of the formulation contained the oil phase whereas Phase B was the water phase, 

respectively.  Phase B was prepared by adding magnesium aluminium silicate (0.5%) to 

preheated HPLC grade water (45 °C) and stirring for 45 min at 600 rpm using a mechanical 

stirrer, while the temperature was maintained at 45 °C.  Phase A was prepared by melting 

and mixing the emulsifiers, sorbitan stearate/sucrose cocoate (5%) and glyceryl stearate 

(2%) in a separate vessel and adding the DMI (10% for Cream 1 and 5% for Cream 2), 

caprylic/capric triglyceride (5%), PEG 400 (10%) and glycerine (4% for Cream 1 and 9% for 

Cream 2) to the mixture of emulsifiers.  The temperature of both phases was maintained at 

45 °C.  Phase B was finalised by adding and dissolving the caffeine (1%), methyl paraben 

(0.2%) and propyl paraben (0.1%) into the magnesium aluminium silicate/water mixture.  

Both phases were then removed from the heat and Phase A was immediately and slowly 

added to phase B, while continuously stirring until it cooled to room temperature.  When the 

cream reached room temperature, the mixture thickened and was homogenised for 

approximately 10 min.  The pH of the final cream was adjusted to 7.4 by adding a sufficient 

amount of 10% sodium hydroxide or undiluted acetic acid. 

2.4 The method and preparation for the Franz cell diffusion studies of semi-solid 

topical formulations containing caffeine 

2.4.1 The preparation of Caucasian skin for Franz cell diffusion studies 

The Research Ethics Committee of the North-West University conceded ethical approval for 

the procurement and utilisation of the donated skin under reference number NWU-00114-11-

A5.  Patients were informed regarding the project and consent was given in order for us to 

use the skin for research purposes.  Excised full thickness human skin was obtained from 

Caucasian female patients who have had cosmetic abdominoplastic surgery.  Within 24 h 
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after the skin had been obtained, it was frozen at -20 °C.  The skin was dermatomed at the 

thickness of 400 µm and 2 cm in width and 4 cm in length by making use of an electric 

Dermatome™ model 8821 (Zimmer® LTD, United Kingdom).  Care was taken to ensure that 

the skin was not damaged or ruptured in any way in order to prevent defective results.  The 

dermatomed skin sections were placed on Whatman® filter paper and allowed to dry for 10 

min before being punched into circles with a diameter of 15 mm.  The skin samples were 

then wrapped in aluminium foil, sealed in plastic bags and frozen at -20 °C until used.  Since 

the barrier function of the skin remains intact under stable conditions, the skin samples 

remain usable for up to 6 months (Leveque et al., 2004).  Prior to the initiation of the 

diffusion studies, the skin samples were thawed and visually examined for any abnormalities 

on the skin, such as stretch marks or broken skin sections, which could affect the 

permeation results of the study. 

2.4.2 The preparation of the donor and receptor phase for Franz cell diffusion 

studies 

The donor phase, which consisted of the topical formulations, was freshly prepared prior to 

each of their respective studies.  A Gel and two creams (Cream 1 and Cream 2) containing 

caffeine as the API were prepared, as described in Section 2.3. 

Fresh receptor phase was prepared before each diffusion study.  PBS (pH 7.4) was used as 

the receptor phase and prepared.  During the Franz cell membrane release experiments, 1-

butanol was used as an additional receptor phase, since 1-butanol and human skin share 

similar relative polarity indexes (Wiechers et al., 2004). 

2.4.3 Franz cell membrane release experiments with semi-solid topical formulations 

containing caffeine 

Before skin diffusion studies were initiated, membrane release experiments had been 

conducted.  The objective of the membrane studies was to determine whether caffeine was 

released from the different formulations.  Twelve vertical Franz cells with a receptor capacity 

of 2 ml and a diffusion area of about 1.075 cm3 were utilised for each diffusion study.  Ten of 

the Franz cells contained 1 ml of caffeine formulation (preheated to 32 °C, in accordance 
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with the external skin temperature) in their donor compartments, whereas the remaining two 

Franz cells were used for controls and contained placebo formulations.  Each Franz cell 

consisted of a donor (top) and a receptor (bottom) compartment.  A small magnetic stirring 

bar was placed in the receptor compartment of each Franz diffusion cell in order to preserve 

stirring throughout the experiment.  Polytetrafluoroethylene (PTFE) membranes with a pore 

size of 0.45 µm and a diameter of 25 mm were mounted on top of the receptor 

compartments.  The donor compartment was then carefully placed onto the PTFE 

membranes.  In order to prevent any leakage, the two compartments were sealed with Dow 

Corning® vacuum grease.  Finally, the two compartments were clamped tightly together with 

a metal horseshoe clamp, which ensured that no leakage occurred during the study.  Each 

donor compartment was filled with 1 ml of the pre-heated formulated product (gel or cream).  

The donor compartments were subsequently covered with squares of Parafilm® and capped 

with polytop plastic caps to avoid any evaporation of the donor phase.  The receptor 

compartment of each Franz cell was filled with exactly 2 ml of PBS or 1-butanol (preheated 

to 37 °C, in accordance with the blood phase temperature) using a 5 ml syringe fitted with an 

18 gauge needle and silicon tubing, while ensuring that no air bubbles had formed in the 

receptor compartment beneath the skin.  Prior to the membrane release studies, a magnetic 

stirrer plate (Variomag®) was placed inside the water bath which ensured that continuous 

stirring occurred throughout the entire study at a speed of 750 rpm by means of moving the 

small magnetic stirrers within the receptor compartments.  The Franz diffusion cells were 

then placed in the 37 °C water bath (Grant® Instruments) on top of the magnetic stirrer plate, 

ensuring that the temperature was constant throughout the experiment.  The receptor 

phases were extracted after 1, 2, 3, 4, 5 and 6 h.  The withdrawn solutions were analysed 

with the HPLC to determine the concentration of caffeine released from the formulation.   

2.4.4 Procedure for Franz cell diffusion studies 

The procedure described in Section 2.6.3 was followed, with the exception of excised human 

skin instead of PTFE membranes.  The entire contents of the receptor phases were 

withdrawn at intervals of 20, 40, 60, 80 and 100 min, as well as 2, 4, 6, 8, 10 and 12 h, 



 

54 
 

followed by the replacement with the same amount of fresh PBS (pH 7.4).  The withdrawn 

solutions were finally placed into separate HPLC vials where the concentration of caffeine 

was immediately analysed on the HPLC.  Tape stripping was conducted directly after the 12 

h withdrawal (see Section 2.5). 

2.5 Determination of the stratum corneum-epidermis (SCE) and epidermis-dermis 

(ED) concentration of caffeine after a twelve hour Franz cell skin diffusion study 

The tape stripping technique was utilised to remove the outer layer of the skin (SC) as well 

as the epidermis.  This method was used to analyse the amounts of API present in the SCE 

and ED of the skin after applying supersaturated solutions and/or formulations of the API 

(Pellet et al., 1997; Surber et al., 1999).  Directly after the completion of the 12 h diffusion 

study, the donor and receptor phases were carefully removed and dismounted from one 

another.  Each piece of skin from the diffusion cells was pinned onto Parafilm® which was 

stapled onto a solid surface.  Clearly visible on the circles of skin, the exposed area of 

diffusion (approximately 1.75 cm2) was imprinted by the indentation from the diffusion cells 

(approximately 11.7 mm diameter).  The next step was to remove the remaining formulation 

and carefully dabbing the skin dry by using a tissue paper.  Thereafter 16 pieces of 3M 

Scotch® Magic™ tape were cut to the size of the diffusion area for each piece of skin.  The 

first tape strip was discarded due to possible contamination with drugs from the formulation, 

since this would be part of the cleaning of the skin.  The following 15 strips used to strip the 

skin (the SCE) were subsequently placed in vials filled with 5 ml PBS (pH 7.4).  The 

complete removal of the SC was indicated as a glistening of the viable epidermal layer.  The 

vials containing the strips in PBS (pH 7.4) were kept overnight at 4 °C in order to dissolve 

the API in the PBS.  The excess skin was cut away from the imprints of the diffusion cells 

and the remaining skin (ED) was cut into smaller pieces.  The pieces of skin were placed in 

separate vials containing 5 ml mixture of PBS (pH 7.4) and were also kept overnight at 4 °C.  

The dermis samples were finally centrifuged the next day at a rate of 4 500 rpm and a 

temperature of 10 °C for 10 min.  The ED and SCE samples were analysed on the HPLC. 
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2.6 The analysis of the data of caffeine obtained from the Franz cell diffusion 

studies 

The average cumulative concentration of caffeine that diffused through the skin per area 

(µc/cm3) was plotted against time for the diffusion studies of each formulation.  Average flux 

values were obtained from the slope of the linear part of the curve (which is presented by the 

straight line of the curve).  The standard deviation (SD) of the cumulative concentration 

diffused per time unit was shown on the graph.  The average amount of API that penetrated 

the membrane or skin of each cell was expressed as a percentage of the applied 

concentration (1% caffeine).  For the membrane studies the percentage output after 6 h was 

determined and after 12 h for the skin diffusion studies. 

2.7 Statistical analysis of the data of caffeine obtained from the Franz cell diffusion 

studies 

The results obtained from the membrane release experiments as well as the transdermal 

diffusion studies were statistically analysed by utilising quantitative statistical methods.  

SPSS software (SPSS Inc., 2011) was used to conduct the statistical analysis.  Descriptive 

statistics were determined and represented as average as well as median values.  The 

median (statistically calculated centre of the set of data) as well as the average (calculated 

as the centre of data distribution) of the data were determined.  In the presence of great 

variances between data, the median appears to describe the distribution of data better than 

the average.  Therefore, the median is not affected by extreme observations (Bolton, 1997).  

Non-parametric tests, namely Kruskal-Wallis tests, were performed to determine whether 

there was a statistically significant difference between the average flux values and tape-

stripping measurements of the three formulations.  A p-value was also determined during the 

use of the Kruskal-Wallis test.  Steyn et al. (1994) stated that a p-value less than 0.05 

indicated a statistical significant difference between the data in the different groups.  

Statistically significant differences between the treatments for all measurements were 

determined by one way ANOVA (analysis of variance) tests, such as the Kruskal-Wallis test.  

In order to establish where differences existed between the three formulations, a pair-wise 
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statistical comparison test (Tukey-test or Kruskal-Wallis multiple comparison test) of the 

median steady-state flux values and tape stripping measurements was performed.  

Correlations between the ED and SCE concentration of each of the three formulations were 

calculated.  The correlation between the different flux values was also determined.  The 

correlation between the overall flux values, SCE, and ED was also determined. 

2.8 Determination of the SDG of the semi-solid topical formulations containing 

caffeine as active ingredient 

The SDG was used to calculate the ratio between the concentration needed for an effect to 

take place relative to the concentration which was obtained at the target site.  This might 

ultimately predict the effectiveness of a specific topical formulation and whether the delivery 

of APIs to the target site was optimal to cause effect.  In order to calculate the SDG, the two 

parameters, namely the MEC and LTC, had to be obtained. 

2.8.1. The determination of the MEC of caffeine 

The medicinal use of caffeine has been in existence for centuries and is still used for various 

purposes through different routes of administration.  Because of the wide range of uses of 

caffeine, both the oral and cutaneous route of penetration, it is difficult to obtain a general 

MEC value for a specific indication of the API.  According to Wiechers (2011) the MEC 

should be obtained from in vitro studies performed in order to determine the minimum 

concentration where the API showed an effect.  Peak plasma concentrations of 1.5 to 1.8 

µg/ml were obtained in volunteers 50 to 75 min after the consumption of 100 mg of caffeine 

(Blacow & Wade, 1972).  For the purpose of this study, the MEC of caffeine was given as 

1.5 µg/ml.  The reason for using the peak plasma concentration form in vivo studies instead 

of in vitro studies is due to the lack of data available, particularly of that regarding the MEC 

value for the cosmetic delivery of caffeine.  Therefore, the peak plasma concentration 

provided the safest and most reliable value of MEC for caffeine during this study. 

2.8.2. The calculation of the LTC 

Two methods can be utilised to determine the LTC, namely the classic flux method and the 

FFE™ flux method (Wiechers, 2011).  The classic flux method is a theoretical method which 
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is based on Fick’s first law of diffusion.  This method of LTC calculation is performed only 

when saturated aqueous solutions are used.  For this study, the FFE™ method was used to 

calculate LTC.  This method is also based on Fick’s first law of diffusion, which is shown in 

the following equation: 

Input = Jss = kp × ∆C = 
D × K × ∆C

L
 (1) 

where J represents the flux, kp the permeability coefficient, K the partition coefficient, ∆C the 

concentration gradient and L the length of pathway of diffusion (Wiechers, 2011).  The 

desired flux across the skin is calculated in order to reach MEC at the target site which is 

feasible by accepting that at steady-state, the input (skin penetration) is equal to the output 

(clearance from the target site) (Wiechers, 2000).  The output of the API is calculated with 

the following equation: 

Output = Cl × CT   (2) 

of which Cl represents the clearance of the API from the target site and CT the tissue 

concentration (LTC) at the target site.  The blood perfusion of the dermis is used as an 

estimate of clearance.  Since the input is equal to the output, LTC can be calculated via 

Equation 3: 

LTC = 
Kp × ∆C

Cl
    (3) 

For the purpose of this study, the LTC was automatically calculated by the FFE™ program. 

2.8.3. The calculation of the SDG of caffeine in the three different formulations 

The SDG was calculated using the following equation: 

SDG = 
MEC

LTC
    (4) 

where SDG represents the skin delivery gap, MEC the minimum effective concentration and 

LTC the local tissue concentration.  The ratio of MEC to LTC is known as the SDG.  The 

SDG of each formulation was calculated using the FFE™ program and subsequently 

compared with the flux values obtained in the Franz cell diffusion studies to determine 

whether the SDG principle was successful in the prediction of the delivery of API from 

selected formulations. 
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3 RESULTS 

3.1 Determination of the physicochemical properties of caffeine 

3.1.1 The determination and interpretation of the solubility of caffeine 

The solubility of caffeine was determined to be 13.931 mg/ml in PBS (pH 7.4) and 18.104 

mg/ml in water at 32 °C.  For optimal skin permeation, the aqueous solubility of an API 

should be more than 1 mg/ml (Naik et al., 2000).  This indicates that caffeine should 

permeate through the skin optimally. 

3.1.2 The determination and interpretation of the partitioning coefficient of caffeine 

The log D for caffeine was determined to be -0.0248.  A medium polarity (i.e. log D between 

1 and 3) is required for a compound to permeate the skin (Walters and Brain, 2009).  The 

determined log D value for caffeine (-0.0248) indicates that skin permeation might not be 

optimal. 

3.2 Formulation of semi-solid topical formulations containing caffeine as API 

A 1% caffeine gel and two 1% caffeine creams were freshly prepared and the pH stabilised 

prior to each diffusion study as described in Section 2.3.  Both creams applied easily and 

they were not too oily and had a homogenous off-white colour.  The gel had a clear, 

colourless and viscous appearance.  It applied easily and was not too oily. 

3.3 Franz cell diffusion studies 

3.3.1 Membrane release experiments with semi-solid topical formulations containing 

caffeine 

Table 1: Data obtained from the membrane release studies of the three formulations 

For the membrane release studies performed with PBS (pH 7.4) as receptor phase: Cream 1 

released the highest %caffeine after 6 h, followed by Cream 2 and the Gel.  Cream 1 

released almost twice the amount released by Cream 2.  This could be attributed to the 

higher glycerine content (9%) in Cream 1 than that of Cream 2 (4%).  Glycerine is known as 

a polar solvent (Walters & Brain, 2009), which can cause an increase in aqueous solubility 

and therefore increases the permeability (Bouwstra et al., 2003).  Cream 1 released 12 times 

more caffeine through the membrane than that of the Gel, whereas Cream 2 released 
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approximately 7 times more caffeine than that of the Gel  This could be explained by the fact 

that glycerine is distinctly hygroscopic, which means that it withdraws water from the 

surrounding medium, especially at high concentrations (Barry, 1983).  Since the Gel 

contains a high glycerine concentration (40%), it shows a strong attraction for the water from 

the PBS (pH 7.4).  Therefore, the water content of the PBS (pH 7.4) could decrease, which 

could decrease caffeine’s aqueous solubility as well as its permeability. 

For the membrane release studies performed with 1-butanol as receptor phase: Cream 2 

released the highest %caffeine after 6 h, followed by the Gel and Cream 1.  Using 1-butanol 

as receptor phase, the overall %caffeine released was significantly higher than that of the 

PBS (pH 7.4).  The difference between the release rates from the formulations in 1-butanol 

was not significantly different which means it is less discriminatory than PBS (pH 7.4). 

3.3.2 The steady-state flux of caffeine and the average cumulative API concentration 

after twelve hours 

Figure 1: Average cumulative concentration caffeine that diffused through the skin as a 

function of time in the three formulations 

The cumulative concentration of caffeine obtained from the 12 h diffusion studies was plotted 

against time (Figure 1).  Caffeine reached steady-state flux after 2 h.  The flux was 

determined by calculating the slope of the straight line between 4 and 12 h for the Gel and 

Cream 1 and between 2 and 8 h for Cream 2. 

Table 2: The steady-state flux, percentage of caffeine and cumulative concentration 

values of caffeine that diffused through the skin after 12 h 

Cream 1 (which is more hydrophilic than Cream 2) showed the highest median flux, followed 

by the Gel (more hydrophilic than the SC) and Cream 2 (more lipophilic than the SC).  This 

could be because of the ratio of DMI with the glycerine (secondary emollient), which could 

have increased the solubility of the API in the formulation rather than in the skin.  DMI is a 

penetration enhancer which has the ability to change the polarity of the SC (Wiechers et al., 

2008).  This emollient decreases the polarity gap between the SC and the penetrant 

(Wiechers et al., 2008), which ultimately increases the polarity gap between the penetrant 



 

60 
 

and the formulation.  The more extreme the difference in polarity between the formulation 

and the penetrant, the greater the driving force of partitioning into the SC (Wiechers et al., 

2004).  Therefore, the API is more soluble in the SC than in the formulation.  By increasing 

the solubility of the API in the SC, it would have a higher preference to be located in the skin 

rather than in the formulation (Wiechers et al., 2004).  The 10% DMI in Cream 2 could have 

caused caffeine to show a higher preference to remain in the lipophilic SC rather than to 

penetrate through the skin and into the hydrophilic systemic circulation, whereas the 5% DMI 

in Cream 1 could have been insufficient to cause the same reaction as that of the 10% DMI. 

Figure 2: Box-plots of the flux for the three formulations obtained after the diffusion 

studies to illustrate the median (indicated by the line in the box) and average flux values 

(indicated by the diamond shapes) 

A moderate difference in the average and median flux values was observed, which was 

attributed to a small amount of outliers in the data.  Cream 1 showed the greatest variance 

between the average and median flux values.  In the presence of very high or low values in a 

set of data, the use of the median values are recommended to represent the true flux value, 

since it is less affected by the outliers present in the data (Bolton, 1997). 

The median cumulative concentration and %diffusion of caffeine from the three formulations 

was in accordance with the median flux values obtained from the different formulations.  The 

same occurrence were seen with the median cumulative concentration of caffeine as well as 

the %diffused; Cream 1 had the greatest median cumulative concentration and %diffused 

through the skin after 12 h. 

3.3.3 The concentration of caffeine in the SCE obtained through the use of the tape 

stripping technique 

Table 3: The concentration of caffeine in the SCE and ED after 12 h 

Figure 3: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the SCE 

Cream 2 showed the greatest median concentration of caffeine into the SCE followed by the 

Gel and Cream 1.  Cream 2 (which is more lipophilic than the SCE and Cream 1) delivered 
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23% more caffeine in the SCE than Cream 1 and it was expected that Cream 2 would prefer 

to remain in the lipophilic SC.  This could be because the greater amount of DMI in Cream 2 

(10%) than in Cream 1 (5%) changed the polarity of the SC to close to that of caffeine, which 

caused caffeine to show a higher preference to remain in this layer (Wiechers et al., 2004).  

The ratio of the primary and secondary emollient, DMI and glycerine, respectively in Cream 

2 was therefore optimal for the enhanced partitioning of caffeine into the SC (Wiechers et al., 

2008).  The Gel showed a higher median concentration of caffeine in the SCE than that of 

Cream 1.  This could be because of the ethanol and propylene glycol formulated in the Gel, 

which has penetration enhancing effects.  Ethanol, as solvent, increases the solubility of the 

API in the vehicle (Williams & Barry, 2004).  Additionally, permeation of ethanol into the SC 

can alter the solubility characteristics of the tissue with the consequent improvement of API 

partitioning into the membrane (Megrab et al., 1995).  The average SCE concentration and 

the median SCE concentration for the Gel varied significantly, compared to that of Cream 1 

and Cream 2.  This could be attributed to several outliers found in the data.  The use of the 

median value is more accurate, since it is not affected by extreme outliers (Bolton, 1997:19). 

3.3.4 The concentration of caffeine in the ED obtained through the use of the tape 

stripping technique 

Figure 4: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the ED 

The hydrophilic Gel produced the greatest median concentration caffeine in the ED, followed 

by Cream 1 and lastly Cream 2.  This was presumed because of the polar (hydrophilic) 

molecules in the Gel which are more able to penetrate an aqueous environment such as the 

dermis and viable epidermis (ED) than non-polar compounds (Imai et al., 2013).  The 

ethanol and propylene glycol formulated in the gel, which had penetration enhancing effects 

could also contributed to this (Williams & Barry, 2004).  Cream 2 showed only a slightly 

higher median concentration caffeine in the ED than Cream 1.  This could be attributed to 

the high percentage of caffeine accumulation Cream 2 in the SC (Section 3.3.3), which could 

have created a greater driving force of the API to partition into the subsequent hydrophilic 
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layers of the skin (ED).  The ratio of the primary and secondary emollient (DMI and 

glycerine, respectively) of Cream 1 was possibly not sufficient to change the polarity of the 

SC to such an extent that the API would prefer to remain in the SC (Section 3.3.2).  The 

median and average concentrations of caffeine varied significantly, and as with the flux and 

SCE, the median value appeared to be more accurate than the average concentration since 

the former value is not affected by outliers (Bolton, 1997). 

Figure 5: Comparison of the concentration (µg/ml) caffeine in the SCE, ED and average 

amount diffused through skin after 12 h between the different formulations 

The median concentration caffeine in the SCE was significantly higher than the 

concentration of caffeine in the ED.  All the formulations changed the barrier properties of 

the SC, which increased the concentration of caffeine in the SCE.  This indicates that 

caffeine can exert its function in the basal cells of the SC and epidermis, which might be 

beneficial for the treatment of UV-induced skin cancer (American Cancer Society, 2012).  

When comparing the concentration of caffeine in the ED with the median amount of caffeine 

that diffused through the skin after 12 h, it was seen that all three formulations showed a 

great difference in the concentration of the API.  The concentration of caffeine in the ED was 

considerably lower than the median concentration that diffused through the skin after 12 h.  

This indicated that caffeine could permeate deeper than the dermis, which might be 

beneficial for the treatment of cellulite in the subcutaneous layer (adipose cells) (Hexsel et 

al., 2011). 

3.3.5 The statistical evaluation of the data obtained during the skin diffusion studies 

Table 4: The p-values for the statistical analysis of the data obtained from the diffusion 

studies for each formulation and the comparison of the different groups of data (Average 

flux, SCE and ED) 

When the median concentration of caffeine in the SCE of all the formulations was compared 

to both the median concentration of caffeine in ED as well as the overall average flux value, 

the p-value was < 0.001.  This indicated that there was a statistically significant difference 

between the different groups.  There was a statistically significant difference between the 
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average flux value and the median concentration of caffeine in the SCE of all the 

formulations (p = 0.050) and between the median concentration of caffeine in the SCE of all 

the formulations and median concentration of caffeine in ED (p < 0.001).  There was no 

statistical significant difference between the overall average flux value and the median 

concentration of caffeine in ED (p = 0.060).  When the median concentration of caffeine in 

the SCE of Cream 1 was compared to both its median concentration of caffeine in ED and 

the average flux value, the p-value was 0.006.  This indicated that there was a statistically 

significant difference between the different groups.  There was a statistically significant 

difference between the median concentration of caffeine in the SCE and the median 

concentration of caffeine in the ED of Cream 1 (p = 0.005).  When the median concentration 

of caffeine in the SCE of Cream 2 was compared to both its median concentration of caffeine 

in ED and its average flux value, the p-value was 0.002.  This indicated that there was a 

statistically significant difference between the different groups.    There was a statistical 

significant difference both between the average flux value and the median concentration of 

caffeine in SCE (p = 0.019) and between the median concentration of caffeine in the SCE 

and the median concentration of caffeine in the ED (p < 0.001). 

3.4 The calculation and implementation of the SDG of the formulations containing 

caffeine as API 

Table 5: Data obtained from the FFE™ program for the SDG of the three 

The calculation of the LTC values for the different formulations was conducted by the FFE™ 

program.  Cream 2 showed the highest LTC value (11.76 x 103 µg/ml), followed by the Gel 

(11.49 x 103 µg/ml) and Cream 1 (10.64 x 103 µg/ml).  This indicated that the concentration 

obtained at the target site for Cream 1 is closest to the concentration required for an effect to 

occur.  The calculation of the SDG for each formulation was performed using the FFE™ 

program.  Cream 1 showed the highest SDG value (0.000141), followed by the Gel 

(0.000131) and Cream 2 (0.000128).  A SDG value of 1 or smaller indicated that the delivery 

of the API would be greater than that required for minimal efficacy (Wiechers, 2011).  

Therefore, it is expected that Cream 2 would deliver higher levels of caffeine to the SCE than 
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that of the Gel and Cream 1.  Comparing the median concentration of caffeine in the SC of 

the different formulations with that of the calculated SDG values, it was evident that the 

theory of the SDG accurately predicted delivery into the SC.  Cream 2 (0.837 µg/ml) showed 

the highest median concentration of caffeine in the SC, followed by the Gel (0.645 µg/ml) 

and Cream 1 (0.516 µg/ml).  The smaller the SDG value, the greater the delivery of an API 

into the skin (JW Solutions, 2011).  In contrast, Cream 1 showed the highest median flux 

value (1.890 µg/cm2.h), followed by the Gel (1.353 µg/cm2.h) and Cream 2 (1.241 µg/cm2.h).  

Therefore, it is evident that the calculated SDG values correspond to the obtained values of 

the median concentration of caffeine in the SCE. 

4 CONCLUSION 

The aqueous solubility of caffeine, which was determined as 18.104 mg/ml, predicted 

relatively good permeation through the skin.  The log D value was determined as -0.025, 

which predicted poor permeation of caffeine into the skin.  The membrane release studies 

which were performed with 1-butanol as receptor phase, showed a significantly higher 

release of caffeine than with the PBS (pH 7.4).  This could be because of the high 

solubilising ability of 1-butanol for penetrants (Scheuplein & Blank, 1973).  1-Butanol shares 

a similar polarity with that of the SC (Wiechers et al, 2004), which explains the reason 

behind the utilisation of 1-butanol as receptor phase during the membrane release studies. 

The concentration of caffeine that diffused through the skin after 12 h of diffusion 

represented the concentration of caffeine that entered the systemic circulation.  The dermis 

layer contains a generous amount of capillaries which results in the rapid uptake of APIs into 

the systemic circulation, therefore maintaining low levels of API in the dermis layer and 

maximising the epidermal concentration gradient which ultimately enhances percutaneous 

absorption of hydrophilic APIs (Barry, 2007).  This explains the low levels of caffeine in the 

ED layer, compared to that in the SCE.  Because of the rather hydrophilic nature of caffeine 

(Dias et al., 1999), a high driving force was created where high levels of the API diffused 

through to the hydrophilic systemic circulation, hence the relatively high average flux values.  

The effect of manipulation of the formulation was implemented with Cream 1 and Cream 2, 
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represented as a difference in the amount of both the primary (DMI) and secondary emollient 

(glycerine).  Cream 2 showed the highest median concentration of caffeine in the SC, but 

showed the lowest median flux through the skin with the occurrence of saturation.  Cream 1 

produced the lowest concentration of caffeine in the ED layer, but had the highest median 

flux value through the skin.  Since optimal levels of DMI modifies the polarity of the SC 

(Wiechers et al., 2008), the formulation which contained the highest amount of DMI (Cream 

2) produced higher concentrations of caffeine in the SC.  With the correct ratio of the primary 

and secondary emollient, enhanced partitioning of the API into the skin could be maintained 

(Wiechers et al., 2008).  The Gel produced the greatest median concentration of caffeine in 

the ED layer, compared to the creams.  This could be because of the hydrophilic nature of 

the gel.  The water content in gels increases the hydration levels in the skin, which in turn 

increases the solubility and permeation of an API in the skin (Barry, 1983). 

Because caffeine has several benefits in the skin (Brandner et al., 2006), the target site of 

action varies.  In order for caffeine to exert its anti-cellulite activity, it needs to penetrate all 

the way through the skin and into the subcutaneous fatty tissue (Hexsel & Soirefmann, 

2011).  Caffeine was also included in various studies as a possible treatment for UV-induced 

skin cancer (Lu et al., 2001).  For this benefit, caffeine needs to partition into the epidermal 

and dermal layer.  Therefore, depending on the desired target site, one can formulate the 

most effective transdermal or dermal delivery system, which should produce optimal levels 

of caffeine in the desired skin layer.  In this study, Cream 1 and the Gel seemed to penetrate 

the deepest and produced the highest median flux value.  These formulations might be 

beneficial in the treatment of cellulite as well as UV-induced skin cancer.  In contrast, Cream 

2 showed the lowest median flux values, but produced higher levels of caffeine in the SC 

than the other two formulations.  It is therefore evident that Cream 2 containing caffeine as 

API, could be beneficial for the treatment of skin cancer, but not for the treatment of cellulite. 

An SDG value ≤ 1 indicates good or effective API delivery to the skin, where a SDG > 1 

predicts little or no API delivery (JW Solutions, 2011).  An SDG value of 1 or less indicates 

that more API is delivered than the minimum concentration required showing an effect 
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(Wiechers, 2011).  The SDG option in the FFE™ program allows the formulator to determine 

whether the product will be active, even before the formulation process.  SDG also allow the 

prediction of clinical efficacy and to reduce the dose without the loss of efficacy (Wiechers et 

al, 2008).  During the calculation of the SDG for the three formulations, Cream 2 showed to 

lowest SDG value, as calculated by the FFE™ software.  This indicated that Cream 2 should 

deliver more caffeine to the skin compared to Cream 1 and the Gel.  In the diffusion studies, 

Cream 2 showed the highest median concentration of caffeine in the SCE, where the gel 

showed the highest median concentration of caffeine in the ED.  Cream 1 produced the 

greatest median cumulative concentration of caffeine after 12 h, where Cream 2 showed the 

lowest value.  It can therefore be concluded that the calculated SDG values correspond with 

that of the median concentration of caffeine in the SCE, where the lowest SDG value 

produced the highest concentration of caffeine in the stratum corneum.  The evaluation of 

the median concentration of caffeine delivered to the stratum corneum layer of the skin was 

used as an indication which of the three formulations was most effective in delivering the API 

to the target site.  The SDG is therefore effective and trustworthy in the development of an 

effective transdermal delivery system. 
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TABLES: 

Table 1: Data obtained from the membrane release studies of the three formulations 

 

Average %released after 6 h 

Average cumulative  

concentration after  

6 h (µg/cm2) 

Median cumulative 

concentration after  

6 h (µg/ml) 

PBS Butanol PBS Butanol PBS Butanol 

Gel 0.17 ± 0.058 22.77 ± 4.610 31.94 ± 10.693 4233.30 ± 857.313 27.59 4377.90 

Cream 1 2.19 ± 0.913 20.45 ± 2.821 408.08± 169.686 3803.44 ± 524.597 460.34 3870.40 

Cream 2 1.34 ± 0.401 25.47 ± 1.570 249.93 ± 74.540 4736.85 ± 291.981 253.42 4699.83 
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Table 2: The steady-state flux, percentage of caffeine and cumulative concentration 

values of caffeine that diffused through the skin after 12 h 

 

% caffeine 

diffused 

through the 

skin 

Average flux 

(µg/cm2.h) 

Median flux 

(µg/cm2.h) 

Average 

cumulative 

concentration 

(µg/cm2) 

Median 

cumulative 

concentration 

(µg/cm2) 

Gel 0.07 1.353 ± 0.378 1.327 13.531 ± 4.076 13.063 

Cream 1 0.10 1.890 ± 1.210 1.395 19.431 ± 12.337 14.847 

Cream 2 0.05 1.241 ± 0.290 1.148 9.084 ± 2.081 8.483 
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Table 3: The concentration of caffeine in the SCE and ED after 12 h 

 Stratum corneum-epidermis Epidermis-dermis 

Formulation 

Average 

concentration 

(µg/ml) 

Median 

concentration 

(µg/ml) 

Average 

concentration 

(µg/ml) 

Median 

concentration 

(µg/ml) 

Gel 0.854 ± 4.664 0.645 0.329 ± 1.460 0.219 

Cream 1 0.622 ± 2.189 0.516 0.305 ± 2.720 0.126 

Cream 2 0.764 ± 0.971 0.837 0.161 ± 0.427 0.148 
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Table 4: The p-values for the statistical analysis of the data obtained from the diffusion studies for each formulation and the comparison of 

the different groups of data (Average flux, SCE and ED) 

 Average Flux SCE ED 

Gel Cream 1 Cream 2 Gel Cream 1 Cream 2 Gel Cream 1 Cream 2 

Flux 

Gel - 1.00 1.00 0.249 - - 1.00 - - 

Cream 1 1.00 - 0.473 - 0.965 - - 0.099 - 

Cream 2 1.00 0.473 - - - 0.019 - - 0.537 

SCE 

Gel 0.249 - - - 1.00 0.799 0.111 - - 

Cream 1 - 0.965 - 1.00 - 0.676 - 0.005 - 

Cream 2 - - 0.019 0.799 0.676 - - - < 0.001 

ED 

Gel 1.00 - - 0.111 - - - 0.095 0.268 

Cream 1 - 0.099 - - 0.005 - 0.095 - 1.00 

Cream 2 - - 0.537 - - < 0.001 0.268 1.00 - 
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Table 5: Data obtained from the FFE™ program for the SDG of the three formulations 

Formulations 
MEC 

(µg/ml) 
LTC (X 103 µg/ml) SDG 

Median concentration of 

caffeine in SCE (µg/ml) 

Gel 1.50 11.49 0.000131 0.219 

Cream 1 1.50 10.64 0.000141 0.126 

Cream 2 1.50 11.76 0.000128 0.148 
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FIGURE LEGENDS 

Figure 1: Average cumulative concentration caffeine that diffused through the skin as a 

function of time in the three formulations 

Figure 2: Box-plots of the flux for the three formulations obtained after the diffusion 

studies to illustrate the median (indicated by the line in the box) and average flux values 

(indicated by the diamond shapes) 

Figure 3: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the SCE 

Figure 4: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the ED 

Figure 5: Comparison of the concentration (µg/ml) caffeine in the SCE, ED and average 

amount diffused through skin between the different formulations 
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Figure 1: Average cumulative concentration caffeine that diffused through the skin as a 

function of time in the three formulations 
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Figure 2: Box-plots of the flux for the three formulations obtained after the diffusion 

studies to illustrate the median (indicated by the line in the box) and average flux values 

(indicated by the diamond shapes) 

  

5 

4 

3 

2 

1 

Gel Cream 1 Cream 2 

Formulations 

F
lu

x
 (

µ
g

/c
m

2
.h

) 



 

80 
 

 

Figure 3: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the SCE 
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Figure 4: Box-plots to illustrate the difference in caffeine median (indicated by the line in 

the box) and average (indicated by the diamond shapes) concentration in the ED 
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Figure 5: Comparison of the concentration (µg/ml) caffeine in the SCE, ED and average 

amount diffused through skin between the different formulations 
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The frequent use of caffeine in transdermal research studies has led to the discovery of several 

cosmetic advantages of this API (Otberg et al., 2007:489) and is therefore found in a number of 

commercially available topical products (Dias et al., 1999:41).  Caffeine is considered to be an 

important cosmetically active compound as a result of the benefits it offers to the skin (Herman & 

Herman, 2012:13).  The target site for the dermal delivery of APIs differs from that of transdermal 

delivery.  Unlike transdermal delivery, cosmetic delivery requires the delivery of APIs to the skin 

surface, SC, viable epidermis or dermis; therefore the permeation of the API through the skin and 

into the systemic circulation should be avoided (Wiechers, 2000:42).  The challenge for this 

particular type of delivery is to retain the functional molecule in the specific layer(s) of the skin 

where it can exert its action without being absorbed into the systemic circulation (Wiechers, 

2008:10). 

The hypothesis of this study was that the skin delivery gap (SDG) theory could be used to predict 

the feasibility of API delivery into the skin (Wiechers, 2000:45).  The SDG is a novel theory 

developed by Prof. Johann Wiechers and involves the calculation of the ratio between the 

required concentration to obtain minimum effect relative to the true concentration obtained at the 

target site (JW Solutions, 2011).  The principle of the SDG was investigated during this study by 

using a formulating strategy known as FFE™ which aims to optimise skin delivery of APIs from 

different topical formulations.  In vitro transdermal studies and tape stripping were utilised to 

implement the SDG to prove or disprove the hypothesis of the prediction of the delivery of caffeine 

into the skin. 

The main aim of this study was to demonstrate whether the SDG theory was trustworthy and 

effective.  To prove the hypothesis, transdermal diffusion studies were performed on three 

different topical formulations containing caffeine as the API, one which was more polar 

(hydrophilic) than the SC, one with a similar polarity to the SC and one less polar (lipophilic) than 

the SC.  The experimental data obtained were ultimately compared with one another to prove or 

disprove the theory.  The following were the objectives of this study: 

 Validating an existing HPLC method to determine concentrations of caffeine in the 

samples obtained 

 Formulation of a two cream formulations (one with equally polar and one less polar than 

the SC) and gel (more polar than the SC) containing caffeine as the API 

CHAPTER 4 

FINAL CONCLUSION AND FUTURE PROSPECTS 
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 Determination of the physicochemical properties of caffeine 

 Determination of the transdermal permeation of the caffeine formulations 

 Determination of the topical delivery of caffeine to the skin layers by making use of the 

tape stripping technique 

 Calculation of the SDG of the final three formulations 

 To determine whether caffeine can permeate the skin in optimal concentrations upon the 

manipulation of the formulation by comparing the results obtained from the diffusion 

studies and tape stripping of each formulation with the applied theory of the SDG. 

The samples obtained from the Franz cell diffusion studies were analysed with an existing HPLC 

method which was successfully validated in a controlled laboratory environment at the Analytical 

Technology Laboratory, North-West University, Potchefstroom, South Africa. 

Caffeine was incorporated into three different formulations, namely a hydrophilic gel and two 

similar creams, which differed only in the ratio of two particular ingredients, dimethyl isosorbide 

(DMI, the primary emollient) and glycerine (secondary emollient).  The purpose of using two 

similar creams was to examine whether the API could permeate the skin in optimal concentrations 

upon the manipulation of the formulation and to create an effective topical dosage form.  For the 

purpose of this study, the three topical formulations each had different polarities.  As mentioned 

above, the gel represented the hydrophilic formulation which was more polar than the skin, 

whereas both the creams were more lipophilic than the gel formulation, with Cream 2 (containing 

10% DMI and 4% glycerine) being less polar than Cream 1 and represented as the lipophilic 

formulation.  Cream 1 (containing 5% DMI and 9% glycerine) was therefore the intermediate 

formulation which was less polar than the gel and was represented as the formulation with similar 

polarities as that of the skin.  The FFE™ program was used to calculate the optimal composition 

of the oil phase of the formulation for caffeine (API) at a given concentration of 1%, ensuring that 

the concentration is formulated near the maximum solubility and to ultimately achieve optimised 

clinical efficacy of the API (Wiechers, 2011).  Caffeine was formulated into the hydrophilic based 

formulations mentioned above due to its high aqueous solubility and was expected to permeate 

through the polar channels of the skin (Dias et al, 1999:42). 

The determination of the physicochemical properties of caffeine involved the aqueous solubility 

as well as the partition coefficient (log D).  The solubility of caffeine was determined at 

13.931 mg/ml in PBS and 18.104 mg/ml in water, respectively.  To achieve optimal skin 

permeation, the aqueous solubility of an API should be greater than 1 mg/ml (Naik et al., 

2000:319).  The determined solubility of caffeine therefore indicated that optimal skin permeation 

of the API was to be expected.  A log D value of -0.0248 was determined for caffeine.  For an API 

to permeate the skin, a log D value between 1 and 3 (medium polarity) is required (Walters & 
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Brain, 2009:578).  This indicates that caffeine is rather hydrophilic and poor skin permeation is 

expected. 

In vitro Franz cell diffusion studies were performed to assess the release of caffeine from semi-

solid formulations as well as the concentration absorbed through and into the skin.  Female 

Caucasian abdominal skin was obtained from willing donors and served as the permeation 

membranes.  The formulations each contained 1% of caffeine and a pH of 7.4 was set. 

Membrane (PTFE) release studies were performed on the Gel, Cream 1 and Cream 2 prior to 

skin diffusion studies to determine whether caffeine was released from the formulations.  Both 

phosphate buffer solution or PBS (pH 7.4) and 1-butanol were utilised as the receptor medium.  

The reason an additional receptor phase was used during the membrane release experiments 

was to determine whether any difference occurred in the release of the API into the 1-butanol 

compared to that of the PBS.  1-Butanol shares a similar polarity index with that of the SC 

(Wiechers et al., 2004:175).  All the formulations released caffeine effectively.  In the case where 

PBS was used during the membrane release studies, Cream 1 yielded the highest concentration 

of caffeine that released from the PTFE membranes after 6 h.  Caffeine release from the Gel was 

found to be the poorest.  For the membrane studies where 1-butanol was used, Cream 2 showed 

the highest concentration of caffeine that diffused through the synthetic membranes after 6 h.  

Cream 1 yielded the lowest release of caffeine.  The overall percentage caffeine released after 

6 h for the 1-butanol studies was significantly higher than that of PBS (pH 7.4).  The difference 

between the release rates from the formulations in 1-butanol was not significantly different, which 

means it was less discriminatory than PBS (pH 7.4). 

During the in vitro diffusion studies performed on the Gel, Cream 1 and Cream 2, caffeine reached 

steady-state flux after 2 h.  Cream 1 had the highest caffeine flux when compared to the other 

two formulations.  This could be attributed to the ratio of primary and secondary emollient (DMI 

(lipophilic) and glycerine (hydrophilic), respectively).  DMI increased the solubility of caffeine in 

the formulation and simultaneously changed the polarity of the SC, which coherently increased 

permeation of the API through the skin (Wiechers et al., 2008:121).  The Gel had a lower flux than 

that of Cream 1.  This could be attributed to the fact that, at high levels, glycerine acted as a 

hygroscopic compound which could have caused it to withdraw water from the skin.  This could 

result in a decrease in the level of skin hydration which could ultimately decrease the diffusion of 

APIs into and through the skin (Barry, 1983:155).  Cream 2 produced the lowest flux which could 

be attributed to its greater amount of DMI which could have altered the polarity of the SC, therefore 

favouring the accumulation of caffeine in this layer rather than to permeate through the skin and 

into the systemic circulation.  The flux of caffeine produced by the hydrophilic Gel formulation was 

only slightly greater than that of Cream 2, therefore did not vary considerably.  The average and 
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median flux values of caffeine did not vary noticeably, which could be attributed to the modest 

amount of outliers observed in the data (Bolton, 1997:19). 

The average cumulative concentration of caffeine that diffused through the skin after 12 h was in 

accordance to the average flux values obtained from the three formulations.  Cream 1 had the 

highest average cumulative concentration of caffeine that diffused through the skin after 12 h.  

This was attributed to the high polarity of caffeine (hydrophilic) which was closer to that of Cream 1 

than of Cream 2, indicating that the API showed a higher solubility in the formulation than in the 

skin (lipophilic) and therefore, preferred to remain in the formulation over being in the SC 

(Wiechers et al., 2004:175).  Cream 1 (which is lipophilic and had an equal polarity as the SC) 

was adequately lipophilic to create a greater driving force for caffeine to partition into the skin 

(Wiechers et al., 2004:178) but simultaneously provided sufficient hydrophilicity to cause a greater 

driving force for the hydrophilic caffeine to move into the subsequent hydrophilic layers of the skin 

(viable epidermis and dermis) and ultimately into the hydrophilic systemic circulation.  The Gel, 

which was more hydrophilic than caffeine and Cream 1, had a slightly greater flux than that of 

Cream 2.  By the time that the Gel diffused through the SC, the skin acted as a sink (Barry, 

2007:579) and created an adequate driving force for caffeine to rapidly diffuse into the more 

hydrophilic dermis and into systemic circulation.  Cream 2 (the most lipophilic formulation of the 

three formulations) produced the lowest average cumulative concentration of caffeine after 12 h, 

but not much lower than that of the Gel.  This could be ascribed by the fact that Cream 2 was 

more lipophilic than the SC than in the formulation, and had a greater preference to remain in the 

SC rather than the formulation, therefore creating a greater driving force for the API to diffuse into 

the SC. 

The highest concentration of caffeine was delivered to the stratum corneum-epidermis (SCE) from 

the more lipophilic formulation, Cream 2.  Cream 2 delivered 23% more caffeine into the SCE 

than Cream 1.  This could be attributed to the greater amount of DMI formulated in Cream 2 (10%) 

than in Cream 1 (5%), which could have changed the polarity of the SC closer to that of caffeine 

(Wiechers et al., 2008:112).  This could have caused caffeine to exhibit a greater preference to 

remain in the SC (Wiechers et al., 2004:177).  The Gel showed higher concentration of caffeine 

in the SCE than that of Cream 1.  This could be attributed to the ethanol formulated in the gel, 

which had penetration enhancing effects.  Ethanol increased the solubility of the API in the 

formulation which enhanced the penetration of the caffeine into the skin (Williams & Barry, 

2004:611). 

The hydrophilic Gel formulation produced the highest concentration of caffeine in the epidermis-

dermis (ED).  This could be explained by the polar (hydrophilic) molecules formulated in the Gel 

which were more able to diffuse into an aqueous environment such as the dermis and viable 

epidermis than non-polar compounds (Imai et al., 2013:372).  The median caffeine concentration 
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in the ED for Cream 2 was slightly higher than that of Cream 1.  This could be ascribed to the 

higher DMI concentration in Cream 2, which changed the polarity of the skin (Wiechers et al., 

2008:112) and caused caffeine to show greater preference to remain in the skin rather than to 

penetrate through the skin and into the hydrophilic systemic circulation (Wiechers et al., 

2004:177).  The average and median concentration of caffeine delivered to the two particular skin 

layers varied notably, which could be attributed to the numerous amount outliers found in the 

data.  The use of median was therefore regarded as more accurate, since it is not greatly affected 

by the extreme outliers (Bolton, 1997:19).   

The calculation of the SDG (which is defined as MEC/LTC) values of each topical formulation 

were performed with the FFE™ software, where they were subsequently compared to the caffeine 

flux values as well as the tape stripping results obtained after the diffusion studies.  In order to 

prove whether the SDG theory was effective and trustworthy, the skin diffusion studies served as 

a determination of any differences in the absorption or penetration concentrations of caffeine from 

the different formulations into the skin.  Cream 2 produced the lowest calculated SDG value, 

whereas Cream 1 showed the highest SDG.  A SDG smaller than 1 indicated that the delivery of 

the API should be higher than the minimum concentration required to obtain minimal efficacy.  

Therefore, the formulation should be efficient.  A SDG greater than 1 indicated that the delivery 

would be less than what is required to achieve minimal efficacy (Wiechers, 2011).  Therefore, the 

smaller the delivery gap, the more efficient the delivery of the API into the skin (Wiechers, 2010).  

The SDG values of the formulations were compared to one another and it was found that the 

more lipophilic formulation (Cream 2) was expected to deliver greater levels of caffeine into the 

skin than the more hydrophilic Gel and Cream 1.  The concentrations of caffeine in the SCE of all 

the formulations were compared to the calculated SDG values and it was evident that the theory 

of the SDG accurately predicted the extent of API delivery into the SCE.  Cream 2, which showed 

the lowest calculated SDG value, delivered the greatest concentration of caffeine into the SCE 

during the diffusion studies.  The smaller the SDG value, the greater the degree of delivery of an 

API into the skin (JW Solutions, 2011). 

It can therefore be concluded that the calculated SDG values corresponded with the concentration 

of caffeine in the SCE, where the lowest SDG value produced the highest concentration of 

caffeine in the SCE, but no correlations were found for the ED delivery or flux.  The final conclusion 

of this study is that the SDG theory proved to be effective and trustworthy in terms of the delivery 

of caffeine into the SC 
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Future prospects for further investigation can include the following: 

 Investigating the effect of different semi-solid dosage forms (such as ointments, emulgels 

and solutions) on the topical delivery of APIs during the implementation of the SDG 

 Investigating the delivery of several other APIs by using the FFE™ theory to establish a 

database to prove/disprove the hypothesis and ensure that the SDG theory is universally 

valid 

 Investigating the influence of different polarities on skin delivery of a wide range of APIs 

(polar or non-polar) 
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A.1 INTRODUCTION 

The purpose of the validation of the analytical procedure is to ensure that the demonstrated 

analytical method is sensitive and trustworthy for the determination of the amount of caffeine that 

has permeated through the skin.  The validation method was performed under strict laboratory 

conditions in which a temperature of 25 °C was maintained.  The method was developed and 

validated according to the guidelines of ICH and CDER primarily for the determination of caffeine 

during the transdermal and membrane diffusion studies (ICH 2005, CDER 2001:5). 

Table A.1: A summary of the results obtained from the validation tests for caffeine 

Test Result 

Specificity Complies 

Range 0.03-500.00 µg/ml 

Linearity R2 = 0.999548 

Accuracy 100.3% 

Precision RSD = 1.29% 

 

A.2 CHROMATOGRAPHIC CONDITIONS 

A.2.1 Analytical instrument 

The analysis was performed with an Aligent® 1200 Series HPLC system (Agilent Technologies, 

United States of America) which are equipped with an Aligent® 1200 pump, autosampler injection 

mechanism, diode array detector, and vacuum degasser.  The Agilent® 1200 Series HPLC system 

is equipped with Chemstation Rev. A.10.03 data acquisition and analysis software. 

A.2.2 Column 

A high performance silica based column was utilised during the analysis (Luna C18 (2) column, 

4.6 x 150 mm, 5 µm particle size, Phenomenex, United States of America). 

  

APPENDIX A 

VALIDATION OF THE HPLC ANALYTICAL METHOD FOR 

ANALYSIS OF CAFFEINE 
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A.2.3 Chromatographic conditions 

The signal detector was set at 275 nm and the flow rate was 1.0 ml/ml.  A default injection volume 

of 20 µl was set and the retention time obtained for caffeine was 5.8 min with a total runtime of 

8 min for each sample.  The solvent used for caffeine was phosphate buffer solutions (PBS) with 

a pH of 7.4. 

A.2.4 Mobile phase 

The mobile phase was prepared with 150 ml HPLC grade acetonitrile (Merck Laboratory Supplies, 

South Africa) and 10 ml acetic acid in Milli-Q HPLC grade water (Millipore, United States of 

America).  The mixture was filled to 1000 ml, where it was subsequently filtered through a 0.45 µm 

Millipore® filter and degassed with the use of an ultrasonic bath. 

A.3 SAMPLE PREPARATION 

Samples were collected from Franz diffusion cells or dissolution media and transferred into 

autosampler vials without any further processing and analysed. 

A.4 STANDARD PREPARATION 

Caffeine (25 mg) was accurately weighed and dissolved in HPLC grade methanol in a 100 ml 

volumetric flask.  The volumetric flask was filled to volume with PBS (pH 7.4).  Subsequently, 5 ml 

of this solution was diluted to 50 ml.  Next, 5 ml of the second standard solution was diluted to 

50 ml.  Lastly, 5 ml of the third standard solution was diluted to 50 ml in a volumetric flask.  

Standard solutions of 250.00 µg/ml, 25.00 µg/ml, 2.50 µg/ml and 0.25 µg/ml were prepared.  The 

standard solutions were analysed using injection volumes of 1.25, 2.50, 5.00, 10.00, 15.00 and 

20.00 µl in order to acquire a calibration curve ranging from 0.03 – 500.00 µg/ml (Table A.1). 

A.5 CALCULATIONS 

The concentration and peak areas of the standard solutions were entered into an Excel 

spreadsheet and linearity calculated using linear regression.  The slope and y-intercept were used 

to calculate the concentration of the samples from the peak areas. 

A.6 SPECIFICITY 

The aim of this test was to evaluate the analyte in the presence of compounds which were 

expected to be present, such as impurities, degradates and matrix components. 
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A.6.1 Procedure for specificity testing 

A standard solution (250 µg/ml) was prepared as described in Section A.4 and injected in 

duplicate.  Four separate test tubes were each filled with 2 ml of the standard solution.  The 

solution in the first test tube was diluted with 200 µl milli-Q  HPLC grade water, the second solution 

with 200 µl of 0.1 M HCl solution, the third with 200 µl of 0.1 M NaOH solution and the fourth with 

200 µl of 10% H2O2.  Additionally, a placebo solution (containing only PBS pH 7.4) was also 

prepared and transferred into a separate test tube.  The test tubes were kept overnight at room 

temperature.  The solutions were analysed the next day with the HPLC with a run time of 10 min 

in order to determine whether any additional peaks were found. 

A.6.2 Acceptance criteria 

The degraded samples should not contain any peaks that would interfere with the determination 

of caffeine.  The placebo should not interfere with the caffeine. 

A.6.3 Results 

The HPLC chromatograms of the standard and sample solutions of caffeine and a placebo are 

shown in Figure A.1, A.2 and A.3, respectively.  Figures A.4-A.7 illustrates the HPLC 

chromatograms of sample solutions stressed with water, HCl, NaOH and H2O2, respectively. 

 

Figure A.1: HPLC chromatogram of the standard solution of caffeine 
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Figure A.2: HPLC chromatogram of a sample solution of caffeine 

 

Figure A.3: HPLC chromatogram of a placebo 

 

Figure A.4: HPLC chromatogram of a sample solution stressed in water at 40 °C for 24 h 
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Figure A.5: HPLC chromatogram of a sample solution stressed in 0.1 M HCl at 40 °C for 24 h 

 

Figure A.6: Chromatogram of a sample solution stressed in 0.1 M NaOH at 40 °C for 24 h 

 

Figure A.7: Chromatogram of a sample solution stressed in 10% H2O2 at 40 °C for 24 h 
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None of the ingredients in the placebo interfered with the analyte peak.  Extra peaks formed 

during forced degradation did not interfere with the remainder of the caffeine peak.  Peak purity 

testing of the remaining peaks after forced degradation in water showed that the peak was still 

pure, thus proving that the method was stability-indicating. 

A.7 LINEARITY 

The linearity method is utilised to obtain teat results that are directly proportional to the 

concentration (amount) of analyte present in the sample.  The linearity of caffeine was determined 

by using linear regression analysis to plot the peak area versus the concentration obtained from 

HPLC analysis.  The data procured from the regression is described by the linear equation: 

y = mx + c Equation A.1 

Where y represents the peak area, m the slope, x the concentration and c the intercept on the y-

axis.  The regression coefficient (r2) is described as the straight line correlation between x (input) 

and y (output). 

The range is determined as the lowest and highest concentrations between which the response 

remains linear, and/or where acceptable precision is obtained. 

A.7.1 Procedure for linearity testing 

Four standard samples were prepared by weighing 25 mg caffeine and diluting the solution to 

several concentrations ranging from 0.5 – 500.0 µg/ml (see Section A.3).  Volumes of 1.25, 2.50, 

5.00, 10.00, 15.00 and 20.00 µl of each standard solution were injected in duplicate into the HPLC 

and analysed. 

A.7.2 Acceptance criteria 

Linear regression analysis should yield a regression coefficient (r2) value of  0.99. 

A.7.3 Results 

Caffeine produced an excellent r2 value of 0.999 for this method, which indicated that the HPLC 

system was stable.  This method is therefore linear over the concentration range of 

0.03 - 500 µg/ml.  The linearity of caffeine is shown in Table A.2.  The regression curve of the 

linearity for caffeine is illustrated in Figure A.8. 
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Table A.2: Linearity results for caffeine 

Standard concentration 
(µg/ml) 

Peak area 

0.03 1.8 

0.06 3.5 

0.13 6.5 

0.25 13.9 

0.38 20.9 

0.50 26.1 

1.25 69.5 

2.50 141.6 

3.75 213.6 

5.00 285.6 

12.50 708.7 

25.00 1404.8 

37.50 2121.8 

50.00 2841.7 

125.00 7136.4 

250.00 14188.0 

375.00 20975.5 

500.00 27112.0 

Slope 55.052 

y-intercept 45.151 

r2 0.999 

 

 

Figure A.8: Linear regression graph for caffeine 

y = 55.052x + 45.151
R² = 0.9995
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A.8 LOWER LIMIT OF QUANTIFICATION AND DETECTION (LLOQ AND LLOD) 

LLOD is the lowest quantity of a substance that can be distinguished from the absence of that 

substance.  The detection limit is estimated from the mean of the blank, the standard deviation 

(SD) of the blank and some confidence factor.  The LLOQ is the limit at which we can differentiate 

between two values and is known as the lowest standard on the standard curve (CDER, 2001:6). 

A.8.1 Procedure for LLOQ and LLOD 

A standard solution was prepared as described in Section A.4.  The standard solution was injected 

in different volumes.  Each standard was injected six times.  The peak areas of each standard 

concentration were obtained and a %RSD (relative standard deviation) value calculated. 

A.8.2 Acceptance criteria 

The analyte response at the LLOQ should be at least five times the response compared to the 

blank response.  The peak should be identifiable, discrete and reproducible with a precision of 

20% and accuracy of 80 – 120%.  During the development of a standard curve, the %RSD of 

LLOQ should be ≤ 20% from the nominal concentration.  At least four out of six of the standards 

should meet these criteria. 

A.8.3 Results 

The results for the LLOD and LLOQ are shown in Table A.3. 

Table A.3: The LLOQ and LLOD of caffeine 

 
Concentration (µg/ml) 

0.006650 0.016625 0.033250 

Area 0.363 0.931 1.939 

 0.449 0.974 2.100 

 0.346 0.947 1.927 

 0.360 1.080 2.093 

 0.396 1.047 2.013 

 0.382 0.966 1.998 

    

Mean 0.38 0.99 2.01 

SD 0.03 0.05 0.07 

%RSD 8.81 5.45 3.34 
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Both LLOD and LLOQ produced acceptable %RSD values of 8.81% and 3.34%, respectively.  

The LLOQ falls within the minimum acceptable range of 0.03 µg/ml. 

A.9 ACCURACY 

The accuracy of an analytical method is indicated as the closeness of the experimental value to 

the true theoretical value.  The accuracy is expressed as the percentage (%) recovery. 

A.9.1 Procedure for accuracy testing 

Since the method does not involve any sample preparation, accuracy and precision can only be 

done by preparing a set of standards and analysing them against another set of standard 

solutions.  Approximately 25 mg of caffeine was diluted with PBS (pH 7.4) in a 100 ml volumetric 

flask which was filled to volume with PBS.  Next, 10 ml of this solution was diluted with PBS to 

20 ml.  Thereafter, 10 ml of the second solution was diluted to 25 ml with PBS in a 25 ml volumetric 

flask.  This yielded solutions containing about 50, 125 and 250 µg/ml of caffeine which were 

analysed for accuracy against a standard solution prepared as described under Section A.4 in 

the method. 

A.9.2 Acceptance criteria 

Recovery must be between 98 – 102% and a %RSD of 2.0 or less is required by USP. 

A.9.3 Results 

The results for caffeine are shown in Table A.4. 

Table A.4: Accuracy of caffeine determination 

Concentration 
spiked (µg/ml) 

Peak 
area 1 

Peak 
area 2 

Mean 
Recovery 

(µg/ml) 
% 

50.8 2897.5 2893.9 2896.0 51.8 101.9 

50.8 2897.8 2896.2 2897.0 51.8 102.0 

50.8 2903.1 2929.0 2916.0 52.1 102.7 

127.0 7142.5 7058.5 7101.0 128.2 100.9 

127.0 7013.6 7091.2 7052.0 127.3 100.2 

127.0 7089.6 7025.7 7058.0 127.4 100.3 

254.0 13682.0 13670.0 13676.0 247.6 97.5 

254.0 13725.0 13757.0 13741.0 248.8 97.9 

254.0 14019.0 13793.0 13906.0 251.8 99.1 

 Mean 100.3 

 SD 1.7 

 % RSD 1.7 
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The average recovery of caffeine was determined to be 100.3% over the range of 50 - 254 µg/ml 

and had an acceptable %RSD of 1.7. 

A.10 PRECISION 

Precision contributes to the calculation of error of the analytical measurement by expressing the 

closeness of agreement between a set of measurements of the same homogeneous sample 

under prescribed conditions.  Precision is sub-divided into intra-day variation (the evaluation of 

the same batch on the same day) and inter-day variability. 

A.10.1 Intra-day precision (repeatability) 

A.10.1.1 Procedure for repeatability testing 

A set of standard solutions (250, 125 and 50 µg/ml) were prepared in triplicate (n = 9) as described 

in Section A.4.  Multiple injections were made under the prescribed conditions. 

A.10.1.2 Acceptance criterion 

The acceptance criterion for intra-day repeatability is given by the USP as a %RSD ≤ 2.  This 

criterion is for product release assays where the specification is usually 90 – 110%.  In the case 

of transdermal samples that cover a very wide concentration range the deviation at the lower limit 

of quantification (LLOQ) can be as high as 15% (CDER 2001:5). 

A.10.1.3 Results 

The results for intra-day precision for caffeine are given in Table A.5. 

Table A.5: Intra-day precision of caffeine determination 

Spiked 
concentration 

(µg/ml) 
 

Peak 
area 1 

Peak 
area 2 

Mean 
Concentration 

(µg/ml) 
% 

50.04 2686.1 2732.9 2709.5 48.2 96.3 

50.04 2708.2 2772.5 2740.4 48.8 97.4 

50.04 2724.0 2767.8 2745.9 48.9 97.6 

125.10 6867.1 6877.5 6872.3 122.3 97.7 

125.10 6754.1 6813.2 6783.7 120.7 96.5 

125.10 6769.2 6795.5 6782.4 120.7 96.5 

250.20 13638.5 13559.5 13599.0 242.0 96.7 

250.20 14082.4 14039.9 14061.2 250.2 100.0 

250.20 13984.1 13991.0 13987.6 248.9 99.5 

 Mean 97.59 

 SD 1.26 

 %RSD 1.29 
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The average recovery of caffeine was calculated as 97.59% with an acceptable %RSD of 1.29%.  

The mean% was slightly lower than the acceptable criterion of 98 – 102%, but the precision was 

still satisfactory. 

A.10.2 Inter-day precision 

A.10.2.1 Procedure for inter-day precision testing 

A standard solution (250 µg/ml) and three sample solutions (125 µg/ml) were prepared..  Volumes 

of 2.5, 5.0, 10.0, 15.0 and 20.0 µl of the standard solution were injected in duplicate to obtain a 

calibration curve.  Precision was determined by conducting a HPLC analysis on three different 

samples prepared over three consecutive days (n = 9). 

A.10.2.2 Acceptance criteria 

The acceptance criterion for inter-day repeatability is given by the USP as a %RSD ≤ 5. 

A.10.2.3 Results 

The results for inter-day repeatability for caffeine over three consecutive days are listed in 

Table A.6. 

Table A.6: Percentage recovery (%) for the inter-day repeatability of caffeine 

 Day 1 Day 2 Day 3 
Between 

days 

 97.7 99.4 98.9  

 96.5 99.0 100.0  

 96.5 100.0 99.4  

     

Mean 96.90 99.47 99.44 98.60 

SD 0.60 0.43 0.43 1.21 

%RSD 0.62 0.44 0.43 1.22 

 

The inter-day and the intra-day variance were not significantly different.  The %RSD of caffeine 

was calculated as 1.22%.  The repeatability was therefore within acceptable limits, and the assay 

should perform well, even when executed by other personnel in a different laboratory. 

A.11 RUGGEDNESS 

A.11.1 Stability of sample solutions 

A.11.1.1 Procedure for stability testing 

A standard sample (250 µg/ml) was prepared as described in Section A.4.  The standard sample 

was injected on hourly intervals over a period of 24 h to determine the sample stability.  The pump 
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of the HPLC system was programmed to reduce the flow rate to 0.1 µl/min after the elution of the 

peak and reset to 1 ml/ml 5 min before the next sample injection. 

A.11.1.2 Acceptance criteria 

Sample solutions should not be used for a period longer than it takes to degrade by 2%, and in 

this case special precautions should be followed to compensate for the degradation. 

A.11.1.3 Results 

The results for the sample stability of caffeine are shown in Table A.7. 

Table A.7: Sample stability parameters of caffeine 

Time (h) Peak Area %Recovery 

0 13960.0 100.0 

1 13932.1 99.8 

2 13757.4 98.5 

3 13977.2 100.1 

4 14060.0 100.7 

5 14043.4 100.6 

6 14150.0 101.4 

7 14089.0 100.9 

8 13962.0 100.0 

9 14038.3 100.6 

10 14012.0 100.4 

11 13959.0 100.0 

12 14007.4 100.3 

13 13998.0 100.3 

14 13859.1 99.3 

15 13882.0 99.4 

16 14023.3 100.5 

17 14012.0 100.4 

18 14062.4 100.7 

19 13833.0 99.1 

20 13866.4 99.3 

21 13885.0 99.5 

22 13852.1 99.2 

23 13835.0 99.1 

24 13896.2 99.5 

Mean 13958.1 100.0 

SD 93.72 0.67 

%RSD 0.67 0.67 
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The caffeine sample solution is stable over a period of 24 h with only a 0.67% variation in 

concentration.  Samples are sufficiently stable to be analysed over a 24 h period. 

A.11.2 System repeatability 

A.11.2.1 Procedure for system repeatability testing 

A standard solution (250 µg/ml) was prepared as described in Section A.4 and injected six times 

to evaluate the repeatability of the HPLC method.  This procedure was performed on the same 

day and under the same conditions. 

A.11.2.2 Acceptance criteria 

The peak area and retention times should have a %RSD ≤ 2. 

A.11.2.3 Results 

The system repeatability for caffeine is given in Table A.8 

Table A.8: System repeatability for the retention time and peak area of caffeine 

 Peak area 
Retention time 

(min) 

 14089.0 5.804 

 13962.0 5.852 

 14038.3 5.836 

 14012.0 5.839 

 13959.0 5.835 

 14007.4 5.856 

   

Mean 14011 5.837 

SD 44.62 0.017 

%RSD 0.32 0.287 

 

System performance proved well within the acceptable range with %RSD values of 0.32 for peak 

area and 0.287% for retention time. 

A.12 ROBUSTNESS 

Deliberate changes were made to the flow rate, injection volume, wavelength and mobile phase 

composition to determine the influence of such changes on the chromatographic results. 
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A.12.1 Results 

The following changes in the chromatographic operating parameters were found to be acceptable: 

Column: Luna C18 (2) column (4.6 x 150 mm) with a 5 µm particle size (Phenomenex®, 

United States of America) and a Venusil XBP C18 (2) column (4.6 x 150 mm) with a 5 µm particle 

size were found to be suitable. 

Mobile phase: Concentrations of 13 – 17% acetonitrile were still suitable in spite of differences 

in retention time.  It was found that caffeine was very sensitive to organic content, which must be 

carefully controlled to obtain reproducible retention times. 

Flow rate: 0.8 – 1.2 ml/min 

Wavelength: The wavelength could be altered by ± 3 nm without any ill effect. 

Environment: The analysis was performed by two different analysts on day 2 and day 3 of the 

inter-day precision experiment on two different instruments (Agilent® 1100 Series HPLC system 

with diode array detection and Agilent® 1200 Series HPLC system with variable wavelength UV 

detection).  The intra-day variation was only 1.22%. 

The method was able to tolerate small changes in the chromatographic conditions and should 

perform well under normal use. 

A.13 SYSTEM SUITABILITY 

The tests were based on the concept that the equipment, electronics, analytical operations and 

samples to be analysed constituted an integral system that can be evaluated as such.  System 

suitability test parameters to be established for a particular procedure depend on the type of 

procedure being validated (ICH, 2005:13).  An extended performance report was generated on 

the standard solution, taking care that only the relevant peaks were integrated. 

A.13.1 Procedure to calculate system suitability parameters 

A standard solution was injected in triplicate.  The %RSD of the peak areas obtained was 

calculated.  The number of theoretical plates was calculated for the caffeine peak.  The tangent 

method was used to calculate the parameters.  The performance results obtained were examined. 
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A.13.2 Acceptance criteria 

To achieve successful analysis, realistic performance characteristics should be met.  The %RSD 

of three injections should not be more than 2%.  The column should have more than 

7 500 theoretical plates for caffeine (75% of validation value) (USP, 2005). 

A.13.3 Results 

Chromatographic performance parameters: 

 Retention time (min): 5.804 

 Number of theoretical plates (N) plates/column (tangent method): 10 412 

 USP Tailing factor (T): 1.046 

 Capacity factor (k’): 2.424 

The system was therefore suitable to perform the analysis. 

A.14 UNCERTAINTY OF MEASUREMENT 

The procedures described in SOP-17-003 were followed to determine the uncertainty of 

measurement empirically as well as from validation data.  A value for uncertainty of measurement 

was set to include on reports done with this method. 

Empirical calculation: 

 Weighing of standard: (0.010 mg/25 mg) x 100 = 0.04% 

 100 ml flask: (0.080 ml/100 ml) x 100 = 0.08% 

 5 ml pipette: (0.015 ml/5 ml) x 100 x 3 = 0.90% 

 50 ml volumetric flask: (0.050 ml/50 ml) x 100 x 3 = 0.30% 

 Injection inaccuracy (repeatability): = 0.32% 

Total uncertainty: 1.64% 

From validation data: 

Recovery = 100.3%, therefore 100 - 100.3 = 0.3% 

Intra-day and inter-day precision (1.29 + 1.22)/2 = 1.255% 

Total uncertainty = 0.3 + 1.255 = 1.56% 
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A.15 FINAL CONCLUSION 

The method performed well and should be suitable to analyse caffeine in diffusion samples as 

well as stability testing, quality control and batch release purposes.  No interference was 

encountered from stressed samples or known related substances, and the method can therefore 

be regarded as being stability-indicating. 
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B.1 INTRODUCTION 

The concept of “cosmeceutics” was introduced by Albert Kligman more than 20 years ago.  To 

date, cosmeceutical products are a hot topic on an international scale.  The literature on this 

scientific field has expanded rapidly and is presented in a great variety of ways which are 

determined by special interests (Kligman, 2000:2). 

The Food, Drug and Cosmetic (FDC) act defines an API as an article intended for use in the 

diagnosis, mitigation, treatment or prevention of a disease or is intended to affect the structure or 

any function of the body.  On the other hand, the FDC act describes a cosmetic as an article 

intended to be rubbed, poured sprinkled, or sprayed on, introduced into or otherwise applied to 

the body or any other part in order to cleanse, beautify, promote attractiveness, or alter the 

appearance without affecting structure or function.  Therefore, it is evident that a cosmetic should 

not have activity (Vermeer, 2000:9). 

Vermeer (2000:10) describes a cosmeceutical as a product with an activity which is intended to 

treat or prevent a mild skin abnormality.  A cosmeceutical product is therefore regarded as a 

subclass within the domain of a cosmetic and a pharmaceutically active ingredient (drug).  

According to Vermeer (2000:11) cosmeceuticals are characterised as follows: 

 The product has pharmaceutical activity and could be used on normal or near-normal skin; 

 it has a defined benefit for minor skin disorders (cosmetic indication); and 

 mild skin disorders could be treated with a cosmeceutical product if it has a very low-risk 

profile. 

Kligman (2000:4) justifies the fusion term by describing cosmeceuticals as intermediate, broad-

spectrum range of substances that consist of both pharmaceuticals and cosmetics. 

During the formulation of cosmetic products, pharmaceutically active ingredients are combined 

with several other compounds, which give its physical form and may ultimately control the delivery 

APPENDIX B 

FORMULATION OF A COSMECEUTICAL CREAM AND GEL 

FOR TRANSDERMAL DELIVERY AND THE IMPLEMENTATION 

OF THE FORMULATING FOR EFFICACY™ SOFTWARE 
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of the active ingredient (Magdassi & Touitou, 1999:1).  The cosmetic industry is constantly 

seeking for new, effective products which may combine both proven biological activity and the 

development of an efficient delivery system (Magdassi & Touitou, 1999:1). 

The FFE™ program was used in this study to calculate the optimal composition of the oil phase of 

a formulation for caffeine (active ingredient) at a given concentration, so that this concentration 

would be near the maximum solubility which optimised the clinical efficacy of the active ingredient 

(Wiechers, 2011). 

The SDG developed by Professor Johan Wiechers is a novel theory and is described as the ratio 

between the required concentration of an active ingredient and the actual concentration which 

can be delivered from the selected formulation.  The SDG was therefore incorporated into the 

FFE™ program as a new feature to calculate the ratio mentioned above. 

B.2 THE FORMULATION OF COSMECEUTICAL PRODUCTS 

B.2.1 Pre-formulation 

Preformulation involves the studies which have been conducted prior to the commencement of 

formulation development (Walters & Brain, 2009:491).  The main objective of the preformulation 

process is to allow the rational development of a stable, safe and efficacious dosage form.  The 

preformulation process is primarily concerned with the characterisation of the physicochemical 

properties of the active ingredient (Walters & Brain, 2009:491).  According to Allen et al. (2005:42) 

the following factors of the active ingredient should be considered: 

 solubility 

 partition coefficient 

 dissolution rate 

 physical form (such as crystals or amorphous form and particle size) 

 physical and chemical stability 

During the preformulation process, the final route of active ingredient administration, as well as 

the final dosage form, is ultimately chosen (Walters & Brain, 2009:491). 

From a rather pharmaceutical point of view, Surber & Smith (2000:8) listed certain criteria which 

should be taken into account during preformulation: 

 the stability of the active ingredient 

 the stability of the adjuvant ingredients in the formulation 
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 rheological properties such as consistency and extrudability 

 water loss and loss of other volatile components 

 phase changes such as homogeneity or phase separation 

 particle size and particle size distribution of the dispersed phase 

 pH, 

 sterility and microbial contamination 

 the enhanced or controlled release of the active ingredient from its dosage form 

During the preformulation stage, formulations were developed through trial-and-error approach, 

where different formulations were tried and tested.  Existing formulations were used for the 

caffeine gel formulation and changed as necessary.  For the cream formulation, the FFE™ 

program was utilised to choose the most appropriate formulations.  After examining the different 

formulations by microscope photos to rule out crystallisation and observing the feel and colour of 

the formulation, the final formulations were determined.  The formulations were then 

manufactured in bulk for membrane and diffusion studies. 

B.2.2 The formulation of a cream 

Winfield (1998:150) described a cream as semisolid emulsions for external application.  Known 

as the most common emulsion used in dermatological therapy, creams are two-phase 

preparations of which one phase (the dispersed or internal phase) is finely dispersed in the other 

(the continuous or external phase) (Walters & Brain, 2009:503). 

B.2.2.1 The purpose and function of a cream 

Creams are semisolid emulsions, where the dispersed phase can be either hydrophobic based 

(oil-in-water or o/w creams) or aqueous based (water-in-oil or w/o creams).  The two immiscible 

phases are homogeneously dispersed within one another using the appropriate stabilising agent 

(such as surfactants or polymers) where the interfaces between the two phases are stabilised 

(Walters & Brain, 2009:503).  According to Magdassi & Touitou (1999:1) the traditional 

o/w emulsion is by far the most conventional and widely used cosmetic delivery system.  Most 

creams and lotions on the market are emulsions. 

Creams are susceptible to microbial contamination due to their water content.  To overcome this 

problem, preservatives are usually included into the formulation or are given a short shelf life 

(Winfield, 1998:177).  Patients mostly prefer an o/w cream to an ointment, since creams spread 
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more readily, are less greasy and the evaporating water soothes inflamed tissue (Barry, 

2007:594). 

According to Mitsui (1997:342), the primary functions of a cream are to maintain the moisture 

balance and to keep skin moist and supple through the constant supply of water, humectants and 

oils. 

O/w creams (also known as “vanishing creams”) are rubbed into the skin where the continuous 

phase evaporates and increases the concentration of a water soluble API.  Therefore, the 

concentration gradient for the API across the stratum corneum increases, which promotes 

percutaneous absorption (Barry, 2007:594).  According to Barry (1983:313) o/w emulsions are 

most useful as water-washable bases, whereas w/o emulsions provide emolliency and a 

cleansing activity. 

B.2.2.2 Main ingredients used to manufacture a cream 

According to Mitsui (1997:342) the main ingredients of a cream include oily or lipophilic 

ingredients, aqueous or hydrophilic ingredients, surfactants, preservatives, chelating agents, 

perfumes and pharmaceutical agents.  In most cases for o/w emulsions, and all cases for w/o 

emulsions, it is essential to select a surfactant-based emulsification system.  Surfactants can be 

classified into three groups, namely: non-ionic (sorbitan esters, polysorbates or glycerol esters), 

anoinic (sodium dodecyl sulfate) and cationic (benzalkonium chloride or cetrimide) (Walters & 

Brain, 2009:498).  Ionic surfactants are used only for o/w emulsions, whereas nonionic surfactants 

can be used for both w/o- and o/w emulsions (Walters & Brain, 2009:504).  The most frequently 

used surfactant systems include sodium alkyl sulfates (anionic), alkylammonium halides (cationic) 

and polyoxyethylene alkyl ethers or polysorbates (nonionic) (Walters & Brain, 2009:503). 

For o/w emulsions, mainly hydrophilic or ionic surfactants are used.  The oily ingredients used for 

such emulsions are usually non-polar, but in rare cases, slightly polar oily ingredients were 

utilised.  In the case of w/o emulsions, lipophilic surfactants are used.  In the case where a cream 

with an oily nature is desired, a w/o emulsion is used.  When a cream with a light feeling is desired, 

an o/w emulsion is utilised (Mitsui, 1997:343). 

The most frequently used ingredients as lipophilic ingredients include mineral oil, cetyl alcohol, 

stearyl alcohol and stearic acid (Walters & Brain, 2009:498). 

B.2.2.3 Universal method for manufacturing a cream 

According to Mitsui (1997:343), the general method used to manufacture a cream is as follows: 

1) The hydrophilic ingredients and humectants are added to the purified water and this is 

heated to 70 °C.  This represents the water phase. 
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2) The oil phase is prepared by mixing the solid oils, semi-solid oils, liquid oils, preservatives 

and antioxidants.  The mixture is also heated to 70 °C while stirring continuously. 

3) The perfume is stirred into the oil phase just before the initiation of the emulsification 

process. 

4) Subsequently, the oil phase is slowly stirred into the water phase to carry out the 

preliminary emulsification. 

5) The mixture is processed by using an emulsification apparatus to unite the emulsion 

particles, where it is then de-aired, filtered, and cooled to room temperature. 

6) It is then transferred to a storage tank and ultimately put into containers. 

This is the general method of manufacturing an o/w emulsion type cream.  In the case of a 

w/o type cream, the water phase is gradually added to the oil phase to carry out the preliminary 

emulsification.  The process from here on is the same as that for the o/w type (Mitsui, 1997:344). 

B.2.2.4 The formulation of a cream containing caffeine as the active ingredient 

B.2.2.4.1 Formula of caffeine cream 

The final formulae for the two caffeine creams are given in Table B.1. 

Table B.1: Formulae of the caffeine creams 

Ingredients 
%m/m 

Function 
Cream 1 Cream 2 

A 

Sorbitan stearate/sucrose cocoate 5% 5% Emulsifier 

Glycerylstearate 2% 2% Co-emulsifier 

Dimethyl isosorbide 5% 10% Solvent 

Caprylic/capric triglyceride 5% 5% Emollient 

PEG 400 10% 10% Co-solvent 

Glycerine 9% 4% Emollient 

B 

Magnesium aluminum silicate 0.5% 0.5% Thickening agent 

Methyl paraben 0.2% 0.2% Preservative 

Propyl paraben 0.1% 0.1% Preservative 

Caffeine 1% 1% Active ingredient 

Distilled water To 100% To 100% solvent 
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B.2.2.4.2 Procedure for the preparation of caffeine cream 

Phase A is known as the oil phase where phase B is the water phase, respectively.  For phase B, 

approximately 70 ml distilled water is heated to 45 °C.  The magnesium aluminium silicate is 

weighed and added to the heated water.  The mixture is stirred for 45 min at 600 rpm using a 

mechanical stirrer while the temperature is maintained at 45 °C.  Meanwhile, phase A is prepared.  

The sorbitan stearate/sucrose cocoate and glyceryl stearate are weighed and melted together in 

a separate vessel.  Thereafter the dimethyl isosorbide, caprylic/capric triglyceride, PEG 400 and 

glycerine are weighed and added to the mixture of emulsifiers.  Whilst maintaining the 

temperature at 45 °C, phase A is mixed well until dissolved.  In order to finalise phase B, the 

caffeine, methyl paraben and propyl paraben are weighed and added slowly to the magnesium 

aluminium silicate/water mixture, where it is then stirred until dissolved.  Subsequently, phase B 

is removed from the heat.  Immediately, phase A is slowly added to phase B, while stirring 

continuously until cooled to room temperature.  When it has reached room temperature, the 

mixture thickens and is homogenised for approximately 10 min.  The pH of the final cream is 

adjusted to 7.4 by adding a sufficient amount of 2 M NaOH or undiluted acetic acid. 

B.2.2.4.3 Results 

Both creams 1 and 2 applied easily and was not too oily.  They had a homogenous off-white 

colour with no odour. 

B.2.3 Formulation of a gel 

According to Barry (2007:593) a gel is a two-compartment semi-solid system, rich in liquid and 

has a characteristic feature: the presence of a continuous structure which provides solid-like 

properties.  In a polar gel, a natural or synthetic polymer at a relatively low concentration builds a 

three-dimensional matrix throughout a hydrophilic liquid.  The gel may have a clear or turbid 

appearance, because the gelling agent does not fully dissolve or because it forms aggregates 

which disperse the light (Barry, 1983:300). 

B.2.3.1 The purpose and function of a gel 

Gels are usually transparent or translucent and have a variety of uses.  Many patients prefer this 

formulation because it is non-greasy (Winfield, 1998:178).  According to Mitsui (1997:351) a gel 

is a type of base which yields a uniform external appearance.  Aqueous gels are used in the 

summer months due to their special feature of providing a moist and light feeling to the skin.  

Other types of hydrophilic gels have additional functions which include stimulation of the 

circulation, skin cleansing and the treatment of skin conditions.  Hydrophilic gels contain a larger 

amount of moisture and are used as a base material for moisturising and cooling effects and may 

even serve as the base of cleansers to remove make-up.  Oil-based gels supply oil to the skin 
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and, because of their moisturising properties, they are used especially during winter months to 

treat dry skin (Mitsui, 1997:351). 

B.2.3.2 Main ingredients used to manufacture a gel 

The main ingredients used to formulate a gel include the gel base, humectants, surfactants, 

preservatives, pharmaceutical agents, colouring agents and perfumes (Mitsui, 1997:351).  

According to Barry (1983:300) the most frequently used polymers include the natural gums 

tragacanth, carrageenan, pectin, agar, and alginic acid; semi-synthetic materials such as 

methylcellulose, hydroxyethylcellulose, hydroxypropyl methylcellulose and carboxymethyl-

cellulose; and the synthetic polymer carbopol (carbomer).  Certain clays including bentonite 

(colloidal hydrated aluminium silicate), veegum (colloidal magnesium aluminium silicate) and 

laponite (a synthetic hectorite) can also be used (Barry, 1983:300).  Provided that the API does 

not bind to the polymer or clay used as thickening agents, such gels may release medicaments 

optimally; the pores allow relatively free diffusion of the molecules that are not too large (Barry, 

2007:593). 

B.2.3.3 Universal method for manufacturing a gel 

During the formulation of a gel, the design should be based on a very broad understanding of the 

ingredients, considering factors including stability, safety, preservation and ease of use (Mitsui, 

1997:352).  In general, gels have high viscosities and it is essential to select the right equipment 

for making them, keeping this feature in mind.  Mixing equipment should be capable of uniform 

mixing and equipment should be available which is able to remove air bubbles and is suited for 

the transportation, filtering and cooling of high viscosity substances.  Transparency is important 

in a gel; therefore extra attention should be paid to the dissolution and uniformity of the raw 

materials used (Mitsui, 1997:353). 

B.2.3.4 The formulation of a gel containing caffeine as active ingredient 

B.2.3.4.1 Formula of caffeine gel 

The final formula of the caffeine gel is given in Table B.2. 
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Table B.2: Formula of caffeine gel 

Ingredients %m/m Function 

Caffeine 1% Active ingredient 

C10-30 alkyl acrylate crosspolymer 1% Thickening agent 

Glycerine 40% Co-solvent and emollient 

Propylene glycol 7.5% Solvent 

Ethanol 9.3% Co-solvent and preservative 

Triethanolamine 1% Neutraliser 

Distilled water To 100% Solvent 

 

B.2.3.4.2 Procedure for the preparation of the caffeine gel 

Approximately 40 ml distilled water was heated to 40 °C.  The C10-30 alkyl acrylate crosspolymer 

was weighed and sprinkled onto the surface of the heated water and allowed to completely “wet 

out” (5 – 6 min).  The mixture was then slowly stirred for 10 min using a mechanical stirrer.  

Meanwhile, the glycerine and propylene glycol were weighed and then slowly added to the 

polymer mixture.  The ethanol and caffeine is then weighed and mixed together in a separate 

vessel until the caffeine had dissolved.  Subsequently, the caffeine/ethanol mixture was slowly 

added to the mixture containing the polymer and stirred for 30 min.  In order to thicken and form 

a gel, the triethanolamine is weighed and slowly added to the mixture and then stirred for  

15 – 20 min.  The final preparation was left overnight.  The gel contained undesired air bubbles 

which were removed by placing the gel in a vacuum oven until the gel was clear. 

B.2.3.4.3 Results 

The gel had a clear, colourless and viscous appearance, applied easily and was not too oily. 

B.2.4 Preservation of cosmeceutical products 

According to Barry (2007:596) topical bases usually contain aqueous and oil phases, both with 

carbohydrates and proteins which are prone to both bacterial and fungal contamination.  Microbial 

growth may decay the formulation, which is a potential toxic hazard as well as a source of infection 

(Barry, 2007:596).  Microbial contamination is classified into two types, namely: primary 

contamination and secondary contamination.  Primary contamination occurs during production, 

where secondary contamination arises during the usage of the product by the consumer (Mitsui, 

1997:200). 

Cosmeceutical products usually contain ingredients such as glycerine and sorbitol which provide 

a good source of carbon for micro-organisms.  Other substances such as amino acid derivates 

and proteins also occur in cosmeceutical products, which provide a source of nitrogen.  It is 
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evident that cosmeceuticals are easily affected by contamination which is caused by fungi, 

bacteria and other micro-organisms.  In order to provide long-term protection against microbial 

contamination and prevent product deterioration, it is therefore essential to include preservatives 

in cosmeceuticals.  The most commonly used preservatives in cosmeceutical products are para-

oxybenzoates, which are better known as parabens (Mitsui, 1997:201). 

According to Mitsui (1997:202) preservatives should have the following characteristics: 

 Efficacy against many species of microorganisms; 

 optimal solubility in commonly used solvents and cosmetic ingredients; 

 high safety profile; 

 non-irritant; 

 neutral with no effect on product pH; 

 no reduction of the effectiveness of the active ingredient; 

 no adverse effects on product appearance; 

 stability over wide temperature and pH range; 

 readily available with a stable supply; and 

 cost-effective and economical to use. 

During this study methyl paraben and propyl paraben were used as preservatives.  Since both 

methyl paraben and propyl paraben are effective anti-bacterial and anti-fungal agents, it is 

commonly utilised as preservatives in foods, beverages, cosmetics and pharmaceuticals (Walters 

& Brain, 2009:511).  The combination of the abovementioned parabens produces a synergistic 

effect (Knowlton & Pearce, 1993:452). 

B.2.5 Raw materials used during the formulation 

The following materials were used during this study: 

 Anhydrous caffeine obtained from Sigma-Aldrich, Inc., United States of America.  Batch 

number: 026K1630 

 Propylene glycol obtained from Merck Laboratory Supplies, South Africa.  Batch number: 

1033058 

 Triethanolamine obtained from Merck Laboratory Supplies, South Africa.  Batch number: 

1031472 
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 Polyethylene glycol 400 (PEG 400) obtained from Merck Laboratory Supplies, South 

Africa.  Batch number: 1027497 

 Methyl paraben obtained from Merck Laboratory Supplies, South Africa. 

 Propyl paraben obtained from Merck Laboratory Supplies, South Africa.  Batch number: 

GR0A032949 

 Ethanol obtained from Rochelle Chemicals, South Africa.  Batch number: 230811EX 

 Carbopol Ultrez® 20 (C10-30 alkyl acrylate crosspolymer) obtained from Lubrizol, South 

Africa.  Batch number: E08X221211 

 Veegum® HV (magnesium aluminum silicate) obtained from R.T. Vanderbilt Inc., South 

Africa.  Batch number: 2007173783 

 Glycerol obtained from Sigma-Aldrich, United States of America.  Batch number: 

110K0271 

 Arlacel™ 2121 (sorbitan stearate/sucrose cocoate) obtained from Croda, South Africa.  

Batch number: 540013 

 Cithrol™ GMS 40 (glycerylstearate) obtained from Croda, South Africa.  Batch number: 

22438 

 Arlasove™ DMI (dimethyl isosorbide) obtained from Croda, South Africa.  Batch number: 

665495 

 Crodamol™ GTCC (caprylic/capric triglyceride) obtained from Croda, South Africa.  Batch 

number: 22672 

B.3 THE IMPLEMENTATION OF THE FORMULATING FOR EFFICACY SOFTWARE FOR 

THE TRANSDERMAL DELIVERY OF CAFFEINE 

According to Wiechers (2011) the key function of the FFE™ program (Abbott & Wiechers, 2011) 

is to calculate an optimal oil phase compilation of the formulation for a given API at a certain 

concentration in order to ultimately enhance the clinical efficacy of the API.  The FFE™ software 

comprises three important elements, namely: 

 the ingredient components of the formulation phase in which the active ingredient is 

situated; 

 the active ingredients; and 

 the formulation that one wishes to make which contains the selected active(s) in 

combination with the desired ingredients (Wiechers, 2011). 
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B.3.1 The active ingredient 

The percentage of active ingredient required overall is known as the total concentration of active 

ingredient in the whole formulation (Wiechers, 2011).  For the purpose of this study, the 

percentage API required overall for caffeine is 1% (w/w). 

B.3.2 Procedure of the selection of oil phase ingredients 

According to Wiechers (2011) most cosmetic emulsions contain an oil phase of between 10 and 

25% or more, typically between 15 and 20%.  The oil phase is known as the amount of all the 

solubilising oils, which include the amount of active ingredient dissolved in the oil phase.  It should 

be kept in mind that emulsifiers and thickeners should not be included (Wiechers, 2011). 

B.3.3 The formulation function 

B.3.3.1 Hansen solubility parameters (HSPs) and the visualisation of the 3-D Hansen space 

Based on the HSPs, the FFE™ program uses these parameters to ultimately optimise skin delivery 

of APIs from formulations (Wiechers, 2011).  The solubility parameter is regarded as a vector with 

the following components: 

 The energy from dispersion bonds between molecules (δd); 

 the energy from hydrogen bonds between molecules (δh); and 

 the energy from dipolar intermolecular force between molecules (δp) (Wiechers, 2011). 

According to Wiechers (2011) the Hansen space is seen as the three dimensional (3-D) 

representation of δd, δp and δh.  The HSPs of the skin are given as 17, 8 and 8, respectively (see 

Table B.3).  The positions of the HSPs of the skin, API and the formulation are expressed by 

spheres in their corresponding positions in the Hansen space.  The three parameters are 

presented as co-ordinates for a point in the Hansen space (Wiechers, 2011).  The HSP values of 

the skin, caffeine and the three formulations used for this study are shown in Table B.3. 
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Table B.3: The HSPs of the skin, caffeine and the three formulations obtained from the FFE™ 

program 

 δd δp δh 

Skin 17.0 8.0 8.0 

Caffeine 19.4 23.1 11.9 

Gel formulation 16.1 11.1 22.2 

Cream 1 formulation 16.6 8.1 12.4 

Cream 2 formulation 16.7 7.3 9.6 

 

According to Wiechers (2011) extremely lipophilic APIs are likely to have smaller HSP values 

(such as 16, 2 and 2), whereas hydrophilic APIs have HSP values (for example 20; 10 and 15), 

compared to those of the skin.  As seen in Table B.3, it is evident that the Gel formulation is more 

polar than the skin, where Cream 1 has the closest polarity to that of the skin and Cream 2 

appears to be more lipophilic (less polar) than the skin.. 

B.3.3.2 Active formulation gap (AFG) 

The AFG is the ‘distance’ between the API and the combination of the selected ingredients in the 

formulation.  This gap is shown as a line between the two specific spheres in the Hansen Space.  

Therefore, the shorter the line between these two spheres, the higher the solubility of the API in 

the formulation (Wiechers, 2011). 

B.3.3.3 Skin formulation gap (SFG) 

Wiechers (2011) describes the SFG as the distance between the skin and the formulation as a 

whole.  The SFG is represented by the line between the two particular spheres in the Hansen 

Space (see Figure B.1).  In order to achieve optimal delivery of an API into the skin, the SFG of 

a formulation should be smaller than the AFG.  When the SFG is greater than the AFG, little or 

no delivery of the API into the skin is expected (Wiechers, 2011).  When optimising skin delivery 

towards the skin (see Section 2.10.3), the SFG is decreased and the spheres of the skin and the 

formulation are brought as closely together as possible (Wiechers, 2011).  Figure B.1 illustrates 

the Hansen Spaces of the three formulations used in this study obtained from the FFE™ program. 
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Figure B.1: A graphical illustration of the 3D Hansen Space for the three formulations.  a) The 

gel; b) Cream 1; and c) Cream 2.  Three major points (the skin, the formulation, and the active) 

are plotted; the yellow sphere represents the position of caffeine, the green sphere the skin and 

the red the position of the chosen formulation 

The values for the AFG and SFG of each formulation obtained from the FFE™ program are shown 

in Table B.4. 

Table B.4: The AFG and SFG values of the three formulations obtained from the FFE™ 

program 

Formulation AFG SFG AFG/SFG 

Gel 17.1 9.9 1.7 

Cream 1 16.0 11.2 1.4 

Cream 2 16.8 4.5 3.7 

 

As seen in Table B.4, it is evident that Cream 1 produced the greatest SFG, followed by the Gel 

and Cream 2 with the smallest SFG value.  This indicates that the HSPs of the formulation 

(ingredients) in Cream 2 are closest to that of the skin, which suggests that Cream 2 has the 

highest partitioning into the skin.  It is evident that Cream 2 is less polar than the skin, whereas 

the Gel is more polar and Cream 1 has a polarity similar to that of the skin.  Cream 2 shows the 

smallest SFG value, followed by the Gel and Cream 1 with the largest SFG value.  This suggests 

that Cream 2 will deliver caffeine the best.  In all three formulations, it is clear that SFG < AFG, 

which indicates optimal delivery. 

  

 
 

a b c 
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B.4 CONCLUSION 

The two creams manufactured during this study applied easily and they were not too oily.  Both 

had a homogenous off-white colour with no odour.  The gel had a clear, colourless and viscous 

appearance, applied easily and was not too oily or sticky.  The formulations contained no crystals 

and only minor problems were encountered during the preformulation process regarding the 

choice of emulsifier and oil phase as well as the concentration of active ingredient. 

Each of the formulations was incorporated into the FFE™ program to determine whether the three 

formulations would achieve optimal API delivery into the skin.  When the HSPs of each formulation 

were compared to that of the skin, it appeared that the HSPs of Cream 1 (which had a polarity 

similar to that of the SC) were closest to the skin, followed by Cream 2 (less polar than the SC) 

and lastly the Gel formulation (more polar or hydrophilic than the SC) (as seen in Table B.3).  The 

AFG and SFG values of each formulation were determined by the FFE™ program and it was found 

that the SFG was smaller than the AFG for all three formulations.  This indicated that optimal 

delivery of caffeine into the skin was expected for Cream 1, Cream 2 and the Gel (seen in 

Table B.4).  Cream 2 produced the smallest SFG value, which indicated that Cream 2 should 

deliver caffeine the best into the skin. 
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C.1 INTRODUCTION 

Transdermal delivery offers several advantages over conventional methods of API therapy (such 

as oral or parental), including the avoidance of first-pass metabolism effect for APIs, convenience, 

improved patient compliance and sustained delivery of APIs in order to provide a steady plasma 

profile (Naik et al., 2000:319; Thomas & Finnin, 2004:697).  However, this route is limited because 

of the very effective barrier function of the skin (Steele, 2009:224).  Advances in transdermal API 

delivery, which was focused on overcoming problems associated with the barrier properties of the 

skin, have been incremental (Thomas & Finnin, 2004:367). 

Percutaneous absorption is determined by in vitro methods using excised human/animal skin to 

imitate living skin in vivo (Venter, 2001:169).  The use of Franz cell diffusion studies remains a 

very popular method utilised worldwide, to determine the skin diffusion of transdermal delivery 

systems and plays an important role in the optimisation of active ingredient and formulation design 

in dermal and transdermal delivery (Leveque, 2004:323).  In vitro Franz cell diffusion studies were 

performed to assess the release of caffeine from semi-solid formulations as well as the 

concentration absorbed through and into the skin.  The skin samples were obtained from female 

Caucasian patients who had undergone abdominal plastic surgery with the consent of the surgeon 

and patient.  In the Franz cell diffusion studies the receptor medium was placed into the receptor 

compartment of the Franz cell.  Synthetic membranes were used for the membrane release 

studies, where dermatomed human skin with a thickness of 400 µm was utilised for the 

transdermal diffusion studies.  The membrane or skin sample was placed between the receptor 

phase and the donor phase.  Subsequently, the formulations (semi-solid dosage form) were 

applied onto the membrane or skin in the donor compartment.  During this research study, 

caffeine was incorporated into three different formulations (a gel and two creams) and the skin 

diffusion studies served as a determination of any differences in the absorption or penetration 

concentrations of caffeine from the different formulations into the skin. 

  

APPENDIX C 

FRANZ CELL DIFFUSION STUDIES AND THE 

IMPLEMENTATION OF THE DELIVERY GAP THEORY 
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C.2 METHODS 

C.2.1 Determination of the concentration of caffeine 

The determination of the concentration of caffeine in the receptor phase, epidermis-dermis (ED) 

and stratum corneum-epidermis (SCE) samples was performed with a HPLC.  A HPLC method 

was validated for the analysis of this study (see Appendix A).  The concentration analysis was 

performed in a controlled laboratory environment and the temperature was regulated at 25 °C in 

the Analytical Technology Laboratory, North West University, Potchefstroom Campus, South 

Africa. 

The samples gathered from the receptor compartments during the Franz cell diffusion studies 

were analysed utilising an Agilent® 1200 Series HPLC system (Agilent® Technologies, United 

States of America) equipped with an Agilent® 1200 pump, autosampling injection mechanism, 

diode array detector, vacuum degasser and Chemstation Rev. A.10.03 data acquisition and 

analysis software.  High performance silica based Phenomenex® (Phenomenex®, United States 

of America) Luna C18 (2) column (4.6 x 150 mm) with a 5 µm particle size was used.  The mobile 

phase comprises 15% acetonitrile and 1% acetic acid in water.  The operating flow rate was 

1.0 ml/min and the injection volume was 20 µl.  The UV-detector was set at 275 nm for the 

detection of caffeine.  The retention time of caffeine was 5.8 min, and the total runtime was 8.0 min 

(see Appendix A for the full description of the analytical method used). 

  

Figure C.1: Agilent® 1200 Series HPLC with its C18 (2) column 

The solvent used was phosphate buffer solutions (PBS) at pH 7.4.  The PBS (pH 7.4) was 

prepared by accurately weighing and dissolving potassium dihydrogen orthophosphate (10.577 g) 

and potassium hydroxide (2.446 g) in 1000 ml HPLC water.  The pH of the PBS was adjusted to 



 

126 
 

7.4 by 10% orthophosphoric acid or 10% sodium hydroxide.  It was finally filtered through a 

0.45 µm Millipore® filter and degassed with the use of an ultrasonic bath.  The Agilent® 1200 

Series HPLC and the column used are shown in Figure C.1. 

C.2.2 Determination of the physicochemical properties of caffeine 

C.2.2.1 Method for determining the solubility of caffeine 

The solubility of caffeine was determined in both water and PBS (pH 7.4) by preparing saturated 

solutions (100 mg caffeine) in the respective solvents.  The solutions were stirred with a shaking 

device in a water bath at 32 °C for 24 h.  Subsequently, the solutions were filtered, diluted with 

methanol and injected into the HPLC in order to determine the concentration of caffeine in each 

solution.  This experiment was performed in triplicate. 

C.2.2.2 Method for determining the distribution coefficient of caffeine 

Pre-saturated n-octanol and PBS (pH 7.4) were prepared by vigorously stirring equal amounts of 

each for 24 h, after which the two phases were separated.  Caffeine (25 mg) was dissolved in 

pre-saturated n-octanol (50 ml).  Portions of 2, 3 and 4 ml of this solution were placed into test 

tubes and 4, 3 and 2 ml of pre-saturated PBS (pH 7.4) were added to the tubes to obtain mixtures 

with a total volume of 6 ml, but different proportions of the solvents.  The solutions were shaken 

for 24 h at 32 °C, followed by centrifugation for 10 min at 5 000 rpm, after which the two layers 

were separated, diluted with methanol and analysed.  This experiment was performed in triplicate.  

The logarithmic ratio of the concentration in the n-octanol phase to the concentration in the PBS 

(pH 7.4) was used to determine the n-octanol/PBS distribution coefficient (Log D). 

C.2.3 Preparation of the receptor and donor phase for the Franz cell diffusion studies of 

caffeine 

For the membrane studies, both PBS (pH 7.4, equal to that of body fluids) and 1-butanol were 

used as receptor mediums (one membrane study with PBS and one with 1-butanol as receptor 

phase medium for each formulation).  The reason why 1-butanol was used as an additional 

receptor phase was to determine whether there was any difference in the release of the API into 

the 1-butanol compared to that of the PBS.  According to Wiechers et al. (2004:175) 1-butanol 

and the skin share similar polarity indexes.  The PBS was prepared as follows: 

 Potassium dihydrogen phosphate (13.61 g) was weighed off and dissolved in 500 ml 

HPLC water. 

 Sodium hydroxide (3.1472 g) was weighed off and dissolved in786.8 ml HPLC water. 
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 Last mentioned solution was mixed with the potassium dihydrogen phosphate solution 

and pH was adjusted to 7.4 using 10% sodium hydroxide solution or 10% orthophosphoric 

acid. 

 The final solution was filtered through a 0.45 µm filter membrane and degassed prior to 

HPLC analysis. 

A gel and two o/w creams, one cream containing 5% DMI and 9% glycerine and the other 10% 

DMI and 4% glycerine were prepared.  Each formulation contained 1% caffeine as the API which 

was used as the donor phase for both the membrane release experiments and skin diffusion 

studies.  The formulations were prepared as discussed in Sections B.2.2.4 and B.2.3.4. 

C.2.4 Preparation of the caffeine standard solution for concentration analysis 

Caffeine (approximately 50 mg) was weighed off and transferred into a 100 ml volumetric flask, 

where it was dissolved in HPLC grade methanol and made up to volume with HPLC water.  The 

standard solution (5 ml) was extracted using a glass pipet and subsequently diluted in a 50 ml 

volumetric flask with HPLC milli-Q water.  Thereafter, 5 ml of the second standard solution was 

extracted and transferred into another 50 ml volumetric flask where it was filled to volume with 

HPLC milli-Q water.  The final standard solution had a concentration of 5 µg/ml and was extracted 

into a HPLC vial using a Pasteur pipet. 

C.2.5 Franz cell membrane release experiments 

Membrane release experiments were conducted on the three formulations: a gel and two creams.  

The objective of the membrane release studies was to determine whether caffeine was released 

from the different formulations.  If there was no concentration of the API obtained during the 

membrane release studies, it suggested that the release of the APIs from the formulation was 

inadequate and ineffective; therefore diffusion through the skin would probably be unattainable.  

Ten vertical Franz diffusion cells with a receptor capacity of approximately 2 ml and a diffusion 

area of about 1.075 cm3 were utilised in the study.  Each Franz diffusion cell consisted of a donor 

(top) and a receptor (bottom) compartment.  The receptor phase (PBS, pH 7.4 or 1-butanol) was 

placed in the receptor compartment and the donor phase (semi-solid formulation containing 

caffeine as API) was placed in the donor compartment.  The Franz diffusion cell is illustrated in 

Figure C.2 with the donor and receptor phase. 

A small magnetic stirring bar was placed in the receptor compartment of each Franz diffusion cell 

in order to facilitate stirring throughout the experiment.  Polytetrafluorothylene (PTFE) synthetic 

membranes with a pore size of 0.45 µm and a diameter of 25 mm were mounted on each receptor 

phase.  The donor compartment was placed on top of the receptor compartment whereas the two 

compartments were sealed with Dow Corning® high vacuum grease.  Finally the two 
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compartments were clamped together with a metal horseshoe clamp ensuring there was no 

leakage during the study.  The vacuum grease is shown in Figure C.3 and the metal horseshoe 

clamps are shown in Figure C.4 

 

Figure C.2: The Franz diffusion cell with its donor and receptor compartments 

 

Figure C.3: Dow Corning® high vacuum grease 

 

Figure C.4: Metal horseshoe clamps 

The receptor medium was preheated in a water bath to 37 °C.  The receptor compartment of each 

Franz diffusion cell was filled with exactly 2 ml of PBS (pH 7.4) or 1-butanol using a 5 ml syringe 

fitted with an 18 gauge needle and silicon tubing while ensuring that no air bubbles had formed 
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in the receptor compartment beneath the membrane.  Each donor compartment was filled with 

1 ml of the formulated product (gel or cream) that had been preheated in a water bath to 32 °C, 

in accordance to normal skin temperature.  The donor compartments were then covered with 

Parafilm® to avoid evaporation of the donor phase.  An assembled Franz diffusion cell is shown 

in Figure C.5 and the 5 ml syringe fitted with an 18 gauge needle and silicon tubing is shown in 

Figure C.6. 

 

Figure C.5: Assembled Franz diffusion cell 

 

Figure C.6: Syringes (5 ml) fitted with an 18 gauge needle and silicon tubing 

A magnetic stirrer plate (Variomag®) was placed inside the water bath ensuring continuous stirring 

throughout the entire study at 750 rpm by means of moving the small magnetic stirrers within the 

receptor compartments.  The Franz diffusion cells were placed in a 37 °C water bath (Grant 

Instruments) on top of the magnetic stirrer plate to ensure that the temperature was constant 

throughout the experiment.  The Grant water bath and the Variomag® magnetic stirrer plate are 

shown in Figure C.7 and Figure C.8, respectively. 
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Figure C.7: Grant JB series water bath 

 

Figure C.8: Variomag® magnetic stirring plate 

The entire contents of the receptor phases was withdrawn after 1, 2, 3, 4, 5 and 6 h, followed by 

the immediate replacement with the same amount of fresh receptor medium which had been 

preheated at 37 °C.  The withdrawn solutions were finally placed into separate HPLC vials where 

the concentration of caffeine was immediately analysed with HPLC. 

C.2.6 Preparation of Caucasian skin for Franz cell diffusion studies 

Excised full thickness human abdominal skin was obtained from Caucasian female patients who 

had cosmetic abdominoplasty surgery.  The skin was frozen at -20 °C for a maximum of 24 h.  

The frozen skin was thawed and examined for defects (for example stretch marks presented as 

thin, fragile skin, ruptured or broken skin) by means of physical observation.  The Research Ethics 

Committee of the North-West University conceded ethical approval for the procurement and 

utilisation of the donated skin under reference number NWU-00114-11-A5.  Patients were 

informed regarding the project and consent was required in order to use the skin for research 

purposes.  The patient’s information regarding his/her names, sex, age, race and weight was kept 

confidential at all times.  The skin was dermatomed at the thickness of 400 µm by making use of 

Zimmer™ electric dermatome model 8821.  Care was taken to ensure than the skin was not 
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damaged of ruptured in any way in order to prevent defective results.  The dermatomed skin 

sections were punched into circles and placed on Whatman® filter paper to dry.  These skin 

samples were then wrapped in aluminium foil and stored in a freezer at -20 °C until used.  The 

dermatome is shown in Figure C.9 and Figure C.10 shows the hammer and punch used. 

 

Figure C.9: Zimmer™ electric dermatome model 8821 

 

Figure C.10: Hammer and punch 

C.2.7 Procedure for Franz cell diffusion studies with semi-solid formulations containing 

caffeine as active ingredient 

The Franz cells were assembled in the same way as described in Section C.2.5 with the following 

exceptions: only PBS (pH 7.4) was utilised as the receptor medium, and dermatomed human skin 

circles were used during the diffusion studies instead of the PTFE membranes.  The entire 

contents of the receptor phases was withdrawn at intervals of 20, 40, 60, 80, 100 and 120 min, 

as well as 4, 6, 8, 10 and 12 h, followed by the replacement with the same amount of fresh PBS 

(pH 7.4) that had been preheated at 32 °C.  The withdrawn solutions were finally placed into 

separate HPLC vials where the concentration of caffeine was immediately analysed by the HPLC.  

Tape stripping was conducted directly after the 12 h withdrawal (see Section C.2.8).  Samples of 

the HPLC vials are shown in Figure C.11. 
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Figure C.11: HPLC vials 

C.2.8 Determination of caffeine concentrations in the skin layers by using the tape 

stripping technique 

The tape stripping technique was utilised to remove the outer layer of the skin (SC) as well as the 

epidermis.  This method was used to analyse the amounts of API present in the SCE and ED of 

the skin after applying supersaturated solutions and/or formulations of the API (Pellet et al., 

1997:92; Surber et al., 1999:396). 

After the completion of the 12 h diffusion study, the donor and receptor phases were carefully 

removed and dismounted from one another.  Each piece of skin from the diffusion cells was 

pinned onto Parafilm® which was stapled onto a solid surface.  Clearly visible on the circles of 

skin, the exposed area of diffusion (± 1.75 cm2) was clearly imprinted by the indentation from the 

diffusion cells (± 11.7 mm diameter).  The next step was to remove the remaining formulation and 

carefully dabbing the skin dry by using a tissue paper.  Thereafter pieces of 3M Scotch® Magic™ 

tape were cut to the size of the diffusion area and placed onto these areas, assuring that they did 

not overlap the area outside the diffusion cell imprints.  The first tape strip was discarded due to 

possible contamination with drugs from the formulation, since this will be part of the cleaning of 

the skin.  The following 15 strips (the SCE) were subsequently placed in vials filled with 5 ml PBS 

(pH 7.4).  The complete removal of the stratum corneum was indicated as a glistening of the 

viable epidermal layer. 

The vials containing the strips in PBS (pH 7.4) were kept overnight at 4 °C.  The excess skin was 

cut away from the imprints of the diffusion cells and the remaining skin (ED) was cut into smaller 

pieces.  The pieces of skin were placed in separate vials containing 5 ml mixture of PBS (pH 7.4) 

and were also kept overnight at 4 °C.  The ED samples were finally centrifuged the next day at a 

rate of 4 500 rpm and a temperature of 10 °C for 10 min.  The SCE and ED samples were analysed 

with HPLC. 
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C.2.9 Statistical analysis of the data obtained from the Franz cell diffusion studies 

The average cumulative concentration of caffeine that diffused through the skin per area (µc/cm3) 

was plotted against time for the diffusion studies of each formulation.  Average flux values were 

obtained from the slope of the linear part of the curve (which is presented by the straight line of 

the curve).  The standard deviation (SD) of the cumulative concentration diffused per time unit 

was shown on the graph.  The average amount of API that penetrated the membrane or skin of 

each cell was expressed as a percentage of the applied concentration (1% caffeine).  For the 

membrane studies the percentage output after 6 h was determined and after 12 h for the skin 

diffusion studies. 

The results obtained from the membrane release experiments, as well as the transdermal 

diffusion studies were statistically analysed by utilising quantitative statistical methods.  SPSS 

software (SPSS Inc., 2011) was used to conduct the statistical analysis.  Descriptive statistics 

were determined and represented as average as well as median values.  The median (statistically 

calculated centre of the set of data) as well as the average (calculated as the centre of data 

distribution) of the data, was determined.  In the presence of great variances between data, the 

median appeared to describe the distribution of data better than the average.  Therefore, the 

median is not affected by extreme observations (Bolton, 1997:19).  Estimated  

y-intercepts and gradient (flux) values were obtained by fitting a linear regression model to the 

flux data of each repeat (individual Franz cell).  The r2 values obtained from the linear regression 

were r2 < 1 for all models and a p-value smaller than 0.05 was statistically significant for all models.  

Non-parametric tests, namely Kruskal-Wallis tests, were performed to determine whether there 

was a statistically significant difference between the average flux values and tape-stripping 

measurements of the three formulations.  A p-value was also determined during the use of the 

Kruskal-Wallis test.  Steyn et al. (1994:604-606) stated that a p-value less than 0.05 indicated a 

statistical significant difference between the data in the different groups.  Significant differences 

between the treatments for all measures were determined by one way ANOVA (analysis if 

variance) tests, such as the Kruskal-Wallis test.  In order to establish where differences existed 

between the three formulas, a pair-wise statistical comparison test (Tukey-test or Kruskal-Wallis 

multiple comparison test) of the median steady-state flux values and tape stripping measurements 

were performed.  Correlations between the SCE and ED concentration of each of the three 

formulations were calculated.  The correlation between the different flux values was also 

determined.  The correlation between the overall flux values, SCE and ED was also determined. 
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C.2.10 Determination of the SDG of the three formulations containing caffeine as API 

For the purpose of this study, the SDG of each formulation was calculated to determine if efficient 

delivery of caffeine into the skin was reached.  JW Solutions (2011) defined SDG as the ratio of 

MEC relative to LTC (see Section 2.4.2).  The SDG was incorporated into the FFE™ program as 

a new feature to calculate the ratio mentioned above.  The SDG of each formulation was 

automatically calculated using the FFE™ program, and they were subsequently compared to the 

average flux values as well as the tape stripping data obtained during the Franz cell diffusion 

studies to determine whether the SDG principle was efficient in the prediction of the delivery of 

API from selected formulations. 

C.2.10.1 Obtaining the minimum effective concentration 

The MEC is usually determined using a series of calculations based on molecular modelling of 

skin penetration and some assumptions in pharmacokinetics (Wiechers, 2011).  According to 

Wiechers (2011) the MEC can be obtained from in vitro studies or cell-based studies of the 

particular API which are performed in order to determine the minimum concentration where the 

API shows an effect. 

C.2.10.2 Obtaining the local tissue concentration 

According to JW Solutions (2011) the LTC can be determined with a series of calculations which 

are based on molecular modelling of skin penetration as well as some assumptions in 

pharmacokinetics (see Sections 2.4.2.2 and 2.6.4.2).  The calculation of the LTC for each 

formulation was performed by the FFE™ program. 

C.2.10.3 The calculation of the skin delivery gap 

The SDG of each formulation was calculated using the FFE™ program where they were 

subsequently compared with the average flux values, the median concentration of caffeine in the 

SCE and the median concentration of caffeine in the ED which were obtained during the Franz 

cell diffusion studies to determine whether the SDG principle was efficient in the prediction of the 

delivery of API from selected formulations. 

C.3 RESULTS AND DISCUSSION 

Various diffusion studies (discussed in Sections C.2.5 and C.2.7) where three different 

formulations were used, each containing 1% anhydrous caffeine as the API were conducted.  For 

the purpose of this study the three formulations will refer to as the Gel, Cream 1 and Cream 2, 

where the 

 Gel represents the more hydrophilic formulation; 
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 Cream 1 is a cream containing 5% DMI and 9% glycerine in the oil-phase (representing 

the formulation with similar polarity as the skin); and 

 Cream 2 is similar to Cream 1, but with a difference in the concentrations of DMI and 

glycerine concentrations, 10% and 4%, respectively.  Cream 2 represents the formulation 

which is more lipophilic than the skin. 

C.3.1 Physicochemical properties of caffeine 

The physicochemical properties of the penetrant and vehicle or formulation play an important role 

in the determination of percutaneous absorption (Wiechers, 1989:188).  There are two 

physicochemical properties of APIs which are important for the prediction of percutaneous 

absorption, namely solubility and partition coefficient (log P). 

The solubility of caffeine was determined to be 13.931 mg/ml in PBS (pH 7.4) and 18.104 mg/ml 

in water at 32 °C.  For optimal skin permeation, the aqueous solubility of an API should be more 

than 1 mg/ml (Naik et al., 2000:319).  This indicated that caffeine would permeate through the 

skin optimally. 

For transdermal studies, a partition coefficient between octanol and water is often used as a 

guideline to determine how well a molecule will distribute between the SC lipids and water 

(Williams, 2003:27).  According to Barry (2007:578) the partition coefficient is essential in 

determining the flux of an API through the SC.  The log D for caffeine was determined to be  

-0.0248.  According to Walters and Brain (2009:489) a medium polarity (i.e. log D between 1 and 

3) is required for a compound to permeate the skin.  The determined log D value for caffeine (-

0.0248) is very hydrophilic and indicates that skin permeation might not be optimal. 

C.3.2 Franz cell membrane release experiments of caffeine 

Membrane release studies were conducted on the Gel, Cream 1 and Cream 2 to determine 

whether caffeine was released from these formulations.  Both PBS (pH 7.4) and 1-butanol were 

utilised as the receptor medium.  The %caffeine that diffused through the membranes after 6 h, 

as well as the cumulative concentration for PBS and 1-butanol is shown in Tables C.1 and C.2, 

respectively. 

The average cumulative concentration of caffeine released after 6 h from Cream 1 was the highest 

with 408.077 µg/cm2, followed by Cream 2 with 249.927 µg/cm2 and the Gel formulation with 

31.937 µg/cm2.  This could be due to the higher glycerine content (9%) in Cream 1 than that of 

Cream 2 (4%).  Glycerine is known as a polar solvent (Walters & Brain, 2009:498) (Cream 1 is 

therefore more hydrophilic than Cream 2) and could cause an increase in the aqueous solubility 

of the API and therefore increase the permeability (Bouwstra et al., 2003:725).  From the results 
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seen in Table C.1, it can be concluded that caffeine released the poorest form the Gel formulation.  

This could be explained by the fact that glycerine is distinctly hygroscopic, which means that it 

withdraws water from the surrounding medium, especially at high concentrations (Barry, 

1983:155).  And since the Gel consists of a high glycerine concentration (40%), it shows a strong 

attraction for the water from the PBS.  Therefore, the water content of the PBS could decrease, 

which decreases caffeine’s aqueous solubility in the formulation therefore also decreasing its 

permeability through the membranes. 

Table C.1: The amount of caffeine that diffused through the PTFE membranes after 6 h with 

PBS (pH 7.4) as receptor medium 

 
Average %caffeine 

released 

Average cumulative 
concentration 

caffeine (µg/cm2) 

Median cumulative 
concentration 

caffeine (µg/cm2) 

Gel 0.172 ± 0.058 31.937 ± 10.693 27.594 

Cream 1 2.195 ± 0.913 408.077 ± 169.686 460.337 

Cream 2 1.344 ± 0.401 249.927 ± 74.540 253.416 

 

The variations between the average cumulative concentration and the median cumulative 

concentration of caffeine after 6 h for the Gel formulation and Cream 2 did not differ greatly, which 

can be associated with small deviations in the data.  Cream 1 showed a greater difference 

between the average and median cumulative concentration of caffeine after 6 h.  This can be 

attributed to the greater amount of outliers in the data.  There was a noticeable difference in the 

cumulative caffeine concentration against time for each Franz cell.  The median represents the 

centre of the data obtained, whereas the average is calculated by the sum of the data divided by 

the amount of data points.  In the presence of extreme outlying values, the median appears to 

describe the distribution better than that of the average (Bolton, 1997:19).  It is therefore more 

accurate to use the median value as it is not affected by extreme outliers in the data (Gerber et 

al., 2008:190). 

Table C.2: The amount of caffeine that diffused through the PTFE membranes after 6 h with 

1-butanol as receptor medium 

 
Average %caffeine 

released 

Average cumulative 
concentration 

caffeine (µg/cm2) 

Median cumulative 
concentration 

caffeine (µg/cm2) 

Gel 22.766 ± 4.610 4233.298 ± 857.313 4377.895 

Cream 1 20.454 ± 2.821 3803.442 ± 524.597 3870.402 

Cream 2 25.474 ± 1.570 4736.854 ± 291.981 4699.827 
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The average cumulative concentration of caffeine released after 6 h from Cream 2 was the highest 

with 4736.854 µg/cm2, followed by the Gel formulation with 4233.298 µg/cm3 and lastly Cream 1 

with 3803.442 µg/cm2.  The results from the membrane studies using 1-butanol indicated that 

Cream 1 allowed the lowest release of caffeine through the PTFE membranes.  It should, 

however, be mentioned that artificial membranes are poor representatives of skin, since the 

human skin contains complicated layers which are more lipophilic and may be more beneficial to 

the more lipophilic cream formulations (Williams, 2003:57). 

The difference between the average and median cumulative concentration of caffeine after 6 h 

for all three formulations did not vary noticeably.  No notable outliers in the data or great 

concentration differences for each Franz cell were observed against time. 

Using 1-butanol as receptor phase, the overall percentage caffeine released after 6 h was 

significantly higher than that of the PBS (pH 7.4).  The difference between the release rates from 

the formulations in 1-butanol was not significantly different, which meant it was less inequitable 

than PBS (pH 7.4). 

The objective of the membrane release studies was to evaluate the release of caffeine from the 

different formulations and positive results were procured.  All three formulations released caffeine 

effectively.  No direct correlation was expected between the release of the API from the 

formulations through the artificial membranes and the skin diffusion through the skin. 

C.3.3 Franz cell skin diffusion of semi-solid formulations containing caffeine as active 

ingredient 

C.3.3.1 Steady-state flux of caffeine 

The flux (represented as the symbol J) is known as the amount of API that penetrates through 

the skin per unit area and time (Wiechers et al., 2004:174).  Caffeine reached steady-state flux 

after 2 h.  The flux was determined by calculating the slope of the straight line between 4 – 12 h 

for the Gel and Cream 1 and between 2 – 8 h for Cream 2. 

Figures C.12 – C.17 illustrate the cumulative concentration caffeine that diffused through the skin 

for each Franz cell and the average flux value of caffeine in each formulation.  The average and 

median flux values of caffeine are shown in Table C.3. 
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Figure C.12: Cumulative caffeine amount per area (µg/cm2) of each individual Franz cell that 

diffused through the skin as a function of time for the Gel formulation 

 

Figure C.13: Average cumulative amount per area (µg/cm2) of caffeine that diffused through the 

skin as a function of time in the Gel formulation after 12 h (n = 8) 

0

5

10

15

20

25

0 2 4 6 8 10 12

C
u

m
u

la
ti

v
e

 a
m

o
u

n
t 

p
e
r 

a
re

a
 (

µ
g

/c
m

2
)

Time (h)

FC1

FC2

FC3

FC4

FC5

FC6

FC7

FC8

Ave Flux

y = 1,3527x - 2,8382
R² = 0,9989

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10 12

A
v
e

ra
g

e
 c

u
m

u
la

ti
v
e

 a
m

o
u

n
t 

p
e
r 

a
re

a
 

(µ
g

/c
m

2
)

Time (h)



 

139 
 

 

Figure C.14: Cumulative caffeine amount per area (µg/cm2) of each individual Franz cell that 

diffused through the skin as a function of time for Cream 1 

 

Figure C.15: Average cumulative amount per area (µg/cm2) of caffeine that diffused through the 

skin as a function of time in Cream 1 after 12 h (n = 10) 
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Figure C.16: Cumulative caffeine amount per area (µg/cm2) of each individual Franz cell that 

diffused through the skin as a function of time for Cream 2 

 

Figure C.17: Average cumulative amount per area (µg/cm2) of caffeine that diffused through the 

skin as a function of time in Cream 2 after 12 h (n = 8) 
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Table C.3: Flux (µg/cm2.h) and cumulative concentration (µg/cm2) values of caffeine that 

diffused through the skin after 12 h 

 
Average flux 

(µg/cm2.h) 
Median flux 
(µg/cm2.h) 

Average 
cumulative 

concentration 
(µg/cm2) 

Median 
cumulative 

concentration 
(µg/cm2) 

Franz cells 
used per 
diffusion 
study (n) 

Gel 1.353 ± 0.378 1.327 13.531 ± 4.076 13.063 8 

Cream 1 1.890 ± 1.210 1.395 19.431 ± 12.337 14.847 10 

Cream 2 1.241 ± 0.290 1.148 9.084 ± 2.081 8.483 8 

 

The average flux values for caffeine in the three different formulations (see Table C.3) were 

compared with one another and it was found that Cream 1 produced the highest average flux 

value (1.890 µg/cm2.h), followed by the Gel formulation (1.353 µg/cm2.h) and lastly Cream 2 

(1.241 µg/cm2.h).  This indicated that more caffeine was able to permeate through the skin via 

passive diffusion from Cream 1.  As seen in Table C.3 no evident difference in the average and 

median flux values was observed, which was attributed to a small amount of outliers in the data.  

Cream 1 showed the greatest variance between the average and median flux values.  Typically, 

in the presence of extremely high or extremely low values in a set of data, the use of the median 

values are recommended to represent the true flux value, since it is less affected by the outliers 

present in the data (Bolton, 1997:19). 

The average cumulative concentration of caffeine that diffused through the skin after 12 h was 

related to the average flux values obtained from the different formulations.  The Gel was known 

as the hydrophilic formulation (which was more polar than the SC), whereas Cream 1 is more 

polar than Cream 2 (see Appendix B).  Cream 1 which produced the highest flux of caffeine also 

showed the highest average cumulative concentration of caffeine that diffused through the skin 

after 12 h (19.431 µg/cm2).  This can be because the polarity of caffeine (hydrophilic) was closer 

to that of Cream 1 than of Cream 2 (see Section B.3.3.1), which indicated that caffeine dissolved 

better in the formulation than in the SC and ultimately preferred to remain in the formulation over 

being in the SC (Wiechers et al., 2004:175).  Therefore, Cream 1 (which is lipophilic and has the 

same polarity as the SC) might have been sufficiently lipophilic to create a driving force for 

caffeine to partition into the skin (Wiechers et al., 2004:178) but at the same time provided an 

adequate hydrophilicity to create a greater driving force of the hydrophilic caffeine into the 

subsequent hydrophilic layers of the skin (viable epidermis and dermis) and into the polar 

(hydrophilic systemic circulation).  The Gel was more hydrophilic than caffeine and Cream 1, 

which produced a slightly greater flux than that of Cream 2.  Once the Gel moved into the SC, the 

skin acted as a sink (Barry, 2007:579) and created a driving force for the formulation and caffeine 

to rapidly move to the more hydrophilic dermis and systemic circulation (caffeine was more 

soluble in the Gel and systemic circulation than in the skin).  Cream 2 (the most lipophilic 
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formulation of the three formulations) showed the lowest average cumulative concentration of 

caffeine after 12 h, though not much lower than that of the Gel.  This could be attributed to the 

fact that Cream 2 was more lipophilic than the SC than in the formulation, and showed a higher 

preference to be located in the SC rather than the formulation, creating a greater driving force for 

caffeine to partition into the SC.  This could also be attributed to the ratio of DMI and glycerine of 

Cream 1, which could have caused an increase in the solubility of the API in the formulation rather 

than in the skin (Wiechers et al., 2008:121).  DMI (the primary emollient and less polar than 

glycerine) is a penetration enhancer with the ability to change the polarity of the SC (Wiechers et 

al., 2008:121).  This primary emollient is rapidly absorbed and decreases the polarity gap between 

the SC and the penetrant (Wiechers et al., 2008:121), which ultimately increases the polarity gap 

between the penetrant and the formulation.  The more extreme the difference in polarity between 

the formulation and the penetrant, the greater the driving force of partitioning into the SC 

(Wiechers et al., 2004:177).  Therefore, the API is more soluble in the SC than in the formulation.  

By increasing the solubility of the API in the SC, it would have a higher preference to be located 

in the skin rather than in the formulation (Wiechers et al., 2004).  Cream 1 (which was more polar 

than Cream 2) contained a smaller amount of DMI (5%) than Cream 2 (10%), which could explain 

the difference in the average concentration and average flux through the skin.  The more lipophilic 

nature of Cream 2 could have caused the hydrophilic caffeine to show a higher preference to 

remain in the SC rather than to penetrate through the skin and into the systemic circulation. 

C.3.3.1.1 Statistical analysis of the steady-state flux data 

When the data of the transdermal diffusion studies were statistically analysed and compared to 

one another, the p-values were determined which indicated whether there was a significant 

difference between the different formulations.  The one-way ANOVA test revealed no statistical 

significant differences between the flux values of caffeine in the different formulations (p > 0.05).  

The Tukey-tests or Kruskal-Wallis multiple comparison tests concluded that there were no 

statistical significant differences for the caffeine flux values between the Gel and Cream 1 (p = 1), 

the Gel and Cream 2 (p = 1) or Cream 1 and Cream 2 (p = 0.473).  The statistical analysis showed 

that the statistical significant difference between Cream 1 and Cream 2 was greater than that of 

the Gel and Cream 1 or the Gel and Cream 2.  Figure C.18 graphically illustrates the difference 

between the caffeine flux values obtained from the three formulations. 
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Figure C.18: Box-plots of the flux for the three formulations obtained after the diffusion studies 

to illustrate the median (indicated by the line in the box) and average flux values 

(indicated by the diamond shapes) 

C.3.3.2 Analysis of the concentration amounts of caffeine present in the stratum corneum-

epidermis and the epidermis-dermis 

After the completion of the 12 h skin diffusion studies, tape stripping was conducted on the skin 

(see Section C.2.8).  The average and median concentration of caffeine in the SCE and ED layers 

are given in Table C.4. 

Table C.4: Average concentration amounts of caffeine present in the SCE and ED layers of 

the skin 

 

Stratum corneum-epidermis Epidermis-dermis 

Average 
concentration 

(µg/ml) 

Median 
concentration 

(µg/ml) 

Average 
concentration 

(µg/ml) 

Median 
concentration 

(µg/ml) 

Gel 0.854 ± 4.664 0.645 0.329 ± 1.460 0.219 

Cream 1 0.622 ± 2.189 0.516 0.305 ± 2.720 0.126 

Cream 2 0.764 ± 0.971 0.837 0.161 ± 0.427 0.148 

 

The Gel (0.854 µg/ml) showed the greatest average concentration of caffeine in the SCE followed 

by Cream 2 (0.764 µg/ml) and Cream 1 (0.622 µg/ml).  This could be attributed to the ethanol and 
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propylene glycol formulated in the gel, which had penetration enhancing effects.  Ethanol, as 

solvent, increases the solubility of the API in the formulation, which enhances penetration of the 

API (Williams & Barry, 2004:611).  Additionally, permeation of ethanol into the SC can alter the 

solubility characteristics of the tissue with the consequent improvement of API partitioning into 

the membrane (Megrab et al., 1995:107).  Cream 2 delivered 23% more caffeine in the SCE than 

Cream 1.  This could be attributed to the greater amount of DMI in Cream 2 (10%) than in Cream 1 

(5%), which changed the polarity of the SC closer to that of the API (Wiechers et al., 2008:112).  

This could have caused caffeine to show a higher preference to remain in this layer and would 

therefore prefer to be located in the SC, creating a greater driving force for partitioning into the 

SC (Wiechers et al., 2004:177).  The ratio of the primary and secondary emollient, DMI and 

glycerine respectively, in Cream 2 was possibly optimal for the enhanced partitioning of caffeine 

into the SC (Wiechers et al., 2008:122).  The average SCE concentration (0.854 µg/ml) and the 

median stratum corneum-epidermis concentration (0.645 µg/ml) for the gel formulation varied 

evidently, compared to that of Cream 1 and Cream 2.  This could be attributed to several outliers 

in the data.  The use of the median value appears to be more accurate, as it is not affected by 

extreme outliers (Bolton, 1997:19). 

The Gel formulation produced the greatest average concentration of caffeine in the ED 

(0.329 µg/ml), followed by Cream 1 (0.305 µg/ml) and Cream 2 (0.161 µg/ml).  This could be 

because polar (hydrophilic) molecules are more able to penetrate an aqueous environment such 

as the dermis and viable epidermis than non-polar compounds (Imai et al., 2013:372).  The 

median caffeine concentration in the ED for Cream 2 was slightly higher than that of Cream 1.  

This can be attributed to the higher DMI concentration in Cream 2, which changed the polarity of 

the skin (Wiechers et al., 2008:112) and caused caffeine to show high preference to remain in the 

skin rather than to penetrate through the skin and into the systemic circulation (Wiechers et al., 

2004:177).  The average (0.305 µg/ml) and median (0.126 µg/ml) concentration of caffeine 

released from Cream 1 in the ED varied notably, which can be attributed to the numerous outliers 

in the data.  The use of median is therefore more accurate, since it is not greatly affected by 

extreme outliers (Bolton, 1997:19). 

C.3.3.2.1 Statistical analysis of the stratum corneum-epidermal and epidermal-dermal 

concentrations of caffeine 

A one-way ANOVA test revealed a statistically significant difference  between the SCE and ED 

data of the three formulations (p < 0.05).  The Tukey-test further concluded that there was no 

significant difference in the caffeine concentration in the SCE of the Gel formulation and Cream 1 

(p = 1), the Gel and Cream 2 (p = 0.799) or Cream 1 and Cream 2 (p = 0.676).  Figure C.19 

illustrates the difference in caffeine concentration in the SCE between the three formulations.  The 

concentration of caffeine in the ED also revealed no significant statistical difference between the 
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Gel and Cream 1 (p = 0.095), the Gel and Cream 2 (p = 0.268) or Cream 1 and Cream 2 (p = 1).  

Figure C.20 illustrates the difference in the concentration of caffeine in the ED. 

 
Figure C.19: Box-plots to illustrate the difference in caffeine median (indicated by the line in the 

box) and average (indicated by the diamond shapes) concentration in the SCE.  

Cream 1 (5% DMI/9% glycerine) and Cream 2 (10% DMI/4% glycerine) 

 
Figure C.20: Box-plots to illustrate the difference in caffeine median (indicated by the line in the 

box) and average (indicated by the diamond shapes) concentration in the ED.  

Cream 1 (5% DMI/9% glycerine) and Cream 2 (10% DMI/4% glycerine) 
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C.3.4 The implementation of the SDG values obtained from the FFE™ program 

For the calculation of the SDG, the MEC as well as the LTC values for each formulation had to 

be determined.  The MEC was obtained from literature, whereas the LTC values were calculated 

using the FFE™ software.  The SDG of each formulation was also calculated by the FFE™ program 

and they were subsequently compared to the flux values, as well as the tape stripping data 

obtained during the Franz cell diffusion studies, to determine whether the SDG principle was 

efficient in the prediction of the delivery of API from selected formulations.  The data obtained 

from the FFE™ program and the comparison of results obtained from the diffusion studies and the 

SDG are illustrated in Table C.5. 

Table C.5: Data obtained from the FFE™ program for the calculation of the SDG of the three 

formulations 

 
MEC 

(µg/ml) 
LTC 

(x 103 µg/ml) 
SDG 

Average 
flux 

(µg/cm2.h) 

Median 
concentration 
of caffeine in 
SCE (µg/ml) 

Median 
concentration 
of caffeine in 

ED (µg/ml) 

Gel 1.50 11.49 0.000131 1.353 0.645 0.219 

Cream 1 1.50 10.64 0.000141 1.890 0.516 0.126 

Cream 2 1.50 11.76 0.000128 1.241 0.837 0.148 

 

The medicinal use of caffeine has been in existence for centuries and is still used for various 

purposes through different routes of administration.  Because of the various uses of caffeine via 

both oral and cutaneous route of penetration, it was difficult to obtain a MEC value for a specific 

indication of the API.  Peak plasma concentrations of 1.5 – 1.8 µg/ml were obtained in volunteers 

50 – 75 min after the consumption of 100 mg of caffeine (Blacow & Wade, 1972).  For the purpose 

of this study, the MEC of caffeine was given as 1.5 µg/ml. 

Cream 2 showed the highest LTC value (11.76 x 103 µg/ml), followed by the Gel 

(11.49 x 103 µg/ml) and Cream 1 (10.64 x 103 µg/ml). 

Cream 1 showed the highest calculated SDG value (0.000141), followed by the Gel (0.000131) 

and Cream 2 (0.000128).  According to Wiechers (2011) a SDG value smaller than 1 indicates 

that the delivery of the API is more than what is required to achieve minimal efficacy.  Therefore, 

the formulation should be functional and efficient.  A SDG greater than 1 indicates that the delivery 

is less than what is required to achieve optimal efficacy (Wiechers, 2011).  Therefore, the smaller 

the delivery gap, the better the delivery of the API into the skin (Wiechers, 2010).  When we 

compared the SDG values of the three formulations, it was expected that Cream 2 would deliver 

higher levels of caffeine to the skin than that of the Gel and Cream 1.  When we compared the 

median concentration of caffeine in the SCE of the formulations with that of the calculated SDG 



 

147 
 

values, it was evident that the theory of the SDG accurately predicted the API delivery into the 

SCE.  Cream 2 (0.837 µg/ml) produced the highest median concentration of caffeine in the SCE, 

followed by the Gel (0.645 µg/ml) and Cream 1 (0.516 µg/ml) during the diffusion studies.  

Therefore, the smaller the SDG value, the greater the delivery of an API into the skin (JW 

Solutions, 2011).  The SDG theory proved to be effective in terms of the SCE delivery of caffeine, 

but no correlations were found for the ED delivery or flux values. 

C.4 CONCLUSION 

Considering the physicochemical properties of caffeine, they indicate little characteristics of 

compounds ideally suited for transdermal delivery.  Caffeine has a melting point beyond 200 °C, 

a log D of -0.0248, but a good aqueous solubility of more than 1 mg/ml.  Despite the sufficient 

aqueous solubility, caffeine’s poor partitioning into the skin was seen as a challenge to overcome 

its poor skin permeation.  As a rather hydrophilic and polar molecule, caffeine had to be 

formulated into an aqueous-based semi-solid topical product.  Formulations had to be developed 

with the objective to favour the partitioning of caffeine into the skin layers.  The partition coefficient 

of a compound is directly related to its polarity (Wiechers et al., 2004:176) which determines both 

the solubility of the API in the formulation as well as skin permeation.  A formulation was 

developed with the aim of increasing its driving force into the skin.  Therefore, the polarity of the 

formulation phase in which the API was dissolved had to be greater or less than that of the API 

itself in order to increase the driving force of the API into the skin (Wiechers et al., 2004:177).  

The objective of this study was to examine the transdermal and dermal delivery of caffeine in 

different formulations to ultimately prove or disprove the SDG theory. 

During the membrane release experiments all the formulations released caffeine optimally.  

Cream 1 released the greatest concentrations of caffeine.  This could be attributed to the higher 

glycerine content (9%) in Cream 1 than that of Cream 2 (4%).  Glycerine is known as a polar 

solvent (Walters & Brain, 2009:498), which can cause an increase in aqueous solubility of the API 

and therefore increasing permeability. 

Cream 1 produced the highest flux value, compared to the other two formulations.  This could be 

attributed to the ratio of primary and secondary emollient, DMI and glycerine, respectively.  DMI 

increases the solubility of the API in the formulation but at the same time alters the polarity of the 

SC, which ultimately increases permeation of caffeine into the skin (Wiechers et al., 2008:121).  

The Gel showed a lower flux than that of Cream 1, which could be attributed to the fact that, at 

high levels, glycerine is rather hygroscopic and extracts water from the skin.  This causes a 

decrease in the level of skin hydration and ultimately decreases diffusion of APIs into the skin 

(Barry, 1983:155).  Cream 2 produced the lowest flux which is attributed to its higher amount of 
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DMI, which changed the polarity of the SC favouring the accumulation of caffeine in this layer 

rather than to permeate through the skin. 

Cream 2 delivered 23% more caffeine in the SCE than Cream 1 which could be attributed to the 

greater amount of DMI in Cream 2 (10%) than in Cream 1 (5%) causing a changed in the polarity 

of the SC close to that of the API.  This caused caffeine to show a higher preference to remain in 

this layer (Wiechers et al., 2004).  The ratio of the primary and secondary emollient, DMI and 

glycerine respectively, in Cream 2 was possibly optimal for the enhanced partitioning of caffeine 

into the SC (Wiechers et al., 2008). 

The hydrophilic gel produced the greatest concentration caffeine in the ED.  This could be 

attributed to the polar (hydrophilic) molecules which are more able to penetrate the aqueous 

dermis and viable epidermis than non-polar compounds (Imai et al., 2013:372).  Cream 2 

produced higher amounts of caffeine in the ED than that of Cream 1, which can be explained by 

the ratio of the primary and secondary emollient (DMI and glycerine, respectively) of Cream 1 

which might have been insufficient to change the polarity of the SC to an extent that the API would 

prefer to remain in the SC. 

The SDG theory was implemented using the three formulations.  Cream 2 showed the smallest 

SDG value, which indicated that the delivery of caffeine to the skin should be better than that of 

the Gel and Cream 1.  The results obtained from the diffusion studies were compared with the 

SDG values for each formulation.  The SDG had a positive correlation with the median 

concentration of caffeine in the SCE obtained from the tape stripping.  Cream 2, which had the 

lowest calculated SDG value delivered the highest amount of caffeine in the SCE.  It can therefore 

be concluded that the calculated SDG values corresponded with that of the median concentration 

of caffeine in the SCE, and that the lowest SDG value produced the highest concentration of 

caffeine in the SCE.  The evaluation of the median concentration of caffeine delivered to the SC 

layer of the skin was used as an indication of which of the three formulations was most effective 

in the delivery of the API to the target site.  We came to the conclusion that the SDG is effective 

and trustworthy in the development of an effective transdermal delivery system. 
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D.1 DESCRIPTION 

The International Journal of Pharmaceutics is the journal for pharmaceutical scientists concerned 

with the physical, chemical and biological properties of devices and delivery systems for drugs, 

vaccines and biologicals, including their design, manufacture and evaluation.  This includes 

evaluation of the properties of drugs, excipients such as surfactants and polymers and novel 

materials.  The journal has special sections on pharmaceutical nanotechnology and personalized 

medicines, and publishes research papers, reviews, commentaries and letters to the editor as 

well as special issues. 

D.1.1 Editorial Policy 

The over-riding criteria for publication are originality, high scientific quality and interest to a 

multidisciplinary audience.  Papers not sufficiently substantiated by experimental detail will not be 

published.  Any technical queries will be referred back to the author, although the Editors reserve 

the right to make alterations in the text without altering the technical content.  Manuscripts 

submitted under multiple authorship are reviewed on the assumption that all listed authors concur 

with the submission and that a copy of the final manuscript has been approved by all authors and 

tacitly or explicitly by the responsible authorities in the laboratories where the work was carried 

out.  If accepted, the manuscript shall not be published elsewhere in the same form, in either the 

same or another language, without the consent of the Editors and Publisher.  Authors must state 

in a covering letter when submitting papers for publication the novelty embodied in their work or 

in the approach taken in their research.  Routine bioequivalence studies are unlikely to find favour.  

No paper will be published which does not disclose fully the nature of the formulation used or 

details of materials which are key to the performance of a product, drug or excipient.  Work that 

is predictable in outcome, for example the inclusion of another drug in a cyclodextrin to yield 

enhanced dissolution, will not be published unless it provides new insight into fundamental 

principles. 

D.2 AUDIENCE 

Pharmaceutical Scientists, Clinical Pharmacologists, Chemical Engineers, Biotechnologists. 
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D.3 IMPACT FACTOR 
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D.4 GUIDE FOR AUTHORS 

D.4.1 Introduction 

The International Journal of Pharmaceutics publishes innovative papers, reviews, mini-reviews, 

rapid communications and notes dealing with physical, chemical, biological, microbiological and 

engineering studies related to the conception, design, production, characterisation and evaluation 

of drug delivery systems in vitro and in vivo.  "Drug" is defined as any therapeutic or diagnostic 

entity, including oligonucleotides, gene constructs and radiopharmaceuticals. 

Areas of particular interest include: pharmaceutical nanotechnology; physical pharmacy; polymer 

chemistry and physical chemistry as applied to pharmaceutics; excipient function and 

characterisation; biopharmaceutics; absorption mechanisms; membrane function and transport; 

novel routes and modes of delivery; responsive delivery systems, feedback and control 

mechanisms including biosensors; applications of cell and molecular biology to drug delivery; 

prodrug design; bioadhesion (carrier-ligand interactions); and biotechnology (protein and peptide 

formulation and delivery). 

Note: For details on pharmaceutical nanotechnology, see Editorials in 279/1-2 281/1, and 288/1. 

D.4.1.1 Types of paper 

(1) Full Length Manuscripts 

(2) Rapid Communications 

a) These articles should not exceed 1500 words or equivalent space. 

b) Figures should not be included otherwise, delay in publication will be incurred. 

c) Do not subdivide the text into sections.  An Abstract should be included as well as a full 

reference list. 

(3) Notes 

Should be prepared as described for full-length manuscripts, except for the following: 

a) The maximum length should be 1500 words, including figures and tables. 

b) Do not subdivide the text into sections.  An Abstract and reference list should be included. 
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(4) Reviews and Mini-Reviews 

Suggestions for review articles will be considered by the Review-Editor.  "Mini-reviews" of a topic 

are especially welcome. 

D.4.2 Before you begin 

D.4.2.1 Ethics in publishing 

For information on Ethics in publishing and Ethical guidelines for journal publication see 

http://www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics. 

D.4.2.2 Policy and ethics 

If the work involves the use of animal or human subjects, the author should ensure that the work 

described has been carried out in accordance with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki) for experiments involving humans: 

http://www.wma.net/en/30publications/10policies/b3/index.html; 

EU Directive 2010/63/EU for animal experiments: 

http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm 

Uniform Requirements for manuscripts submitted to Biomedical journals http://www.icmje.org.  

Authors should include a statement in the manuscript that informed consent was obtained for 

experimentation with human subjects.  The privacy rights of human subjects must always be 

observed. 

D.4.2.3 Conflict of interest 

All authors are requested to disclose any actual or potential conflict of interest including any 

financial, personal or other relationships with other people or organizations within three years of 

beginning the submitted work that could inappropriately influence, or be perceived to influence, 

their work.  See also http://www.elsevier.com/conflictsofinterest.  Further information and an 

example of a Conflict of Interest form can be found at: 

http://help.elsevier.com/app/answers/detail/a_id/286/p/7923.  Examples of potential conflicts of 

interest include employment, consultancies, stock ownership, honoraria, paid expert testimony, 

patent applications/registrations, and grants or other funding. 

D.4.2.4 Submission, declaration and verification 

Submission of an article implies that the work described has not been published previously 

(except in the form of an abstract or as part of a published lecture or academic thesis or as an 

http://www.elsevier.com/publishingethics
http://www.elsevier.com/journal-authors/ethics
http://www.wma.net/en/30publications/10policies/b3/index.html
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://www.icmje.org/
http://www.elsevier.com/conflictsofinterest
http://help.elsevier.com/app/answers/detail/a_id/286/p/7923
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electronic preprint, see http://www.elsevier.com/postingpolicy), that it is not under consideration 

for publication elsewhere, that its publication is approved by all authors and tacitly or explicitly by 

the responsible authorities where the work was carried out, and that, if accepted, it will not be 

published elsewhere in the same form, in English or in any other language, including electronically 

without the written consent of the copyright-holder.  To verify originality, your article may be 

checked by the originality detection service CrossCheck 

http://www.elsevier.com/editors/plagdetect. 

D.4.2.5 Contributors 

Each author is required to declare his or her individual contribution to the article: all authors must 

have materially participated in the research and/or article preparation, so roles for all authors 

should be described.  The statement that all authors have approved the final article should be 

true and included in the disclosure. 

D.4.2.6 Authorship 

All authors should have made substantial contributions to all of the following: (1) the conception 

and design of the study, or acquisition of data, or analysis and interpretation of data, (2) drafting 

the article or revising it critically for important intellectual content, (3) final approval of the version 

to be submitted. 

D.4.2.7 Changes to authorship 

This policy concerns the addition, deletion, or rearrangement of author names in the authorship 

of accepted manuscripts: 

Before the accepted manuscript is published in an online issue: Requests to add or remove an 

author, or to rearrange the author names, must be sent to the Journal Manager from the 

corresponding author of the accepted manuscript and must include: (a) the reason the name 

should be added or removed, or the author names rearranged and (b) written confirmation (e-

mail, fax, letter) from all authors that they agree with the addition, removal or rearrangement.  In 

the case of addition or removal of authors, this includes confirmation from the author being added 

or removed.  Requests that are not sent by the corresponding author will be forwarded by the 

Journal Manager to the corresponding author, who must follow the procedure as described above.  

Note that: (1) Journal Managers will inform the Journal Editors of any such requests and (2) 

publication of the accepted manuscript in an online issue is suspended until authorship has been 

agreed. 

http://www.elsevier.com/postingpolicy
http://www.elsevier.com/editors/plagdetect
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After the accepted manuscript is published in an online issue:  Any requests to add, delete, or 

rearrange author names in an article published in an online issue will follow the same policies as 

noted above and result in a corrigendum. 

Copyright 

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement' 

(for more information on this and copyright, see http://www.elsevier.com/copyright).  An e-mail 

will be sent to the corresponding author confirming receipt of the manuscript together with a 

'Journal Publishing Agreement' form or a link to the online version of this agreement.  Subscribers 

may reproduce tables of contents or prepare lists of articles including abstracts for internal 

circulation within their institutions.  Permission of the Publisher is required for resale or distribution 

outside the institution and for all other derivative works, including compilations and translations 

(please consult http://www.elsevier.com/permissions).  If excerpts from other copyrighted works 

are included, the author(s) must obtain written permission from the copyright owners and credit 

the source(s) in the article.  Elsevier has preprinted forms for use by authors in these cases: 

please consult http://www.elsevier.com/permissions. 

D.4.2.8 Retained author rights 

As an author, you (or your employer or institution) retain certain rights.  For more information on 

author rights for: Subscription articles please see http://www.elsevier.com/journal-authors/author-

rights-and-responsibilities. 

D.4.2.9 Role of the funding source 

You are requested to identify who provided financial support for the conduct of the research and/or 

preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; 

in the collection, analysis and interpretation of data; in the writing of the report; and in the decision 

to submit the article for publication.  If the funding source(s) had no such involvement then this 

should be stated.  Please see http://www.elsevier.com/funding. 

D.4.2.10 Funding body agreements and policies 

Elsevier has established agreements and developed policies to allow authors whose articles 

appear in journals published by Elsevier, to comply with potential manuscript archiving 

requirements as specified as conditions of their grant awards.  To learn more about existing 

agreements and policies please visit http://www.elsevier.com/fundingbodies. 

D.4.2.11 Open access 

This journal offers authors a choice in publishing their research: 

http://www.elsevier.com/copyright
http://www.elsevier.com/permissions
http://www.elsevier.com/permissions
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities
http://www.elsevier.com/funding
http://www.elsevier.com/fundingbodies
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Open Access 

 Articles are freely available to both subscribers and the wider public with permitted reuse 

 An Open Access publication fee is payable by authors or their research funder 

Subscription 

 Articles are made available to subscribers as well as developing countries and patient 

groups through our access programs (http://www.elsevier.com/access) 

 No Open Access publication fee 

All articles published Open Access will be immediately and permanently free for everyone to read 

and download.  Permitted reuse is defined by your choice of one of the following Creative 

Commons user licenses:  

a) Creative Commons Attribution (CC BY): lets others distribute and copy the article, to 

create extracts, abstracts, and other revised versions, adaptations or derivative works of 

or from an article (such as a translation), to include in a collective work (such as an 

anthology), to text or data mine the article, even for commercial purposes, as long as they 

credit the author(s), do not represent the author as endorsing their adaptation of the article, 

and do not modify the article in such a way as to damage the author's honour or reputation. 

b) Creative Commons Attribution-Non-Commercial-Share-Alike (CC BY-NC-SA): for non-

commercial purposes, lets others distribute and copy the article, to create extracts, 

abstracts and other revised versions, adaptations or derivative works of or from an article 

(such as a translation), to include in a collective work (such as an anthology), to text and 

data mine the article, as long as they credit the author(s), do not represent the author as 

endorsing their adaptation of the article, do not modify the article in such a way as to 

damage the author's honour or reputation, and license their new adaptations or creations 

under identical terms (CC BY-NC-SA). 

c) Creative Commons Attribution-Non-Commercial-No-Derivs (CC BY-NC-ND): for non-

commercial purposes, lets others distribute and copy the article, and to include in a 

collective work (such as an anthology), as long as they credit the author(s) and provided 

they do not alter or modify the article.  To provide Open Access, this journal has a 

publication fee which needs to be met by the authors or their research funders for each 

article published Open Access.  Your publication choice will have no effect on the peer 

review process or acceptance of submitted articles.  The publication fee for this journal is 

$3000, excluding taxes.  Learn more about Elsevier's pricing policy: 

http://www.elsevier.com/openaccesspricing. 

http://www.elsevier.com/access
http://www.elsevier.com/openaccesspricing
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D.4.2.12 Language (usage and editing services) 

Please write your text in good English (American or British usage is accepted, but not a mixture 

of these).  Authors who feel their English language manuscript may require editing to eliminate 

possible grammatical or spelling errors and to conform to correct scientific English may wish to 

use the English Language Editing service available from Elsevier's WebShop 

http://webshop.elsevier.com/languageediting/ or visit our customer support site 

http://support.elsevier.com for more information. 

D.4.2.13 Submission 

Submission to this journal proceeds totally online and you will be guided stepwise through the 

creation and uploading of your files.  The system automatically converts source files to a single 

PDF file of the article, which is used in the peer-review process.  Please note that even though 

manuscript source files are converted to PDF files at submission for the review process, these 

source files are needed for further processing after acceptance.  All correspondence, including 

notification of the Editor's decision and requests for revision, takes place by e-mail removing the 

need for a paper trail. 

Authors must state in a covering letter when submitting papers for publication the novelty 

embodied in their work or in the approach taken in their research.  Routine bioequivalence 

studies are unlikely to find favour.  No paper will be published which does not disclose fully the 

nature of the formulation used or details of materials which are key to the performance of a 

product, drug or excipient.  Work which is predictable in outcome, for example the inclusion of 

another drug in a cyclodextrin to yield enhanced dissolution, will not be published unless it 

provides new insight into fundamental principles. 

Note: The choice of general classifications such as "drug delivery" or "formulation" are rarely 

helpful when not used together with a more specific classification. 

D.4.2.14 Referees 

Please submit, with the manuscript, the names, addresses and e-mail addresses of at least three 

potential reviewers.  Reviewers who do not have an institutional e-mail address will only be 

considered if their affiliations are given and can be verified.  Preferably international reviewers 

should be nominated, and their areas of expertise must be stated clearly.  Note that the editor 

retains the sole right to decide whether or not the suggested reviewers are used. 

D.4.3 Preparation 

D.4.3.1 Use of word processing software 

http://webshop.elsevier.com/languageediting/
http://support.elsevier.com/
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It is important that the file be saved in the native format of the wordprocessor used.  The text 

should be in single-column format.  Keep the layout of the text as simple as possible.  Most 

formatting codes will be removed and replaced on processing the article.  In particular, do not use 

the wordprocessor's options to justify text or to hyphenate words.  However, do use bold face, 

italics, subscripts, superscripts etc.  When preparing tables, if you are using a table grid, use only 

one grid for each.  The electronic text should be prepared in a way very similar to that of 

conventional manuscripts (see also the Guide to Publishing with Elsevier: 

http://www.elsevier.com/guidepublication).  Note that source files of figures, tables and text 

graphics will be required whether or not you embed your figures in the text.  See also the section 

on Electronic artwork.  To avoid unnecessary errors you are strongly advised to use the 'spell-

check' and 'grammar-check' functions of your wordprocessor. 

D.4.3.2 Article structure 

Subdivision - numbered sections 

Divide your article into clearly defined and numbered sections.  Subsections should be numbered 

1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering).  Use this 

numbering also for internal cross-referencing: do not just refer to 'the text'.  Any subsection may 

be given a brief heading.  Each heading should appear on its own separate line. 

Introduction 

State the objectives of the work and provide an adequate background, avoiding a detailed 

literature survey or a summary of the results. 

Material and methods 

Provide sufficient detail to allow the work to be reproduced.  Methods already published should 

be indicated by a reference: only relevant modifications should be described. 

Results 

Results should be clear and concise. 

  

http://www.elsevier.com/guidepublication
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Discussion 

This should explore the significance of the results of the work, not repeat them.  A combined 

Results and Discussion section is often appropriate.  Avoid extensive citations and discussion of 

published literature. 

Conclusions 

The main conclusions of the study may be presented in a short Conclusions section, which may 

stand alone or form a subsection of a Discussion or Results and Discussion section. 

Appendices 

If there is more than one appendix, they should be identified as A, B, etc.  Formulae and equations 

in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent 

appendix, Eq. (B.1) and so on.  Similarly for tables and figures: Table A.1; Fig. A.1, etc. 

D.4.3.3 Essential title page information 

 Title.  Concise and informative.  Titles are often used in information-retrieval systems.  

Avoid abbreviations and formulae where possible. 

 Author names and affiliations.  Where the family name may be ambiguous (e.g., a 

double name), please indicate this clearly.  Present the authors' affiliation addresses 

(where the actual work was done) below the names.  Indicate all affiliations with a lower-

case superscript letter immediately after the author's name and in front of the appropriate 

address.  Provide the full postal address of each affiliation, including the country name 

and, if available, the e-mail address of each author. 

 Corresponding author.  Clearly indicate who will handle correspondence at all stages of 

refereeing and publication, also post-publication.  Ensure that phone numbers (with 

country and area code) are provided in addition to the e-mail address and the 

complete postal address.  Contact details must be kept up to date by the 

corresponding author. 

 Present/permanent address.  If an author has moved since the work described in the 

article was done, or was visiting at the time, a 'Present address' (or 'Permanent address') 

may be indicated as a footnote to that author's name.  The address at which the author 

actually did the work must be retained as the main, affiliation address.  Superscript Arabic 

numerals are used for such footnotes. 

D.4.3.4 Abstract 
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A concise and factual abstract is required.  The abstract should state briefly the purpose of the 

research, the principal results and major conclusions.  An abstract is often presented separately 

from the article, so it must be able to stand alone.  For this reason, References should be avoided, 

but if essential, then cite the author(s) and year(s).  Also, non-standard or uncommon 

abbreviations should be avoided, but if essential they must be defined at their first mention in the 

abstract itself.  The abstract must not exceed 200 words. 

D.4.3.5 Graphical abstract 

A Graphical abstract is mandatory for this journal.  It should summarize the contents of the article 

in a concise, pictorial form designed to capture the attention of a wide readership online.  Authors 

must provide images that clearly represent the work described in the article.  Graphical abstracts 

should be submitted as a separate file in the online submission system.  Image size: please 

provide an image with a minimum of 531 × 1328 pixels (h × w) or proportionally more, but should 

be readable on screen at a size of 200 × 500 pixels (at 96 dpi this corresponds to 5 × 13 cm).  

Bear in mind readability after reduction, especially if using one of the figures from the article itself.  

Preferred file types: TIFF, EPS, PDF or MS Office files.  See 

http://www.elsevier.com/graphicalabstracts for examples. 

D.4.3.6 Keywords 

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and 

avoiding general and plural terms and multiple concepts (avoid, for example, 'and', 'of').  Be 

sparing with abbreviations: only abbreviations firmly established in the field may be eligible.  

These keywords will be used for indexing purposes. 

D.4.3.7 Chemical compounds 

You can enrich your article by providing a list of chemical compounds studied in the article.  The 

list of compounds will be used to extract relevant information from the NCBI PubChem Compound 

database and display it next to the online version of the article on ScienceDirect.  You can include 

up to 10 names of chemical compounds in the article.  For each compound, please provide the 

PubChem CID of the most relevant record as in the following example: Glutamic acid (PubChem 

CID: 611).  The PubChem CIDs can be found via http://www.ncbi.nlm.nih.gov/pccompound.  

Please position the list of compounds immediately below the 'Keywords' section.  It is strongly 

recommended to follow the exact text formatting as in the example below: Chemical compounds 

studied in this article Ethylene glycol (PubChem CID: 174); Plitidepsin (PubChem CID: 

44152164); Benzalkonium chloride (PubChem CID: 15865).  More information is available at: 

http://www.elsevier.com/PubChem. 

D.4.3.8 Abbreviations 

http://www.elsevier.com/graphicalabstracts


 

162 
 

Define abbreviations that are not standard in this field in a footnote to be placed on the first page 

of the article.  Such abbreviations that are unavoidable in the abstract must be defined at their 

first mention there, as well as in the footnote.  Ensure consistency of abbreviations throughout 

the article. 

D.4.3.9 Acknowledgements 

Collate acknowledgements in a separate section at the end of the article before the references 

and do not, therefore, include them on the title page, as a footnote to the title or otherwise.  List 

here those individuals who provided help during the research (e.g., providing language help, 

writing assistance or proof reading the article, etc.). 

D.4.3.10 Units 

Follow internationally accepted rules and conventions: use the international system of units (SI).  

If other units are mentioned, please give their equivalent in SI. 

D.4.3.11 Database linking 

Elsevier encourages authors to connect articles with external databases, giving their readers 

oneclick access to relevant databases that help to build a better understanding of the described 

research.  Please refer to relevant database identifiers using the following format in your article: 

Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053; PDB: 1XFN).  See 

http://www.elsevier.com/databaselinking for more information and a full list of supported 

databases. 

D.4.3.12 Math formulae 

Present simple formulae in the line of normal text where possible and use the solidus (/) instead 

of a horizontal line for small fractional terms, e.g., X/Y.  In principle, variables are to be presented 

in italics.  Powers of e are often more conveniently denoted by exp.  Number consecutively any 

equations that have to be displayed separately from the text (if referred to explicitly in the text). 

D.4.3.13 Footnotes 

Footnotes should be used sparingly.  Number them consecutively throughout the article, using 

superscript Arabic numbers.  Many wordprocessors build footnotes into the text, and this feature 

may be used.  Should this not be the case, indicate the position of footnotes in the text and present 

the footnotes themselves separately at the end of the article.  Do not include footnotes in the 

Reference list. 

Table footnotes 

http://www.elsevier.com/databaselinking
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Indicate each footnote in a table with a superscript lowercase letter. 

Image manipulation 

Whilst it is accepted that authors sometimes need to manipulate images for clarity, manipulation 

for purposes of deception or fraud will be seen as scientific ethical abuse and will be dealt with 

accordingly.  For graphical images, this journal is applying the following policy: no specific feature 

within an image may be enhanced, obscured, moved, removed, or introduced.  Adjustments of 

brightness, contrast, or colour balance are acceptable if and as long as they do not obscure or 

eliminate any information present in the original.  Nonlinear adjustments (e.g. changes to gamma 

settings) must be disclosed in the figure legend. 

Electronic artwork 

General points 

 Make sure you use uniform lettering and sizing of your original artwork. 

 Embed the used fonts if the application provides that option. 

 Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, 

Symbol, or use fonts that look similar. 

 Number the illustrations according to their sequence in the text. 

 Use a logical naming convention for your artwork files. 

 Provide captions to illustrations separately. 

 Size the illustrations close to the desired dimensions of the printed version. 

 Submit each illustration as a separate file. 

A detailed guide on electronic artwork is available on our website: 

http://www.elsevier.com/artworkinstructions.  You are urged to visit this site; some excerpts 

from the detailed information are given here. 

  

http://www.elsevier.com/artworkinstructions
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Formats 

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) 

then please supply 'as is' in the native document format.  Regardless of the application used other 

than Microsoft Office, when your electronic artwork is finalized, please 'Save as' or convert the 

images to one of the following formats (note the resolution requirements for line drawings, 

halftones, and line/halftone combinations given below): 

EPS (or PDF): Vector drawings, embed all used fonts; 

TIFF (or JPEG): Colour or grayscale photographs (halftones), keep to a minimum of 300 dpi; 

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 

1000 dpi; 

TIFF (or JPEG): Combinations bitmapped line/half-tone (colour or grayscale), keep to a minimum 

of 500 dpi. 

Please do not: 

 Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically 

have a low number of pixels and limited set of colours; 

 Supply files that are too low in resolution; 

 Submit graphics that are disproportionately large for the content. 

Colour artwork 

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), 

or MS Office files) and with the correct resolution.  If, together with your accepted article, you 

submit usable colour figures then Elsevier will ensure, at no additional charge, that these figures 

will appear in colour on the Web (e.g., ScienceDirect and other sites) regardless of whether or 

not these illustrations are reproduced in colour in the printed version.  For colour reproduction 

in print, you will receive information regarding the costs from Elsevier after receipt of your 

accepted article.  Please indicate your preference for colour: in print or on the Web only.  For 

further information on the preparation of electronic artwork, please see 

http://www.elsevier.com/artworkinstructions.  Please note: Because of technical complications 

which can arise by converting colour figures to 'grey scale' (for the printed version should you not 

opt for colour in print) please submit in addition usable black and white versions of all the colour 

illustrations. 

  

http://www.elsevier.com/artworkinstructions
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Figure captions 

Ensure that each illustration has a caption.  Supply captions separately, not attached to the figure.  

A caption should comprise a brief title (not on the figure itself) and a description of the illustration.  

Keep text in the illustrations themselves to a minimum but explain all symbols and abbreviations 

used. 

D.4.3.14 Tables 

Number tables consecutively in accordance with their appearance in the text.  Place footnotes to 

tables below the table body and indicate them with superscript lowercase letters.  Avoid vertical 

rules.  Be sparing in the use of tables and ensure that the data presented in tables do not duplicate 

results described elsewhere in the article. 

D.4.3.15 References 

Citation in text 

Please ensure that every reference cited in the text is also present in the reference list (and vice 

versa).  Any references cited in the abstract must be given in full.  Unpublished results and 

personal communications are not recommended in the reference list, but may be mentioned in 

the text.  If these references are included in the reference list they should follow the standard 

reference style of the journal and should include a substitution of the publication date with either 

'Unpublished results' or 'Personal communication'.  Citation of a reference as 'in press' implies 

that the item has been accepted for publication and a copy of the title page of the relevant article 

must be submitted. 

Reference links 

Increased discoverability of research and high quality peer review are ensured by online links to 

the sources cited.  In order to allow us to create links to abstracting and indexing services, such 

as Scopus, CrossRef and PubMed, please ensure that data provided in the references are 

correct.  Please note that incorrect surnames, journal/book titles, publication year and pagination 

may prevent link creation.  When copying references, please be careful as they may already 

contain errors.  Use of the DOI is encouraged. 

Web references 

As a minimum, the full URL should be given and the date when the reference was last accessed.  

Any further information, if known (DOI, author names, dates, reference to a source publication, 

etc.), should also be given.  Web references can be listed separately (e.g., after the reference list) 

under a different heading if desired, or can be included in the reference list. 
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References in a special issue 

Please ensure that the words 'this issue' are added to any references in the list (and any citations 

in the text) to other articles in the same Special Issue. 

Reference management software 

This journal has standard templates available in key reference management packages EndNote 

(http://www.endnote.com/support/enstyles.asp) and Reference Manager 

(http://refman.com/support/rmstyles.asp).  Using plug-ins to wordprocessing packages, authors 

only need to select the appropriate journal template when preparing their article and the list of 

references and citations to these will be formatted according to the journal style, which is 

described below. 

Reference formatting 

There are no strict requirements on reference formatting at submission.  References can be in 

any style or format as long as the style is consistent.  Where applicable, author(s) name(s), journal 

title/book title, chapter title/article title, year of publication, volume number/book chapter and the 

pagination must be present.  Use of DOI is highly encouraged.  The reference style used by the 

journal will be applied to the accepted article by Elsevier at the proof stage.  Note that missing 

data will be highlighted at proof stage for the author to correct.  If you do wish to format the 

references yourself they should be arranged according to the following examples: 

Reference style 

Text: All citations in the text should refer to: 

1. Single author: the author's name (without initials, unless there is ambiguity) and the year 

of publication; 

2. Two authors: both authors' names and the year of publication; 

3. Three or more authors: first author's name followed by 'et al.' and the year of publication.  

Citations may be made directly (or parenthetically).  Groups of references should be listed 

first alphabetically, then chronologically. 

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).  Kramer et al. 

(2010) have recently shown ....' 

List: References should be arranged first alphabetically and then further sorted chronologically if 

necessary.  More than one reference from the same author(s) in the same year must be identified 

by the letters 'a', 'b', 'c', etc., placed after the year of publication. 

http://www.endnote.com/support/enstyles.asp
http://refman.com/support/rmstyles.asp
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Examples: 

Reference to a journal publication: 

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010.  The art of writing a scientific article.  J. 

Sci. Commun. 163, 51–59. 

Reference to a book: 

Strunk Jr., W., White, E.B., 2000.  The Elements of Style, fourth ed. Longman, New York. 

Reference to a chapter in an edited book: 

Mettam, G.R., Adams, L.B., 2009.  How to prepare an electronic version of your article, in: Jones, 

B.S., Smith, R.Z. (Eds.), Introduction to the Electronic Age.  E-Publishing Inc., New York, pp. 281–

304. 

Journal abbreviations source 

Journal names should be abbreviated according to the List of title word abbreviations: 

http://www.issn.org/2-22661-LTWA-online.php. 

D.4.3.16 Video data 

Elsevier accepts video material and animation sequences to support and enhance your scientific 

research.  Authors who have video or animation files that they wish to submit with their article are 

strongly encouraged to include links to these within the body of the article.  This can be done in 

the same way as a figure or table by referring to the video or animation content and noting in the 

body text where it should be placed.  All submitted files should be properly labelled so that they 

directly relate to the video file's content.  In order to ensure that your video or animation material 

is directly usable, please provide the files in one of our recommended file formats with a preferred 

maximum size of 50 MB.  Video and animation files supplied will be published online in the 

electronic version of your article in Elsevier Web products, including ScienceDirect: 

http://www.sciencedirect.com.  Please supply 'stills' with your files: you can choose any frame 

from the video or animation or make a separate image.  These will be used instead of standard 

icons and will personalize the link to your video data.  For more detailed instructions please visit 

our video instruction pages at http://www.elsevier.com/artworkinstructions.  Note: since video and 

animation cannot be embedded in the print version of the journal, please provide text for both the 

electronic and the print version for the portions of the article that refer to this content. 
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D.4.3.17 AudioSlides 

The journal encourages authors to create an AudioSlides presentation with their published article.  

AudioSlides are brief, webinar-style presentations that are shown next to the online article on 

ScienceDirect.  This gives authors the opportunity to summarize their research in their own words 

and to help readers understand what the paper is about.  More information and examples are 

available at http://www.elsevier.com/audioslides.  Authors of this journal will automatically receive 

an invitation e-mail to create an AudioSlides presentation after acceptance of their paper. 

D.4.3.18 Supplementary data 

Elsevier accepts electronic supplementary material to support and enhance your scientific 

research.  Supplementary files offer the author additional possibilities to publish supporting 

applications, high-resolution images, background datasets, sound clips and more.  

Supplementary files supplied will be published online alongside the electronic version of your 

article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com.  In order 

to ensure that your submitted material is directly usable, please provide the data in one of our 

recommended file formats.  Authors should submit the material in electronic format together with 

the article and supply a concise and descriptive caption for each file.  For more detailed 

instructions please visit our artwork instruction pages at 

http://www.elsevier.com/artworkinstructions. 

Submission checklist 

It is hoped that this list will be useful during the final checking of an article prior to sending it to 

the journal's Editor for review.  Please consult this Guide for Authors for further details of any 

item. 

Ensure that the following items are present: 

One Author designated as corresponding Author: 

 E-mail address 

 Full postal address 

 Telephone and fax numbers 

 All necessary files have been uploaded 

 Keywords 

 All figure captions 

http://www.elsevier.com/audioslides
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
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 All tables (including title, description, footnotes) 

Further considerations: 

 Use continuous line numbering (every 5 lines) to facilitate reviewing of the manuscript. 

 Manuscript has been "spellchecked" and "grammar-checked" 

 References are in the correct format for this journal 

 All references mentioned in the Reference list are cited in the text, and vice versa 

 Permission has been obtained for use of copyrighted material from other sources 

(including the Web) 

 Colour figures are clearly marked as being intended for colour reproduction on the Web 

(free of charge) and in print or to be reproduced in colour on the Web (free of charge) and 

in black-and-white in print 

 If only colour on the Web is required, black and white versions of the figures are also 

supplied for printing purposes 

For any further information please visit our customer support site at http://support.elsevier.com. 

D.4.4 After acceptance 

D.4.4.1 Use of the Digital Object Identifier 

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents.  The DOI 

consists of a unique alpha-numeric character string which is assigned to a document by the 

publisher upon the initial electronic publication.  The assigned DOI never changes.  Therefore, it 

is an ideal medium for citing a document, particularly 'Articles in press' because they have not yet 

received their full bibliographic information.  Example of a correctly given DOI (in URL format; 

here an article in the journal Physics Letters B): 

http://dx.doi.org/10.1016/j.physletb.2010.09.059  

When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to 

change. 
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D.4.4.2 Online proof correction 

Corresponding authors will receive an e-mail with a link to our ProofCentral system, allowing 

annotation and correction of proofs online.  The environment is similar to MS Word: in addition to 

editing text, you can also comment on figures/tables and answer questions from the Copy Editor.  

Web-based proofing provides a faster and less error-prone process by allowing you to directly 

type your corrections, eliminating the potential introduction of errors.  If preferred, you can still 

choose to annotate and upload your edits on the PDF version.  All instructions for proofing will be 

given in the e-mail we send to authors, including alternative methods to the online version and 

PDF.  We will do everything possible to get your article published quickly and accurately - please 

upload all of your corrections within 48 hours.  It is important to ensure that all corrections are 

sent back to us in one communication.  Please check carefully before replying, as inclusion of 

any subsequent corrections cannot be guaranteed.  Proofreading is solely your responsibility.  

Note that Elsevier may proceed with the publication of your article if no response is received. 

D.4.4.3 Offprints 

The corresponding author, at no cost, will be provided with a PDF file of the article via e-mail or, 

alternatively, 25 free paper offprints.  The PDF file is a watermarked version of the published 

article and includes a cover sheet with the journal cover image and a disclaimer outlining the 

terms and conditions of use.  For an extra charge, more paper offprints can be ordered via the 

offprint order form which is sent once the article is accepted for publication.  Both corresponding 

and co-authors may order offprints at any time via Elsevier's WebShop 

(http://webshop.elsevier.com/myarticleservices/offprints). 

D.4.4.4 Author inquiries 

For inquiries relating to the submission of articles (including electronic submission) please visit 

this journal's homepage.  For detailed instructions on the preparation of electronic artwork, please 

visit http://www.elsevier.com/artworkinstructions.  Contact details for questions arising after 

acceptance of an article, especially those relating to proofs, will be provided by the publisher.  You 

can track accepted articles at http://www.elsevier.com/trackarticle.  You can also check our 

Author FAQs at http://www.elsevier.com/authorFAQ and/or contact Customer Support via 

http://support.elsevier.com. 
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