
ABSTRACT 

KARADZOVSKA, DANIELA. High Throughput Approaches to Assess Formulation Effects 

on Topical Drug Delivery. (Under the direction of Dr. Jim Riviere). 

 

 

Conventional in vitro and in vivo techniques used in the assessment of the rate and 

extent of topical drug absorption are neither high throughput nor economical. Further 

complications arise due to the ethical concerns associated with the use of experimental 

animals or human volunteers. Coupling all this with the vast variation in drug-vehicle 

combinations possible and available for testing, the task of evaluating all combinations is 

virtually impossible. Therefore, three specific approaches were evaluated as high throughput 

solutions; an in silico approach (quantitative structure-permeability relationship (QSPeR) 

model) and two novel in vitro techniques (membrane coated fiber (MCF) array and skin-

parallel artificial membrane permeability assay (PAMPA)). The performance of each method 

was compared to a comprehensive data set generated as part of this project using the 

traditional in vitro testing technique of diffusion cells.  

The generation of a data set was deemed necessary following a literature review 

which identified numerous diffusion cell protocols employed. Such variation complicates the 

direct comparison and interpretation of data. Therefore a full factorial study was conducted to 

evaluate the effect of several commonly used experimental variables including dose volume 

(finite and infinite), saturation level (saturated and unsaturated), the presence or absence of 

albumin in the receptor fluid, and diffusion cell type (flow-through and static); on the 

absorption of six model compounds across porcine skin. The six compounds were selected 

for their differing physicochemical properties, and were applied in one of three vehicles.  



Using this data set, QSPeR models that incorporated the effects of the compound, 

vehicle and experimental conditions were developed and statistically validated. A composite 

parameter termed a mixture factor was also included to account for the physicochemical 

properties of the compound-vehicle mixture components. The resultant models effectively 

described skin flux and absorption.  

The MCF array technique employed three commercially available fiber coatings 

(polydimethylsiloxane, polyacrylate and carbowax) representative of molecular interactions 

relevant to the skin absorption of volatile compounds, with the addition of a re-extraction 

step to obtain analytes appropriate for liquid chromatography. Here, issues inherent to the 

fiber membrane for studying non-volatile compounds were observed, resulting in poor 

linearity and reproducibility of the extracted compounds. Furthermore, incompatibility 

between the MCF and vehicle was observed, disputing its potential use as a formulation 

screening technique.  

In the skin-PAMPA experiment, three artificial membranes (isopropyl 

myristate/silicone oil, certramides and Strat-M
TM

) were evaluated for their ability to predict 

skin permeability. Correlations between membrane and diffusion cell absorption data were 

observed. A correlation between membrane retention and the amount remaining in skin was 

also noted. For each membrane, QSPeR models identified different physicochemical factors 

influencing the absorption process.  

Whilst issues inherent to the fiber eliminated it as a potential high throughput 

solution, the QSPeR models and skin-PAMPA showed more promise for use in drug delivery 

and toxicology research. The QSPeR models demonstrated the importance of including 

experimental variables when assessing percutaneous absorption hence making it possible to 



predict absorption from data collected under different experimental conditions. The skin-

PAMPA showed potential use as an initial screen of formulations, assisting in narrowing the 

selection for evaluation by a more biologically intact model, and thereby assisting in the 

development of new topical formulations.  
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1. INTRODUCTION 

A number of factors influence the permeation of chemicals through skin. Such factors 

include the physicochemical properties of the test chemical and its delivery vehicle, the 

interactions between chemical-vehicle-skin, skin properties and metabolism, and factors 

inherent to the test system used for measurement (WHO 2006). The optimal experimental 

approach to determine the rate and extent of chemical absorption is to conduct studies in 

vivo, as all potential mechanisms of interactions are present. However, due to ethical and 

economical considerations, an in vitro approach is often preferred.  

The most widely accepted and routinely used in vitro method for both drug 

development and risk assessment is the diffusion cell (Franz 1975; Bronaugh and Stewart 

1985). However, high intra- and inter-laboratory variation in permeability results is observed 

due to the broad range of experimental set-up and conditions used. Furthermore, with the vast 

number of variations in chemical-vehicle combinations that may come into contact with the 

skin, the diffusion cells even with semi-automated options are not regarded as high 

throughput.  

To-date, the majority of the high throughput research has focused on drug candidate 

selection (Kerns 2001; Balimane et al. 2006) and not the delivery vehicle. Yet in the field of 

percutaneous absorption, it is well noted that the delivery vehicle is as important as the drug 

itself (Ostrenga et al. 1971; Flynn and Smith 1972; Idson 1972). Studies conducted that 

investigate the effect of vehicle(s) imply that interactions occur between the “chemical-

vehicle-skin” continuum which in turn contributes synergistically to affect a drug’s ability to 

partition and diffuse through the skin barrier (Cross et al. 2001; Baynes et al. 2002; Rosado et 
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al. 2003; Mills et al. 2006). Further research is warranted to improve our understanding of 

realistic chemical mixtures and their synergistic or antagonistic effects on percutaneous 

absorption. High throughput evaluations could serve to identify and possibly quantify the 

potential interactions that may occur. Such developments would provide huge economical 

and ethical advantages, and new opportunities to develop and assess new formulations. 

With this in mind, the overall purpose of this project was to identify whether a high 

throughput method could be used to screen topical formulations, thereby saving cost, time 

and minimizing experimental animal use. Three approaches were proposed: one in silico and 

two in vitro methods. Studies were conducted to identify the applicability and limitations of 

such methods. For consistency, the same six compounds and three vehicles were used. More 

specifically, six compounds (caffeine, cortisone, diclofenac sodium, mannitol, salicylic acid 

and testosterone) were selected based on their differing physicochemical properties. The 

delivery vehicles (propylene glycol, water, and ethanol) were selected as representatives of 

common constituents of topical formulations.  Simple binary solvent systems (i.e. one 

compound and one vehicle) were used so as not to complicate the interpretation of the 

results. 

In addition to evaluating high throughput options for the assessment and prediction of 

skin permeability, the studies conducted and reported in this dissertation proposed to 

understand the principles that govern percutaneous absorption. More specifically, the studies 

conducted include: 
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 Use of the conventional diffusion cell technique to evaluate the effects of 

several commonly employed experimental variables on the absorption of the 

six compounds across porcine skin (Chapter 3) 

 Development and validation of in silico models (quantitative structure-

permeability relationships) that incorporated experimental conditions and a 

mixture factor (Chapter 4) 

 Assessment of two in vitro methods:  

– Membrane coated fiber array (Chapter 5) 

– Skin-parallel artificial membrane permeability assay (Chapter 6) 

It is hoped that these studies will contribute in the development and assessment of 

new topical formulations whilst providing economical and ethical advantages.  

 

 



 

4 

2. LITERATURE REVIEW 

Skin is a complex, multilayered organ that performs several important roles. It 

provides a protective layer against chemical, mechanical and microbiological insults. It also 

performs a crucial role in thermoregulation, water regulation, ultra violet radiation protection, 

and vitamin D metabolism. As the largest organ of the body, skin provides a substantial route 

for exposure, and an interesting target for drug delivery.  

Topical drug delivery presents an attractive alternative to the oral delivery of drugs, 

mainly due to the large surface area of the skin, and the possibility of easy and non-invasive 

drug application. It also offers the advantages of reduced first pass hepatic metabolism, and 

decreased potential of drug degradation and gastric irritation by avoidance of the gastric 

route. Such benefits often translate into improved compliance of drug administration.  

In order to evaluate the efficiency of drug delivery following topical application and 

the interactions that may arise between chemical, vehicle, and skin that may impact on drug 

absorption, it is important to first understand the structure of skin.  

For a complete review on predicting skin permeability from complex mixtures, please 

refer to Appendix A.  

 

Structure of the skin 

Structurally skin can be viewed as a series of layers, the three major divisions being 

epidermis, dermis and hypodermis or subcutis (Figure 2.1). A complete review of skin 

anatomy is provided by Monteiro-Riviere (1991). 
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Figure 2.1: Schematic illustration of the structure of mammalian skin. Image from: Monteiro-

Riviere, N.A. (1991) Comparative anatomy, physiology, and biochemistry of mammalian 

skin. In: Hobson, D.W. (ed.) Dermal and Ocular Toxicology: Fundamentals and Methods. 

CRC Press, Inc., Boca Raton, FL, p. 3-71. 

 

Epidermis 

The epidermis can be further divided into four to five layers depending on the 

anatomical site: stratum corneum (SC), stratum lucidum (SL), stratum granulsoum (SG), 

stratum spinosum (SS) and the stratum basale (SB). Each layer represents a different stage of 
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the keratinization (progressive differentiation) process of the primary cell of the epidermis, 

the keratinocyte.  

The outermost layer of the epidermis, the SC provides a formidable barrier to drug 

absorption. The SC is composed of 10-15 layers (10-20 µm) of flat, nonviable, keratin-

enriched, terminally differentiated cells called corneocytes that are closely packed in a 

nonpolar lipid matrix (Elias et al. 1981; WHO 2006). Each corneocyte is enclosed within a 

protein-rich cornified cell envelope that is relatively impermeable to most compounds and 

provides covalent linkage sites for intercellular lipids. These intercellular attachments are 

disrupted by the process of desquamation, as the outermost cells are sloughed from the 

surface. The loss of SC cells is compensated by the cell growth in the lower epidermis 

(Holbrook and Odland 1975). 

The specific content and composition of the intercellular lipid matrix primarily 

constitutes the SC barrier properties (Lampe et al. 1983; Grubauer et al. 1989; Wertz 1992). 

The SC lipid composition (ceramides, free fatty acid and cholesterol, summarized in Table 

2.1) is unique among biomembranes, particularly in the absence of phospholipids. The lipids 

are arranged as broad lamellar sheets oriented parallel to the skin surface (Bouwstra et al. 

2003) and provide a continuous phase from the skin surface to the base of the SC. The highly 

ordered configuration of the lipid matrix lessens closer to the skin surface possibly due to the 

incorporation of sebaceous lipids into the matrix and a decrease in pH, which is slightly 

acidic at the skin surface (Pilgram et al. 2001; Bouwstra et al. 2003).  
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Table 2.1: Composition of mammalian epidermal lipids. Table from: Elias, P.M. (1992) Role 

of lipids in barrier function of the skin. In: Mukhtar, H. (ed.) Pharmacology of the Skin. CRC 

Press, Inc., Boca Raton, FL, p. 29-38. 

Lipid type 
Nucleated cell 

layers (weight %) 

Stratum corneum 

(weight %) 

Phospholipids 40 Trace 

Sphingolipids 10 35 

Cholesterol sulfate - 2-5 

Cholesterol 15 20 

Triglycerides 25 Trace 

Fatty acids 5 25 

Other (non-polar)
a
 5 10 

a
Includes sterol esters, squalene, and hydrocarbons 

 

The major lipids types in the SC are the sphingolipids (35%), which represent a 

structurally heterogeneous group termed ceramides (Yano et al. 1998; Stewart and Downing 

1999). Eleven subclasses have been identified in the human SC (Bouwstra and Gooris, 2010). 

Typically, a ceramide consists of a fatty acid and a sphingoid base, joined by an amide bond 

between the carboxyl group of the fatty acid and the amino group of the base. The ceramides 

differ from each other by the sphingoid head group architecture (sphingosine, 

phytosphingosine, 6-hydroxysphingose or dihydrosphingosine) and fatty acyl moiety (non-

hydroxylated, α-hydroxylated or ω-hydroxylated) (Bouwstra and Gooris, 2010). The acyl 

chain length is bimodal with the most abundant chain lengths being C24-C26, which are 

much longer than those in plasma membrane phospholipids (Bouwstra et al. 2003). Examples 

are shown in Figure 2.2. 
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Figure 2.2: Structural characterization of skin ceramides. Adapted with permission from 

t’Kindt R, Jorge L, Dumont E, Couturon P, David F, Sandra P, Sandra K. Profiling and 

characterizing skin ceramides using reversed-phase liquid chromatography-quadrupole time-

of-flight mass spectrometry. Anal. Chem. 84(1): 403-411. Copyright (2012) American 

Chemical Society. 

 

The importance of the relationship between lipid organization and composition is 

exemplified in studies with diseased skin in which an impaired barrier function corresponds 

to an altered lipid composition and organization (Bouwstra et al. 2001; Kalinin et al. 2002; 

Madison, 2003). Moreover, the integrity of the SC can be intentionally compromised for the 

purpose of drug delivery by solvent/mixture components via a range of mechanisms 

including delipidization, hydration, fluidization and desmosome disruption in the SC 

(Roberts et al. 2002).  

However, the lipid matrix alone is not responsible for the exceptional resistivity of the 

membrane but the whole SC architecture is considered to play a significant role. That is, the 
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arrangement of staggered corneocytes in a lipid continuum (Elias 1981; Heisig et al. 1996) 

provides a highly tortuous lipoidal diffusion pathway. It is this arrangement that makes the 

membrane 1000-times less permeable to water relative to most other biomembranes (Potts 

and Francoeur 1991). 

 The epidermal layers below the SC are referred to as the viable epidermis. Apart from 

the keratinocytes, there are three other cell populations that do not participate in the 

differentiation process: melanocytes, Langheran cells, and Merkel cells. Melanocytes reside 

in the basal layer of the epidermis, producing and secreting melanin to increase resistance to 

ultraviolet radiation. Langheran cells are dendritic cells which mediate immune responses, 

and Merkel cells are specialized neuroendocrine cells that produce nerve growth factor 

receptors and function as mechanoreceptors. 

The SL epidermal layer contains a viscous fluid protein (eleiden) and is present in 

thick skin regions, such as the soles of the feet and the palms (Monteiro-Riviere 1991). The 

SG layer normally contains two or three layers of granular cells parallel to the skin surface. 

These granules are the source of the intercellular lipids. The SS, located under the SG, 

consists of several layers of irregular shaped polyhedral cells connected to adjacent SS cells 

and SB cell by desmosomes. This gives the layer a spinous appearance. The SB is located 

under the SS. Cells in the SB layer are functionally heterogeneous with some acting as stem 

cells that continuously produce keratinocytes whilst others serve to anchor the epidermis 

(Monteiro-Riviere et al. 2008).  

The epidermis and dermis are separated by the basement membrane; a thin 

extracellular matrix. The basement membrane has several functions including acting as a 
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selective barrier by permitting the passage of some molecules and restricting the passage of 

others, maintaining epidermal-dermal adhesion, influencing cell behavior and wound healing, 

and serving as a target for immunological and non-immunological injury (Monteiro-Riviere 

et al. 2008). 

 

Dermis 

The dermis is approximately 15-40 times thicker than the epidermis and is located 

below the basement membrane layer. It consists of a matrix of collagen, ground substance, 

muscle and elastic fibers interspersed with blood vessels, and nerves. Specialized cell types 

found in the dermis include fibroblasts, melanocytes, mast cells, eosinophils, neutrophils, 

lymphocytes, histocytes and plasma cells (Monteiro-Riviere 1991). The extensive 

microvasculature network found here represents the site of resorption for drugs absorbed 

across the epidermis. It is at this point that transdermally absorbed molecules gain entry into 

the systemic circulation and access their central target(s). 

Skin appendages e.g. hair follicles, sebaceous glands, and sweat glands are also 

located in the dermis, although hair structures may extend into the hypodermis and present a 

route for skin penetration.   

 

Hypodermis/Subcutis 

The hypodermis lies below the dermis anchoring to muscles and bones via loose 

connective tissue of collagen and elastic fibers and functions as a fat storage layer (Monteiro-

Riviere 2008). It has no relevance to percutaneous penetration.  
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Percutaneous absorption  

Various models have been proposed that aim to capture the features of the SC layer in 

relatively simple terms to explain potential pathways of absorption. The “brick and mortar 

model” remains the most popular, in which the corneocytes are visualized as the bricks of a 

wall, and the matrix of intercellular lipids as the mortar. This model was first proposed by 

Michaels et al. (1975) and further developed by Elias et al. (1981). 

Subsequent models are regarded as extension of the “brick and mortar model”. Such 

models include: the sacked monolayer (Swartzendruber et al. 1989), the domain mosaic 

model (Forslind 1994), the laminglass model (Norlen 2003), the sandwich model (Bouwstra 

et al. 2003; Norlen 2003) and the single gel-phase model (Norlen 2001). 

Two routes of absorption are implied: alternate transit through the lipids and 

corneocytes or continuous transit through the lipid matrix only (Figure 2.3). Transit through 

the intercellular lipid matrix is considered the primary pathway for small, relatively lipophilic 

molecules (Albery and Hadgraft 1979). Hydrophilic chemicals, it has been postulated, tend to 

partition into the hydrophilic regions of the corneocytes while more lipophilic chemicals 

partition into the SC lipids (Raykar et al. 1998).  
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Figure 2.3: Permeation routes through the stratum corneum: (i) across the corneocytes and 

the intercellular lipid matrix (transcellular route) and (ii) via the lipid matrix between the 

corneocytes (intercellular route). Reprinted from Journal of Controlled Release, 6, Barry, 

B.W. Mode of action of penetration enhancers in human skin, 85–97, Copyright (1987), with 

permission from Elsevier. 

 

Active transport and facilitated processes are absent from the SC. This is because the 

corneocytes are anucleated and keratinized and cannot produce the specialized protein 

structures needed for active or facilitated transport (Bouwstra et al. 2003). Therefore, it is 

commonly assumed that the mechanism of transport through the SC is by passive diffusion.  
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Diffusion of a compound across a membrane can be described by Fick’s first law of 

diffusion adapted for skin. That is, the flux (J, rate of transfer per unit area) of a compound 

through the SC is (Scheuplein and Blank 1971): 

J = (P*D*∆C)/h 

where P is the partitioning coefficient between the skin and the vehicle, D is the diffusivity of 

the penetrant within the skin, ∆C is the concentration gradient across the skin (often the 

experimentally applied concentration is used for practicality), and h is the skin thickness, 

which is substituted for the diffusional path length, again for practicality.  

Over time, the flux approaches a steady-state value. The steady-state flux (Jss) across 

the skin is sometimes written in terms of the permeability coefficient (kp): 

 Jss = kp *∆C 

 The kp is the most widely used parameter in the prediction of skin permeation, as it is 

easily obtained from an in vitro experiment in which (ideally) the donor concentration of the 

penetrant is maintained constant (i.e. infinite dose conditions), while the receptor solution 

provides “sink” conditions. Over time, the cumulative amount penetrating the skin increases 

linearly as a steady-state is reached. From a plot of the cumulative amount absorbed as a 

function of time, the slope of the linear portion of the graph represents the Jss (Scheuplein and 

Blank 1971). As kp is the ratio of Jss and the applied concentration, an estimate for kp can be 

obtained. However, inaccuracies in the estimation of Jss can arise due to the use of nonsink 

receptor conditions and the deterioration of the skin over time. Whilst a pseudo-Jss (and 

hence an apparent kp) is assumed under finite dose conditions, as steady-state may not be 

achieved and/or maintained due to a depletion of the donor phase.  
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Another potential absorption route involves diffusion through the skin appendages 

e.g. hair follicles and sweat glands, which form shunt pathways through the intact epidermis. 

However, these skin appendages occupy only 0.1% of the total human skin surface and the 

contribution of this pathway is usually considered to be small, with only a few exceptions 

(Lauer et al. 1995; Illel 1997).   

 

Factors influencing percutaneous absorption 

The major factors that affect percutaneous absorption can be broadly classified into 

two categories: physiological and physicochemical. Particular attributes of these categories 

create the potential for complex interactions to occur i.e. chemical-vehicle-skin interactions, 

which in turn may affect a chemical’s ability to partition and diffuse through the skin barrier. 

 

Physiological factors 

The integrity of the skin barrier can be compromised by chemical (e.g. solvents, 

detergents, acids, alkalis), pathological (e.g. mechanical damage, disease state), and physical 

factors (e.g. weather, sunlight, occlusion) (Wiechers 1989). Solvents and vehicles are capable 

of substantially reducing the barrier function of the skin by delipidization, hydration, 

fluidization or desmosome disruption in the SC (Nielsen and Nielsen 2000; Kezic et al. 2001; 

Roberts et al. 2002; Rosado and Rodrigues 2003; Dias et al. 2008). In diseased skin such as 

psoriasis, the penetration of both low molecular weight compounds and large proteins has 

been seen due to a modified SC lipid composition as a result of hyperproliferation of the 

epidermis (Schaefer et al. 1977; Wester et al. 1983; Gould et al. 2003). Percutaneous 
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absorption has also been shown to be enhanced through skin damaged by abrasion, UV-

radiation and tape stripping (Bronaugh and Stewart 1985).  

Skin age is another factor believed to impact upon percutaneous absorption due to the 

changes that occur in ageing skin. These changes include (i) increased SC dryness, (ii) 

decreased skin surface lipid amounts due to a reduction in sebaceous gland activity, (iii) 

flattening of the dermal-epidermal junction, and (iv) atrophy of the skin capillary network, 

resulting in a gradual attenuation of blood supply to the viable epidermis (WHO 2006). 

However, the experimental evidence on the influence of such age-related changes on 

percutaneous absorption is not particularly extensive. 

Skin thickness may also be anticipated as a factor, as it would be assumed that kp 

would be small at anatomic sites where the SC is thickest due to the inversely proportional 

relationship between kp and the diffusional path length. However, supportive experimental 

evidence is scarce. Certain regions are more permeable, for example the genitalia, axilla, 

face, scalp, and post-auricular skin, and this knowledge has been used to optimize 

transdermal delivery of particular drugs e.g. scopolamine is delivered behind the ear. The 

enhanced permeability of scopolamine behind the ear is also attributed to the hair follicle and 

sweat/sebaceous duct density in the region. 

 As the viable epidermis is a biochemically active tissue with metabolic capability 

(Martin et al. 1987; Tauber 1989; Bashir and Maibach 1999), presystemic metabolism in the 

skin is another factor that can modify drug bioavailability. However, the capacity of the 

viable epidermis to metabolize a drug is typically small, and the role of biodegradation is 

likely to be minor. In fact, avoidance of presystemic metabolism is one of the advantages of 
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transdermal drug delivery. There are exceptions, as seen with the predicted increase of 

parathion cutaneous biotransformation (Qiao et al. 1994) when the applied dose is occluded. 

This finding was confirmed in a noncirculating isolated perfused porcine skin flap 

experiment (Chang et al. 1994). 

Skin temperature may affect the structure of the SC lipid bilayers (Pilgram et al. 

1999), and the blood flow to the skin, hence impacting on the rate of diffusion. Skin 

temperature generally increases with occlusion and contributes to penetration enhancement 

(Blank et al. 1967). Occlusion may also increase hydration but may not necessarily increase 

drug permeation (Bucks et al. 1989). However, changes in temperature to the extent of a few 

degrees have very little effect on permeability.  

   Most notable are the differences in drug permeation observed across species. For 

the majority of chemicals, laboratory animal skin is considerably more permeable (Vecchia 

and Bunge 2006), due to differences in the lipid content, structure, SC thickness, and number 

of appendageal openings per unit surface area (Walters and Roberts 1993). Often the skin of 

weanling pigs is used as a predictive model for human permeability (Simon and Maibach 

2000). 

 

Physicochemical factors 

Molecular size (e.g. molecular volume, molecular weight) is an important factor in 

membrane permeation (Berner and Cooper 1984), with low molecular weight compounds 

diffusing more readily. In general, as molecular weight increases, aqueous solubility 

decreases, and log Ko/w (octanol-water partition coefficient) increases. Generally, the extent 
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of absorption of compounds with a molecular weight over 500 daltons through normal 

human skin is low.  

The polarity of the solute is also considered a major determinant of the partitioning 

pattern observed in the SC. For highly nonpolar chemicals, the rate of partitioning between 

the SC and the viable skin can be a rate limiting factor due to the more polar nature of the 

deeper layers of the skin (Guy and Hadgraft 1988). Permeation enhancement is possible 

through a number of ways. Examples include increasing the diffusion coefficient of the drug 

in the membrane, or increased drug partitioning into the membrane, by modification of the 

delivery vehicle. This implies an effect of the vehicle on the barrier function of the SC, as 

exemplified by chemical penetration enhancers diffusing into the SC and subsequently 

disordering the intercellular SC lipids, or by the extraction of such lipids by a solvating 

component in the formulation (Hadgraft 1999; Barry 2001). Permeation enhancement is also 

possible by increasing the degree of saturation of the drug in the vehicle (i.e. the 

supersaturation approach). This latter strategy is based on interactions between the drug and 

the vehicle. 

The physical state of the drug may also be a factor, as availability to the skin surface 

may cause the absorption rates to be different, despite that thermodynamically, pure powders 

and saturated liquid solutions of the same compounds have the same driving force for 

percutaneous absorption (Higuchi 1960; Roberts et al. 2002).  

The formation of a skin reservoir may affect absorption. Reservoir formations are 

well documented for several lipophilic compounds (Miselnicky et al. 1988). Polar and non-

polar chemicals can also bind to the skin during the absorption process and form a skin 
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reservoir (Yourick et al. 2004). The duration of the reservoir depends on the nature of the 

permeant, the vehicle used, the temperature of the skin, and the relative humidity to which 

the skin is exposed (Vickers 1972). Although most studies have emphasized the SC as a 

reservoir, the viable epidermis, dermis, and underlying tissues may also act as reservoirs 

(Roberts et al. 2004).  

 

Potential interactions 

A number of complex interactions between the chemical, the vehicle and the skin 

may occur simultaneously. Such interactions can be classified according to the physical 

location of the occurrence: surface of the skin, SC, epidermis and dermis. 

 

Surface of the skin 

Chemicals applied to the surface of the skin in a mixture may act independently, 

synergistically or antagonistically to impact on absorption. These chemical-chemical 

interactions are governed by the laws of solution chemistry and include factors such as 

solubility, precipitation, supersaturation, volatility and physicochemical effects e.g. altered 

surface tension from the presence of surfactants, changed solution viscosity and micelle 

formation (Williams and Barry 1998; Barry 2001; Moser et al. 2001). Chemical interactions 

with adnexial structures or their products (e.g. hair, sebum, or sweat) may impact on the 

amount of chemical available for absorption, and consequently disrupt the concentration 

gradient required to drive diffusion.  
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Stratum corneum 

Penetration enhancers such as oleic acid or ethanol (Scheuplein and Blank 1971) alter 

the permeability of a chemical within the intercellular lipids of the SC. Whilst organic 

vehicles that persist on the surface of the skin may bind to the SC lipids and alter the 

permeability of the chemical (Monteiro-Riviere et al. 2001; Rastogi and Singh 2001). 

Chemicals may also bind to constituents of the SC and form a depot. 

 

Epidermis 

Another point of interaction is when a chemical undergoes biotransformation 

(Bronaugh et al. 1989). Induction or inhibition of drug-metabolizing enzymes or competitive 

or non-competitive inhibition for occupancy at the enzyme’s active site may occur with 

mixture components. This, in turn, may affect other structural and functional enzymes (e.g. 

lipid synthesis enzymes) which could modify the barrier function (Elias and Feingold 1992).  

In addition, a chemical could induce keratinocytes to release proinflammatory 

mediators such as cytokines (Luger and Schwarz 1990; Allen et al. 2000; Monteiro-Riviere et 

al. 2003), which alters the barrier function of the SC or vascular function in the dermis. 

Alternatively, cytokines may modulate biotransformation enzyme activities (Morgan 2001). 

 

Dermis 

A component chemical may directly or indirectly (e.g. via cytokine release in the 

epidermis and dermis) affect the vascular uptake of the penetrant (Riviere and Williams 
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1992; Williams and Riviere 1993), which could also affect the depth and extent of chemical 

penetration into underlying tissues. 

 

Assessment of percutaneous absorption 

The literature reveals a broad range of compounds, membranes and animal species 

investigated by a number of in vitro and in vivo percutaneous absorption models (Figure 2.4), 

some which will be discussed here. Clearly, an in vitro approach is often much simpler than 

an in vivo experiment (Brain et al. 1998), however with such simplicity comes a number of 

limitations and so the relevance of the prediction must be questioned.  

 

 

Figure 2.4: Hierarchy of percutaneous absorption assessment methods. 
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In vivo 

Unerringly, an in vivo experiment is physiologically more relevant than in vitro 

approach, as all potential mechanisms of interactions are present. Therefore, the in vivo 

experiment is viewed as the “gold standard” approach against which all methods for 

measuring skin absorption should be evaluated (Skelly et al. 1987; Howes et al. 1996). The 

different techniques used for quantifying in vivo percutaneous absorption include (WHO, 

2006): 

 plasma and excreta assessments, and/or breath analysis,  

 tape stripping of the stratum corneum,  

 microdialysis,  

 skin biopsy, and  

 radiography.  

However, such experiments can be cost prohibitive and/or unethical to carry out. In 

addition, large variability in permeability measurements can result due to differences in 

experimental conditions such as anatomic application site or use of a heterogeneous 

population (Southwell et al. 1984).  

 

Ex vivo 

Perfused tissue models 

 Perfused tissue models use excised regions of skin, complete with their associated 

microvasculature. Immediately after sacrifice, these ex vivo preparations are continuously 

perfused with a solution such as the Krebs-Ringer buffer. Several variations involve both 
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different species and different areas of skin. Examples include the isolated perfused porcine 

skin flaps (Riviere et al. 1986), bovine udders (Kietzmann et al. 1993) and pig (de Lange et 

al. 1992) or rabbit ears (Henrikus and Kampffmeyer 1993; Mura et al. 1994). These 

techniques allow for the investigation of the effect of local blood circulation on the 

accumulation and removal of topically applied chemicals. However, these preparations are 

complex for routine high throughput use. 

 

In vitro 

Although in vitro experiments do not completely reproduce in vivo conditions, 

especially with respect to metabolism, distribution and blood supply, they do offer a major 

advantage that experimental conditions can be controlled precisely and they have high 

throughput capabilities.  

 

Diffusion cells 

 Most of the existing data on the percutaneous absorption of chemicals has been 

generated through the use of in vitro diffusion cell experiments. Two types of diffusion cells 

are commonly used: the (Franz) static diffusion cell (Franz 1975) and the (Bronaugh) flow-

through diffusion cell (Bronaugh and Stewart 1985). The principle behind both is similar, in 

that, a rate-limiting membrane (e.g. excised mammalian skin or artificial membrane), is 

placed between a donor and a receptor compartment. The test chemical is applied to the 

surface of the skin, diffusing from the donor phase to the receptor phase over time. In the 

static diffusion cell, samples are withdrawn periodically from the receptor phase and 
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analyzed to measure the penetration flux. In the flow-through diffusion cell, the chemical 

passing through the membrane is carried away by the receptor fluid and is collected for 

analysis (Addicks et al. 1987). Here, “sink” conditions are maintained. An appropriate 

analytical method (e.g. liquid scintillation counting) is then used to quantify and monitor the 

appearance of drug in the receptor solution and/or the decline from the donor compartment as 

a function of time. 

 Although numerous protocols are reportedly used, the methods can be separated into 

two groups: (i) infinite dose/steady-state, in which the skin’s outer surface is exposed to a 

large amount of solvent containing the compound of interest and (ii) finite dose/nonsteady-

state, in which the skin surface faces more physiological conditions and the applied dose is 

similar to that in a clinical setting (Henning et al. 2009). Both steady-state and pseudo 

steady-state conditions can be used for the estimation of kp values. 

 Despite the availability of semi-automated options for both diffusion cell designs, 

they are not practical for high throughput screening. The major drawback is the time 

associated with sample collection and handling, and the time required to reach steady-state. 

 

Membrane coated fiber (MCF) arrays 

The MCF technique was developed from the analytical chemistry technique: solid 

phase microextraction (SPME). Here, the fiber is used as a stationary phase to extract 

analytes from sample matrices for quantitative analysis (Zhang et al. 1994). For skin 

absorption studies, the MCF is used as the permeation membrane. This approach is based on 
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the similarity in the absorption mechanisms of the MCF membrane and the SC layer of the 

skin.  

The technique involves the immersion of the MCF into a donor solution. Once 

equilibrium is attained between the solution and the MCF, the MCF can be directly injected 

into an analytical chromatographic instrument, eliminating an extraction step. This implies 

potential as a high throughput approach. In addition, one fiber can be reused multiples times 

(up to 100 times).  

Compared with the traditional diffusion cells, the MCF represents only a half of the 

traditional diffusion cell experiment. This allows for the permeation and the penetration 

process to be studied separately. That is, the permeation process involves chemical 

partitioning from the donor phase into the membrane phase. Preloading the MCF with a 

given amount of chemical followed by immersion into a receptor solution allows for the 

study of the penetration process.  

Three commercially available coatings (PDMS polydimethylsiloxane; PA 

polyacrylate; CW carbowax) have demonstrated an equilibrium process based on Fick’s first 

law of diffusion, and have provided a rapid and quantitative assessment of the skin 

permeability of volatile compounds amenable to gas chromatography (GC) analysis (Xia et 

al. 2003; Riviere et al. 2007; Xia et al. 2007; Baynes et al. 2008).  

 

Skin-parallel artificial membrane permeability assay (PAMPA) 

PAMPA is a 96-well plate format method developed for the rapid determination of 

passive membrane transport of molecules (Kansy et al. 1998). Routinely used for the 
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assessment of gastrointestinal absorption, and blood-brain barrier permeability, recent studies 

have reported an adaption for skin permeability measurements (Ottaviani et al. 2006; Sinko 

et al. 2009, 2012). In the PAMPA method, an artificial membrane coated on a hydrophobic 

filter of a 96-well filter plate separates two compartments, the donor and acceptor. Typically, 

the donor compartment contains the test compound in a buffer solution, and the acceptor 

compartment is a buffer solution at pH 7.4.  

Several artificial membranes have been proposed as simple lipid-like membrane 

models. Examples include a simple pure solvent membrane composed of 70% silicone oil 

and 30% isopropyl myristate coated on a hydrophobic filter (Ottaviani et al. 2006). Synthetic 

analogues of human ceramides, referred to as certramides, are another example (Sinko et al. 

2009, 2012). So as to imitate the SC, other components of the certramide membrane mixture 

include free fatty acids and cholesterol. These ceramide analogues are structurally similar to 

the naturally occurring ceramides having comparable molecular size, H-bond donor/acceptor 

abilities, and high lipophilicity.  

A third example is the commercially available synthetic membrane Strat-M
TM

 (Joshi 

et al. 2012). The membrane is composed of multiple layers of polyether sulfone creating 

morphology similar to human skin, including a very tight surface layer. The application of 

each membrane as a surrogate membrane model for human skin diffusion experiments has 

been demonstrated with use of several compounds applied in predominantly aqueous 

vehicles.  
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Cell cultures 

A number of tissue derived skin equivalents have been used to measure percutaneous 

absorption. Both, epidermis and full-thickness skin have been used for permeation testing in 

toxicological and pharmacological studies (Ponec et al. 1990; Roy et al. 1993; Michel et al. 

1995; Monteiro-Riviere et al. 1997; Damour et al. 1998; Schmook et al. 2001; Weiss et al. 

2004; Netzlaff et al. 2005). The full-thickness equivalents are composed of both dermal and 

epidermal tissues, but are deficient in skin appendages (Netzlaff et al. 2005). Although these 

skin equivalents provide many advantages, including the ability to eliminate animal 

experimentation, the barrier function of these substitutes is significantly deficient in 

comparison to human skin, and the epidermal lipids show abnormalities in composition 

(Regnier et al. 1993). This often results in cell cultures being more permeable than intact skin 

leading to quantitative differences (Asbill et al. 2000; Schmook et al. 2001), thereby limiting 

the overall use of skin cultures (Godin and Touitou 2007). 

 

In silico 

Mathematical models can be used to quantitatively represent the processes of 

percutaneous absorption, describe experimental data and predict the kinetics of percutaneous 

absorption. Quantitative permeability-structure relationship (QSPeR) models, 

pharmacokinetic models and physiologically based pharmacokinetic (PBPK) models are 

some examples. 
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 QSPeR models 

 QSPeR models provide a significant tool for assessing the passive, diffusion-

controlled percutaneous penetration of exogenous chemicals. Most of the current accepted 

and widely used QSPeR models are linear-free energy relationships that link specific 

molecular descriptors (e.g. molecular size, hydrogen bonding, lipophilicity) with the process 

being modeled (e.g. partitioning, membrane permeation). Potts and Guy (1992) developed 

the first widely accepted QSPeR model for predicting the skin permeability coefficient (kp). 

This linear regression model demonstrated a modest correlation (r
2
 = 0.67 for 93 compounds 

referred to as the Flynn dataset) to the physicochemical parameters of lipophilicity, measured 

by measured by log Ko/w and molecular weight. 

A majority of subsequent models effectively express the percutaneous absorption of 

chemicals from simple systems such as saturated aqueous solutions (El Tayar et al. 1991; 

Abraham et al. 1995; Wilschut et al. 1995; Pugh et al. 2000), purely because these are the 

data that have been available to model. Indeed, often the data used to develop QSPeRs are 

collated from a variety of sources including different experimental protocols, laboratories, 

types of skin and analytical methods. Such experimental variability brings into question the 

consistency and reliability of the data which may decrease the statistical validity of the 

proposed model(s) (Geinoz et al. 2004). Surprisingly, studies evaluating the QSPeR between 

experimental variables and percutaneous absorption are few (Samaras et al. 2012). 

In addition, only a limited number of models account for the influences of different 

formulation/vehicle types (Hostynek and Magee 1997; Ghafourian and Fooladi 2001; 

Ghafourian et al. 2010a, 2010b; Samaras et al. 2012). Most promising is a hybrid QSPeR 
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model incorporating a mixture factor (MF) to account for the physiochemical properties of 

the solvent mixture, in addition to the penetrant effect, on the absorption process (Riviere and 

Brooks 2005, 2007, 2011). Inclusion of this unique descriptor term (MF) showed significant 

improvement in the prediction of kp.  

 Novel approaches such as neural network based modeling using large pools of 

theoretical molecular descriptors (Lim et al. 2002; Degim et al. 2003) and Guassian process 

models (Moss et al. 2009; Lam et al. 2010) have also been employed to predict percutaneous 

absorption, but have yet to find significant “real world” application (Mitragotri et al. 2011; 

Moss et al. 2012). 

 

Other mathematical models  

Pharmacokinetic (compartment) models have been used to predict or analyze 

absorption of chemicals into and through skin (Guy et al. 1982, 1985; Kubota and Maibach 

1992, 1994; McCarley and Bunge 1998, 2001). Compartmental models represent the delivery 

device, the skin and the blood as well-stirred compartments described by first-order rate 

constants. The rate constants can be related to the physicochemical parameters, such as 

diffusion coefficients and partition coefficients of the SC and additional skin layers. Both 

one- and two-compartment models have been derived, yielding the average permeant 

concentration within each skin compartment.  

If the site of pharmacological action of a topically applied drug is not cutaneous but 

systemic or an organ, a pharmacokinetic model approach will not predict the concentration at 

the site of action (Dancik et al. 2008). The concentration at the site of action is affected by 
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the cutaneous physiological processes of absorption, distribution, metabolism and 

elimination as well as the distribution within the rest of the body, metabolism by other organs 

(e.g. liver, gut), and the elimination by other organs. This forms the basis of PBPK models. 

PBPK models permit the extrapolation to other species, pathological changes/differences and 

various exposure scenarios. However, as the necessary anatomical and physiological 

parameters required for a PBPK model are not always available or the processes are not well 

understood, the inclusion of uncertain parameters may result in erroneous predictions. This, 

therefore, limits the advantage of PBPK models over traditional compartmental models.  

Ultimately, the selection of a particular model depends on the experimental 

conditions that the user intends to simulate. 
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ABSTRACT 

Context 

The membrane coated fiber (MCF) array technique was previously demonstrated to be a 

rapid, quantitative assessment of the percutaneous absorption of volatile compounds capable 

of studying mixtures and their synergistic effects. In particular, three commercially available 

fiber coatings (polydimethylsiloxane, polyacrylate, carbowax) were shown to be 

representative of molecular interactions relevant to skin absorption. 

 

Objective 

The study evaluated the potential use of these fibers as a high throughput screening approach 

for topical formulations. More specifically, the MCFs were evaluated for their ability to 

predict the skin permeability of caffeine (CF), cortisone (CT), mannitol (MN), and salicylic 

acid (SA) applied in water or ethanol as unsaturated and/or saturated concentrations, using an 

additional extraction step to obtain analytes appropriate for liquid chromatography. 

 

Methods 

Compound extraction from a donor solution was carried out by fiber immersion for a set 

period of time. The compound was then re-extracted into acetonitrile and quantitated by 

liquid chromatography coupled to a mass spectrometer. Radiolabel equivalents of the 

compounds were analyzed in a similar manner with the exception of detection method used. 
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Results 

Fiber extraction of radiolabeled compounds (CF, MN, SA in water) was proved to be 

unsuccessful whilst extraction of their non-radiolabeled equivalents (CF, CT, SA) revealed 

poor linearity, and poor between-day and within-day reproducibility. Similar unsatisfactory 

results were observed regardless of whether a single fiber was used, or whether multiple 

fibers were used simultaneously. Furthermore, incompatibility between the MCF and solvent 

(vehicle) was observed, which disputes its potential use as a formulation screening technique. 

 

Conclusion 

On the basis of these findings, the MCF array is not suitable to describe the effects on skin 

absorption of non-volatile compounds. 

 

INTRODUCTION 

A number of in vitro methodologies have been established to evaluate the rate and 

extent of passive absorption of an exogenous compound across skin. One proposed 

alternative approach to the conventional diffusion cell method is the membrane coated fiber 

(MCF) array. This technique has been demonstrated as a rapid quantitative assessment of the 

percutaneous absorption of volatile compounds, capable of studying chemical mixtures and 

their synergistic effects (1-6). In these studies, three commercially available coatings (PDMS, 

polydimethylsiloxane; PA, polyacrylate; and CW, carbowax) were shown to be 

representative of the primary molecular interactions relevant to the skin absorption of volatile 

hydrocarbons.  
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The MCF array approach is based on the principle that passive diffusion is the major 

pathway for many exogenous chemicals across skin. More specifically, diffusion is through 

the continuous intercellular lipid matrix that surrounds the flat corneocytes in the stratum 

corneum. Decades of research have shown that this heterogeneous epidermal layer is the 

primary rate-limiting barrier to the passive transport of most chemicals across skin. In the 

MCF array, the PDMS, PA, and CW fibers are theoretically characteristic of the 

heterogeneity of the stratum corneum; that is the PDMS fiber represents the more nonpolar 

components, PA the moderately polar and CW the polar constituents of the stratum corneum 

(1). 

PDMS has been extensively used as a simple lipid-like membrane for in vitro skin 

permeation studies (7-9) as this polymer alone or in combination with other polymers offers a 

nonporous, hydrophobic, and relatively inert reproducible barrier. These properties are 

generally retained in the fiber format, where the artificial polymer is coated on an inert silica 

rod to serve as the permeation membrane. 

The MCF technique involves the immersion of a fiber into a mixture (donor) solution 

(Figure 1). Once equilibrium is attained between the solution and the MCF, the MCF can be 

directly injected into an analytical chromatographic instrument, eliminating an extraction 

step. This implies potential as a high throughput approach. In addition, one MCF can be 

reused multiple times (up to 100 times) (6).  

Compared to the conventional diffusion cell experiment using a synthetic membrane 

as the skin imitating barrier, the MCF represents only a half of this experiment. This allows 

for the permeation and the penetration processes to be studied separately.  That is, the 
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permeation process involves chemical partitioning from the donor phase into the membrane 

phase. However, preloading the MCF with a given amount of chemical followed by insertion 

into a receptor solution allows for the study of the penetration process. Therefore, the MCF 

technique does not provide the same absorption information as the conventional diffusion 

cell experiment (10). Instead, it will provide some physicochemical parameters obtained 

from the conventional diffusion experiments such as uptake and elimination rate constants, 

and some parameters that cannot be obtained with the conventional diffusion experiments, 

for example initial permeation rates and partition coefficients (10). 

Notably, the polymer membrane in the MCF technique does not have the complicated 

biological structure as skin therefore it cannot be used to study the absorption processes 

where biological interactions and metabolic conversions are the controlling factors (10). 

Despite this, as with other in vitro techniques, the experimental conditions can be easily 

manipulated. This, however, may also be a disadvantage in that a variety of extraction 

conditions (e.g. pH, ionic strength, temperature) may require optimization per compound 

and/or solution to ensure good reproducibility (11). Another potential limitation inherent to 

the fiber involves the need to account for the matrix (or vehicle) effects in complex samples 

(12). Although this may be carried out through use of matrix-matched standards, 

incompatibility between fiber and matrix may prove to be a larger issue. In addition, the 

limited volume of the fiber coating may result in poor sensitivity due to a limited extraction 

capacity (12).  

To-date, the MCF array has primarily been used with volatile and semi-volatile 

compounds in predominantly aqueous donor solutions. With its many advantages it may have 
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potential as a high throughput formulation screening method. This therefore was the premise 

of this investigation. The overall purpose of this study was to evaluate the MCF array as a 

high throughput alternative to the current in vitro diffusion cell technique. More specifically, 

this investigation assessed its feasibility and limitations for the purpose of evaluating the 

effect of vehicle on the topical delivery of non-volatile compounds requiring an additional 

extraction step to obtain analytes appropriate for liquid chromatography. 

 

METHODS 

Chemicals 

The six compounds (Table 1) were selected based on their differing physicochemical 

properties of molecular weight and log octanol-water partition coefficient. Caffeine, 

cortisone, diclofenac sodium, mannitol, salicylic acid and testosterone, as well as the 

propylene glycol and formic acid were purchased from Sigma-Aldrich (St Louis, MO) at a 

purity greater than or equal to 98%. Absolute ethyl alcohol (200 proof) was obtained from 

Pharmco-Aaper Chemical Co. (Shelbyville, KY). Ultrapure water was obtained from the in-

house laboratory water purification system (Pure Water Solutions, Hillsborough, NC). 

Radiolabeled equivalents of the following compounds; (
14

C)-caffeine (specific 

activity = 10.8 mCi/mmol), (
14

C)-cortisone (specific activity = 10.7 mCi/mmol), (
14

C)-

diclofenac sodium (specific activity = 13.6 mCi/mmol), (
14

C)-mannitol (specific activity = 

11.0 mCi/mmol), (
14

C)-salicylic acid (specific activity = 15.0 mCi/mmol) and (
14

C)-

testosterone (specific activity = 9.37 mCi/mmol) were obtained from American Radiolabeled 



 

68 

Chemicals, Inc. (St Louis, MO). All compounds were determined by the manufacturer to 

have a radiochemical purity of 99%. 

 

Membrane coated fibers 

Membrane coated fibers (100 µm PDMS, 85 µm PA and 60 µm CW) were purchased 

from Sigma-Aldrich. 

 

Optimization of experimental conditions 

A number of experimental factors were modified until deemed optimal regarding the 

extraction procedure. Such factors included sample extraction volume, that is, extraction of 

compound from donor solution to fiber, extraction time, the addition of stirring of the donor 

solution, and the re-extraction volume, that is, extraction of the compound from the fiber into 

acetonitrile.  

 Briefly, the sample extraction volumes evaluated were 250 µL, 1 and 9 mL.  The 

extraction times investigated included 5, 10, 15, 30, 45, 60 min and 24 h. The re-extraction 

volumes and compositions evaluated were 250, 500, 750 µL, and 1 mL, and 35% acetonitrile 

in water, 50% acetonitrile in water, and 100% acetonitrile, respectively. 

 

Extraction from donor solution to fiber - radiolabel compounds 

In an attempt to expedite analysis, radiolabel compounds (caffeine, mannitol and 

salicylic acid in water as an unsaturated concentration) were investigated. Triplicate donor 

solutions (0.1 µCi/9 mL dose) were prepared for the three compounds. An individual PDMS 
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fiber was immersed into each stirred (250 rpm) triplicate solution such that each donor 

solution was extracted simultaneously. After 24 h of immersion, the fiber was re-extracted 

into 1 mL of acetonitrile for 5 min. Bioscint liquid scintillation cocktail (National 

Diagnostics, Atlanta, GA) was then added to the acetonitrile aliquot and counted on a 

Packard model 1900TR liquid scintillation counter (Packard Chemical Co., Downers Grove, 

IL). The remaining dosing solution was also assayed to calculate a total mass balance.

 The radioactivity content per donor solution was increased to 1.0 µCi (per 9 mL dose) 

to eliminate the possibility of low radioactivity within the sample as the cause of the 

unsatisfactory recovery results. 

 

Extraction from donor solution to fiber - non-radiolabel compounds 

Each extraction included a series of standard solutions (n = 5) to create calibration 

curves in the same vehicle as test donor samples. Test samples included triplicates of 

unsaturated and saturated doses in either water or ethanol. The extraction was repeated to 

evaluate reproducibility.  

The extraction procedure involved immersion of the fiber into 9 mL of stirred (250 

rpm) donor solution that was aliquoted into a 10-mL gas chromatography (GC) vial with a 

crimped top to prevent evaporation. Following immersion for 24 h at room temperature, the 

fiber was then immersed into 1 mL of acetonitrile for 5 min. The acetonitrile fraction was 

then analyzed by ultra performance liquid chromatography (Waters Acquity UPLC, Milford, 

MA) with mass spectrometry detection (Waters EMD1000) using a reverse phase column 



 

70 

(Waters Acquity UPLC HSS T3 1.8 µm, 2.1 x 100 mm) and acetonitrile (Fisher Scientific, 

Fair Lawn, NJ)/water with 0.1% formic acid mix mobile phase. 

The compounds analyzed included caffeine in water and ethanol, salicylic acid in 

water and ethanol, and cortisone in water (Table 2). In this experimental design, 11 fibers 

were used per extraction. To eliminate fiber-to-fiber reproducibility as an issue, the 11 

PDMS fibers were replaced by a single PDMS fiber. The possibility of fiber saturation was 

also investigated by decreasing the concentration range evaluated, ranging from 0.01, 0.1, 

0.25, 0.5, 1, 10, 25, 50 and 100 µg/mL. 

 

Calculation of partition coefficient between membrane and solution  

 A partition partition coefficient (K) was calculated, for comparison to the permeability 

coefficient (kp) from the diffusion cell experiment, using the following equation (6): 

 

where n
o
 is the maximum permeation amount, Co is the initial concentration in the donor 

solution, Vd is the volume of the donor solution, Vm is the volume of the membrane (for 100 

µm PDMS = 0.612 µL, and 85 µm PA = 0.520 µL). Cme is the equilibrium concentration in 

the membrane = n
o
 / Vm, and Cde is the equilibrium concentration in the donor solution = Co – 

(n
o
 / Vd). 
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Initial permeation rate determination 

Several vials of one concentration were prepared, with each vial representing a 

different immersion time, that is, 0.5, 1, 2, 4, and 6 hours. Extraction of a compound from the 

fiber followed the procedure described above. Following quantitation, the initial permeation 

rate was obtained by linear regression of the initial linear section of the permeation amount 

versus time profile. The initial permeation rate is the slope obtained by the linear regression. 

 

Comparison data 

The data set used for comparison was generated using diffusion cells (13). This data 

set was filtered so that results obtained using infinite doses only were included for 

comparison.  

 

RESULTS 

Although the optimization data are not shown, the optimal extraction conditions 

identified were immersion of a fiber into 9-mL donor solution stirred at 250 rpm for 24 h at 

room temperature. The use of 250 µL and 1 mL extraction volumes resulted in no compound 

being extracted by the fiber. The extraction time of 24 hours was selected for practicality 

such that one extraction procedure could suffice for a number of different compounds. The 

compound was re-extracted into 1 mL of acetonitrile. This volume was considered sufficient 

as no carry-over was noted. The re-extraction solvent composition of 100% acetonitrile was 

the only solvent composition tested that recovered the compound from the fiber.  
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As the MCF arrays are not available in a high throughput format (e.g. 96-well), to 

make the approach more efficient, multiple fibers were used simultaneously such that five 

fibers were immersed into five standard levels, three fibers were immersed into triplicate 

unsaturated donor samples and three fibers were immersed into triplicate saturated donor 

samples. The compound of interest was then re-extracted into acetonitrile for analysis by LC-

MS. LC-MS was used as all compounds with the exception of caffeine required 

derivatization for analysis by GC-MS.  

To expedite analysis, radiolabeled compounds were also investigated but proved to be 

an unsuitable approach (data not shown). The radiolabel concentration was diluted with non-

radiolabeled compound to obtain the appropriate target concentration. Compounds were 

extracted in the same manner, that is, fiber immersion into the stirred donor solution for 24 

hours, followed by immersion into acetonitrile. The radiolabel content was measured by 

liquid scintillation counting. As the radiolabel amount was a constant and only a small 

fraction of the donor solution, the amount extracted was low (< 0.02%) and the coefficient of 

variation (CV) high (~40%). The amount extracted was approximately 10-fold lower than 

seen with the non-radiolabeled compounds (data not shown). To confirm that a detectable 

quantity of radioactivity was present in each donor solution, the radiolabel concentration of 

each donor solution was increased from 0.1 to 1.0 µCi per donor solution. No improvement 

in recovery or CV was noted. 

The extraction results when multiple fibers were used simultaneously are summarized 

in Tables 3-5. Using the PDMS fibers to extract caffeine from water and ethanol (Table 3) 

required the exclusion of one or more standard level to obtain a linear calibration curve. 
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Comparison of the calculated (experimentally obtained) concentration of caffeine from water 

(2463 µg/mL) differed significantly from the nominal (target) unsaturated concentration of 

1280 µg/mL. The variation between triplicate samples determined by the CV was high 

(33%). Repeating the same experiment resulted in very different results with a mean 

calculated concentration of 497 µg/mL, again differing significantly from the nominal target 

unsaturated concentration. However, variation between triplicate samples was good (CV = 

3.18%). Regarding the saturated concentrations, two caffeine in water replicates reasonably 

estimated the target saturated concentration of 20,000 µg/mL. However, repeating the same 

experiment resulted in very different results with a poor estimate of the target concentration 

and high CV (33%). 

Similar issues were noted with the caffeine extraction from ethanol, that is, one or 

more standard level needed to be excluded to obtain a linear calibration curve which was 

used to estimate the concentrations of triplicate samples. Although in some instances the 

estimated concentration was close to the target concentration, the CV was high and linearity 

poor (r
2
 = 0.8776). Similar results were seen with the cortisone extraction from water.  

No salicylic acid was extracted either from water or ethanol. This is most likely due 

to the fact that salicylic acid is an ionizable compound and hence incompatible for extraction 

by MCF unless presented in a buffered solution. 

Using multiple PA fibers also resulted in poor linearity (Table 4), where one or more 

standard level needed to be excluded to obtain a linear calibration curve. The estimation of 

unsaturated caffeine concentrations was reasonable, but the estimation of saturated caffeine 

concentrations led to high CVs. 
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Only one experiment was run with the CW fibers (Table 5). This is because the CW 

fiber was found to be incompatible with acetonitrile, in that the polymer coating was 

removed from the inert fiber when exposed to acetonitrile. Results of poor linearity with the 

need to exclude one or more standard level from calibration curve, and a poor estimation of 

concentration reiterated those results obtained by the PDMS and PA fibers. 

No improvement was seen when a single PDMS fiber was used in place of the 11 

fibers (Table 6). Although the data is not shown, dilution and analysis of the donor 

concentrations confirmed their concentrations to be that of the target concentrations.  

Although the data are not shown, decreasing the concentration range to eliminate 

fiber saturation as a possible cause of the erratic results, using the PDMS fiber resulted in 

two concentration levels (100 and 50 µg/mL caffeine in water) out of the nine extracted 

being detected. The PA fiber detected four concentration levels out of the nine extracted. 

That is, a peak height was detected for the 100, 50, 25 and 10 µg/mL. However, to obtain a 

linear calibration curve, one of these four standards needed to be excluded. Repeating this 

exercise with both PDMS and PA fibers led to the same results. Due to these issues, no 

confidence could be given to estimated values of initial permeation rates or partition 

coefficients, therefore these values are not shown. 

 

DISCUSSION 

The application of the MCF array for the prediction of skin permeability is based on 

the similarity in the absorption mechanisms of the MCF membrane and the stratum corneum 

of the skin (4). The passive absorption of chemicals in the stratum corneum is governed by 
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the relative strength of several molecular interactions including lipophilicity, hydrogen 

bonding, and π*–electron interactions (14). These molecular interactions could be simulated 

with an array of MCFs having diverse physicochemical properties (4). It was therefore 

hypothesized that three commercially available MCFs would provide a rapid technique and 

hence information on the rank order of the compounds and vehicles effects, comparable to 

the data obtained from diffusion cells. 

Previous studies using the MCF array focused on volatile and semi-volatile 

compounds in predominantly aqueous vehicles. This allowed for the MCF technique to 

integrate the membrane permeation and quantitative analysis into one step through the use of 

a GC system (4). For compounds of interest that are not GC detectable, derivatization or 

solvent desorption and LC present a solution for quantitative analysis. As derivatization 

would require a chemical reaction that could further complicate analysis and/or be an 

additional source of variability, the efficiency and feasibility of solvent desorption and LC 

analysis was selected for evaluation in this study. 

LC analysis is suitable for semi-volatile, non-volatile or thermally unstable 

compounds, however the introduction of an additional sample preparation (desorption) step 

no longer qualifies this technique as a high throughput approach. In addition, interfacing the 

MCF with LC systems through the use of a manual injection valve is difficult to automate 

with conventional robotic systems (15). This again questions the high throughput capability 

of the MCF array. 

At present, there are no high throughput fiber formats (e.g. 96-well) commercially 

available. One way to surpass this is to use multiple fibers simultaneously, however as seen 
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from the results there is large fiber-to-fiber variability. Use of a single fiber only prolonged 

the analysis time and did not improve the results. Similarly, use of radiolabel solutions to 

expedite analysis did not solve the problem.  

Regardless of the extraction approach, reproducibility and quantitation proved to be 

questionable for the few compounds and solvents analyzed therefore not all compounds and 

vehicles assayed in the diffusion cell experiment were evaluated. The most likely source for 

the poor results is an incompatibility between the MCF and solvent. Although a drastic result 

of this was observed with the CW fiber, the same incompatibility issue but to a lesser extent 

may be true for the PDMS and PA fibers. That is, PDMS fibers may swell in non-polar 

solvents, whilst the PA and CW fibers may swell in polar organic solvents or water. Also, the 

repeated immersion extraction procedure used in this study would have altered the binding 

capabilities of the fiber membrane, leading to variations in the results. Ideally, for a 

reproducible fiber application the amount of organic solvent per sample that the fiber is 

exposed to should be kept to a minimum (12) and the compound of interest should be 

volatile. 

As part of the optimization, other re-extraction solvent compositions were evaluated 

with varying amount of organic solvent present (e.g. 35% acetonitrile in water, 50% 

acetonitrile in water, and 100% acetonitrile). No compounds were extracted from the fiber 

with 35 and 50 % acetonitrile in water. Acetonitrile was selected for its compatibility with 

the LC mobile phases used and a volume of 1 mL was required, as no carry-over was noted. 

A donor solution of 9 mL was preferable. This volume has been previously used and shown 

to be sufficient (2,16). The extraction time of 24 h at room temperature was considered to be 
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the most practical. Such that one extraction procedure could be used for differing compounds 

with only the vehicle composition altered, and so different vehicle interactions can be 

measured. This in turn could have provided a potential application as a high throughput 

screening technique for topical formulation development. 

Although the use of the fibers to study skin absorption interactions is a theoretically 

valid and interesting concept, the limitation of the fibers in studying non-volatile compounds 

posed extraction and reproducibility issues. Some of these issues (e.g. solvent compatibility) 

were speculated from previous applications (11,12), however confirmation was necessary. 

Therefore, this investigation did show that the fibers are not suited for the application of a 

high throughput alternative to the current in vitro diffusion cell technique for the analysis of 

non-volatile compounds that may be applied as topical formulations.  

 

CONCLUSION 

Issues inherent to the fiber membrane for studying non-volatile compounds were 

observed. Analysis of non-volatile compounds by MCFs required an additional extraction 

step to desorb the compound from the fiber for analysis by LC. This prolonged the extraction 

time. Despite this, fiber uptake of a compound and reproducibility was problematic, requiring 

individual optimization per compound and solvent combination. This refutes its application 

as a formulation screening method. In addition, its lack of availability in a high throughput 

format (e.g. 96-well) questions its high throughput capability.  

More importantly, the MCF is sensitive to certain organic solvents causing the fibers 

to swell and alter their binding characteristics leading to poor reproducibility and quantitation 
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results. Therefore for the purpose of evaluating the effect of vehicle on the topical delivery of 

non-volatile compounds as a high throughput alternative to the current in vitro diffusion cell 

technique, this approach is not possible.   
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Table 1: Physicochemical properties of compounds assayed 

Compounds log Ko/w MW 

Caffeine -0.07 194 

Cortisone 1.47 360 

Diclofenac sodium 4.50 318 

Mannitol -3.10 182 

Salicylic acid 2.26 138 

Testosterone 3.32 288 

Ko/w = octanol-water partition coefficient; MW = molecular weight;  

Values obtained from SRC PhysProp database 
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Table 2: LC-MS analysis conditions 

Compounds Vehicle 
Matrix-matched standard levels 

used (µg/mL) 
m/z 

Ionization  

mode 
Capillary 

(kV) 

Cone 

(V) 
Mobile phase 

Caffeine Water 20000, 10000, 5000, 1000, 500 
195.2 ES+ 30 3.5 ACN/Water + 0.1% formic acid (50/50) 

 Ethanol 5000, 4000, 3000, 1000, 500 

Cortisone Water 200, 100, 50, 25, 10 361.3 ES+ 30 3.5 ACN/Water + 0.1% formic acid (70/30) 

Salicylic acid Water 4000, 3000, 2000, 1000, 500 
137.1 ES- 30 2.5 ACN/Water (70/30) 

 Ethanol 300000, 100000, 50000, 5000, 500 

m/z = mass-to-charge ratio; Flow rate = 0.3 mL/min; Injection volume = 5 µL; Column temperature = 30 oC; Sample temperature = 20 oC; ES = electrospray;  

ACN = acetonitrile 
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Table 3: Multiple PDMS fibers  

Description Rep. 

r
2
:
 
all 

standards 

used in 

calibration 

curve 

# of 

standards 

used in 

calibratio

n curve 

r
2
 

UNSATURATED SATURATED 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV 

(%) 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV (%) 

Caffeine in 

Water 

1 0.8420 4 0.9927 1280 3 2463 33.0 20000 2 19938 12.9 

2 0.7698 3 1.0000 1280 3 497 3.18 20000 3 9759 33.2 

Caffeine in 

Ethanol 

1 0.9087 3 0.9911 1280 3 1605 41.2 5000 3 2978 11.2 

2 0.8776 5 0.8776 1280 3 1172 9.60 5000 3 5366 45.9 

Cortisone in 

Water 

1 
a 

2** 1.0000 1280 3 1358 49.0 200 3 200 36.9 

2 2*** 1.0000 1280 3 1042 10.2 200 2 200 1.53 

Salicylic acid 

in Water 

1 No salicylic acid detected 

2 No salicylic acid detected 

Salicylic acid 

in Ethanol 

1 No salicylic acid detected 

2 No salicylic acid detected 

Rep. = replicate; n = sample number; Calc. = calculated; Conc. = concentration; CV = coefficient of variation; 

**200 ppm peak height taken triplicate SAT samples mean; 

***200 ppm peak height taken duplicate SAT samples mean; 

a Concentrations < 200 ppm were not detected therefore 0 and 200 ppm used in calibration curve. 
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Table 4: Multiple PA fibers  

Description Rep. 

r
2
:
 
all 

standards 

used in 

calibration 

curve 

# of standards 

used in 

calibration 

curve 

r
2
 

UNSATURATED SATURATED 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV 

(%) 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV (%) 

Caffeine in 

Water 

1 

 

0.9744 

 

2 curves used;  

3 

3 

 

0.9998 

0.9971 
1280 

 

2 

 

1397 

 

2.49 

 

20000 

 

3 

 

14712 

 

32.8 

2 

 

0.9765 

2 curves used; 

3 

3 

 

0.9990 

0.9812 

1280 3 1430 13.7 20000 3 33856 80.1 

Cortisone 

in Water 
1 0.0391 3 0.9887 1280 2 194 14.3 200 3 195 75.3 

Rep. = replicate; n = sample number; Calc. = calculated; Conc. = concentration; CV = coefficient of variation; 2 curves used = the first curve was used for computation of the 

unsaturated concentration, the second curve for computation of the saturated concentration 
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Table 5: Multiple CW fibers  

Description Rep. 

r
2
:
 
all 

standards 

used in 

calibration 

curve 

# of standards 

used in 

calibration 

curve 

r
2
 

UNSATURATED SATURATED 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV 

(%) 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV (%) 

Caffeine in 

Water 
1 

 

0.9461 
2 curves used;  

3 

3 

 
0.9587 

0.9910 
1280 3 1372 11.4 20000 2 39274 64.4 

Rep. = replicate; n = sample number; Calc. = calculated; Conc. = concentration; CV = coefficient of variation; 2 curves used = the first curve was used for computation of the 

unsaturated concentration, the second curve for computation of the saturated concentration
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Table 6: Single PDMS fiber  

Description Rep. 

r
2
:
 
all 

standards 

used in 

calibration 

curve 

# of 

standards 

used in 

calibration 

curve 

r
2
 

UNSATURATED SATURATED 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV 

(%) 

Target conc. 

(µg/mL) 
n 

Mean calc. 

conc. 

(µg/mL) 

CV (%) 

Caffeine in 

Water 

1 0.9478 3 0.9916 1280 3 2737 21.8 20000 3 17380 6.89 

2 0.9021 4 0.9956 1280 2 2714 75.2 20000 3 27947 46.7 

Caffeine in 

Ethanol 

1 0.9199 3 0.9898 1280 3 1238 32.7 5000 3 6157 62.5 

2 0.8294 3 0.9998 1280 3 864 16.1 5000 3 4269 6.53 

Cortisone in 

Water 

1 0.8626 4 0.9977 1280 3 375 46.3 200 3 22.8 20.1 

2 0.8080 3 0.9844 1280 3 629 1.16 200 3 49.7 12.9 

Rep. = replicate; n = sample number; Calc. = calculated; Conc. = concentration; CV = coefficient of variation
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Figure 1: Schematic illustration of MCF 
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ABSTRACT  

A vast number of variations in drug/vehicle combinations may come into contact with skin. 

Evaluating the effect of potential drug, vehicle and skin interactions for all possible 

combinations is a daunting task. A practical solution is a rapid screening technique amenable 

to high throughput approaches (e.g. 96-well plates). In this study, three artificial membranes 

(isopropyl myristate (IPM), certramides and Strat-M
TM

) were evaluated for their ability to 

predict the skin permeability of caffeine, cortisone, diclofenac sodium, mannitol, salicylic 

acid and testosterone applied in propylene glycol, water and ethanol as unsaturated and 

saturated concentrations. Resultant absorption data was compared to porcine skin diffusion 

cell data. The correlations (r
2
) between membrane and diffusion cell data from saturated and 

unsaturated concentrations were 0.38, 0.47 and 0.56 for the Strat-M
TM

, certramide and IPM 

membranes, respectively. This relationship improved when only saturated concentrations 

were evaluated (r
2
 = 0.60, 0.63 and 0.66 for the Strat-M

TM
, certramide and IPM membranes, 

respectively). A correlation between membrane retention and the amount remaining in skin 

had r
2
 values of 0.73 (Strat-M

TM
), 0.67 (certramides), and 0.67 (IPM). Quantitative structure-

permeability relationship models for each membrane identified different physicochemical 

factors influencing the absorption process. Although further investigations exploring 

complex topical formulations are required, these results suggest potential use as an initial 

screening approach to assist in narrowing the selection of formulations to be evaluated with a 

more biologically intact model, thereby assisting in the development of new topical 

formulations. 
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1. INTRODUCTION  

In vivo studies are the optimal approach for assessing the rate and extent of 

absorption of an exogeneous compound through skin for drug development and risk 

assessment purposes. However due to ethical and economical considerations associated with 

in vivo testing, an in vitro approach is often preferred. The in vitro method routinely used is 

the diffusion cell (Bronaugh and Stewart, 1985; Franz, 1975). Yet when taking into account 

the vast number of variations in drug/vehicle that may come into contact with the skin, 

neither established in vitro nor in vivo techniques can be considered as highly efficient or 

economical for evaluating all possibilities. A high throughput alternative is therefore 

desirable to avoid the cost and time exhaustive measures of the current testing techniques 

available.  

High throughput technologies have been shown to be advantageous in screening a 

larger number of chemicals at one time. The focus of a majority of the high throughput 

research has been on drug candidate selection (Balimane et al, 2006; Kerns, 2001) and not 

the delivery vehicle. In the field of percutaneous absorption, it is well noted that the delivery 

vehicle is as important as the drug itself (Flynn and Smith, 1972; Idson, 1972; Ostrenga et al, 

1971). Often specific components are added to the vehicle to serve certain purposes such as 

overcoming the formidable barrier function of the stratum corneum, and/or to promote 

stability/activity of the active ingredient.  

An increase in the complexity of the delivery vehicle (formulation) also increases the 

potential for interactions to occur between the chemical, vehicle and skin. This consequently 

affects the absorption process. In vitro studies have shown that the interactions that arise 



 

91 

within the chemical-vehicle-skin system synergistically alter a chemical’s ability to partition 

into and diffuse through the skin barrier (Baynes et al, 2001; Cross et al, 2001; Mills et al, 

2006; Rosado et al, 2003). Although such phenomena exist, few researchers have attempted 

to quantify the effects of chemical mixtures on percutaneous absorption (Baynes et al, 2008; 

Brand and Mueller, 2002; Budsaba et al, 2000; Gregoire et al, 2009; Riviere and Brooks, 

2007; Yourick et al, 2008; Wiechers et al, 2012). High throughput methodologies could 

provide a feasible solution to identify and quantify these interactions. Such methodologies 

could also assist in screening formulations and hence provide huge economical and ethical 

advantages for the development and assessment of novel formulations. 

The 96-well plate format has been demonstrated to be suitable for the rapid 

determination of passive transport (Kansy et al, 1998). Routinely used for the assessment of 

gastrointestinal absorption, and blood-brain barrier permeability, recent studies have reported 

the adaption of this parallel artificial membrane permeability assay (PAMPA) for skin 

(Ottaviani et al, 2006; Sinko et al, 2012, 2009). In the PAMPA method, an artificial 

membrane imitating skin is coated on a hydrophobic filter of a 96-well filter plate that 

separates two compartments, the donor and acceptor. The donor compartment typically 

contains a buffer solution of the test compound, while the acceptor compartment contains the 

receptor fluid, generally fresh buffer solution at pH 7.4. A schematic illustration of the 

PAMPA experiment is depicted in Figure 1. 

A number of artificial membranes (e.g. dimethlypolysiloxane (silicone), isopropyl 

myristate) have been proposed as simple lipid-like membrane models to measure fluxes, 

diffusion and partition coefficients. Ottaviani et al (2006) reported a simple pure solvent 
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membrane, composed of 70% silicone oil and 30% isopropyl myristate coated on a 

hydrophobic polyvinylidene fluoride filter. Test compounds were applied in a buffer solution 

containing 5% dimethylsufoxide, and resultant data was shown to mimic human skin 

permeation. A positive correlation was also established between the membrane retention of 

compounds and stratum corneum/water partition coefficients.   

More recent advances have seen the synthesis of human ceramide analogues, referred 

to as certramides, incorporated as a membrane mixture (Sinko et al, 2012, 2009). Other 

components in this membrane mixture include free fatty acids and cholesterol in order to 

perform like the stratum corneum. These new certramides are structurally similar to the 

natural ceramides having comparable molecular size, H-bond donor/acceptor abilities, and 

high lipophilicity. A high correlation between the evaluated test compounds with three 

different human skin permeability databases has been demonstrated (Sinko et al, 2012). 

Another synthetic membrane (Strat-M
TM

) recently commercially made available was 

reported by Joshi et al (2012), demonstrating its use as a surrogate membrane model for 

human skin diffusion experiments without high lot-to-lot variability, safety and storage 

limitations. The membrane is composed of multiple layers of polyether sulfone creating 

morphology similar to human skin, including a very tight surface layer.  

Although these in vitro experiments do not completely reproduce in vivo conditions, 

especially with respect to metabolism, dermal distribution and blood supply, they do offer a 

major advantage in that experimental conditions can be controlled precisely and they have 

high throughput capabilities (Ottaviani et al, 2006). Therefore the aim of this experiment was 

to evaluate three artificial membranes in a 96-well plate format for their ability to predict the 
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percutaneous absorption of six model compounds (caffeine, cortisone, diclofenac sodium, 

mannitol, salicylic acid and testosterone) delivered in three vehicles (propylene glycol, water 

and ethanol) as saturated and unsaturated concentrations applied in vitro to porcine skin. A 

secondary aim was to characterize the factors influencing the absorption process for each 

membrane through the use of quantitative structure-permeability relationships. 

 

2. MATERIALS AND METHODS 

2.1.  Chemicals 

The six compounds, shown in Figure 2, were selected based on their differing 

physicochemical properties of molecular weight and log Ko/w (the octanol-water partition 

coefficient). Radiolabeled [
14

C]-Caffeine (specific activity = 10.8 mCi/mmol), [
14

C]-

Cortisone (specific activity = 10.7 mCi/mmol), [
14

C]-Diclofenac sodium (specific activity = 

13.6 mCi/mmol), [
14

C]-Mannitol (specific activity = 11.0 mCi/mmol), [
14

C]-Salicylic acid 

(specific activity = 15.0 mCi/mmol) and [
14

C]-Testosterone (specific activity = 9.37 

mCi/mmol) were obtained from American Radiolabeled Chemicals, Inc. (St Louis, MO). All 

compounds were determined by the manufacturer to have a radiochemical purity of 99%. 

Radiolabeled compounds were employed to ensure that total chemical flux was being 

compared across all systems to minimize any potential effects of metabolism in the skin 

model. 

Non-radiolabeled equivalents of these six compounds, as well as the propylene 

glycol, isopropyl myristate (IPM), silicone oil, and hexane were purchased from Sigma-

Aldrich (St Louis, MO) at a purity greater than or equal to 98%. Absolute ethyl alcohol (200 
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proof) was obtained from Pharmco-Aaper Chemical Co. (Shelbyville, KY). Ultrapure water 

was obtained from the in-house laboratory water purification system (Pure Water Solutions, 

Hillsborough, NC). 

 

2.2. Membranes 

2.2.1. Isopropyl myristate/silicone oil (IPM)  

Each well on a 96-well filter plate (Millipore Multiscreen 0.4 µm PCTE membrane 

plate MPC4NTR10; Billerica, MA) was coated with 100 µL of 35% (v/v) liquid membrane 

(IPM/silicone oil 3/7) dissolved in hexane. The hexane was allowed to evaporate overnight 

under a fumehood whilst on a shaker. 

 

2.2.2. Certramides 

Ninety-six (96)-well plates containing the certramide membrane were commercially 

purchased from Pion Inc. (Part # 120657, Billerica, MA). A hydration solution concentrate 

was also acquired (Pion Inc., Part # 120662, Billerica, MA), in addition to detailed 

instructions on how to hydrate the membrane. That is, 100 mL of the hydration solution 

concentrate was diluted to 500 mL with ultrapure water. After adjusting the pH to 7.4, the 

solution was filtered using a 0.2 µm filter. 

The precoated plates were placed in a reservoir containing the diluted hydration 

buffer (45 mL) overnight, where the filters changed from white to translucent. 
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2.2.3. Strat-M
TM

 

Membranes (Millipore SKBM04760, Strat-M
TM

 Membrane Transdermal Diffusion 

Test Model, Billerica, MA) were cut out using a 6mm Dermal Biopsy Punch (Miltex Inc. 

Bethpage, NY). Forceps were used to gently position the membrane on top of a 96-well filter 

plate (Millipore MPC4NTR10, Billerica, MA), ensuring the shiny surface was in contact 

with the 0.45 µm polycarbonate filter. 

 

2.3. Permeability measurements 

The bottom donor plate was prefilled (Millipore MATRNPS50, Billerica, MA) with 

280 µL of a test compound in a vehicle. Six compounds (caffeine, cortisone, diclofenac 

sodium, mannitol, salicylic acid and testosterone) in three vehicles (propylene glycol, water 

and ethanol) as saturated and unsaturated doses were assayed.  Saturated (target) 

concentrations were experimentally estimated (Karadzovska et al, 2012) and are listed in the 

Supplementary Tables. The nominal unsaturated concentration used was 1280 µg/mL. 

Duplicate plates were assayed, where the number of replicates per plate ranged from four to 

eight.  

The acceptor (top filter plate with membrane) was placed on top of the donor plate 

and filled with 280 µL receptor fluid i.e. Krebs-Ringer bicarbonate buffer spiked with 

dextrose (Sigma-Aldrich, St Louis, MO) and bovine serum albumin (4.5%, w/v; Fisher 

Scientific, Fair Lawn, NJ). This receptor fluid was identical to that used in the diffusion cell 

experiments. The volume of test compound solution and receptor fluid was adjusted to 200 
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µL for the certramide membrane. The resulting plate sandwich was incubated at room 

temperature for 5 h.  

After 5 h, the plate sandwich was disassembled. Both donor and acceptor 

compartment volumes were collected  and analyzed on a Packard model 1900TR liquid 

scintillation counter (Packard Chemical Co., Downers Grove, IL), following the addition of 

Bioscint (National Diagnostics, Atlanta, GA) . The membrane was also assayed to evaluate 

membrane retention.  

 

2.4. Apparent permeability coefficients 

The following equation, suggested by the certramide system manufacturer, was used 

to calculate an apparent permeability coefficient which was compared to log kp from the 

diffusion cell data.  

 

Here t is the incubation time (h), CA(t) is the concentration of the compound (µg) in acceptor 

well at the end of incubation, and CD(0) is the concentration of the compound (µg) in the 

donor well at time zero. The units of Papp were converted to cm/h for comparison purposes. 

 

2.5. Absorption 

Absorption was calculated by multiplying the percent dose recovered in the receptor 

fluid by the dose applied, established by pre-dose checks.  
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2.6. Comparison data 

The data set used for comparison was generated using porcine skin diffusion cells 

(Karadzovska et al, 2012). This data set was filtered so only results obtained using infinite 

doses and bovine serum albumin in the receptor fluid, were included for comparison. The 

absorption raw data was modified to take into account that incubation was only for 5 h. A 

comparison of the 5 h 96-well plate absorption data and the 24 h diffusion cell absorption 

data was also evaluated. 

 

2.7. Quantitative structure-permeability relationship models 

Multiple regression analysis was carried out using SAS 9.2 for Windows (SAS 

Institute, Cary, NC) to identify optimal physicochemical descriptors and indicator variables 

that could explain the variance in the data for each membrane. That is, stepwise regression 

analysis was performed between a dependant variable (log absorption) and the predictors 

(descriptors). The penetrant descriptors assessed were the same as those from two widely 

accepted quantitative structure-permeability relationship models in the field today: the Potts 

and Guy model (1992), and Abraham and Martins model (2004). The descriptors were 

molecular weight, log Ko/w, the summation of hydrogen bond acidity and basicity, the 

dipolarity/polarizability, the excess molar refractivity, and the McGowan characteristic 

volume. The latter five parameters were obtained using ACD/ADME Suite version 4.95. 

Molecular weight and log Ko/w were obtained from an online database (SRC PhysProp 

database). Indicator variables for the saturation level and vehicle were also included. For the 

saturation level indicator, unsaturation was assigned 2 and saturation was assigned 1. For the 
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vehicle indicator variable, propylene glycol was assigned 1, ethanol 2, and water 3. The 

inclusion criterion for a predictor was p<0.05.  

A hybrid term, referred to as a mixture factor was also included as a descriptor. The 

mixture factor accounts for the physicochemical properties (e.g. vapor pressure, boiling 

point) of the compound/vehicle mixture components.  These physicochemical properties 

were obtained from an online database (SPARC online calculator version 4.6). This 

composite term was calculated by weighting the physicochemical parameter of all of the 

components by its contribution to the mixture factor based on the summation of the weight 

percentages of each of the bulk components in the mixture for a particular parameter (Riviere 

and Brooks, 2005).  

 

3. RESULTS 

The passive transport across the different membranes, for each compound was 

determined by monitoring the amount of compound present in the receptor solution, the 

donor solution and the membrane at the end of the incubation period. Adsorption to the filter 

and plate materials was assumed to be negligible, as determined by the total mass balance 

calculations (not shown) and therefore no corrections for nonspecific adsorption were 

applied.  

The permeated amount (detected in the receptor fluid) was correlated to absorption 

data from the diffusion cell study. Correlations for each membrane are depicted in Figures 3-

5. Correlations between the amount of compound remaining in the artificial membrane and 

the amount remaining in skin at the end of the diffusion cell experiment were also conducted 
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(Figures 3-5). Although permeability coefficient correlations were also calculated, these were 

found to be inferior to the absorption correlation therefore this data are shown as 

supplementary material.  

The strongest association in log absorption was seen between the IPM membrane (r
2
 

= 0.556, Figure 3A) and the diffusion cell data. The weakest association was seen between 

the Strat-M
TM

 membrane (r
2
 = 0.378, Figure 5A) and the diffusion cell data. The r

2
 values 

between the 24 h diffusion cell absorption data and the 5 h 96-well plate data were 0.513, 

0.453, and 0.321, respectively for the IPM, certramide and Strat-M
TM

 membrane.  

For all three membranes correlations improved between membrane and diffusion cell 

data when only saturated data was analyzed. That is, ignoring the unsaturated concentrations 

and so reducing the sample size from 36 to 18, r
2
 values were 0.599, 0.632 and 0.657 for the 

Strat-M
TM

, certramide and IPM membranes, respectively (Table 1). Poor associations 

between unsaturated concentrations and diffusion cell data were observed. Further 

improvement was seen in the correlations when analyzing the data by vehicle (Table 1).  

Investigations of the amount of compound remaining in membrane at completion of 

the experiment, showed good relationships across each membrane and diffusion cell data. 

The Strat-M
TM

 showed the highest correlation (r
2
 = 0.73, Figure 5B), whilst the IPM and 

certramide membranes had a similar correlation of r
2
 0.67, as seen in Figures 3B and 4B, 

respectively. 

Evaluating the vehicle rank order from highest to lowest value using absorption data 

for each compound (Table 2), saturated concentrations of four of the six compounds 

(diclofenac sodium, mannitol, salicylic acid and testosterone) were predicted by the IPM and 
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certramide membrane. The Strat-M
TM

 membrane predicted saturated concentrations of 

diclofenac sodium, mannitol, and testosterone. The Strat-M
TM

 membrane also predicted the 

rank order for the unsaturated concentrations of mannitol. 

A summary of the physicochemical factors that influence the absorption process 

across each membrane is tabulated in Table 3. The log absorption data from each membrane 

was modeled using physicochemical characteristics of the penetrant. For all membranes, the 

variance in absorption data was better explained with the addition of a hybrid term, the 

mixture factor, as seen by the improvement in r
2
 (Table 3). 

The simplicity of the IPM membrane was characterized by molecular weight and log 

Ko/w (r
2
 = 0.49). Addition of a mixture factor, vapor pressure, increased r

2
 to 0.84. The main 

factors affecting absorption across the certramide membrane were the summation of 

hydrogen bond basicity, excess molar refractivity and two indicator variables, one for 

saturation level, the other for vehicle (r
2
 = 0.39). Again, this correlation was improved with 

the addition of a mixture factor, log polarizability, (r
2
 = 0.76). The factors affecting the 

transport of the six compounds across the Strat-M
TM

 membrane were polarizability and a 

saturation level indicator variable (r
2
 = 0.25). Addition of log Ko/w as a mixture factor 

improved the correlation to r
2
 = 0.59. 

As each artificial membrane was characterized by different physicochemical 

parameters, it was speculated that all three membranes could be used to describe the 

diffusion cell absorption. However this was not the case. The resultant model had an r
2
 value 

of 0.43 and the model was statistically invalid, that is one or more parameter had p>0.05.  
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A similar assessment of the membrane retention data revealed that molecular weight, 

Ko/w and a saturation level indicator variable described each artificial membrane. The r
2
 

values were 0.37, 0.41, and 0.44 for the IPM, certramide and Strat-M
TM

 membrane, 

respectively. The inclusion of a mixture factor did not further improve the correlation when 

compared to Figures 3B, 4B and 5B. 

 

4. DISCUSSION 

It is generally well accepted that the stratum corneum is the rate-limiting barrier in the 

passive transport of most compounds across the skin (Scheuplein, 1965). In addition, it is 

well known that the stratum corneum is a heterogeneous membrane composed of dead 

protein rich cells (corneocytes) and intercellular lipids (Bouwstra and Ponec, 2006; Bouwstra 

et al, 2003) providing hydrophilic and lipophilic domains. Therefore, an artificial membrane 

used to assess skin absorption should mimic these barrier properties.  

IPM has been previously employed as a model for skin lipids (Hadgraft and Ridout, 

1987; Ottaviani et al, 2006) as it mimics, in a simplistic manner, the amphiphilic nature of 

naturally occurring lipids (Hadgraft and Ridout, 1988). The synthetic Strat-M
TM

 membrane is 

an ultrafiltration membrane composed of multiple polyether sulfone layers with a very tight 

top layer (Joshi et al, 2012). Of the three membranes, the certramide membrane is the most 

representative of the stratum corneum lipid matrix as it consists of a similar composition of 

ceramide, cholesterol and free fatty acid. 

The ceramide analogue used in the artificial membrane is a tartaric acid diamide 

derivative (Sinko et al, 2012). Although the most abundant chain lengths in the human 
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stratum corneum are C24–C26 with only a small fraction of ceramides having acyl chain 

lengths of C16–C18 (Bouwstra and Ponec, 2006), the C8-C18 certramide, that is, tartaric 

acid connected to an octyl-amine and to an octadecyl amine, showed the strongest correlation 

to human skin data (Sinko et al, 2012). Equal amounts of cholesterol and free fatty acid 

(stearic acid) were also incorporated into the membrane.  

The IPM membrane showed the strongest correlation (r
2
 = 0.556) in the assessment of 

log absorption, followed by the certramide membrane (r
2
 = 0.467). The use of species 

specific ceramide analogues may improve this correlation, but the use of natural ceramides in 

such investigations is hindered by cost and stability issues. Their use in a high throughput 

application would be very expensive and their storage requirements of -20
o
C render their 

handling difficult (Sinko et al, 2009). 

Correlations may have been further improved by accounting for ionization state. 

Diclofenac and salicylic acid are ionizable compounds, a property that affects their 

absorption. However, the diffusion cell data used for comparison was collected under a 

similar set-up.  

Correlations may have also been improved by the inclusion of stirring both the donor 

and acceptor solution. Stirring has been shown to improve the permeability of poorly soluble 

compounds administered orally (Buckley et al, 2012; Nielsen and Avdeef, 2004). Unstirred 

solutions may have a stagnant layer present that contacts both sides of the artificial 

membrane barrier and contributes to the resistance of compound permeation (Nielsen and 

Avdeef, 2004). This is primarily problematic for lipophilic compounds. The thickness of this 

layer may be reduced through plate shaking, preferably by use of an oblate stir disk “flipper” 
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rotated about a horizontal axis parallel to the plane of the microtitre plates (Nielsen and 

Avdeef, 2004) as orbital shaking produces minimal reduction (Avdeef et al, 2001). For oral 

absorption predictions, this phenomenon appears to have been minimized through the use of 

a newly developed membrane coated assay, the phospholipid vesicle-based permeation assay 

(Flaten et al, 2006a, 2006b). For skin-PAMPA the use of the Pion Inc. instrument Gut-Box
TM

 

is recommended. 

Good correlations were seen for membrane retention across all three membranes. 

Knowledge of the amount of compound retained in the stratum corneum could be very useful 

in predicting the formation of a reservoir for transdermal drug delivery and/or risk 

assessment studies. A skin reservoir for chemicals has been reported to exist in the stratum 

corneum for topically applied steroids (Magnusson et al, 2006) and pesticides (Nielsen et al, 

2004). Among other factors, the nature of the penetrant and the vehicle used influence the 

duration of a reservoir (Vickers, 1972). 

A vehicle’s involvement in the enhancement or suppression of absorption depending 

on its interactions with intercellular stratum corneum lipids has long been known (Davis et 

al, 2002). Vehicles also influence the solubility of a chemical leading to different flux and kp 

values as a result of the varying levels of saturation (Roberts et al, 2002). Saturated 

concentrations provide an optimal concentration gradient for passive diffusion and so 

resulted in a stronger correlation in log absorption values when saturated concentrations were 

analyzed alone. Further improvement in the correlation was seen with the addition of a 

vehicle filter.   Vehicle compatibility with the 96-well plate system is also crucial, as certain 

organic vehicles can interact and destroy particular coatings.  
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To-date, such assays have been used with vehicles that are predominantly aqueous in 

nature. Although the composition of the vehicles used in this study was simplistic, they are 

representative of common constituents of many topical formulations. The simplistic 

composition of the solvent systems was specifically selected so as not to complicate the 

interpretation of the results, as may have occurred due to the colligative properties of 

complex dermatological formulations.  

Ranking the log absorption data from highest to lowest showed that the IPM and 

certramide membranes predicted the vehicle rank order for saturated concentrations of 

diclofenac sodium, mannitol, salicylic acid and testosterone. The Strat-M
TM

 membrane 

predicted the vehicle rank order for saturated concentrations of diclofenac sodium, mannitol 

and testosterone, as well as unsaturated concentrations of mannitol. These results indicate 

that an inexpensive and simple membrane may be used to discriminate between three 

vehicles in a fraction of the time taken to complete a diffusion cell study, which is an overall 

goal for a high throughput screening application.  

The differences between the three membranes are highlighted by the physicochemical 

parameters used to quantify the absorption process. The IPM membrane was characterized by 

the molecular weight and the log Ko/w of the penetrant. The positive effect of log Ko/w on skin 

permeation is consistent with the common knowledge that lipophilic compounds have higher 

skin permeation profiles, as seen in the Potts and Guy model (1992). The negative sign of the 

coefficient of MW represents a decrease in absorption with an increase in MW. This is also 

consistent with the Potts and Guy model, such that mechanistically, a more bulky molecule is 

less likely to pass through the membrane. Variations in the data were further explained by the 
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addition of the mixture factor, vapor pressure. Vapor pressure is indicative of evaporation 

rate and is influenced by the intermolecular forces between compound and vehicle. Such an 

interaction may impact on the concentration gradient required for a compound to passively 

diffuse across this simplistic membrane.  

Absorption across the certramide membrane was characterized by the summation of 

the hydrogen bond basicity, the excess molar refractivity, saturation and vehicle indicator 

variables and a mixture factor of log polarizability. The certramide membrane composition is 

more complex than the IPM membrane, and has H-bond donor/acceptor abilities. Hence, the 

descriptors identified as significant in describing compound absorption across this membrane 

related to the strength and number of H-bonds formed by the lone pairs of acceptor groups in 

the solute when they interact with donor solvents and perhaps the membrane (i.e. hydrogen 

bond basicity) and the excess molar refractivity, which models dispersion force interactions 

arising from the polarizability of - and n- electrons. Saturation and vehicle indicator 

variables are also included, as both are capable of affecting solubility which in turn may 

modify the diffusional driving force (i.e. the concentration gradient). The mixture factor of 

log polarizability indicates that the interaction between compound and vehicle is significant. 

Polarizability measures the change in a compound's electron distribution in response to 

interactions with solvents. Polarizability impacts on solubility and hence skin permeation. 

The positive coefficient of log polarizability suggests an increase in absorption with an 

increase in mixture polarizability. 

Absorption across the Strat-M
TM

 membrane was described by a penetrant’s 

polarizability, a saturation indicator variable and a mixture factor of log Ko/w, which is an 
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indicator of hydrophobicity. This mixture factor is most likely a direct consequence of the 

lipophilic nature of the membrane. That is, the polymeric layers of the Strat-M™ create a 

porous structure which is impregnated with a proprietary blend of synthetic lipids, imparting 

skin-like properties to the synthetic membrane and providing the membrane with its 

lipophilic quality. The positive coefficient of log Ko/w signifies an increase in absorption is 

seen with an increase in mixture lipophilicity. The other descriptors identified were 

polarizability and a saturation indicator variable. Polarizability affects compound solubility 

due to solute-solvent interactions between bond dipoles and induced dipoles, which in turn 

affects compound diffusion by altering the concentration gradient. Similarly, the saturation 

indicator variable affects the diffusional concentration gradient. The negative coefficient 

associated with the saturation indicator variable reflects that higher absorption values are 

obtained from measurements from saturated concentrations than from unsaturated 

concentrations. 

By comparison, the quantitative structure-permeability relationships for the diffusion 

cell absorption data identified (Karadzovska et al, 2013) the summation of the hydrogen bond 

basicity, dipolarity/polarizability, McGowan characteristic volume, three indicator variables 

(saturation level, volume and vehicle) and a mixture of the inverse of the melting point as 

appropriate descriptors. Although these do differ to the descriptors used to describe each 

artificial membrane, there are some similarities, such as hydrogen bonding with the 

certramide membrane, dipolarity/polarizability with the Strat-M
TM

 membrane and a 

molecular size term with the IPM membrane. These differences suggest that a single artificial 

membrane cannot mimic the biological structure or performance of the stratum corneum.  
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5. CONCLUSION 

Evaluating all potential variations in drug and vehicle that may come into contact 

with the skin presents a daunting task. Such evaluations are further hindered by the 

availability and quality of skin, storage restrictions and costs. The use of artificial membranes 

in a 96-well format allows for these tests to be automated thereby increasing throughput. 

Artificial membranes offer the additional advantages of being more reproducible, easily 

manufactured and the membrane composition may be easily manipulated to account for 

potential species differences. Despite this, use of an inexpensive, simple artificial membrane 

model does come with a trade-off specifically in precision as seen here. The simplicity of an 

artificial membrane does not perfectly mimic the heterogeneous complexity of the stratum 

corneum. 

  However, all three membranes (IPM, certramides and Strat-M
TM

) evaluated in this 

study showed potential in predicting absorption and discriminating between delivery 

vehicles. Although further investigations exploring complex topical formulations are 

required, all three membranes were capable of providing a rapid initial estimation of the 

amount of compound remaining in the stratum corneum. This suggests potential use as an 

initial screening approach to narrow the selection of formulations to be evaluated with a more 

biologically intact model, thereby assisting in the development of new topical formulations 

and consequently in broadening our understanding of the effect of interactions on skin 

permeability. 
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Table 1: Correlation comparison (r
2
 values) for log absorption  

 

Description 
IPM membrane   Certramide membrane  Strat-M

TM
 membrane  

SAT UN SAT UN SAT UN 

All vehicles 0.657 0.204 0.632 0.100 0.599 0.006 

Propylene glycol only 0.820 0.006 0.455 0.431 0.600 0.442 

Water only 0.812 0.623 0.940 0.778 0.783 0.064 

Ethanol only 0.875 0.010 0.746 0.035 0.704 0.003 

IPM = isopropyl myristate; SAT = saturated concentrations; UN = unsaturated concentrations 
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Table 2: Comparison of log absorption values when ranked from highest to lowest 

 

Compound Concentration 

Log absorption (µg) 

Diffusion cells IPM membrane 
Certramide 

membrane 

Strat-M
TM 

membrane 

Caffeine 
Unsaturated Et > Wa > PG Et > PG > Wa Et > PG > Wa Et > PG > Wa 

Saturated Wa> Et > PG Et > Wa > PG Et > Wa > PG Et > PG > Wa 

Cortisone 
Unsaturated Et > PG > Wa Et > Wa > PG Et > Wa > PG Et > PG > Wa 

Saturated PG > Et > Wa Et > PG > Wa Et > Wa > PG Et > PG > Wa 

Diclofenac 

sodium 

Unsaturated Wa > Et > PG Et > Wa > PG Et > Wa > PG Et > PG > Wa 

Saturated Et > Wa > PG Et > Wa > PG Et > Wa > PG Et > Wa > PG 

Mannitol 
Unsaturated Wa > Et > PG Et > Wa > PG Et > PG > Wa Wa > Et > PG 

Saturated Wa > Et > PG Wa > Et > PG Wa > Et > PG Wa > Et > PG 

Salicylic acid 
Unsaturated Wa > Et > PG Wa > PG > Et Et > Wa > PG Et > Wa > PG 

Saturated Et > Wa > PG Et > Wa > PG Et > Wa > PG Et > PG > Wa 

Testosterone 
Unsaturated Wa > PG > Et Et > Wa > PG Et > Wa > PG Et > PG > Wa 

Saturated Et > PG > Wa Et > PG > Wa Et > PG > Wa Et > PG > Wa 

IPM = isopropyl myristate; Et = ethanol; Wa = water; PG = propylene glycol 
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Table 3: Multiple regression models for log absorption data 

 

Membrane Model  n r
2
 

IPM 
log absorption = 3.66(0.40) - 0.012(0.002)MW + 0.41(0.06)logKo/w 36 0.49 

log absorption = 2.89(0.23) - 0.012(0.001)MW + 0.43(0.03)logKo/w + 0.024(0.002)VP 36 0.84 

Certramides 

log absorption = 2.69(0.88) - 0.69(0.31)B - 0.70(0.46)E - 0.54 (0.31)SAT + 0.28(0.19)VEH 36 0.36 

log absorption = -4.82(1.89) - 0.66(0.19)B - 0.65(0.29)E - 0.40(0.19)SAT + 2.72(0.36)VEH  

                           + 6.46(0.91)log Polar 
36 0.76 

Strat-M
TM

 
log absorption = 3.20(0.54) - 0.72(0.19)S - 0.69(0.24)SAT 36 0.25 

log absorption = 3.98(0.41) - 0.68(0.14)S - 0.62(0.18)SAT + 1.02(0.13)logP 36 0.59 

n = sample size; r2 = coefficient of determination; IPM = isopropyl myristate; MW = molecular weight; Ko/w = octanol-water partition coefficient; B = summation of hydrogen 

bond basicity; S = dipolarity/polarizability; E = excess molar refractivity; VP = vapor pressure; SAT = Indicator variable for saturation level, where unsaturated = 2 and 

saturated = 1; VEH = Indicator variable for vehicle, where propylene glycol  = 1, water = 3, and ethanol = 2; Polar = polarizability; P = octanol-water partition coefficient;  

VP, log Polar and log P are mixture factors. 
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96-well filter plate

Membrane

96-well plate

Receptor fluid

Dose solution

Radioactivity measurements

96-well filter plate lid

 
 

Figure 1: Schematic representation of PAMPA experiment 
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Cortisone 

Mol. Wt. 360
Log Ko/w 1.47

Testosterone

Mol. Wt. 288
Log Ko/w 3.32

Caffeine

Mol. Wt. 194
Log Ko/w -0.07

Salicylic acid

Mol. Wt. 138
Log Ko/w 2.26

Diclofenac sodium

Mol. Wt. 318
Log Ko/w 4.50

Mannitol

Mol. Wt. 182
Log Ko/w -3.10

 
Mol. Wt. = molecular weight; Ko/w = octanol-water partition coefficient; Values obtained from SRC PhysProp database 

 

Figure 2: Chemical structure and physicochemical properties of compounds assayed 
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Figure 3: IPM membrane. (A) Absorption correlation: y = 0.616x - 0.709, r

2
 = 0.556.  

(B) Membrane retention correlation: y = 0.611x + 1.220, r
2
 = 0.672      
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Figure 4: Certramide membrane. (A) Absorption correlation: y = 0.648x - 0.463, r

2
 = 0.467. 

(B) Membrane retention correlation: y = 0.640x + 1.052, r
2
 = 0.669       
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Figure 5: Strat-M

TM
 membrane. (A) Absorption correlation: y = 0.555x - 0.473, r

2
 = 0.378.  

(B) Membrane retention correlation: y = 0.833x + 0.309, r
2
 = 0.731 
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7. SUMMARY AND FUTURE DIRECTION 

A vast number of variations in chemical-vehicle combinations may come into contact 

with skin intentionally or unintentionally. The task of evaluating all possible combinations is 

virtually impossible with the conventional in vitro and in vivo techniques employed. 

Furthermore, when considering economical and ethical issues associated with the 

conventional approaches, a high throughput skin-imitating membrane or in silico technique is 

more desirable, particularly for the purpose of formulation screening. The studies reported in 

this dissertation were aimed to address this. That is, three specific methods were evaluated as 

high throughput skin permeability assessment and prediction techniques: QSPeR models, 

MCF arrays and skin-PAMPA. The applicability and limitation(s) of each method was 

evaluated by comparison to a comprehensive data set generated as part of this project, using 

the conventional diffusion cell technique. 

The generation of a data set was deemed necessary following a literature review 

which identified a broad range of experimental set-up and conditions used in percutaneous 

absorption studies. Such variation complicates the direct comparison and interpretation of 

data. Therefore, a full factorial study was conducted evaluating the effect of several 

commonly used experimental variables on the absorption of six model [
14

C]-labeled 

compounds across porcine skin (Chapter 3).  The experimental variables evaluated were dose 

volume (finite and infinite), saturation level (saturated and unsaturated), the presence or 

absence of albumin in the receptor fluid, and diffusion cell type (flow-through and static). 

The six compounds (caffeine, cortisone, diclofenac sodium, mannitol, salicylic acid and 

testosterone) were selected for their differing physicochemical properties, and were applied 
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in one of three vehicles (propylene glycol, water, and ethanol). Simple binary solvent 

systems (i.e. one compound and one vehicle) were used so as not to further complicate the 

interpretation of the results. For consistency, the same six compounds and three vehicles 

were used for all other studies.  

Three parameters (amount of dose absorbed, kp and amount remaining in skin) were 

used to assess the effect of the variables on the percutaneous absorption of the six 

compounds. Although no novel mechanistic insights were revealed, the resultant data was 

consistent with previous published findings, confirming dose volume, saturation level, and 

vehicle as the main sources of variation. Diffusion cell system and the presence/absence of 

bovine serum albumin in the receptor fluid contributed minimally. These finding assisted 

with the development of the QSPeR models. Finally, this was the first comprehensive study 

to evaluate several experimental variables simultaneously, and provides a good introduction 

for novices to the field of percutaneous absorption, as well as a consistent and reliable data 

source for QSPeR modelers.  

The experimental conditions identified as main sources of variation were incorporated 

into a QSPeR model by use of the statistical regression tool, the indicator variable (Chapter 

4). That is, an indicator variable was included for dose volume, saturation level and vehicle 

used. A composite mixture factor (MF) parameter was also included to account for the 

physicochemical properties of the compound/vehicle mixture components. A base QSPeR 

model was selected from one of the three widely accepted QSPeRs in the field today. 

Although several end points were modeled, the two most promising were skin flux and 

absorption. 
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The most prominent factors influencing log Jss values were the summation of 

hydrogen bond acidity and basicity, excess molar refractivity, dose volume, saturation level, 

vehicle and a MF of the inverse of the melting point. An improvement in r
2
 was noted when 

all these terms were included (r
2
 = 0.72), compared to when no MF was included (r

2
 = 0.59) 

and no indicator variables included (r
2
 = 0.28). The main factors influencing log absorption 

values were the summation of hydrogen bond basicity, dipolarity/polarizability, the 

McGowan characteristic volume, dose volume, saturation level, vehicle, and the same MF, 

the inverse of the melting point. Again, an improvement was noted when all these terms were 

included (r
2
 = 0.73), compared to when no MF was included (r

2
 = 0.60) and no indicator 

variables included (r
2
 = 0.31). 

Following an extensive validation of the models and the inclusion of an external 

validation set, it was evident that the inclusion of all experimental conditions was necessary 

for a reasonable prediction to be attained. These models present an extension to the majority 

of published QSPeRs that predict the kp of compounds topically applied as infinite, saturated 

doses from water vehicles, where alternate delivery vehicles and other experimental variables 

are rarely incorporated. These new models show potential for use in drug delivery and 

toxicology research, specifically in assessing and predicting percutaneous absorption data 

collected under different experimental conditions. However, further evaluations are required 

to assess model applicability for additional chemicals within the selected  MW range (138 to 

360) and log Ko/w range (-3.10 to 4.51) delivered in a dosing scenario other than finite-

unsaturated. In addition, the model should be further expanded by the inclusion of other 

vehicles. 
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The MCF array technique is theoretically an interesting and valid concept for use in 

percutaneous absorption studies (Chapter 5). In practice, issues inherent to the fiber 

membrane for studying non-volatile compounds were observed. The analysis of non-volatile 

compounds by MCFs required an additional extraction step to desorb the compound from the 

fiber for analysis by liquid chromatography, prolonging the extraction time. Despite this, 

fiber uptake of a compound and reproducibility were problematic, requiring individual 

optimization per compound and solvent combination. This refutes its application as a 

formulation screening method. Furthermore, its lack of availability in a high throughput 

format (e.g. 96-well) questions its high throughput capability.  

More importantly, the MCF was sensitive to certain organic solvents causing the 

fibers to swell and alter their binding characteristics leading to poor reproducibility and 

quantitation results. Based on these findings, the MCF array is not suited as a high 

throughput alternative to the current in vitro diffusion cell technique for evaluating the effect 

of vehicle on the topical delivery of non-volatile compounds. 

The skin-PAMPA technique showed more promise (Chapter 6). In this study, three 

artificial membranes (isopropyl myristate (IPM), certramides and Strat-M
TM

) were evaluated 

for their ability to predict the skin permeability of the six selected compounds. The resultant 

absorption data revealed correlations (r
2 

=
 
0.38, 0.47 and 0.56 for the Strat-M

TM
, certramide 

and IPM membranes, respectively) between membrane and diffusion cell data from saturated 

and unsaturated concentrations. The correlations improved when only saturated 

concentrations were evaluated (r
2
 = 0.60, 0.63 and 0.66 for the Strat-M

TM
, certramide and 

IPM membranes, respectively). A correlation (r
2 

=
 
0.73, 0.67 and 0.67 for the Strat-M

TM
, 
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certramide and IPM membranes, respectively) between membrane retention and the amount 

remaining in skin was also noted. In addition, all three membranes were capable of 

discriminating between delivery vehicles. These findings suggest a potential use as an initial 

screening approach to assist in topical drug formulation development in combination with a 

more biologically intact model. However, further investigations exploring “realistic” topical 

formulations are required.  

Also as part of this study, QSPeR models were developed for each membrane to gain 

mechanistic insight on the possible chemical-vehicle interactions associated with each 

membrane system. This application highlights potential use for the identification and 

quantification of chemical-vehicle interactions that may modulate the absorption process.  

Furthermore, the membrane composition may be modified to reflect different species 

and/or skin diseases. Artificial membranes also offer the advantages of being more 

reproducible, easily manufactured, and available as a high throughput format (e.g. 96-well 

plates). Therefore, it is speculated that skin-imitating membranes will continue to play a role 

in the future of percutaneous absorption measurements.  

Obviously, the simplicity of an artificial membrane does not perfectly mimic the 

heterogeneous complexity of the SC, and so the relevance of the prediction must be 

questioned. For the purpose of screening topical formulations, an initial rapid technique will 

assist in narrowing the selection for evaluation by a more biologically intact technique. 

In summary, the MCF array was eliminated as a potential high throughput solution 

due to issues inherent to the fiber for studying non-volatile compounds, whilst the QSPeR 

models and skin-PAMPA showed more promise for use in drug delivery and toxicology 
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research. The QSPeR models demonstrated the importance of including experimental 

variables when assessing percutaneous absorption hence making it possible to predict 

absorption and potential interactions from data collected under different experimental 

conditions. The skin-PAMPA method showed potential use as an initial rapid screening 

approach to assist in topical drug formulation development.  

Future studies should focus on both QSPeR models and skin-PAMPA. The QSPeR 

models should be expanded to include additional chemicals and additional vehicles. Ideally, 

the inclusion of complex and “realistic” topical formulations would demonstrate the “real-

world” applicability of such models. The applicability would be further validated by 

comparison to in vivo data. A convenient way to accomplish such a validation would be 

through the use of a topical product available on the market, as presumably in vivo 

percutaneous absorption data would be available. Alternatively, model validation can be run 

parallel to the development of new formulations, in which in vivo absorption profiles will be 

generated.  

Complex and “realistic” topical formulations should also be evaluated as part of 

future skin-PAMPA experiments, using the current available membranes. A similar approach 

used to expand and validate the QSPeR models should also be followed here. That is, use of 

skin absorption data from a marketed topical product for comparison and evaluation of skin-

PAMPA performance. Alternatively, in vivo studies may be conducted specifically for 

comparative purposes. 

More in depth studies regarding skin-PAMPA could involve modification of the 

membrane composition to reflect different species and/or skin diseases. Such a study could 
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for example involve the isolation and characterization of species specific ceramides, followed 

by the chemical synthesis of their analogues. Optimization of the ratio of ceramide 

analogues, free fatty acid and cholesterol would reflect the intended species or skin disease to 

be imitated. Results from such a project may assist in screening topical formulations for 

various animal species and skin diseases. These studies would reinforce the use of skin-

PAMPA as a formulation screening technique, which would ultimately save time, money and 

minimize the use of experimental animals. 
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Appendix A 

 

“Predicting skin permeability from complex vehicles” 

Daniela Karadzovska, James D. Brooks, Nancy A. Monteiro-Riviere, Jim E. Riviere 

Published in Advanced Drug Delivery Reviews 2013; 65: 265-277 

Reprinted with permission from Elsevier 
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Appendix B 

 

Supplementary data published in Toxicology In Vitro  

“Experimental factors affecting in vitro absorption of six model compounds across porcine 

skin” 
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Table 1: Overall summary data for “Experimental Factors Affecting In Vitro Absorption of Six Model Compounds Across Porcine 

Skin”. Data presented as mean (standard error). 
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Table 1 Continued 
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Table 1 Continued 
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Table 1 Continued 
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Table 1 Continued 
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Table 1 Continued 

 



 

150 

Table 2: Statistical differences for saturated (SAT) versus unsaturated (UN) doses using 

vehicle blocks in ANOVA 
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Table 2 Continued 
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Table 3: Statistical differences for finite (FI) versus infinite (INF) doses using vehicle 

blocks in ANOVA 
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Table 3 Continued 
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Table 4: Statistical differences for with (WI) versus without (WO) bovine serum albumin in 

receptor fluid using vehicle blocks in ANOVA 
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Table 4 Continued 
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Table 5: Statistical differences for flow-through (FT) versus Franz cell (FC) doses using 

vehicle blocks in ANOVA 
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Table 5 Continued 
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Figure 1: Representative cumulative absorption profiles.  

Insets are enlargements of obscured profiles. 
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Appendix C 

 

Supplementary data accepted in European Journal of Pharmaceutical Science  

“Assessing vehicle effects on skin absorption using artificial membrane assays”
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Table 1: Comparison of permeability coefficients of unsaturated concentrations 

 

Compound Vehicle 

Target 

conc. 

(µg/mL) 

Diffusion cells IPM membrane Certramide membrane Strat-MTM membrane 

Applied conc. 

(µg/mL) 
n log kp 

Applied conc. 

(µg/mL) 
n log Papp 

Applied conc. 

(µg/mL) 
n log Papp 

Applied conc. 

(µg/mL) 
n log Papp 

Caffeine 

PG 1280 919 8 -4.38 964 15 -2.76 862 8 -3.06 1010 13 -3.23 

Water 1280 1036 8 -3.64 1056 15 -3.03 900 8 -3.02 1008 13 -4.56 

Ethanol 1280 1091 7 -4.21 1081 12 -1.58 1035 4 -1.80 1073 16 -1.94 

Cortisone 

PG 1280 1234 8 -4.14 1162 16 -3.91 874 4 -3.78 1311 16 -3.58 

Water 1280 1321 8 -3.35 1271 16 -3.32 1209 4 -3.89 834 14 -3.74 

Ethanol 1280 1521 7 -4.16 1379 13 -1.77 1070 4 -2.01 1317 16 -2.27 

Diclofenac 

sodium 

PG 1280 838 8 -4.23 981 16 -3.52 900 8 -3.64 1150 15 -3.71 

Water 1280 925 8 -3.11 1305 15 -2.00 1148 7 -2.45 1236 9 -4.08 

Ethanol 1280 989 7 -5.05 1240 12 -1.84 1032 4 -2.08 954 16 -2.12 

Mannitol 

PG 1280 1029 8 -4.29 1119 14 -4.49 1026 4 -3.67 792 13 -2.82 

Water 1280 1278 7 -3.62 1013 13 -4.19 325 4 -3.35 819 14 -3.23 

Ethanol 1280 676 7 -3.87 919 13 -1.69 991 4 -2.05 708 14 -3.00 

Salicylic 

acid 

PG 1280 868 8 -5.11 1201 15 -2.57 747 8 -3.05 1338 12 -3.07 

Water 1280 1014 8 -2.72 1308 16 -1.20 1116 8 -1.65 1304 14 -2.60 

Ethanol 1280 1066 7 -4.39 1108 10 -3.42 1156 4 -1.84 1394 12 -1.84 

Testosterone 

PG 1280 998 8 -3.59 866 16 -3.36 258 4 -3.71 773 9 -3.60 

Water 1280 1047 7 -1.78 445 14 -1.87 399 4 -2.07 727 8 -3.75 

Ethanol 1280 1163 7 -3.96 843 15 -1.94 799 4 -1.80 1195 10 -2.51 

Conc. = concentration; IPM = isopropyl myristate; PG = propylene glycol; n = sample size; Papp / kp = apparent permeability coefficient  
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Table 2: Comparison of permeability coefficients of saturated concentrations 

 

Compound Vehicle 

Target 

conc. 

(µg/mL) 

Diffusion cells IPM membrane Certramide membrane Strat-MTM membrane 

Applied conc. 

(µg/mL) 
n log kp 

Applied conc. 

(µg/mL) 
n log Papp 

Applied conc. 

(µg/mL) 
n log Papp 

Applied conc. 

(µg/mL) 
n log Papp 

Caffeine 

PG 11753 9659 8 -4.39 8494 16 -3.05 8678 8 -3.22 9644 14 -3.11 

Water 38456 30374 8 -4.02 31386 16 -3.58 30169 8 -3.25 30889 13 -4.52 

Ethanol 5917 5072 7 -3.67 4882 12 -1.63 5267 4 -1.95 5047 16 -1.92 

Cortisone 

PG 1000 987 8 -4.04 762 12 -3.49 490 4 -4.60 1292 15 -3.48 

Water 242 245 8 -4.10 231 14 -3.18 177 4 -3.77 244 12 -3.83 

Ethanol 1540 1723 7 -4.10 1173 15 -1.78 1412 4 -2.06 1582 16 -2.18 

Diclofenac 

sodium 

PG 28143 20422 8 -4.24 24188 15 -4.01 20600 8 -4.14 21229 15 -3.66 

Water 21607 16918 8 -3.98 19249 16 -2.86 13751 8 -3.23 20405 16 -2.98 

Ethanol 76937 62336 7 -4.40 71498 14 -1.74 64906 4 -2.76 57971 16 -2.21 

Mannitol 

PG 803 464 8 -4.13 442 13 -4.04 531 4 -3.36 420 16 -2.67 

Water 134651 81443 7 -4.07 74588 14 -4.21 97162 4 -3.55 77457 13 -3.98 

Ethanol 435 383 7 -3.74 226 10 -1.64 598 4 -2.17 245 15 -1.69 

Salicylic 

acid 

PG 113127 77040 8 -3.55 76813 16 -2.79 104296 8 -3.30 92965 14 -2.94 

Water 4655 2915 8 -1.78 4026 16 -1.09 4807 8 -1.75 4411 13 -2.85 

Ethanol 337090 222300 7 -2.83 366139 14 -1.29 270546 4 -2.55 132477 14 -2.61 

Testosterone 

PG 14896 5842 8 -3.64 9220 16 -3.38 6440 4 -3.56 8564 10 -3.40 

Water 24.0 13.9 7 -2.60 14.1 14 -1.18 10.8 4 -1.62 15.8 7 -4.01 

Ethanol 133000 52139 7 -3.50 82973 12 -2.48 74608 4 -3.46 104144 9 -3.27 

Conc. = concentration; IPM = isopropyl myristate; PG = propylene glycol; n = sample size; Papp / kp = apparent permeability coefficient 


