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ABSTRACT  

One of the main functions of the skin is to reduce the amount of water evaporating from the 

surface of a human body with outermost layer of the epidermis, stratum corneum (SC), 

forming a barrier, which protects underlying tissue from dehydration. Empirical data 

obtained for water penetration in SC is normally analysed using mathematical models, 

among which the homogeneous membrane model is commonly employed to describe 

transport kinetics in SC. However, the homogeneous membrane model failed to fit 

simultaneously the experimental data for water permeation and desorption1, as the model 

does not account for a complex structure of SC and irregular distribution of corneocytes. 

Our previous work1 introduced a slow binding model that is more aligned with the true 

biological structure of SC. This report provides an alternative/additional model to both the 

homogeneous membrane and slow binding models and takes into account the distribution of 

effective pathways across SC for water transport.  
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INTRODUCTION 

 

Research efforts focused on studies of transdermal processes are increased annually as a 

way of developing new transdermal drug delivery systems for the pharmaceutical market, 

improving existing applications and designing new methods with enhanced capabilities. At 

present there is a variety of different mathematical models1-6 used to evaluate experimental 

data and predict the diffusion of substances, including water, through the human skin. Most 

of these mathematical models are based on the investigation of the rate-limiting barrier of 

the human body, stratum corneum (SC)7. These investigations involve measurement and 

systematization of different characteristics of solute transport in SC and the analysis of 

experimental data in an attempt to develop understanding about underlying functional 

processes in SC. At present there are two research approaches that used to investigate solute 

transport processes in SC. For solute media such as water, these are: a) transepidermal water 

loss and, b) water penetration and desorption studies in SC7-10. It was revealed1 that 

homogeneous membrane (HM) model showed a poor quality of regression between the 

obtained experimental data and the fitting functions for simultaneous water permeation and 

desorption processes in SC, therefore a model that accounted for heterogeneity of SC was 

implemented.  

There are also models11,12, which represent with more detail real physiological structure of 

SC. Hitherto, in most cases, these models have been applied to describe the steady state 

kinetics and thus they are not well suited for time-dependent data especially for SC 

desorption experiments. To our knowledge, such detailed models have never been used for 

fitting time dependent experimental data. In the first instance, such models have too many 

parameters12 (e.g. the actual dimensions of corneocytes, corneocytes thickness and their 

relative arrangement partitioning between lipids and corneocytes). The other reason is that 

the models mentioned could be too computationally demanding to be practical in fitting 

experimental data. 

For these very reasons less complex and less numerically demanding models for solute 

transport are necessary. Commonly-used HM model and other transient models1,13 are 

convenient for the analysis of a transient solute transport through SC and have a potential to 

capture a detailed insight into the processes occurring in SC as it describes the solute 

transport close to the real biological environment. Such knowledge is important for 

transdermal drug delivery and other fields of research. 



3 
 

In previous work1 we expanded the general understanding of water transport process 

through SC and interpreted the experimental results assuming slow diffusion of the solute 

into and out of corneocytes. It is well known that water in SC exists in both free and bound 

states14,15. Also it was indicated16,17 that extended hydration in SC may contribute to the 

formation of large water pools leading to a slow equilibration within SC. These properties 

of SC are accounted for in the equilibration process between the bound and free states in a 

so-called slow binding (SB) model1,18. The SB model, while describing SC in more detail, is 

not mathematically demanding and has only two additional parameters compared to the HM 

model. Whereas, the SB model approach demonstrated a good fit with the observed 

experimental data, it does not indisputably mean that hypothesis used in the SB model 

accounts for a single, exclusive explanation of solute transport processes in SC. Therefore, 

it is important to re-evaluate and investigate these modelling approaches with unbiased 

scrutiny seeking to explain the observed experimental results using new paradigms and with 

an improved accuracy. 

In our investigation we adapted brick-and-mortar structure representing SC and its’ 

constituent corneocyte layers as shown schematically in Figure 1. It is well known that the 

SC barrier is composed of approximately 10 – 20 layers of corneocytes covering most parts 

of the surface of a human body7. The variability in the number of corneocyte layers 

accounts for a non-uniform thickness of SC within a small sampling area of the skin 

harvested for an experimental study (as shown in Figure 1). As corneocyte layers are known 

to be of different thickness, the intra-layer distances between constituent corneocyte layers 

vary as well, which overall adds to the complexity of describing solute transport pathways 

in SC with any degree of certainty. In addition, water is known to diffuse straight through 

corneocyte layers (transcellular route) as shown by works of Kasting et al.19; this instance is 

schematically illustrated in Figure 1. Therefore, the discussion concerning exact 

contributions of extracellular and transcellular solute diffusion pathways in SC is still 

open20 and the possible solutions offered through this study will further add to the 

knowledge base regarding transport pathways heterogeneity in SC.  
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Figure 1. Schematic representation of stratum corneum with corneocytes of different 

thickness and of different dimensions and arrangements leading to variable transcellular and 

extracellular solute pathways lengths distribution. 

 

As shown in Figure 1 the solute may proceed straight through corneocytes (transcellular 

route) or through lipid phases (extracellular route). The length of each pathway may vary 

due to the number of corneocyte layers solute goes through, the dimensions of corneocytes 

and their arrangement. For this reason, we named the new model – the pathway distribution 

(PD) model. It needs to be stressed that the PD model applies explicitly for “independent” 

transcellular pathways of different lengths, however extracellular pathways may share some 

common paths (see Figure 1), therefore the model can only be implicitly relevant for 

extracellular pathways.  

In addition, the SB and PD models combined together were analysed. The practical 

importance of this work stands in improving the understanding about the potential 

mechanisms associated with the skin reservoir effect21 by taking into account various 

physiological aspects of solute transport which are inherently present in SC. 

 

 

 

 

 

METHODS AND NUMERICAL ANALYSIS 
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Experimental data 

The experimental data was adapted from our previous work1 including the type of SC 

samples used together with desorption and permeation experiment particulars. Numerical 

inversions of Laplace domain solutions and non-linear regressions were carried out using 

the program Scientist® (MicroMath, USA) and a custom-written program in Python 

programming language. Weighting of 1/yobserved was used for nonlinear regressions. 

 

Model Description 

The proposed PD model aims to expand the utility of the simple the HM model by taking 

into account that solute diffuses through SC following pathways of variable lengths. Many 

factors define the heterogeneity of SC pathways, such as the variability of corneocyte layers 

(i.e. SC thickness), layer dimensions and layer arrangement. Assuming that none of these 

multiple factors play a dominant role and based on the central limit theorem (i.e. averages of 

independent random variables drawn from any distributions are normally distributed) allow 

us to adopt the normal distribution for pathway lengths in SC. The uniform distribution of 

SC lengths was also selected as an additional, basic comparative pilot model to assess the 

sensitivity of the PD model to the selection of the distribution. Therefore solute pathways in 

SC were considered to have a) the uniform or, b) the normal distribution as illustrated in 

Figure 2, with ih  corresponding to the length of an ith pathway. The approach is similar to 

modelling of solute transport in liver where there is a variety of distribution functions 

assigned to various sinusoidal lengths and solute velocities22,23. 
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(a) (b) 

Figure 2. Probability density function ( )im h  of solute pathways following a) the uniform 

and b) the normal distribution of solute pathway lengths, ih , and their respective 

discretisations.  

 

The amount of solute penetrated and solute desorbed can be represented as a sum: 

 

( ) ( , )i i
i

Q t Q h t=∑  (1) 

where ih  is the length of an i-pathway and the summation is performed for all pathways. In 

order to calculate the sum we used the Laplace domain solution: 

 

ˆ ˆ( ) ( , )i i
i

Q s Q h s=∑      (2) 

 

where s  is the Laplace variable and ^ over functions denotes its Laplace transform. For 

each of the pathway length, hi, the amount of solute penetrated ( ˆ ( , )p iQ h s ) and the amount 

of solute desorbed ( ˆ ( , )d iQ h s ) can be expressed 1 as:  

 

2
ˆ ( , )

sinh
dii

p i
di di

stm(h )Q h s
s t st

=       (3) 

12 tanh
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d i
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 =      (4) 

 

where im(h )  is the amount of water associated with an ith pathway after sorption, and dit  (

2
ih D= , where D is the diffusion coefficient, assumed to be the same for all pathways) is 
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the characteristic time for the given ih . Notably, Eq. (3) and (4) are based on employing the 

HM solutions for each pathway length.  

The probability density function, ( )im h defines each hi distribution. In the PD model we 

assume that pathways lengths can vary within the range of h∆  as shown in Figure 2. For the 

sake of approximating the normal distribution it was assumed that 6h σ∆ = , where σ  is the 

standard deviation. The value for h∆  was selected to represent the wide range of the normal 

distribution function. Notably, hair follicles and other skin appendages can potentially 

contribute to very short pathway lengths, though the fully hydrated SC skin appendages are 

normally closed during in vitro experiments due to the SC being swollen. To simplify the 

calculation of the sum, Eq. (2), we discretise various pathways with close ih  values into n  

groups. After discretisation (as shown in Fig. 2), im(h )  can be replaced with 0
i

mm(h )
n

=
 
for 

uniform and 
2

2
( )

2
i medh h

im(h ) ce σ
−

−
=  for normal pathways distribution ( 0m  is a total amount 

desorbed), with  c  as the normalising coefficient, which depends on discretisation number,

n , and on pathway distribution range, h∆ , giving 0
1

n

i
i

m(h ) m
=

=∑ . 

In this work the proposed PD model was compared with the SB model1 to describe solute 

transport in SC. We also considered a combined PD/SB model, which takes into account 

solute slow binding process and pathways distribution. For the latter case Eq. (3) and (4) 

need to be amended as: 

 

2

( )ˆ ( , )
sinh ( )

dii
p i u

di di

g s tmQ h s f
s t g s t

=     (5) 

12 tanh ( )(1 ) 2ˆ ( , )
( )

di
off ui

d i u
off di

g s tk fmQ h s f
s s k g s t

 
  −  = + 

+  
   (6) 

 

where onk  and offk  are the rate constants for slow binding, ( ) 1
1u on offf k k

−
= +  is an 

unbound fraction and g(s) given by ( )( ) on on off offg s s k k k s k= + − + .   
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RESULTS AND DISCUSSION 

 

The experimental data for the amount of water desorbed from SC (represented as squares, 

Fig. 3) and the amount of water penetrated SC (represented as circles, Fig. 3) as a function 

of time is shown in Figure 3. Since the experimental data is characteristic of one SC sample 

harvested from one subject the data analysis of desorption and penetration experiments 

necessitate the application of identical fitting parameters. Therefore, simultaneous fitting of 

desorption and penetration data was performed using the PD model. The characteristic time, 
2( )d medt h D= , and the pathway distribution standard deviation, σ , were chosen as fitting 

parameters. The fitted curves to data points in Figure 3 represent the comparison between 

the uniform and normal distributions assumed in PD model. Parameter estimates of 

327 17 mindt ±= and 0.308 0.002σ = ±  were obtained for the normal distribution, 

220 9 mindt ±= and 0.243 0.009σ = ±  were obtained for the uniform distribution (with 0m

fixed to 21.55 mg/cm ). Notably, there is only a minor difference observed concerning the 

quality of regression for two distributions (see Fig. 3). The value for model selection 

criterion – the parameter similar to Akaike information criterion24 for the normal 

distribution was found to be 5.1, whereas the value of 4.7 was obtained for the uniform 

distribution. The higher value for model selection criterion served as justification for 

selecting the normal distribution for further data analysis employed in PD model. The other 

reason to select the normal distribution is that it approximates many natural phenomena 

known25.  
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Figure 3. Experimental data showing water desorption (squares) and water penetration 

(circles) profiles in SC and their simultaneous regression profiles for uniform pathway 

distribution model (dashed line) and the normal pathway distribution model (solid line). 

 

Figure 4 shows the results of simultaneous fitting of the experimental data for desorption 

and penetration processes using a) HM model, b) SB model and c) normal PD model. 

Evidently, simultaneous fitting of the experimental data using the HM model (
2

012 min, 1.37 0.05 mg/ m151 cdt m= =± ± ) produce a poor regression quality fit (see 

dashed line, Fig. 4) with a non-random distribution of residuals, which indicates that a more 

complex fitting model should be used. It is worth noting that the HM model fits separately 

the desorption and penetration data well, but this leads to markedly different values of dt  

indicating the limitation of the HM model.  The proposed PD model definitely solves the 

poor regression characteristics of the HM model and provides a suitable fit. The results 

reported in Figure 4 are obtained for discretisation number 9n = , however, the increase of 

an n number did not afford any significant improvements of the regression. The PD model 

shows a slight deviation as compared to the SB model limited to the time range from 40 to 

120 minutes. The most significant difference in fit between the HM, SB and PD models is 

observed at 60 minutes for the desorption profile. Also, the quality of the SB model fit at 

early stage of penetration process (first 20 minutes) is found to be closer to experimental 

data points than the fit of the PD model. The observed discrepancy suggests that the PD 

model is unable to fully explain the transport processes within the SC during water 
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desorption and the attributes of the SB model are required to fully explain the experimental 

data.  

 

 

Figure 4. Experimental data showing water desorption (squares) and water penetration 

(circles) profiles in stratum corneum and their simultaneous regression profiles for a) the 

homogeneous membrane model (dashed line), b) the slow binding model (dot-dashed line) 

and, c) the normal pathway distribution model (solid line). 

 

The combined model that included attributes of the PD and SB models which accounts for 

slow binding characteristics of solute in SC and the normal distribution of solute pathways 

in SC was applied to the experimental data. The combined model, however, did not provide 

a noticeable improvement in the fit (Table 1). The fitting of the combined model was 

performed using standard deviation value 0.308σ =  which was initially fixed to that 

obtained in the PD model regression. Another reason why this value was used is that it 

appears to correspond to the reported variation of corneocyte layers in the trunk7 (13±4 

corneocyte layers) assuming that pathway lengths distribution is only due to the variation of 

the number of corneocytes layers in SC. The value for the model selection criterion for the 

SB model was 5.7, whereas the value of 5.4 was found for the combined model. The lower 

value of model selection criterion for combined model is due to using more parameters for 

fitting (kon, koff, σ , td). 
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Table 1. The comparison of investigated models  

Model td, min Mean 
desorption 
time, min 

σ  kon, koff Model 
selection 
criterion 

Homogeneous membrane 151±12 13 N/A N/A 3.14 
Slow binding 69±7 26 N/A 0.052, 0.042 5.69 
Normal pathway distribution 327±17 27 0.31 N/A 5.05 
Uniform pathway distribution 220±9 18 0.24 N/A 4.70 
Combined (normal pathway 
distribution and slow binding) 

110±9 31 
28 

0.27 
0.31 

0.018, 0.026 
0.015, 0.026 

5.38 
5.39 

 

Further analysis of the combined model when both slow equilibration mechanisms and the 

normal pathway distribution are taken into consideration demonstrated that 

binding/unbinding rate constants for solute in SC change when the standard deviation is 

varied (Table 1). The change of kon and  koff  for the case of combined model as compared to 

binding rates for the SB model alone demonstrates that the SB model parameters are 

sensitive to the assumption of the pathways lengths distribution. The comparison of td values 

also demonstrates the strong sensitivity of the combined model to including the pathway 

distribution parameters (Table 1). Mean desorption time (MDT) 1  

 

1
12

d u

u off

t fMDT
f k

−
= +       (7) 

was introduced in Table 1 as a useful parameter to describe, gauge and compare desorption 

kinetics in SC. It demonstrates that though the parameter td is quite different for the two 

models, a more physically relevant MDT value is close for the SB and PD models.  

The main utility of the presented PD model is that it demonstrates an alternative/additional 

extension to the HM model that is based on the SC physiology and can help better interpret 

parameters of the SB model. Although the SB model fitted the data for water penetration 

and desorption very well, it is not possible to ascertain unambiguously what is the 

“physiological source” of the slow binding rate constants. We believe that the constants are 

most likely determined by the slow partitioning into corneocytes, but some contribution to 

those rates from other factors, such as the variable pathways, are possible. Results presented 

in Table 1 indeed demonstrate that the slow binding rate constants are sensitive to the 

change of the standard deviation (σ) which describes the pathways length distribution.  

Furthermore, while for the case of water experimental data the combined model approach 
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did not demonstrate the statistically significant regression improvement for solute transport 

data in comparison with the SB model, in future the analysis of experimental data for other 

solutes may demonstrate the utility of the PD model and especially the combined model.  

 

CONCLUSIONS 

 

In this work we formulated a new pathway distribution model to describe solute transport 

though SC. The PD model was applied to fit the experimental data for simultaneous water 

penetration and desorption and the fitting results were compared to the previously published 

mathematical model that considered the effect of slow equilibration between bound and 

unbound water in SC. The regression of the data obtained using the new pathway 

distribution model showed a good fit, however the obtained fitting results did not exceed 

quantitatively the results obtained previously using the slow binding model. Therefore, we 

concur that the slow binding mechanisms for water transport associated with the skin 

reservoir effect explain the experimental data in a more detailed way. The combination of 

slow equilibration and the normal pathway distribution approaches was found to be 

insufficiently improving the fitting for water transport experimental data in SC. However, 

the combined model approach may be applicable for the analysis of solute transport in SC 

for solute media other than water. Notably, the normal PD model proposed in this work 

demonstrates a significantly better fit of the experimental data as compared to homogeneous 

membrane model proposed earlier1. Further experimental investigation of solute transport in 

SC is required to determine the extent of pathway non-uniformity in SC with higher 

resolution and enhanced precision. 
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