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ABSTRACT 

 

This review examines recent progress made in the field of modelling and predicting percutaneous 

absorption. It describes initial qualitative modelling and how quantitative approaches were 

pioneered and then developed, particularly in the context of the analysis of specific subsets of data. 

It then focuses on recent developments, including non-linear modelling and discusses 

recommendations in model construction, development and validation, suggesting that some models 

do not fit proposed guidelines. 

  



Overview and scope 

 

The percutaneous absorption of exogenous chemicals has been a subject of interest for the last fifty 

years, in fields as diverse as pharmaceuticals (for delivery of drugs into and across the skin), 

cosmetics and risk assessment (i.e. exposure and absorption following the use of agrochemicals or 

industrial chemicals). Modelling of percutaneous absorption provides viable and ethical alternatives 

to laboratory experimentation. It is also a strategy being considered in a regulatory context, 

particularly within Europe, e.g.in the framework of the proposed European chemicals strategy; 

REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals). While many 

researchers have elucidated aspects of the mechanism of skin absorption based on experimental 

findings, the quantification of this process has attracted substantial interest, most notably since the 

early 1990s when Flynn [1] and Potts and Guy [2] developed important semi-quantitative and 

quantitative models of skin absorption. 

 

The sheer volume of chemicals approved for topical human use ensures that it is virtually impossible 

to assess solely by experimental means the skin permeability of such materials, particularly in the 

form of new formulations, where many variations and iterations might require to be tested, and the 

assessment of new chemical entities. As a consequence, in silico models are increasingly employed 

to assess the risks and hazards associated with exposure of human skin to exogenous chemicals. As 

well as providing predictions of expected permeation, most models are also presented in the form of 

a discrete equation with terms usually representing specific physicochemical properties, such as 

molecular weight, melting point, lipophilicity and so on. This allows insight into the mechanism of 

absorption and provides opportunities for the design of novel chemicals whose properties are 

optimized with regard to maximizing percutaneous absorption.  

 

Therefore, it is the aim of this document to review critically the use of mathematical models in 

predicting percutaneous penetration. Recent advances – in the last three or four years – will provide 

the main focus of this review, although such advances will be set in the context of preceding 

research. Clearly, a review of this length and scope cannot be comprehensive and, as such, the 

reader is directed elsewhere for a comprehensive discussion of the topic [3 – 6].  

 

 

  



Structure of the skin 

 

The most important aspect of percutaneous absorption remains the skin structure. Despite the 

application of many novel technologies, including the use of electric currents (iontophoresis), 

ultrasound (sonophoresis), chemicals that alter the barrier structure of the skin (penetration 

enhancers) and miniature needles that break the barrier of the skin, allowing drug permeation 

(microfabricated microneedles), the skin barrier still provides a formidable challenge to scientists 

seeking to bypass it, particularly for therapeutic uses.  

 

As excellent descriptions of the skin physiology can be found elsewhere (i.e. [5]) this review will 

focus on the nature of the stratum corneum, the outermost layer of the skin and the main barrier to 

percutaneous absorption. Classically, the stratum corneum skin barrier has classically been described 

using a “bricks and mortar” model, with the bricks representing the tightly-packed corneocytes. 

These flattened, hexagonal, highly proteinaceous cells are the endpoint of keratinocyte 

differentiation and are interconnected by structures termed corneodesmosomes (Figure 1). These 

“bricks” are enclosed within a continuous and highly ordered lipid phase, which is lamellar in 

structure. The most important component of this phase for barrier function is the ceramides, polar 

lipids with hydroxylated alkyl side chains which,  under normal conditions are packed hexagonally 

and orthorhombically. In all, this barrier forms a continuous poly-proteinaceous structure whose 

thickness and exact composition varies across different body sites. The “bricks” of the skin barrier 

may hydrate extensively and cause significant changes in the packing and structure – as well as the 

permeability – of the stratum corneum [6 – 14]. Thus, it is now understood that the stratum 

corneum does not simply form a homogenous bricks and mortar structure. Rather, the nature of the 

corneocytes changes in morphology and biochemical function as they progress from the lower levels 

of the stratum corneum to the higher levels. Such a transition is also associated with an increase in 

transglutaminase-mediated protein crosslinking and increased levels of inter-corneocyte ceramides 

and fatty acids, resulting in a progression from fragile to rigid structures, where non-peripheral 

corneodesmosomes exhibit reduced interdigitation as the structure progresses to the outer layers of 

the barrier, concomitant with an increase in the occurrence of (pro)filaggrin, a protein thought to 

play a role in the aggregation of keratin filaments within corneocytes [6]. It has been shown that the 

presence of fragile corneocytes increases in diseased skin where the barrier is compromised [15]. 

 

Significant advances have been made in the elucidation of the stratum corneum structure and 

barrier function in the last ten years. While new species of ceramides, and the synthetic pathways 



that generate them, are still being identified, substantial advances have been made in our 

understanding of the stratum corneum structure and function. The lamellar arrangement of the 

stratum corneum lipids was characterised by electron microscopy and X-ray diffraction. More 

recently, Norlen and colleagues [11, 13, 14] have used a cryoelectron microscopy method to propose 

the existence of a single gel phase model and suggested that cryoelectron microscopy failed to show 

the expected presence of the trilamellar-conformation long periodicity phase (LPP).  Further, a 

“sandwich” lipid model has been proposed by Bouwstra and colleagues [15] which accounts for 

differences in stratum corneum lipid packing that accounts for differing periodicity phases reported 

in the barrier lipids, while further highlighting the importance of a fluid phase, the latter being 

dictated by the presence of -esterified long-chain acylceramides. As the stratum corneum changes 

as it progresses outwards from the body – from “stratum compactum” to “stratum disjunctum” – 

changes in its arrangement are also observed. In terms of the packing of ceramide side chains, a 

transition to a less tightly-packed hexagonal phase occurs closer to the skin surface. In addition, the 

lamellar phase is normally missing from the outer layers of the stratum corneum, and it has recently 

been shown that the presence of long-chain fatty acids are required to induce the formation of the 

orthorhombic packing in mixtures of ceramide and cholesterol [15]. This orthorhombic packing, 

along with the presence of LPP, was defined by Rawlings, in his excellent review of skin barrier 

biology, as defining “ultimate lipid barrier functionality” [6].  

 

One of the classic characteristics of the stratum corneum barrier function is the nature of the main 

route of absorption through the skin lipid layers. While it is a longer and more tortuous route across 

the stratum corneum compared to the transcellular pathway, it does not require the potential 

partitioning between the stratum corneum lipids and corneocytes, but relies on partitioning into the 

stratum corneum lipids from the formulation vehicle and diffusion across the stratum corneum 

predominately in this single phase. The other proposed route across the skin, that of permeation via 

skin appendages such as hair follicles and sweat glands, is limited by the occurrence of such 

structures (on average, they represent approximately 0.1% of the total skin surface). Therefore, from 

the point of view of understanding absorption in the context of skin biology, the nature of the 

stratum corneum lipids appear to govern the percutaneous absorption of exogenous chemicals. 

However, it should be noted that the other potential routes can also play a role in the overall 

absorption process and may be influence by external factors, such as humidity in the case of the 

transcellular route.  

 

Models pre-1990 



 

The majority of early studies, with possibly the exception of Higuchi’s work on drug release from 

ointments [16] were based on the analysis of homologous, or closely related, series of molecules 

where often relatively small numbers of compounds were assessed. Many of these studies revealed 

a linear relationship between increasing hydrophobicity and increased skin permeation [17, 18]. It is 

interesting to note, in the context of the development and establishment of linear models, that 

some studies also reported a parabolic relationship with hydrophobicity, particularly where highly 

hydrophobic compounds were included (cf. [17]). While such studies showed that it was possible to 

derive quantitative models of skin penetration, each model existed in isolation for a particular 

chemical class, or series of compounds, an issue observed much later when research focused on the 

analysis of small subsets taken from larger datasets, a matter that is discussed in greater detail 

below. Moss et al. [3] described the problems of such analyses, including the lack of physicochemical 

variety in the dataset and the subsequent inability to decouple co-linear effects, such as 

hydrophobicity and molecular weight. Excellent reviews on modelling the skin permeability of 

homologous, or closely related, series of compounds exist [19 – 22] to which the reader is referred. 

 

 

Early quantitative models 

 

Thus, the mathematical modelling of percutaneous absorption is not new and has contributed to our 

understanding of transport across the skin in general, and the stratum corneum in particular, for 

approximately twenty years. The physicochemical properties of a molecule are known to influence 

its permeation into and across the skin. Prior to 1990, the vast majority of work in this field relied on 

inferences drawn from experiments, particularly those that examined closely related, or 

homologous, series. 

 

One exception to the above comment is the study by Brown and Rossi [23]. They developed a simple 

model, based solely on a representation of the stratum corneum as a simple lipophilic barrier. They 

developed two mathematical relationships between permeability and the lipophilicity of a 

penetrant: 
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Where Kp is the permeability coefficient (cm/hr); I is the dermally absorbed intake (mg), CW is the 

concentration of the penetrant in water (mg/cm3); A is the area of skin exposed to permeation (cm2); 

T is the time of exposure (hr); Poct is the octanol-water partition coefficient. 

 

 

This work was followed by two key studies – those by Flynn and Potts and Guy [1, 2]. These studies 

were significant milestones in the drive to develop quantitative models of percutaneous absorption. 

Flynn [1] published a dataset of 97 permeability coefficients for 94 compounds in vitro through 

human skin (with the exception of in vivo studies for toluene, ethylbenzene and styrene) from 15 

different literature sources. This provided the first large, and until relatively recently the largest, 

database of skin permeability values measured in a single species. It is from the analysis of this 

dataset that Flynn drew a series of conclusions (summarised in Table 1) showing that a clear 

relationship was observed between the permeability of a permeant and its lipophilicity (log P) and 

molecular size. Flynn presented a series of simple algorithms for low and high molecular weight 

compounds which simply stated that very hydrophilic and hydrophobic compounds had low and high 

skin permeability, respectively, and that different hydrophobicity-dependent QSARs could be used to 

predict skin permeability for high and low molecular weight compounds. No statistical measures of 

fit were provided at this time.  

 

This was later quantified by Potts and Guy in their seminal work [2] which quantified the relationship 

between permeability and the physicochemical properties of a molecule. For 93 of the compounds 

in Flynn’s dataset they reported the following relationship: 

 

 

                                   (3) 

[n = 93; r2 = 0.67; s not reported; F not reported] 

  

where: Kp Where Kp is the permeability coefficient (cm/s); log Kow is the log10 octanol-water partition 

coefficient; MW is the molecular weight; n is the number of observations; r is the correlation 

coefficient; s is the standard error of the estimate; F is Fisher’s statistic. 



 

 

It was recognised by Cleek and Bunge [24] that highly lipophilic penetrants would encounter 

diffusional resistance during percutaneous absorption because of the aqueous properties of the 

viable epidermis. They developed a modified version of (3) that accounts for the, effects of these 

properties on the percutaneous absorption of highly lipophilic penetrants. 

 

A number of studies have since reported similar conclusions to those presented by Potts and Guy, 

often by a number of different approaches. While most of these have been summarised previously 

by Moss et al. [3], a few are noteworthy in the context of this review. For example, Pugh and 

Hadgraft [25] used a novel ab initio approach to analyse the Flynn dataset. This was a fragment 

approach based on a range of molecular substructures and features, and is not to be confused with 

ab initio approaches used for the calculation of molecular orbital properties. Their analysis yielded 

11- and 17-descriptor models which produced results similar, but not statistically better than, Potts 

and Guy’s approach. Pugh and Hadgraft were able to identify a number of significant outliers 

(including atropine, estroil, naproxen, nicotine and sucrose) by their analysis. Cronin et al. [26] used 

an expanded database and identified several outliers, yielding an equation similar to that produced 

by Potts and Guy [1]. Wilshut et al. [27] validated a series of existing models and also considered 

separately the influence of protein and lipid fractions on permeation.  Barratt [28] also analysed the 

full Flynn [1] dataset, producing a quantitative structure-permeability relationship after subdividing 

the original dataset into a subset of 60 which included small molecules and steroids, but excluded 

the hydrocortisone derivatives. He extended the Potts and Guy [2] approach and used melting point 

(possibly being indirectly related to hydrogen bonding phenomena) and molecular volume (as a 

measure of molecular size), and derived a relationship between permeability and both 

hydrophobicity and melting point. Table 2 lists some of the currently most cited models for the 

prediction of percutaneous absorption including those described above.  

 

Mitragotri et al. [29] considered solute permeation through four possible routes in the stratum 

corneum – free-volume diffusion through lipid bilayers, lateral diffusion among lipid bilayers, 

diffusion through pores, and diffusion through shunts). The first route includes solute diffusion 

through lipid bilayers by a process of “hopping” across lamellar bilayers, and was considered 

important for transport of low molecular weight hydrophobic solutes (MW < 400Da). The second 

route includes solute motion due to lateral diffusion of lipid molecules, considered important for 

high molecular weight solutes (MW > 400Da) that partition in lipid bilayers, albeit slowly due to their 



large size. The third route includes solute diffusion through pores and the fourth includes solute 

diffusion through shunt pathways. The authors commented that the last two pathways are 

important for the permeation of hydrophilic solutes. Patel et al. [30] found molecular weight to be a 

significant predictive model and also that it has the advantage of being easy to calculate, thus giving 

their model – and similar models – wide applicability particularly to users who may not have access 

to the software required to calculate complex molecular descriptors.  

 

 

Modelling of subsets 

 

Barratt [29] also found that hydrocortisone derivatives modelled consistently poorly (Table 2), an 

issue that was later addressed by Johnson et al. [31] who demonstrated that the steroid data used in 

the Barratt, and preceding, models was at odds with a larger volume of data for the same chemicals 

that appeared in the literature. In re-modelling this dataset by including Johnson’s proposed “new” 

data from the literature, Moss and Cronin [32] proposed a QSPR similar to those that had been 

previously published (Table 2) [2, 26] but which did not return the steroid derivatives as outliers.  

 

Importantly, Potts and Guy [33] investigated the role of hydrogen bonding by examining a subset of 

37 non-electrolytes from the Flynn dataset. They developed a QSPR that included a term for 

molecular volume as well as descriptors for solute hydrogen bond acidity and hydrogen bond 

basicity: 
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[n = 37; r
2
 = 0.94; s not reported; F = 165] 

 

where: Kp Where Kp is the permeability coefficient (cm/s); MW is the molecular weight; ∑  
  is the 

solute hydrogen bond acidity; ∑  
 is the solute hydrogen bond basicity. 

 

 

While (4) is important in illustrating the importance of hydrogen bonding in the permeation of non-

electrolytes it is clearly different from the previous model reported by the same authors [1], 

suggesting very clearly that the nature of the model output is dependent upon the nature of the 

data used to construct it. Abrahams et al.  [34] found similar results when analysing a slightly larger 

subset (n = 46) of the same dataset. 



 

A large number of studies were subsequently conducted on subsets of the Flynn dataset [1], and also 

on a number of new datasets. Lien and Gao [35] analysed a subset of the Flynn dataset (22 

compounds; r2 = 0.96). Other studies, such as Barratt [28], discussed above, have selected subsets of 

a larger database or examined a small number of compounds from which quantitative models were 

developed. Abrahams et al.,[34, 36] examined, respectively, 46 and 53 compounds taken from Flynn, 

and a number of other studies examined  20,[37] 16 (in two different studies, by both Lee et al.[38], 

and Morimoto et al.[39]) or as few as four compounds [40].In common with studies using 

substantially larger datasets inferences were made concerning the mechanism of percutaneous 

absorption of these compounds and, by inference, those that may be chemically similar.  

 

Moss et al. [41] illustrated the pitfalls of developing models based on small datasets. They 

demonstrated this by determining the quality of a range of models for various mammalian skins and 

an artificial membrane, polydimethylsiloxane, which has found use as a replacement for human skin, 

based on a range of parameters including the size of the dataset. They concluded that the over-

riding issue in the development of models for skin absorption was “the nature and quality of the 

data used to construct the model and that Cronin and Schultz’s comments on model development 

should be considered when constructing mathematical representations of percutaneous absorption 

to avoid the generation of false positive or false negative results” [41]. The issue of data availability 

(and the underlying distribution of that data) is a key limiting factor to model quality, however, and 

perhaps the analysis of smaller datasets should be considered within such a context, for example in 

experiments where a finite dose is applied to the skin. It is perhaps unsurprising that very few recent 

studies in this field have analysed subsets of the size described above.  

 

Clearly, the seminal work of Potts and Guy [2, 33] raises an important issue in this matter. They 

constructed two models from Flynn’s dataset (one, in 1995 [33], being a subset of the whole dataset, 

used in their initial study [2]). Both models, discussed above, are substantially different. However, 

both models exhibit high correlation coefficients. More generally, in the case of smaller datasets this 

may suggest over-fitting of the data or that the data abstracted from the larger whole yields an 

unrealistic representation of the statistical nature of these models [41 – 43]. The inclusion by Moss 

et al. [41] of a deliberately small dataset addresses this concern and shows clearly the impact that 

the volume – or lack of it – of data can exert on a model, possibly resulting in a misleading model. 

Such comments echo those made by Cronin and Schultz [44] on the design of successful approaches 

for the development of valid mathematical models of biological processes.  



 

Clearly, the key theme in this analysis is the reduction in the size of the dataset and, with this, the 

corresponding lack of relevance to a wider “molecular audience”, resulting in these models drawing 

conclusions from small datasets, conclusions that have relevance only for a narrow range of 

chemicals. An excellent context can be found for this work in the review of the pitfalls of QSARs by 

Cronin and Schultz [44]. Briefly, such an understanding of both the size and distribution of the data 

used to develop models will impact on the quality of analysis. Their conclusions are summarised in 

Table 3. Further, it may be suggested that the provision of large databases of consistent quality, with 

transparent information on their origin (i.e. Sangester [45]) will be required to advance the field. 

 

It is interesting at this point to reflect on the role of hydrogen bonding in modelling of percutaneous 

absorption, and to comment upon this in the context of the subset analyses discussed above, and to 

contextualise this with some findings reported in the literature prior to the development of a 

number of QSPR models. Significantly, Roberts [18] demonstrated the importance of hydrogen 

bonding to percutaneous absorption over 30 years ago. Partition phenomena, particularly the 

development of the solvatochromic theory [46] coupled with a developing understanding in skin 

permeability have indicated the importance of hydrogen bonding acceptor and donor group 

properties in percutaneous absorption [34, 46, 47]. Most strikingly, Roberts et al. [48] showed that 

the introduction of one hydrogen bonding group to a molecule significantly decreased its epidermal 

permeability, and the addition of further groups resulted in smaller decreases in permeability. They 

concluded that hydrogen bonding was the key factor in the diffusion of chemicals across the stratum 

corneum, and that lipophilicity was more important for partitioning, being possibly related to the pKa 

(and therefore ionisation state) of the penetrant. Clearly, as well as showing the importance of 

hydrogen bonding and ionisation this study also showed the fundamental non-linearity associated 

with increasing the number of hydrogen bonding groups – a substantial contrast to the 

understandings associated with studies – both qualitative and quantitative – based on small subsets 

of similar molecular, particularly homologous series.  

 

Therefore, it may be clearly stated, as has been previously reported [3, 26, 44] that the nature of the 

model is absolutely reliant on the nature of the dataset – specifically, in terms of its size and 

distribution of data (in the context of physicochemical descriptors) therein. Considerations should 

therefore be given to understanding the nature of how the model was constructed before paying 

too much attention to what the model states. 

 



 

Linear or non-linear models? 

 

Cronin and Schultz [44] also commented that biological processes were seldom non-linear in nature 

and that modelling of such processes was unlikely to be successful without considering non-linearity. 

However, the vast majority of studies described above utilise linear methods. While attempts have 

been made to employ non-linear methods in this field, their use has, until recently, been confined to 

adjusting or correcting previous models. In most cases non-linear models appear to be of limited 

value as they can readily over-fit data, resulting in simply modelling the error present in the data – 

given the range of literature sources that the datasets are constructed from, and the range of 

experimental protocols used to generate the data, past considerations of non-linear modelling have 

been cautious but, ultimately, reasonable. This is particularly relevant to the modelling of smaller 

datasets.  

 

Moss et al. [51] took a novel approach to the modelling of skin permeability by applying machine 

learning techniques, notably Gaussian Processes, to a large skin permeability dataset. In doing so 

they worked in a manner recommended by Cronin and Schultz [44] – that is, in a multi-disciplinary 

group of researchers whose expertise extends across all parts of the study and its methodology, 

particularly mathematics and statistics. The therefore initially examined the underlying nature of the 

skin permeability dataset used (an extension of the Flynn dataset) using simple methods of data 

visualisation and more complex methods such as principal and canonical [50] component analysis. 

They demonstrated the fundamentally non-linear nature of the skin dataset, which validated their 

choice of non-linear methods of analysis but which is also in stark contrast to the vast majority of 

studies in this field which have been carried out using (multiple) linear regression analysis and 

similar methods.  

 

The main issue with their [49] work is its lack of transparency as the Gaussian Process, and related, 

methods used do not produce explicit functional representations of data – that is, equations such as 

those shown above and in Tables 1 and 2 that represent the relationship between the transport of a 

permeant across the skin and its physicochemical properties. The latter are represented as discrete 

terms in an equation. Lam et al. [42] addressed this issue by the use of Machine Learning methods, 

most notably Feature Selection, which is able to rank the significance of contributions made by each 

of the physicochemical parameters used in their study. They found that models of equal statistical 

quality and predictive ability could be constructed from certain range of physicochemical 



parameters, and that certain parameters were effectively interchangeable, or possibly co-linear. 

Such apparent interchangeability of physicochemical descriptors – in a study to use one of the 

largest datasets analysed in the modelling of percutaneous absorption – perhaps reflects the myriad 

of conflicting models discussed above, and further suggests that the use of small datasets, or 

subsets, may bias the output of models to particular physicochemical parameters. It certainly 

reflects the importance of hydrogen bonding, as described by Roberts [18] in the context of models 

produced by Potts and Guy [2], among others. Non-linear methods have also recently been applied 

to this problem domain by Neely et al. [51], who produced a statistically robust model by integrating 

quantitative structure-permeability relationships, genetic algorithms and neural networks. Their 

model suggested that size/shape and polarity descriptors accounted for approximately 70% of the 

permeability information in their model. 

 

While such methods may superficially appear to lack “real-world” relevance, particularly as they do 

not yield an easily digestible equation, their relevance was demonstrated by Lam et al. [42] when 

they compared the ability of their Gaussian Process model to the Potts and Guy [2] model. The 

results are shown in Figure 3, and are characterised by the difference not only in proximity of each 

model to its intended experimental target, but in the overall pattern of predictions across the whole 

dataset. Further, Moss et al. [43] have shown the relevance of Gaussian Process methods in a “real-

world” situation when they examined a dataset of chemical penetration enhancers. They were able 

to show that the Machine Learning methods were able to provide fewer classification errors than 

discriminant analysis and were able to generate predictions of enhancement, something which 

discriminant analysis was not able to achieve. Therefore, while still a novel method the use of 

Machine Learning shows great potential but it does so – as all such studies should – within the 

framework for developing robust mathematical models of biological process described by Cronin 

and Schultz [44].  

 

 

Conclusions 

 

This is clearly a relatively brief and subjective overview of the field of modelling percutaneous 

absorption. It is a field fraught by subjective opinions and analyses. However, the key principles are 

relatively clear. From Roberts’ important work [48] to Flynn’s dataset [1] and Potts and Guy’s 

landmark model [2], through later iterations of that approach, clear advances were made in both our 

mechanistic understanding of percutaneous absorption and in the predictive ability of models to 



estimate absorption, potentially providing ethically and financially viable shortcuts to the screening 

of percutaneous absorption. An expansion of the field, mostly in the 1990s, saw a narrowing of focus 

to specific subsets, and with that a loss of the broad applicability of the best predictive models, but 

also an increased understanding of the permeation of specific compounds, which strongly suggested 

that a single holistic model was not perhaps the best approach to modelling skin absorption.  

 

However, several authors [3, 44] suggested that the focus of model quality should be on the source 

of the data, not the methods used to analyse datasets. Aspects of data redundancy, data quality and 

uniformity have been raised by these authors and others, and continue to be the focus of research 

into developing better models [43]. In recent years, concomitant with advances in information 

technology, a range of new methods have been applied to the field. These include artificial neural 

networks, fuzzy logic and Machine Learning including ensemble models employing nearest-

neighbour theories, which often utilise large pools of theoretical molecular descriptors in their 

modeling and simulation methods for stratum corneum lipids [41 – 43, 49 – 56]. Such methods have 

failed to establish themselves so far, probably as they are difficult to apply to non-experts and, in the 

case of Machine Learning methods in particular, insufficiently transparent as they do not develop a 

specific functional representation of the data.  

 

Therefore, great advances have been made through the modelling of percutaneous absorption in 

our understanding of the mechanisms underpinning skin absorption. The increasing application of 

novel techniques, such as dermatopharmacokinetics, Confocal Raman spectroscopy and mass 

spectrometry-based imaging techniques to the characterisation of percutaneous absorption will 

provide detailed and specific endpoints currently unavailable to many researchers, and should open 

up the possibilities of modelling these phenomena in greater detail.  

 

Finally, while such models are beginning to find initial application into an emerging regulatory 

framework concerned with the prediction of dermal absorption (for example, the excellent model 

developed by Frasch [57]), it is perhaps fitting to focus at this point on the work of Cronin and 

Schultz [44] once more. Their study has been refined by the authors and has informed the OECD 

Principles for the Validation of (Q)SAR Models (available at 

http://www.oecd.org/document/4/0,3746,en_2649_34379_42926724_1_1_1_1,00.html). As well as 

understanding the fundamental nature of the data being examined [41 – 43, 49, 50] the need to 

develop models that are based on the sound principles proposed by Cronin and Schultz (Table 3) will 

underpin future successes in this field, such as the approach of Hansen et al. [58], who combined 



experimental and theoretical approaches to understand the mechanism of permeant-corneocyte 

interactions, recent work where flux, rather than the permeability coefficient, was modelled [59] or 

the microscopic multiphase diffusion models of Wang and colleagues [60, 61]. These approaches, 

and that of Naegel et al. [62], suggests that we have perhaps come full circle, and that a full 

understanding of skin biology, as emphasised at the beginning of this review, is as important as the 

design and construction of data sets.  

 

 



References 

 
1. Flynn, G.L., 1990. Physicochemical determinants of skin absorption. In Principles of Route-to-

Route Extrapolation for Risk Assessment, T. R. Gerrity and C. J. Henry (eds.), Elsevier, New York, 
1990, pp.93 – 127. 

 
2. Potts, R.O., Guy, R.H., 1992. Predicting skin permeability. Pharmaceutical Research, 9, 663–669. 
 
3. Moss, G.P., Dearden, J.C., Patel, H., Cronin, M.T.D., 2002. Quantitative Structure-Permeability 

Relationships (QSPRs) for percutaneous absorption. Toxicology In Vitro, 16, 299 – 317. 
 
4. Williams, A.C. Transdermal and Topical Drug Delivery. London, UK: Pharmaceutical Press, 2003, 

pp. 56. 
 
5. Mitragotri, S., Anissimov, Y.G., Bunge, A.L., Frasch, H.F., Guy, R.H., Hadgraft, J., Kasting, G.B., 

Lane, M.E., Roberts, M.S., 2011. Mathematical models of skin permeability: An overview. 
International Journal of Pharmaceutics, 418, 115 – 129. 

 
6. Rawlings, A.V. 2010. Recent advances in skin ‘barrier’ research. Journal of Pharmacy and 

Pharmacology, 62, 671 – 677.  
 

7. Michaels A.S., Chandrasekaran, S.K., Shaw, J.E. 1975. Drug permeation through human skin: 
Theory and in vitro experimental measurement. AIChE J., 21, 985–996. 

 
8. Elias, P.M., Friend D.S. 1975. The permeability barrier in mammalian epidermis. Journal of Cell 

Biology, 65, 180 – 191. 
 

9. Bouwstra J.A., Pilgram, G., Gooris, G.S., Koerten, H., Ponec, M. 2001. New aspects of the skin 
barrier organization. Skin Pharmacology and Applied Skin Physiology, 14, 52–62. 

 
10. Michel S., Schmidt, R., Shroot, B., Reichert, U. 1988. Morphological and biochemical 

characterization of the cornified envelopes from human epidermal keratinocytes of different 
origin. Journal of Investigative Dermatology, 91, 11 – 15. 

 
11. Norlen L. 2003. Skin barrier structure, function and formation – learning from cryo-electron 

microscopy of vitreous, fully hydrated native human epidermis. International Journal of 
Cosmetic Science, 25,209 – 226. 

 
12. Rawlings AV. 2003. Trends in stratum corneum research and the management of dry skin 

conditions. International Journal of Cosmetic Science, 25, 63 – 95. 
 
13. Norlen L. 2007. Nanostructure of the stratum corneum extracellular lipid matrix as observed by 

cryo-electron microscopy of vitreous skin sections. International Journal of Cosmetic Science, 29, 
335 – 352. 

 
14. Norlen L., Plasencia, I., Bagatolli, L. 2008. Stratum corneum lipid organization as observed by 

atomic force, confocal and two-photon excitation fluorescence microscopy. International Journal 
of Cosmetic Science, 30, 391–411. 

 



15. Bouwstra J.A., de Graaff, A., Gooris, G.S., Nijsse, J., Wiechers, J.W., van Aelst, A.C. 2003. Water 
distribution and related morphology in human stratum corneum at different hydration levels. 
Journal of Investigative Dermatology, 120, 750 – 758. 

 
16. Higuchi, T., 1961. Rate of release of medicaments from ointment bases containing drugs in 

suspension. Journal of Pharmaceutical Sciences, 50, 874 – 875. 
 
17. Scheuplein, R.J., Blank, I.H., 1971. Permeability of the skin. Physiological Reviews. 51, 702–747. 
 
18. Roberts M. Percutaneous absorption of phenolic compounds. Sydney, Australia: University of 

Sydney, 1976 (dissertation). 
 
19. Wester, R.C., Maibach, H.I., 1985. Structure-activity correlations in percutaneous absorption. In: 

Bronaugh, R.L., Maibach, H.I. (Eds.), Percutaneous Absorption: Mechanisms–Methodology–Drug 
Delivery. Marcel Dekker, New York, pp. 107–123. 

 
20. Idson, B., Behl, C.R., 1987. Drug structure vs penetration. In: Kydonieus, A.F., Berner, B. (Eds.), 

Transdermal Delivery of Drugs. CRC Press,Boca Raton, FL, pp. 85–151. 
 
21. Ridout, G., Guy, R.H., 1988. Structure-penetration relationships in percutaneous absorption. ACS 

Symposium Series 371, 112–123. 
 
22. Ridout, G., Houk, J., Guy, R.H., Santus, G.C., Hadgraft, J., Hall,L.L., 1992. An evaluation of 

structure-penetration relationships in percutaneous absorption. Il Farmco, 47, 869–892. 
 
23. Brown, S.L., Rossi, J.E., 1989. A simple method for estimating dermal absorption of chemicals in 

water. Chemosphere, 19, 1989–2001. 
 
24. Cleek, R., Bunge, A., 1993. A new method for estimating dermal absorption from chemical 

exposure. 1. General approach. Pharmaceutical Research, 10, 497–506. 
 
25. Pugh, W.J., Hadgraft, J., 1994. Ab inito prediction of human skin permeability coefficients. 

International Journal of Pharmaceutics 103, 163–178. 
 
26. Cronin, M.T.D., Dearden, J.C., Moss, G.P., Murray-Dickson, G.,1999. Investigation of the 

mechanism of flux across human skin in vitro by quantitative structure-permeability 
relationships. European Journal of Pharmaceutical Sciences 7, 325–330. 

 
27. Wilschut, A., ten Berge, W.F., Robinson, P.J., McKone, T.E., 1995. Estimating skin permeation — 

the validation of 5 mathematical skin permeation models. Chemosphere 30, 1275–1296. 
 
28. Barratt, M.D., 1995. Quantitative structure–activity relationships for skin permeability. 

Toxicology in Vitro 9, 27 – 37. 
 
29. Mitragotri, S., 2003. Modeling skin permeability to hydrophilic and hydrophobic solutes based 

on four permeation pathways. Journal of Controlled Release 86, 69–92. 
 
30. Patel, H., ten Berge, W., Cronin, M.T.D. 2002. Quantitative structure-activity relationships 

(QSARs) for the prediction of skin permeation of exogenous chemicals, Chemosphere 48, 603 – 
613.  

 



31. Johnson, M. E., Blankschtein, D., Langer, R., 1995. Permeation of steroids through human skin. 
Journal of Pharmaceutical Sciences, 84, 1144 – 1146. 

 
32. Moss, G.P., Cronin, M.T.D. 2002. Quantitative structure-permeability relationships for 

percutaneous absorption: re-analysis of steroid data. International Journal of Pharmaceutics, 
238, 105 – 109.  

 
33. Potts, R.O., Guy, R.H., 1995. A predictive algorithm for skin permeability: the effects of molecular 

size and hydrogen bond activity. Pharmaceutical Research, 12, 1628–1633. 
 
34. Abraham, M.H., Chadha, H.S., Mitchell, R.C., 1995. The factors that influence skin penetration of 

solutes. Journal of Pharmacy and Pharmacology 47, 8 – 16. 
 
35. Lien, E.J., Gao, H., 1995. QSAR analysis of skin permeability of various drugs in man as compared 

to in vivo and in vitro studies in rodents. Pharmaceutical Research, 4, 583–587. 
 
36. Abraham, M.H., Chadha, H.S., Martins, F., Mitchell, R.C., Bradbury, M.W., Gratton, J.A., 1999. 

Hydrogen bonding part 46. A Review of the correlation and prediction of transport properties by 
an LFER method: physicochemical properties, brain penetration and skin permeability. Pesticide 
Science 55, 78 – 88. 

 
37. Hostynek, J.J., Magee, P.S., 1997. Modelling in vivo human skin absorption. Quantitative 

Structure-Activity Relationships, 16, 473–479. 
 
38. Lee, C.K., Uchida, T., Kitawga, K., Yagi, A., Kim, N.S., Goto, S., 1994. Skin permeability of various 

drugs with different lipophilicity. Journal of Pharmaceutical Sciences, 4, 562–565. 
 
39. Morimoto, Y., Hatanaka, T., Sugibayashi, K., Omiya, H., 1992. Prediction of skin permeability of 

drugs: comparison of human and hairless rat skin. Journal of Pharmacy and Pharmacology, 44, 
634–639. 

 
40. Kitagawa, S., Li, H., Sato, S., 1997. Skin permeation of parabens in excised guinea pig dorsal skin, 

its modification by penetration enhancers and their relationship with n-octanol/water partition 
coefficients. Chemical and Pharmaceutical Bulletin, 45, 1354 – 1357. 

 
41. Moss, G.P., Sun, Y., Wilkinson, S.C., Davey, N., Adams, R., Martin, G.P., Prapopoulou, M., Brown, 

M.B. (2011). The application and limitations of mathematical modelling in the prediction of 
permeability across mammalian skin and polydimethylsiloxane membranes. Journal of Pharmacy 
and Pharmacology, 63, 1411 – 1427. 

 
42. Lam, L.T., Sun, Y., Davey, N., Adams, R., Prapopoulou, M., Brown, M.B., Moss, G.P., 2010 The 

application of feature selection to the development of Gaussian Process models for 
percutaneous absorption. Journal of Pharmacy and Pharmacology, 62, 738 – 749. 

 
43. Moss, G.P., Shah, A.J., Adams, R.G., Davey, N., Wilkinson, S.C., Pugh, W.J., Sun, Y. The application 

of discriminant analysis and Machine Learning methods as tools to identify and classify 
compounds with potential as transdermal enhancers. European Journal of Pharmaceutical 
Sciences, 45, 116 – 127. 

 
44. Cronin, M.T.D., Schultz, T.W., 2003. Pitfalls in QSAR. Journal of Molecular Structure: THEOCHEM, 

622, 39 – 51. 



 
45. Sangster, J., 2010. LOGKOW: A databank of evaluated octanol–water partition coefficients 

(LogP). Sangster Research Laboratories, [Available at: http://logkow.cisti.nrc.ca/logkow/] 
 
46. Kamlet, M.J., Abboud, J.L., Abraham, M.H., Taft, R.W., 1983. Linear Solvation Energy 

Relationships. 23. A comprehensive collection of the solvatochromic parameters, *, , and , 
and some methods for simplifying the generalized solvatochromic equation. Journal of Organic 
Chemistry, 48, 2877 – 2887. 

 
47. Roberts, M., Pugh, W.J., Hadgraft, J., Watkinson, A., 1995. Epidermal permeability-penetrant 

structure relationships: 1. An analysis of methods of predicting penetration of monofunctional 
solutes from aqueous solutions. International Journal of Pharmaceutics, 126, 219 – 233. 

 
48. Roberts, M., Pugh, W.J., Hadgraft, J., 1996. Epidermal permeability: Penetrant structure 

relationships. 2. The effect of H-bonding groups in penetrants on their diffusion through the 
stratum corneum. International Journal of Pharmaceutics, 132, 23 – 32. 

 
49. Moss, G.P., Sun, Y., Davey, N., Adams, R., Pugh, W.J., Brown, M.B., 2009. The application of 

Gaussian Processes to the prediction of percutaneous absorption. Journal of Pharmacy & 
Pharmacolgy, 61, 1147 – 1153. 

 
50. Sun, Y., Moss, G.P., Davey, N., Adams, R., Brown, M.B., 2011. The application of stochastic 

machine learning methods in the prediction of skin penetration. Applied Soft Computing, 11, 
2367 – 2375. 

 
51. Neely, B., Madihally, S., Robinson, R.J., Gasem, K., 2009. Nonlinear quantitative structure-

property relationship modeling of skin permeation coefficient. Journal of Pharmaceutical 
Sciences 98, 4069–4084. 

 
52. Katritzky, A., Dobchev, D., Fara, D., Hür, E., Tämm, K., Kurunczi, L., Karelson, M.,Varnek, A., 

Solov’ev, V., 2006. Skin permeation rate as a function of chemical structure. Journal of Medicinal 
Chemistry 49, 3305–3314. 

 
53. Baert, B., Deconinck, E., Van Gele, M., Slodicka, M., Stoppie, P., Bodé, S., Slegers, G.,Vander 

Heyden, Y., Lambert, J., Beetens, J., De Spiegeleer, B., 2007. Transdermal penetration behaviour 
of drugs: CART-clustering. QSPR and selection of model compounds. Bioorganic and Medicinal 
Chemistry 15, 6943–6955. 

 
54. Luo, W., Medrek, S., Misra, J., Nohynek, G., 2007. Predicting human skin absorption of 

chemicals: development of a novel quantitative structure activity relationship. Toxicology and 
Industrial Health 23, 39–45. 

 
55. Das, C., Noro, M., Olmsted, P., 2009. Simulation studies of stratum corneum lipid mixtures. 

Biophysical Journal 97, 1941–1951. 
 
56. Neumann, D., Kohlbacher, O., Merkwirth, C., Lengauer, T., 2006. A fully computational model for 

predicting percutaneous drug absorption. Journal of Chemical Information and Modelling 46, 
424–429. 

 
57. Frasch, F. 2002. A Random Walk Model of Skin Permeation. Risk Analysis, 22, 265 – 276. 
 



 
58. Hansen, S., Naegel, A., Heisig, M., Wittum, G., Neumann, D., Kostka, K.H., Meiers,P., Lehr, C.M., 

Schaefer, U.F., 2009. The role of corneocytes in skin transport revised—a combined 
computational and experimental approach. Pharmaceutical Research 26, 1379–1397. 

 
59. Magnusson, B.M., Anissimov, Y.G., Cross, S.E. and Roberts, M.S. 2004. Molecular size as the main 

determinant of solute maximum flux across the skin. Journal of Investigative 
Dermatology, 122, 4, 993 – 999.  

 
60. Wang, T.F., Kasting, G.B., Nitsche, J.M. 2006. A multiphase microscopic diffusion model for 

stratum corneum permeability. I. Formulation, solution, and illustrative results for 
representative compounds. Journal of Pharmaceutical Science, 95, 620 – 648. 

 
61. Wang, T.F., Kasting, G.B., Nitsche, J.M. 2007. A multiphase microscopic diffusion model for 

stratum corneum permeability. II. Estimation of physicochemical parameters, and application to 
a large permeability database. Journal of Pharmaceutical Science, 96, 3024 – 3051. 

 
62. Naegel, A., Heisig, M., Wittum, G., 2009. A comparison of two- and three-dimensional models for 

the simulation of the permeability of human stratum corneum. European Journal of 
Pharmaceutics and Biopharmaceutics 72, 332–338. 

 
 

 



  



Notes on citations 
 
 
** 
Cronin, M.T.D., Schultz, T.W., 2003. Pitfalls in QSAR. Journal of Molecular Structure: THEOCHEM, 
622, 39 – 51. 
This is the most important paper in this field. Rather than analyse data it comments on how a study 
should be carried out and as such it should be the first port of call for all researchers conducting 
studies in this field. In addition, while some researchers suggest that their work should be taken 
further (in a regulatory sense) this paper has been adopted by the OECD and its findings are being 
adopted broadly. 
 
** 
Flynn, G.L., 1990. Physicochemical determinants of skin absorption. In Principles of Route-to-Route 
Extrapolation for Risk Assessment, T. R. Gerrity and C. J. Henry (eds.), Elsevier, New York, 1990, pp.93 
– 127. 
This paper really kick-started the field by collating the data, and is one of the most important in 
percutaneous absorption in general. 
 
** 
Potts, R.O., Guy, R.H., 1992. Predicting skin permeability. Pharmaceutical Research, 9, 663–669. 
The seminal work which pioneered the mathematical approach to skin absorption. 
 
** 
Rawlings, A.V. 2010. Recent advances in skin ‘barrier’ research. Journal of Pharmacy and 
Pharmacology, 62, 671 – 677.  
An excellent introduction to our recent understanding of the skin barrier. 

 
** 
Norlen L. 2007. Nanostructure of the stratum corneum extracellular lipid matrix as observed by cryo-
electron microscopy of vitreous skin sections. International Journal of Cosmetic Science, 29, 335 – 
352. 
A potentially landmark work on the matter of stratum corneum structure. 
 
* 
Moss, G.P., Dearden, J.C., Patel, H., Cronin, M.T.D., 2002. Quantitative Structure-Permeability 
Relationships (QSPRs) for percutaneous absorption. Toxicology In Vitro, 16, 299 – 317. 
A heavily cited and comprehensive review of the QSAR field applied to percutaneous absorption. 
 
* 
Mitragotri, S., Anissimov, Y.G., Bunge, A.L., Frasch, H.F., Guy, R.H., Hadgraft, J., Kasting, G.B., Lane, 
M.E., Roberts, M.S., 2011. Mathematical models of skin permeability: An overview. International 
Journal of Pharmaceutics, 418, 115 – 129. 
An excellent and comprehensive new review on percutaneous absorption. 
 
* 
Cleek, R., Bunge, A., 1993. A new method for estimating dermal absorption from chemical exposure. 
1. General approach. Pharmaceutical Research, 10, 497–506. 
An important iteration of the Potts and Guy model. 
 
 



* 
Lam, L.T., Sun, Y., Davey, N., Adams, R., Prapopoulou, M., Brown, M.B., Moss, G.P., 2010 The 
application of feature selection to the development of Gaussian Process models for percutaneous 
absorption. Journal of Pharmacy and Pharmacology, 62, 738 – 749. 
The first substantial work to examine the underlying nature of skin permeability data and to apply it 
in a real-world environment using the technique of feature selection. 
 
* 
Frasch, F. 2002. A Random Walk Model of Skin Permeation. Risk Analysis, 22, 265 – 276. 
A key recent study on modeling that has been adopted into the risk assessment framework rapidly, 
alongside the Potts and Guy model. 
 
* 
Magnusson, B.M., Anissimov, Y.G., Cross, S.E. and Roberts, M.S. 2004. Molecular size as the main 
determinant of solute maximum flux across the skin. Journal of Investigative Dermatology, 122, 4, 
993 – 999.  
An excellent and novel study that has set a benchmark in the field. 
 


