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The main function of a membrane is to control the exchange of matter between the surrounding regions.
As such, accurate modeling of membranes is important to properly describe their properties. In many
cases in both biological systems and technical applications, the membranes are composite structures
where transport properties may vary between the different sub-regions of the membrane. In this work
we develop a method based on Mesh analysis that is asymptotically exact and can describe diffusion
in composite membrane structures. We do this by first reformulating a generalized Fick’s law to include
the effects from activity coefficient, diffusion coefficient, and solubility using a single condensed param-
eter. We then use the derived theory and Mesh analysis to, in essence, retrieve a finite element method
approach. The calculated examples are based on a membrane structure that reassembles that of the brick
and mortar structure of stratum corneum, the upper layer of our skin. Resulting concentration profiles
from this procedure are then compared to experimental results for the distribution of different probes
within intact stratum corneum, showing good agreement. Based on the derived approach we further
investigate the impact from a gradient in the fluidity of the stratum corneum mortar lipids across the
membrane, and find that it is substantial. We also show that anisotropic organisation of the lipid mortar
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Fig. 1. Three different examples of membrane archit
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can have large impact on the effective permeability compared to isotropic mortar lipids. Finally, we
examine the effects of corneocyte swelling, and their lateral arrangement in the membrane on the overall
membrane permeability.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
The main function of membranes found in both biological sys-
tems and technical applications is to control the exchange of mat-
ter between the surrounding regions. Here, the precise membrane
barrier properties are essential to the membrane barrier function.
In many cases, the membrane itself has a more or less complex
composition and structure. Examples of this include the brick
and mortar arrangements relevant for the upper layer of the skin,
porous granular material present in sand, and channels modeling
percolation of water in soil, all depicted in Fig. 1. The membrane
barrier function is then determined by its internal structure, as
well as the solubility and the mobility of the diffusing compound
in the different membrane regions.

The human skin is one important example of a barrier mem-
brane that separate two profoundly different regions, that is the
water-rich inside of our body, and the outside environment that
is often dry and may vary substantially during a normal day. As
such, the skin protects us from uncontrolled water loss, and it also
prevents from uptake of harmful chemicals. The barrier function of
the skin is mainly assured by its outermost thin layer, stratum cor-
neum (SC), which consists of dead keratin filled cells (corneocytes)
embedded in a lipid matrix in a brick and mortar-like arrangement
[1]. The extracellular lipid mortar has a multilamellar structure
with an average orientation of the lamelleas parallel to the skin
surface[2], implying anisotropy in its diffusion properties. In a real-
istic description, one need to consider that there are several gradi-
ents across SC, which may also lead to variations in the lipid and
corneocyte structures at varying depths in the membrane [3,4].
Taken together, the structural complexity of stratum corneum
involve both the brick and mortar arrangement, as well as mortar
anisotropy and variations in self-assembly structure at varying
depths, and these aspects will all impact on the stratum corneum
barrier function.

There are several studies in the literature that presents theoret-
ical models for diffusional transport in composite structures,
where transport properties may vary between the different subre-
gions of the membrane[5–8]. Those models often treats specific
geometries as well as molecules that favor a specific route through
the composite structure, for example only go through the mortar in
a brick and mortar structured membrane. Many models take into
ectures with composite structures
ight lines). Apart from this conditi
ion coefficients, and/or solubility o
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account the brick and mortar structure of SC to model skin perme-
ability[9] with more or less complex geometrical description of
corneocyte shape[10]. None of them, however, investigated lipid
anisotropy or gradients in fluidity of lipid domain. In this work,
the main goal is to formulate a model that accounts for the differ-
ent molecular aspects of diffusion and partitioning in any type of
heterogenous anisotropic composite membrane (see Fig. 1 for
examples), allowing for different transport routes. In addition, we
include aspects of anisotropic diffusion and gradients in the prop-
erties of the different regions of the composite structure. We do
this by formulating steady-state diffusion transport through a
model membrane with any internal structure using Mesh analysis.
While the model is capable of describing different geometries, we
here solely focus on the brick and mortar geometry. Still, all the
different geometries of porous composite membranes depicted in
Fig. 1 are incorporated in the software code used to perform the
calculations in this work[11].

The layout of the work is as follows. First, we derive a represen-
tation of Fick’s law based on the here introduced entity of momen-
tum permeability. That entity combines the activity coefficient,
mobility (i.e. � diffusion coefficient), and solubility into a single
parameter without any loss of generality. Based on the presented
formalism we then describe a method founded on Mesh analysis,
which among others give fluxes, permeabilities and concentration
profiles. We then evaluate the method on a membrane structure
relevant to stratum corneum. In relation to SC, the tortuous route
corresponds to diffusion of a hydrophobic molecule in a membrane
with impermeable corneocytes. The present analysis consider both
cases of impermeable and permeable bricks, thus accounting for
diffusion of both hydrophobic, hydrophilic and intermediate polar-
ity molecules in the SC brick and mortar structure. It is thus an
extension of a previous study that only treat the case of turtous dif-
fusional transport of molecules that are not soluble in the bricks
[8]. In order to validate the relevance of the present model, the cal-
culated concentration profiles are compared with experimental
data on the distribution of model compounds in porcine stratum
corneum, as measured by multiphoton laser scanning microscopy.
The model compounds include one hydrophobic molecule, rho-
damine B hexyl ester (RBHE), and one more hydrophilic molecule,
. In this work we treat the situation where the chemical potential of the diffusing
on, the model allows for any internal geometric structure and any properties of the
f the diffusing compound.
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sulphorhodamine B (SRB). Finally, based on the Mesh analysis
method we investigate the impact from introducing a gradient in
lipid self-assembly structure, anisotropy of the extracellular lipid
matrix, corneocyte swelling, as well as changing the lateral
arrangement of the corneocytes.

1. Theory

In this section we start by introducing the basic theory of mass
transport which the work will be based upon. We then generalize
the theory by including the possibility for non-ideal systems with
variations in the local solubility of the diffusing molecules. After
this, we in detail outline the Mesh analysis approach and how it
is used in order to describe transport through a heterogeneous
membrane with composite structure. Lastly, we compare the
results obtained with the Mesh analysis with analytic theory for
the two extreme limit scenarios.

1.1. Mass transport

Ideal steady-state diffusion is commonly described by Fick’s
first law which is based on the concentration gradient in the sys-
tem[12]

j ¼ �Drc: ð1Þ
Here j [kg/m2s] is the flux, D [m2/s] the diffusion coefficient, and c
[kg/m3] the concentration. For non-ideal systems, however, Eq. 1
does not apply and one need to use a generalised form based on
the gradient in chemical potential[13,14]

j ¼ �Ucrl; ð2Þ
where U [m/s/N] is the mobility (drift velocity per unit force), and l
[J] the chemical potential. For the next step we need the standard
concentration c� [kg/m3], which is constant[15], the activity coeffi-
cient c [unitless], and the standard absolute activity
k� ¼ exp l�=kBTð Þ [unitless], where the standard chemical potential
l� [J] relates to the solubility of the diffusing compound in the med-
ium, kB [J/K] is the Boltzmann constant, and T [K] the temperature.
By combining these into a single measure of solubility and the (in-
verse) activity coefficient S ¼ c�=ck� [kg/m3], and note that if

@S
@c
¼ 0; ð3Þ

i.e. the activity and solubility of the diffusing compound does not
change with a change in concentration, then we get the simple rela-
tionship between the mobility and diffusion coefficient, D ¼ UkBT.
This can be realized if c in Eq. 1 is replaced by
c ¼ exp l� l�ð Þ=kBTð Þc�=c [15] and the equation is then compared
to Eq. 2. In the following, Eq. 3 is assumed to hold, and thus
D ¼ UkBT . Similar to k� we now present the absolute activity
k ¼ exp l=kBTð Þ [unitless], which is a rewritten form of the chemical
potential. Through the definition of activity[15] we then acknowl-
edge that k relates to the concentration as

c ¼ Sk: ð4Þ
By further exploiting the relationship between k and l Eq. 2 can be
rewritten as

j ¼ �vrk ð5Þ
where we have introduced the momentum permeability v ¼ UkBTS =
[assuming Eq. 3] ¼ DS [kg/ms]. With this definition, we condense
the activity coefficient, mobility (� diffusion coefficient), and solu-
bility into a single efficient diffusion parameter, v, without losing
any generality. Just as the diffusion coefficient D is a measure of
the velocity of a diffusing compound, v is a measure of its momen-
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tum (i.e. mass � velocity). In the present context, v is thus a product
between how much substance that is soluble (S) and how fast it dif-
fuse (� D). Finally we present the definition of permeability P [m/s]
as [12]

P ¼ � j
Dc

; ð6Þ

where the flux j through that membrane relates to the difference in
concentration Dc over the same. This entity will be used below to
analyse the results from the Mesh analysis.

1.2. Mesh analysis

In this section we present an approach based on Mesh analysis
that will be used to retrieve the absolute activity, k, throughout a
discretized model membrane.[16] As we have seen in the previous
section, the absolute activity can then be used to retrieve concen-
tration profiles (Eq. 4), fluxes (Eq. 5) and permeabilities (Eq. 6). A
similar scheme has been used for studies of a stratum corneum
model membrane [6], yet the here presented approach is in many
aspects different and more general in its applicability.

In analogy with electric theory we in Fig. 2a present a circuit
diagram of a laterally periodic setup (dotted lines) consisting of
vertical and horizontal resistors (dark grey blocks), which are
linked through nodes (black dots) and connected to an external
potential difference. Note that though we here use a 2D laterally
periodic system, the mesh in Fig. 2a can be customized to yield a
variety of structures including 3D non-periodic systems. The pro-
cedure is thus not limited to the here presented geometry, but
can be adapted to describe also other structures. The differences
between different boundary conditions lie in the composition of
the matrix R, which is introduced below. As indicated in Fig. 2b
the Mesh setup can, for instance, be used to model a brick andmor-
tar membrane (Fig. 2c) by choosing resistances in the grid that
compares to the properties at the corresponding coordinate of
the brick and mortar structure. The entities analogous to the elec-
tric potential and resistance using Fick’s law (Eq. 5) instead of
Ohm’s law for diffusion of charge is the absolute activity difference
Dk between start- and end-points for the diffusion, and chemical
resistance R [s/kg] defined as

R � Dk
_m
: ð7Þ

In Eq. 7 the mass flow _m ¼ �jA [kg/s] is the direct analogue of elec-
tric current through the area A [m2]. This further entails that the
resistance is inversely proportional to the momentum permeability,
or

R ¼ 1
vA : ð8Þ

The principle of Mesh analysis is founded on conservation of some
entity, here mass, and by utilizing this restriction in every node of a
mesh we get

k� kl

Rl
þ k� kr

Rr þ k� ka

Ra þ k� kb

Rb
¼ 0: ð9Þ

Here k is the absolute activity in that node, and the superscript
l; r; a; bf g index the component just fleft,right,above,belowg of that
node in the mesh. By applying Eq. 9 to every node, i.e. mass conser-
vation everywhere, together with a known mesh of resistors (or v)
and a known absolute activity difference over the entire membrane,
we can arrange all of the given equations into a single matrix
equation

R�1k ¼ _m; ð10Þ



Fig. 2. (a) Circuit diagram of resistors modelling a membrane, e.g. a brick and mortar system (c). Dashed lines implies periodic boundaries which continue into the dotted
lines on the opposing side of the diagram. In (b) we present a combined figure of (a) and (c) that show which resistor that corresponds to which part in the model. Essential
geometric parameters are presented in (c).
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c.f. Eq. 5. For a N �M mesh of nodes as in Fig. 2a (excluding the sin-
gle top and single bottom nodes), the dimension of R�1 is NM � NM,
and the dimension of k and _m are both NM � 1. We now denote
Ka/Kb as absolute activity above/below the top/bottom resistors.
In Eq. 10 _m consists of mass flow elements of the form Ka=R

v
1m

and Kb=R
v
Nm, where the double index denotes the row and column

of the resistors of the mesh, and v that the resistor is vertical. k is
a single column matrix including every node absolute activity and
this is what we aim to retrieve. By calculating the inverse of R�1

we get

k ¼ R _m ð11Þ
and now all absolute activities in the nodes are known which can
then be used to calculate concentration profiles, fluxes, and perme-
abilities of the entire mesh.

1.3. Comparing Mesh model to exact asymptotic expressions

In this section we examine the brick and mortar model in two
extreme scenarios; when the permeability is infinitely higher in
bricks as compared to the mortar, and vice verse. Both these cases
have known analytic solutions which can be used in the validation
of the mesh analysis approach. We start by investigating the case
when bricks have lower resistance to the flux than the mortar,
and the resistance to the flux lies only in the mortar. For this case,
we use a model where bricks are considered to have an infinite
width, which is a fair assumption when the mortar in the lateral
spacing in-between bricks can be neglected (Fig. 2c). This gives a
model with alternating brick/mortar layers which has an exact
analytic solution for the flux[12], and thus also the membrane per-
meability, which we will come back to later.

For the other extreme case of completely impermeable bricks
we need to examine the concept of tortuosity[17,8] and relate it
to membrane permeability. By assuming impermeable bricks, the
tortuosity s [unitless] of that system based on Eq. 5 and Eq. 7 is

s ¼ 1þ d
s
þ N � 1ð Þ � L

2

gh
x

1þxð Þ2
: ð12Þ

following the same procedure as previously described in [8]. In Eq.
12 (and Fig. 2c) d [m] is the brick width, s [m] the lateral spacing
between bricks, N [unitless] the number of layers of bricks, L [m]
is the period of the system, g [m] the vertical spacing between
bricks, h ¼ Nt þ N � 1ð Þg [m] the total thickness of the membrane
where t [m] is the thickness of the bricks, andx [unitless] the offset
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ratio. The latter is a measure of the lateral arrangement of the bricks
and for the extreme case x ¼ 1, corresponding to the case illus-
trated in Fig. 1a, there is a maximal tortuous path for molecules dif-
fusing exclusively in the mortar. For the case of x ¼ 0 (or
equivalently x ¼ 1), the bricks are arranged in perfect stacks
above/beneath one another. In this case there is a straight path
between the bricks solely in the mortar from the top to the bottom
of the membrane. The tortuosity is defined[18] as s ¼ j0=jN , where j0
is the flux through a reference membrane consisting of only mortar
(i.e. no bricks), and jN is the flux through an equally thick model
membrane with N layers of bricks. As the flux through a uniform
reference membrane j0 is trivial to calculate analytically by using
Eq. 5 we then get jN ¼ j0=s. By finally using Eq. 6 we get the
relationships

s ¼ j0
jN
¼ P0

PN
: ð13Þ

The inverse tortuosity can thus also be viewed as a measure of the
permeability PN of a membrane relative to the permeability of the
reference membrane consisting of only mortar (P0). As such we

relabel s�1 ¼ bP as the relative permeability of a membrane and we
have

bP ¼ P
PRef :

¼ j
jRef :

ð14Þ

where Ref refers to the homogeneous reference membrane consist-
ing of only mortar.

2. Materials and Experimental methods

The penetration and partitioning of two different fluorescent
probes inside skin samples were studied using multiphoton laser
scanning microscopy. The skin samples were prepared from por-
cine ears obtained from a local abattoir. The fresh ears were stored
at �80 �C until skin sample preparation. For the preparation, the
ears were thawed, the hair was trimmed and the skin from the
inner part of the ear was removed with a TCM 3000 BL dermatome
(Nouvag AG, Switzerland) with an approximate thickness of 200
lm.

The sheets of skin were mounted in in vitro PermeGear In-Line
Diffusion Cells (IL-7, 9 mm diameter orifice)(PermeGear, Inc.
Hellertown, USA) with a donor volume of 1 mL, and a receptor flow
rate 1.6 mL/h. All experiments were performed at 32 �C, which is
considered to be normal skin temperature according to OECD guid-
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lines[19]. After 24 h exposure to the test aqueous solutions with
the dyes, the skin samples were gently rinsed with water and
excess water was carefully dried off with a tissue. The samples
were kept frozen at �20�C until use. For the microscopy analysis,
the samples were placed directly on microscope slides and pro-
tected with cover slips. The skin was in contact with the cover glass
to maintain a mechanically stable surface, and placed on the
microscope.

The donor solution used were composed of either 0.005% (w/w)
rhodamine B hexyl ester (RBHE) (Molecular Probes, USA) or 0.05%
(w/w) sulphorhodamine B (SRB) (Sigma Aldrich, Germany) dis-
solved in phosphate-buffered saline (PBS) pH 7.4 (130.9 mM NaCl
(Merck KGaA, Germany), 5.1 mM Na2HPO4 � 2H2O (Fluka Analyti-
cal, Germany) and 1.5 mM KH2PO4 (Sigma–Aldrich, Germany). All
aqueous solutions were prepared using ultra purified water
(18.2 MXcm; PURELAB UHQ II system; ELGA Labwater, UK). As
the concentration of the more hydrophobic compound, RBHE,
was ten times lower than that of SRB, both dye solutions could
be prepared in pure buffer without any additional co-solvent. As
the goal of the present studies is to study the distribution of the
dyes in the skin rather than to quantify the amount that penetrates
the skin, the concentrations of the probes in the solutions were
chosen to optimize the conditions for the imaging, meaning that
neither their concentration or the activity in the PBS solutions were
adjusted to be the same. The concentration of 0.05% SRB in PBS cor-
responds to less than 2% of the maximum solubility (32.24 mg/ml,
unpublished data), while the concentration of 0.005% RBHE in PBS
is judged to be close to the saturation limit.

Multiphoton laser scanning microscopy (MPM) was performed
using a Zeiss LSM 710 META NLO microscope (Carl Zeiss, Ger-
many), equipped with a tunable mode-locked femtosecond pulsed
Ti:Sapphire laser (Mai Tai, Spectra Physics, Mountain View, USA)
operating at 780 nm using an earlier reported procedure.[20] For
imaging a water immersion objective lens (20x, NA = 1.0) and exci-
tation of 780 nm was utilized. The fluorescence was recorded in
both the green (300–485 nm, autofluorescence) and the red
(565–610 nm, RBHE and SRB) using non-descanned spectral chan-
nels. Only data from the red channel is presented, corresponding to
the signal from the applied fluorophore. The spectral crosstalk of
autofluorescence in the red spectral channel given these settings
was found negligible, as confirmed previously.[21] The focus was
changed by using a step-motor sequentially with a step size of 1
lm from the surface of SC to an approximate depth of 80–150
lm. No significant photobleaching was observed in the experi-
ments under the conditions used to quantify penetration. The mea-
sured average power of the excitation light just before the
microscope objective was 1 mW. The data presented correspond
to the first 25 lm of the z-stack matching SC. Three representative
cross sections from each sample are here reported for comparison
with the theoretical model.
3. Results and discussion

Below we present a number of examples all relevant for trans-
port through SC. The calculations were done for representative SC
geometries unless otherwise stated: brick thickness t ¼ 1l m,
brick width 20lm, lateral spacing between bricks s ¼ 0:1lm, ver-
tical spacing between bricks g ¼ 0:1l m, twenty layers of bricks,
and offset ratio x ¼ 1. We make the assumption that the activity
coefficient c is equal to one, which implies that S is proportional
to the solubility of a compound. This is done for conciseness and
all presented results are valid also for c – 1 (as long as S is con-
served). In the description of the mortar lipids we need to consider
that the extracellular lipid mortar contains domains with different
properties, including solid and fluid (oil-like) lipids[22]. The pro-
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portion of fluid lipids used in the example calculations is 10 % if
not otherwise stated, which is the estimated fraction of fluid SC
lipids in intact porcine SC at ambient hydration conditions based
on ssNMR measurements [23]. We denote the fraction of fluid
lipids as Ufluid [unitless] and we assume zero solubility in the solid
lipid regions[12] (Chap. 10). Then the effective mortar solubility
SM ¼ Slipids is defined as

Slipids ¼ Soil �Ufluid þ Ssolid � 1�Ufluid

� � 	 Soil �Ufluid ð15Þ
where Soil is the solubility of the added compound in the fluid lipid,
which is here compared to a fluid hydrocarbon oil, and Ssolid is the
(zero) solubility in the solid lipids. The mortar/brick distribution
coefficient KM=B will thus depend on the partition coefficient
between a hydrocarbon oil (here meaning the fluid fraction of the
SC mortar lipids), and the water-rich corneocyte bricks, which can
be approximated by Koil=water . Furthermore, the distribution will
depend on the amount and organisation of fluid lipids within the
mortar lipid regions. If the conditions changes so that the fraction
of fluid SC increases, that will thus also lead to an increase in
KM=B, even though Koil=water of the given molecule is unchanged.
The internal organisation of the solid and fluid lipids in the mortar
will further impact the effective diffusion in these regions. The cal-
culated profiles presented in this work all correspond to the case of
a continuous route in fluid lipids through the extracellular lipid
matrix. The effective diffusion coefficient can then be estimated as
DM ¼ Doil �Ufluid þ Dsolid lipids � 1�Ufluid

� �
, where Doil is the diffusion

coefficient in the fluid lipids and Dsolid lipids is the diffusion coefficient
in the solid lipids. Finally, we make the assumption that
Dsolid lipids 	 0 and can therefore be neglected compared to Doil.

In order to facilitate the comparisons between different systems
and conditions, we throughout this work present relative perme-

abilities (bP) that are defined as the permeability for a given system
(membrane and diffusing compound) normalised with a reference
permeability calculated for the membrane geometries described
above with Ufluid ¼ 0:1, and a diffusing substance with
KM=B ¼ SM=SB ¼ 1, and DM ¼ DB ¼ 1. We also restrict the examples
to cases where the product SM � SB ¼ 1 ¼ 10 �Ufluid

�
). In simple terms

this mean that a diffusing compound can either have high solubil-
ity in the hydrophilic bricks or the lipid mortar or intermediate sol-
ubility in both. Lastly, we note that the calculated values are
indicated by symbols in the plots, and the connecting lines are
obtained through interpolation by cubic splines.

3.1. Comparison between Experimental results and Model calculations

Fig. 3 summarizes the key results of the model calculations
together with the fluorescence microscopy images for two differ-
ent fluorescent probes penetrating into the stratum corneum.
The microscopy images can be interpreted as concentration pro-
files of the different probes inside the stratum corneum. We used
two different probes; SRB that is soluble in both polar and apolar
solvents (Fig. 3b), and RBHE that is a hydrophobic molecule
(Fig. 3c). In the present analysis, we focus on the qualitative differ-
ences in how these dyes distribute within the SC, rather than quan-
tification of the local variations in dye concentration. The
experimental data can be compared to the calculated concentra-
tion profiles in panels Fig. 3d-f for three model compounds with
different oil/water partition coefficients (and thus also different
mortar/brick distribution), corresponding to one hydrophilic com-
pound (Fig. 3d), one hydrophobic compound (Fig. 3f), and one com-
pound with intermediate polarity (Fig. 3e). The experimental
images each consists of three different cross-sections of the sam-
ple. The SRB image Fig. 3b show a fairly uniform lateral distribution
and a smooth vertical gradient from high concentration at the top
to low concentration at the bottom. It is hard to discern any clear



Fig. 3. Molecules used in experiments (a). Multiphoton laser scanning microscopy data for the concentration profiles from stratum corneum samples with the slightly
hydrophilic probe SRB (b), and the hydrophobic probe RBHE (c). Scalebar = 10 lm. (d,e,f) Calculated concentration profiles for diffusing molecules with different
hydrophobicites, expressed in terms of the the partition coefficient between mortar and bricks. (g) Model calculations of the relative permeability bP (see Eq. 14) as a function
of the mortar/brick distribution coefficient as compared to a homogeneous reference membrane, i.e.. KM=B ¼ 1.
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features relating to the underlying structure of the membrane. This
is similar to the concentration profiles obtained in the model calcu-
lations in Fig. 3e for KM=B ¼ 100, which also display a gradual
monotonic shift from high to low concentration. In contrast, the
microscopy image obtained for RBHE (Fig. 3c) show high fluores-
cence in areas surrounding large regions with low fluorescence
which infers a heterogeneous distribution of the dye. Here, the
low-fluorescent elongated regions are interpreted as the hydrophi-
lic bricks embedded in a fluorescent hydrophobic mortar. The
experimental observation using RBHE can thus be compared to
the the model calculations in Fig. 3f, here using KM=B ¼ 103, where
the sharp lines indicate high concentration of the probe in the mor-
tar and basically empty bricks. Lastly in Fig. 3g we present the cal-

culated relative permeability bP for membranes with varying
distribution coefficients. The normalised permeability is relative
to a reference membrane with uniform solubility KM=B ¼ 1.

Diffusing molecules with low KM=B, will take the shortest route
with the lowest resistance to the flux, meaning a straight through
path with little to no lateral transport. For molecules with high
KM=B, on the other hand, the expected transport route is tortuous
and through the mortar only. The maximum permeability is
obtained for molecules with intermediate values of KM=B, which
indicate a balance between the high solubility in the comparably
large bricks, and the low solubility of the volumetrically smaller
yet unavoidable mortar. Here we note that either way the diffusing
compound has to penetrate through several layers of continuous
mortar in order to travel past the membrane as a whole.

In the following sections we will study the effects of altering the
properties and dimensions of the mortar and the bricks in the com-
posite membrane. For all these examples, we present the calcu-
lated profiles of the relative permeability as a function of the oil/
water partition coefficient of the added compound, Koil=water . This
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can be seen as a characteristic of a given compound, which may
then distribute in different ways between bricks and mortar
(KM=B) depending on the properties of the composite structure. In
other words, by showing Koil=water instead of KM=B, we can make
direct comparisons of how the permeability of a compound with
known Koil=water changes when the brick and mortar structure is
altered. Note however the relationship Koil=water �Ufluid ¼ KM=B.
3.2. Phase transition in the mortar lipids

The phase behavior of the stratum corneummortar lipids can be
altered by changes in the skin surroundings. An increase in the
fraction of fluid lipids can be caused by, for example, increasing
the hydration at the skin surface (commonly referred to as occlu-
sion[24]) or addition of a penetration enhancer[22,25]. In Fig. 4
we present the relative permeability as a function of the partition
coefficient Koil=water . Here we illustrate the extreme case of melting
all the lipids (red curve), and compared to the case when only 10%
of the lipids are fluid (black curve). With a higher fraction of fluid
lipids we get an increase in both the solubility and the effective dif-
fusion coefficient in the lipid regions, as SM ¼ Slipids ¼ Soil �Ufluid and
DM ¼ Dlipids 	 Doil �Ufluid.

By melting the lipids from 10% to 100% we note that the (red)
permeability curve is shifted by a factor of ten to the left, and a fac-
tor of ten upwards. This total shift is an effect from increasing the
diffusion coefficient and the solubility at the same time. Their sep-
arate individual contributions gives rise to different shifts and
these are discussed in the SI, see Sec. S1. The relationships between
solubility, diffusion, and relative permeability makes it possible to
make predictions for any SM;DM , and Ufluid or combination based
solely on one single master curve as described in Eq. 16 where X
described the change of the indexed entity.



Fig. 4. Model calculations of the relative permeability bP as a function of the oil/water partition coefficient when increasing the amount of fluid regions in the lipids. The black
curve is the same as in Fig. 3g and compared to that red has ten times higher Ufluid which leads to an increase in both Slipids and Dlipids .
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P̂ KM=B; SM;DM
� � ¼ P̂ X�1U X�1D � KM=B;XS � SM ;XD � DM

� �
ffiffiffiffiffiffiffiffiffiffiffi
XSXD
p ð16Þ

Finally, we note that the curve in Fig. 4 has both a local maximum
and a local minimum. When Koil=water of the diffusing substances
increases, the permeability of the compound through the corneo-
cytes decreases, meaning that the lipid route is more favoured,
and thus the tortuosity increases. After the local maximum, the
effective permeability decreases until one reaches the maximum
value of tortuosity. For higher Koil=water values, the partitioning
towards the lipid domains is still increasing, whereas the tortuosity
do not, and thus the relative permeability increases again.
3.3. Gradient in the properties of the mortar lipids

For all calculated results shown so far, we have assumed that
the mortar lipids have the same properties at all depths inside
the membrane. In most of the relevant situations, there are several
Fig. 5. Model calculations of the relative permeability bP as a function of the oil/water p
(colors). The inset show the (normalized) fluid fraction in the lipids as a function of depth
Ufluid . Reference (black) is a system with zero gradients Dlipids zð Þ ¼ Dlipids const: and Slipids zð Þ
surface.
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gradients across the skin, which may also lead to changes in mortar
lipid phase behavior at different positions within the skin mem-
brane [3]. In Fig. 5 we illustrate how the relative membrane perme-
ability is affected by introducing a gradient in the properties of the
mortar lipids. We investigate two different scenarios. In the first
example, we study the effect of increasing the fraction of fluid
lipids in the upper layer of the SC (red curve), which may relate
to the situations of occlusion or addition of a penetration enhancer
[22,25]. Next, we instead reduce the fraction of fluid lipids in the
upper part of SC as compared the the rest of the membrane (blue
curve), which can be related to situations where the skin is
exposed to dry conditions [26]. The changes in the amount of fluid
lipids will directly impact both the effective diffusion coefficient
and the effective solubility of the added compound in the mortar.
An increase in the amount of the fluid lipids in the upper part of
the membrane therefore leads to an increase in overall membrane
permeability. Furthermore, the melting of lipids also causes a shift
of the curve to slightly lower Koil=water . The opposite happens if the
fraction of fluid lipids is reduced in the upper layers of the mem-
artition coefficient for different profiles of the diffusion coefficients and solubilities
in the membrane z. Both lipid solubility and diffusion coefficient are proportional to
¼ Slipids const: , and blue/red curve is lower/higher solubility of the probe close to the
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brane. Note that we in the example in Fig. 5 use a different refer-
ence system than for all other examples, with smaller fraction of
fluid lipids URef : ¼ 10�3. This in order to better illustrate the effect
of changing the lipid fluidity by using a steep gradient. For smaller
gradients the trends are similar but the differences smaller.
3.4. Anisotropic mortar structure

In this section we explore how the membrane permeability is
affected by an anisotropic mortar structure with different trans-
port properties in the parallel and perpendicular directions, as
expected for the multilamellar extracellular lipids [12]. In the cal-
culated example in Fig. 6, the lateral component of the diffusion
coefficient in the mortar Dlipidsk is increased, while the vertical com-
ponent Dlipids? is that same as in all previous examples. For com-
pounds that favor the path straight through the bricks above the
tortuous pathway in the mortar (meaning low Koil=water), the aniso-
tropy in the mortar has no effect on the overall membrane perme-
Fig. 6. Model calculations of the relative permeability bP as a function of the oil/water pa
properties. In the example calculations, the lateral component of the diffusion coefficient

Fig. 7. Model calculations of the relative permeability bP as a function of the oil/wat
corresponds to the analytic extreme cases using either very low or very high Koil=water de
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ability as there is little or no lateral diffusion. In the cases where
the tortuous pathway is preferred (meaning high Koil=water), there
is a substantial effect on the membrane permeability by introduc-
ing anisotropy in the mortar.
3.5. Increasing Corneocyte Thickness

Next, we investigate the effect of changing the thickness of the
corneocytes. This corresponds to the situation where the corneo-
cytes take up water, for example in conditions of occluded (fully
hydrated) skin [27]. In Fig. 7 we present the relative permeability
for different corneocytes thicknesses t. We also include curves rep-
resenting the exact analytic solutions (faded lines) in the limit of
high or low Koil=water . We start by noting that the analytic expres-
sions are retrieved for both low and high Koil=water values. As
expected, the calculations show that a thicker membrane gives a
lower relative permeability, and vice verse. Yet, the maximum of
the curves are all centered around the same value of Koil=water . The
rtition coefficient for a membrane with anisotropic (red) and isotropic (black) lipid
Dlipidsk in the lipids is a thousand times larger than the vertical component Dlipids? ¼ 1.

er partition coefficient for different corneocytes thicknesses (colors). Faded lines
scribed in Section 1.3.



Fig. 8. Model calculations of the relative permeability bP as a function of the oil/water partition coefficient using different brick ordering (colors). The x-axis of the inset is
identical to that of the outer figure. Herex ¼ 1 gives brick positions as in Fig. 1a. The disordered systems uses a uniform random lateral displacement of each brick layer (see
e.g. Fig. 2c). Thex ¼ 0 system can be described by bricks stacked perfectly on top of each other, giving a straight through path in the mortar. Each point of the ’Random’ curve
is a mean of three different random geometries which gives a standard deviation smaller than the size of the symbols. The inset show the relative permeability in reference to
an x ¼ 1 system. Faded lines corresponds to the analytic extreme cases using either very low or high Koil=water described in Section 1.3.

Björn Stenqvist, M.B. Ericson, S. Gregoire et al. Journal of Colloid and Interface Science 633 (2023) 526–535
general finding is that that for the extreme cases of Koil=water (i.e.
very low or high), the permeability is basically unaffected by the
changes in brick thickness, and it is only for intermediate values
of Koil=water that we observe a clear effect on the membrane
permeability.

3.6. Lateral arrangement of Corneocytes

In Fig. 8 we present how the relative permeability depends on
the lateral arrangements of the corneocytes, as defined by the off-
set parameters x ¼ l!=l (see Fig. 2c). The results are based on
three different offset ratios;x ¼ 1 which gives a maximal tortuous
path for any compound that exclusively pass through the the lipid
mortar, x ¼ 0 which gives the shortest path through the mortar
(straight through membrane), and random lateral displacement
of the corneocytes (see for example brick and mortar system in
Fig. 2c). First, we note that the maximal tortuous path x ¼ 1 (red
curve) and random lateral displacement of the corneocytes (black
curve) are strikingly similar. There are small differences at high
Koil=water but for other values the calculated curves are all but indis-
tinguishable from one another. Therefore, the highly symmetric
model using x ¼ 1 seems to capture the key features of models
using random arrangement of bricks, which likely also the most
relevant scenario for most biological membrane systems and tech-
nical applications. On the other hand, when the bricks are perfectly
stacked on top of each other (x ¼ 0) there is a substantial differ-
ence in permeability in contrast to the other more tortuous paths
at high Koil=water . For x ¼ 0 there is a straight path in the mortar
through the membrane and thus diffusing hydrophobic com-
pounds can travel the shortest possible path in the lipid mortar
without encountering any hydrophilic corneocyte bricks. For other
values of x the compound has to zigzag through the structure and
thus take a longer path.

4. Conclusions

We have presented a model accounting for steady-state diffu-
sion through different routes in any heterogeneous membranes
which gives concentration profiles, permeabilities and fluxes. The
approach relies on a formulation of generalized Fick’s first law
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for steady-state diffusion which in a simple way accounts for activ-
ity coefficient, diffusion coefficient, and solubility all at once. Based
on the presented theoretical foundation we then utilize Mesh anal-
ysis to build a framework that account for the diffusion through
different pathways in composite membranes, taking into account
the solubility of the diffusing molecules in the different regions.
The output from this model show good agreement with experi-
mental data on the distribution of different fluorescent probes
inside stratum corneum. Furthermore, the numerical calculations
agree with available exact analytic expressions for brick and mor-
tar models for the extreme cases where the bricks either are com-
pletely impermeable or when they do not provide any resistance to
the flux.

By using the presented model we studied the effects of chang-
ing the internal structure in the brick and mortar model, including
anisotropic mortar structure mimicking a lamellar lipid arrange-
ment, increased thickness of the bricks mimicking corneocyte
swelling, and finally lateral arrangement of the bricks inside the
brick and mortar membrane. For hydrophilic diffusing substances,
none of these changes shown any notable effect on the overall per-
meability, while both the anisotropic mortar structure and the lat-
eral arrangement of the brick strongly impact the permeability of
the most hydrophobic compounds.
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