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 Films engineered to control the transport of liquids arewidely used through society. Examples include barriers in
packaging, wound care products, and controlled release coatings in pharmaceutics. When observed at the
macroscopic scale such films commonly appear homogeneous, however, a closer look reveals a complex nano-
and microstructure that together with the chemical properties of the different domains control the transport
properties. In this review we compare and discuss macroscopic transport properties, measured using the
straightforward, yet highly powerful technique “modified Ussing chambers”, also denoted side-by-side diffusion
cells, for awide range of structured polymer films and composites.We also discuss and compare themacroscopic
observations and conclusions on materials properties with that of lattice Boltzmann simulations of transport
properties based on underlying material structure and chemistry. The survey of the field: (i) highlights the
use and power of modified Ussing Chambers for determining liquid transport properties of polymer films,
(ii) demonstrates the predictability in both directions between macroscopic observations of transport using
modified Ussing chambers and structure-based simulations, and (iii) provides experimental and theoretical
insights regarding the transport-determining properties of structured polymer films and composites.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

People use different types of barriers in their daily life, for examples
in packaging, wound care products, and pharmaceutical coatings [1–4].
Many barriers today are based on polymers due to reduced costs, fast
production etc. [5]. Polymeric barriers can be produced via a wide
range of methods including extrusion, spray coating, casting, moulding
etc., where the choice of technique depends on the final application.
Different approaches will also result in different types of material
structures: the reader is refereed to Fig. 1 for an overview of examples
of structures discussed in this review. Combinations of different
polymers are often essential to obtain all desired characteristics of the
final application.

Non-porous/dense films and laminates are examples of common
structures in different types of packaging. In these cases the properties
of the polymers are combined, and one layer may serve as an oxygen
barrier, while another layermay function as amoisture barrier, whereas
the third layer provides the consumer with information about the con-
tent [2,6]. A composite is a material that consists of a polymer matrix
and a filler. These materials can also be used as packaging materials
[7]. Here, the filler is commonly included to enhance the mechanical
properties of the material and the particles are generally considered to
be impermeable. Thus, an addition of filler should in theory result in
improved barrier properties [8,9]. However, in reality, incompatibility
between the filler and the matrix due to the differences in the surface
chemistry may result in voids in the material and an increased perme-
ability as a consequence [10–12].

Materials with controlled transport properties can also be formed by
combining polymers with limitedmiscibility. For example, by a suitable
combination of water-soluble and water-insoluble polymers, a film can
be formed where the components have phase-separated into distinct
regions [13]. Upon exposure to water the soluble component will leak
out, leaving a porous skeleton of the water-insoluble polymer [14–17].
Porous films are commonly used as pharmaceutical coatings, and the
pores can be either connected or disconnected depending on the de-
sired release profile, where the connected pores are expected to result
in a faster release of a pharmaceutical active ingredient. By varying the
composition and/or the preparation conditions, the transport properties
of suchfilms can be controlledwith great precision [15,18,19]. A compli-
cating factor in predicting the transport through coatings/films in com-
plex environments is that polymers are prone to swell in compatible
solvents and that the diffusion in polymer matrixes is strongly depen-
dent on the volume fraction of polymer [20]. An increase in the diffusion
coefficient with decreasing volume fraction of polymer may also be
counteracted by the swelling, causing blockage of pores, and an
Non-
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Fig. 1. Schematic drawings of different film structures discussed in this r
increased diffusion distance due to macroscopic volume increase. For
example, this has been shown to be of relevance to the performance
of pharmaceutical controlled release coatings in presence of alcohol
[21] since there is a risk of dose dumping [22]. The latter might result
in a peak in the plasma of the drug, which can have fatal consequences
for the patient.

Factors known to affect the rate of transport through a membrane
are, for example, crystallinity, type and concentration of fillers,
compatibilizers and/or plasticizers, as well as the chemical structure of
the polymer (molecular weight, degree of cross-linking, taciticity etc.).
In general, two types of models are used to explain the permeability
and the mass transport mechanisms in polymer materials: (i) models
based on the motion of polymer chains and the permeant in combina-
tion with intermolecular forces, and (ii) models with a foundation in
free volume theory, considering the relationship between the diffusion
coefficient and the free volume present in the polymer [23]. Extensive
reviews of these models can be found elsewhere [20,24].

The most important property for barrier materials is however to
withstand the transport of liquids and gases in both and/or one direc-
tion, for example to protect a product from the environment, and
thereby avoid degradation/contamination. Even though the films may
seem homogenous from a macroscopic point of view, it may differ sig-
nificantly on the micro- and nanoscopic level. To be able to design ma-
terials with desired properties it is crucial to understand the structure-
transport correlations, which can be performed either by measuring or
simulating the permeability. For this purpose, it is of importance to
study both the gas permeability and the transport of solvent molecules
or molecules dissolved in solvent (liquid permeability). Several reviews
on gas transport are available in the literature [25–28]. Liquid perme-
ability can be advantageously measured by utilizing modified Ussing
chambers, which is an experimental setup for measuring the diffusion
of permeants through a barrier material. The original chambers were
invented by a Danish zoologist and physiologist named Hans Henriksen
Ussing and the main idea is to measure the vectorial ion transport
through epithelial skin [29]. The chambers have also been used to mea-
sure the transport of ions, nutrients, and drugs across epithelial tissues
in vitro [30,31]. Side-by-side diffusion cells are also commonly used
and resemble modified Ussing chambers. The latter can be used for
many different purposes related to diffusion, and the focus of this re-
view will be on studies where molecules, such as water, different phar-
maceutical drugs, and juice ingredients, have been used to measure
transport over different types of barriers.

The aim of this review is to present the applicability of using
modified Ussing chambers and side-by-side diffusion cells to correlate
diffusion through complex materials to their structures on nano- and
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eview, (1) corresponds to disconnected and (2) to connected pores.
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microscale. In addition, a short introduction to how computer simula-
tions on a microstructure level may contribute to a more detailed
picture about the diffusion transport mechanism through a material is
provided.

2. Basic concepts of permeability of polymeric materials

2.1. Theoretical and mathematical models for calculation of permeability

Small molecules can often dissolve and diffuse in polymermaterials.
Quite intuitively, the rate of transport of molecules across a film de-
pends on the solubility of the molecules in the film and their diffusive
movement [32,33]. Thomas Graham recognized this already in year
1866 and formulated the Solution-Diffusion model [34]. It has been
mucheffort devoted to both the solution anddiffusion step under differ-
ent scenarios, as summarized in literature [20,32,33]. However, from a
macroscopic and simplistic perspective, the following key steps are
present: (i) the permeant dissolves in the film, (ii) there is a net
diffusion of the permeant along the chemical potential gradient and,
(iii) the permeant leaves the film by dissolving in the external solution
(schematically shown in Fig. 2).

The extent towhich apermeant dissolves in thefilm in step (i) is com-
monly described by the partition coefficient (K), which is the ratio be-
tween the concentration of permeant in the solution and the film at
equilibrium. The partition coefficient is a critical parameter as it describes
the concentration of permeant in the film surface and thus the number of
molecules available to diffuse through the film. The diffusive motion of
permeant molecules in step (ii) derives from random molecular motion
of individual molecules. The rate of this motion depends on the size and
the chemistry of themolecule, the structure and the chemistry of thema-
trix where the diffusion occur (which is affected by absorption of the sol-
vent), the temperature, the pressure, and the viscosity [20]. It is important
to remember that there will always be molecules diffusing in both direc-
tions across afilm, but the driving force for a net diffusive transport in one
direction is often well approximated by the chemical potential gradient
over the film, which under ideal conditions is the concentration gradient
divided by the concentration times a factor RT (where R is the gas con-
stant and T is the temperature).

Once a permeant molecule has passed the film, the extent to which
themolecules leave the film in step (iii) depends on the solubility of the
permeant in the film and in the receiving solution. This can be easily vi-
sualized that if zero-concentration of the permeant is maintained in the
(a)
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Fig. 2. Schematic image of the linear concentration decline reached at s
solution, and if any molecule that leaves the film is immediately re-
moved through mixing, the solubility of the permeant in the solution
would have little effect. However, this is not the case in reality. In prox-
imity to the outer boundary of the film, there will be a stagnant layer
also denoted the diffusive layer, whose thickness decreases with in-
creased mixing of the solution. Molecules in this layer will, as in the
film, diffuse randomly in all directions, and can thereby leave the stag-
nant layer either by re-entering the film or disappearing into the bulk
solution. If the solubility of the permeant is high (low chemical poten-
tial) in this layer than the film, the permeant molecules will readily
leave the film and enter the solution. However, if the solubility is higher
in the film than in the solution, themolecules will be less prone to leave
the film and fewer molecules will diffuse across the stagnant layer over
a given time. Based on steps (i)-(iii), the transport of molecules across a
film is fundamentally dependent on the diffusion and the solubility of
the permeant molecules. When characterizing the permeability of
films, well-defined experimental setups are commonly employed
based on the below theory.

The most common way to macroscopically describe the diffusion
through a film is by Fick's law:

J ¼ −Ac
D
RT

∂μ
∂z

; ð1Þ

where J is the mass transfer rate (mol/s), A is the cross-sectional area of
the film, D is the diffusion coefficient, μ is chemical potential, and z is
distance in the direction of the film thickness. For an ideal system, the
chemical potential is μ = μ0 + RT ln c, where c is the concentration,
and thus:

J ¼ −AD
∂c
∂z

: ð2Þ

For an ideal system involving diffusion over a homogenous filmwith
constant value of D, the following expression is valid at pseudo-steady
state, i.e., when the concentration of the permeant within the film
does not vary with time (see Fig. 2a):

J ¼ DA
h

c1−c2ð Þ; ð3Þ

where h is the thickness of the film, c1 and c2 are the concentrations in
the donor and acceptor surface of the film, respectively (see Fig. 2),
(b) 
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teady state when the partition coefficient (a) K N 1 and (b) K b 1.
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and c1 and c2 can be related to the concentrations in the donor and ac-
ceptor chamber by incorporation of the partition coefficient. If the
same solvent is used in both chambers, and if it is assumed that stagnant
layers are negligible, then the partition coefficient relates to the concen-
trations in the film and in the chambers as:

K ¼ c1
cd

¼ c2
ca

; ð4Þ

where cd and ca are the concentrations in the donor and acceptor cham-
ber, respectively. Eqs. (3) and (4) can be combined to:

J ¼ DKA
cd−cað Þ

h
¼ PA

cd−cað Þ
h

ð5Þ

where P=DK is commonly referred to as the permeability. Here the au-
thorswould like to emphasize that in some literature thepermeability is
defined as P=DKh−1. This notation refers to themass transport across a
film with a specific thickness, rather than the fundamental, geometry-
independent, mass-transport properties in a film material. Due to its
simplicity, Eq. (5) is commonly used to evaluate the permeability or bar-
rier properties of films using macroscopic measurements, such as
discussed in Section 2.2.

For a porous film, where the concentration and the diffusion of the
permeant in the film material can be neglected in comparison to the
solvent-filled pores, the corresponding expression can be derived. How-
ever, in this case, P is equivalent to an effective diffusion coefficient De:

De ¼ DpεF λð Þ
τ2

ð6Þ

where Dp is the diffusion coefficient of the permeant free in solution
[35–37] or in the pores of the film [38]. The latter should be better
adapted for filmswhere the pores present an environment significantly
different from thebulk solution, for example, gel-filled volumes. The po-
rosity ε, the hindrance factor F(λ), and the tortuosity τ, represent pore
structure-related parameters and are discussed in more detail by
Larsson et al. [39]. Note that since it is assumed that the chemical envi-
ronment in the pores is equivalent to that in the solvent, the partition
coefficient is not present in the equation.

Based on Eqs. (2)–(5), van den Mooter and co-workers developed a
useful expression to determine the permeability of the samples [40].
Under the assumptions that: (i) a linear concentration profile within
the film has been reached, (ii) that the aqueous boundary layers on
both sides of the film do not affect the total transport process, and
(a)

Fig. 3. Schematic image of (a) a modified Ussing chamber, and (b) example of typical graphs
(iii) equal volumes (V) of the donor and acceptor chamber, the follow-
ing equation was derived:

2PA
hV

t ¼ − ln
cd;0−2ca tð Þ

cd;0

� �
; ð7Þ

where the latter assumes that ca=0when t=0. From Eq. (7), the per-
meability can be obtained from the slope obtained by –ln(cd,0-2ca/cd,0)
versus time. Thus, by knowing the initial concentration in the donor
chamber (cd,0), andmonitoring the concentration in the acceptor cham-
ber, the permeability is straight-forward to determine. For more details
on the different models presented here, several reviews, articles, and
books are available [20,32,33,35–38,40].

2.2. Modified Ussing chambers and side-by-side diffusion cells for
measurement of the permeability

Liquid permeability (or diffusion) through films can bemeasured by
utilizing diffusion cells, for example modified Ussing chambers, as
shown schematically in Fig. 3a. These cells consist of a donor and accep-
tor chamber, between which the film to be studied is positioned. The
chambers are filled with liquid (usually water), and the permeant of in-
terest is added to the donor chamber. The transport of the permeant
across the film is subsequently elucidated by monitoring the increase
of the concentration in the acceptor chamber. When extracting samples
from the acceptor chamber for analysis, it is critical to immediately
replenish the extracted volume with fresh solution to minimize the
impact of film pressure gradients. Graphs similar to Fig. 3b are usually
acquired for the permeant concentration in the acceptor chamber as a
function of time, and by applying for example Eqs. (4) or (5), the perme-
ability, and/or the diffusion coefficient can be calculated.

Permeability can also be measured by using side-by-side diffusion
cells. These cells are very similar to the modified Ussing chambers ex-
cept that stirring is often achieved by a magnetic stirrer in the donor
and/or acceptor chamber, instead of applying a rotating table or stirrers.
Both types of setups can either be directly coupled to a detection source,
such a UV-VIS spectrophotometer or by sampling manually [42,43].

By determining the concentration of the permeant in the two
different chambers in the diffusion cell, it should be possible to quantify
the permeant, preferably by using straightforward and readily accessi-
ble methods and equipment. An alternative, as already mentioned, is
by UV/VIS-detection. The former requires that the molecule absorbs
light in the measurable range, which is often the case for conjugated
compounds. Additionally, radioactive labelled permeants are attractive
(b) 

of the concentration of the permeant in the acceptor chamber as a function of time [41].
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as their excellent detectability enables the usage of very low concentra-
tions, allowing for small osmotic pressure differences between the
chambers. Osmotic pressure differences can be further eliminated by
adding the corresponding non-labelled molecule to the acceptor cham-
ber. This will, ideally, result in the equal chemical potential in the donor
and in the acceptor chamber, and labelled and non-labelled molecules
will simultaneously diffuse through the film, whereas only the labelled
ones will be detected. This approach is particularly useful in evaluating
films for pharmaceutical applications, in which the permeants of inter-
est are usually larger molecules, such as proteins, DNA, or other high
molecular weight active substances. Such molecules will have signifi-
cantly slower diffusion through the film than the solvent molecules,
which as a result might induce osmotic pressure differences between
the cells. Nevertheless, this phenomenon, while present, is not that
important as long as the molar concentrations of macromolecules are
relatively small, and salt is added to screen potential charges on the
macromolecules i.e. the effect of the counterions release is negligible.

3. Permeability over different film structures

This part will summarize the literature on specific studies where the
permeability has beenmeasured by eithermodifiedUssing chambers or
in side-by-side diffusion cells. The chapter is divided into different
subchapters where the different structures presented in Fig. 1 are
discussed. However, the first section covers a general introduction of
how a material and its structure might affect the permeability. Barrier
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Fig. 4. Summary of the factors that affect the perm
films can be produced using a wide range of methods, such as solvent
casting, extrusion, hot-melt pressing, spraying, spin coating, moulding,
etc. Depending on the polymers and the process used for production,
the structure of the final film can vary to a great extent. Possible struc-
tures can be non-porous (or dense), layered, composites, porous, and
swelling materials, as shown in Fig. 1. The permeability P is according
to Eq. (5) equal to the partition coefficient K times the diffusion coeffi-
cient D. In general, the barrier properties of a polymer will depend on
the chemical structure of the polymer as well as the permeant, and in
addition, the mobility of the polymers. The chemistry of the polymer
is however the main defining factor determining the barrier properties,
for example, the permeability can be tuned by six orders of magnitude
by grafting chemical side groups to the polymer chain solely, mainly
due to disruptions or by densifying the material structure depending
on the nature of the grafted chain [44]. Furthermore, the chemical inter-
actions between the permeant and the material are of importance and
will have an impact on the permeability of the material, as well as the
environment including the solvent, the temperature, and the pressure.
The solvent may at the extreme cause dissolution of the films, but
even in less extreme cases, swelling or plasticization can greatly impact
the transport through thefilm. An increased temperaturewill also affect
the polymeric material, which for example, can undergo a transition
from a static glassy state to a more dynamic rubbery state when the
temperature is higher than the glass transition temperature of the
polymer. The temperature will further impact the chemical potential
of the permeant, and an increased temperature will also increase the
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Table 1
Summary of the materials that are compared and discussed.

Classification Range of
P (m2/s)

Examples of
applications

Studied system

Non-porous 1∙10−13-1∙10−17 Packaging, coating LDPE [49]
EAA [49]
EC [21,50]
Latex EC [51–53]

Laminates 1∙10−14-1∙10−17 Packaging LDPE/EAA [49]
PHB [54]
Si/EVA [43]

Composites 1∙10−12-1∙10−13 Packaging, car
interior

PLA/MCC [55]
PLA/CNC [10]
LDPE/CNC [56]
PMA/Al [57]
PP/CS [58]

Porous (constant
and changed)

1∙10−10-1∙10−13 Coatings for
controlled release

EC/HPC [16,18,59]
PHB/PAA [54]
EC/Eudragit [17,60].

Swelling 1∙10−10-1∙10−13 MFC/HPMC [39]
CNC/HPMC [61]
BPPO/polyNIPA [62]

Swelling porous 1∙10−10-1∙10−13 Coatings for
controlled release

PHB/PAA [63]
EC/HPC [21]
EC/polyNIPA [62]
MAA/polyNIPA [64]
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molecular motion of the polymers in the barrier films. In general, an in-
creased temperature results in an increased permeability since it affects
both the solubility and the diffusivity.

Fig. 4 aims to summarize the different factors that affect the perme-
ability as well as providing the reader with an overview. The partition
coefficient (also denoted the solubility coefficient) basically demon-
strates how prone the permeant is to dissolve into the polymer relative
the concentration in the surrounding media. The latter is affected by the
chemical structure of the permeant, as well as the chemical structure
of the polymer. Two mechanisms can be defined by which a permeant
displace through a polymeric film: (i) dissolution in the polymer
phase constituting the film and diffusion in the amorphous polymer
network, and (ii) diffusion in liquid-filled pores. In many cases the dis-
placement of the permeant will in fact be a combination of both, for ex-
ample, even in porous films where the main transport is assumed to be
through the pores, it might also be transport through the solid polymer
phase. In addition, during the initial wetting stages, liquidmay progress
through the film through wetting of the interfaces and capillary forces.
By taking the two main mechanisms into consideration, it is obvious
that the size, the shape, and the chemistry of the permeant will have
an impact. For example, permeants with longer chain lengths have
been shown to have lower solubility than shorter permeants in cross-
linked polystyrene [45]. However, a smaller molecule is expected to
have an increased mobility. As mentioned above, the shape of the
permeant is also an important factor and for example, elongated mole-
cules have higher diffusion coefficients than spherical molecules of
equal molecular volume [46,47]. The latter has been explained by the
orientation of the anisotropic molecules along their longest axis [46].
Furthermore, it has been hypothesized that a larger molecule permeant
is more prominent in plasticizing the polymeric barrier than a smaller
permeant [48]. A permeant that is soluble in the polymer can induce
swelling of the material, which results in increased permeability due
to the plasticizing effect. Plasticization of the barrier increases both the
diffusivity and solubility of a permeant, and increases the mobility of
the polymer chains, which all together contributes to an increased per-
meability of the barrier. Adsorption of the permeant to the film surface,
when utilizing diffusion cells,might be anobstacle and result in anover-
estimated permeability [49], which is due to the changed equilibrium
between the donor chamber and the film surface. In the latter the parti-
tion coefficient will increase due to the higher amount of the permeant
on the surface.

Themicrostructure of the barrier filmwill have a large impact on the
permeability and can be divided into four categories: (a) the porosity,
(b) the film microstructure, (c) the polymer morphology, and (d) the
chemical structure. For example, a porous film (a) is expected to have
a higher permeability than a dense or a composite film, since the trans-
port is expected to be faster within the pores, whereas (b) the final film
microstructure is often affected by the manufacturing process of the
barrier material due to the fact that many polymers are immiscible,
which might result in phase-separation of polymer mixtures. The mor-
phology of the polymers (c) also affects the permeability since amor-
phous and crystalline parts have different permeability [8], and in
addition, increased ordering of the polymer chains also decreases the
permeability [49]. Finally, (d) the chemical structures influence the
free volume, and for dense polymeric materials, the free volume will
be the most important factor for the permeability (see Eq. (8) below).
The free volume is constituted of the micro-cavities present in a poly-
mericmaterial that the permeants can use to diffuse through the barrier
[20,23,24]. The free volume is strongly related to the chemistry by the
cohesive energy density, but also to properties such as thermal history,
glass transition temperature, crystallinity, and conformational order.

The diffusion of a permeant is suggested to only occur in the amor-
phous part of semi-crystalline polymers where the cohesive energy
density is low, and the amount of free volume is high. Diffusion between
the voids of free volume can be considered as jumps, and the diffusion
then depends on the probability of a permeant to find an adjacent free
volume [23]. An example of such material is high-density polyethylene
(HDPE), which has been shown to have low gas permeability due to the
low fractional of free volume.

The glass transition temperature is relevant for the barrier proper-
ties, and the largest effect will be observed if the polymer is above
(rubbery), or below (glassy) its glass transition temperature. In general,
the diffusion is faster in a polymer in its rubbery state, even if there are
examples that shows the opposite [23].

The interfaces formed betweenmaterials (bothmiscible and immis-
cible) may have other properties than those of the bulk, and should be
taken into consideration regarding the formation of structures and
properties of barriers [65]. The presence of filler in a barrier material
will also have an impact on the permeability, especially if the filler is
impermeable, which will cause a so called tortuosity path i.e. a longer
transport path since the permeant has to go around the filler.
[8,32,33]. However, it is important to consider the compatibility be-
tween the filler and the matrix. A poor compatibility may result in
voids and channels at the interface. Such channels can thenmediate un-
hindered and rapid transport of the permeant, which greatly reduces
the barrier properties as a result. In contrast, when the matrix and the
filler are highly compatible, no voids are formed, and the presence of
the largely impermeable filler is expected to result in decreased perme-
ability. Table 1 summarizes the different structures and the range of
observed permeability, which are discussed in the following sections.
Additionally, all structures will be further discussed with respect to
the measurement setup with modified Ussing chambers or side-by-
side diffusion cells (pros and cons).

3.1. Non-porous (dense) materials

The non-porous material in this review is defined as a solid and
dense material, where the solution-diffusion model can be used to de-
scribe the permeability, i.e. the permeant needs to dissolve into the
film surface before it can diffuse through, and finally diffuse into the ac-
ceptor chamber. In addition, the free volume within the film material
will be of importance for the transport of permeant. The free volume
theory is based on the matter in a material that is not occupied, and
that rearrangements of these volumes makes it possible for the
permeants and/or the solvents tomove (or jump) through thematerial.
This is the main reason why the permeant and the solvent can displace
through the material as stated in the theory by Fujita in 1961 [20,66].
Fujita's model is based on a ternary system consisting of a solvent, a
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polymer, and a permeant (a plasticizer), where the concentration of the
plasticizer was kept low. Fujita suggests that the probability P (υ*) to
find holes of sizes υ* that are of the same as for the permeant molecule
is equal [66,67] to:

P υ�ð Þ ¼ A e
−bυ�

f v

� �
; ð8Þ

where A is constant, b is a constant in the order of unity and fυ is the av-
erage free volume per permeant molecule. The parameters bυ* have
been interpreted as the minimum size for a displacement of the
permeant and the probability P(υ∗) to find holes with a certain size υ*
is also closely linked to the size of themolecule, and thereby, themobil-
ity of the permeant. The model correlates well to systems which consist
of polymers and organic solvents, while it fails to describe systems that
include water. The latter is due to numerous interactions between the
molecules [20], and the model has been further developed to increase
the correlation between the diffusion of relatively small permeants in
dilute and semi-dilute polymer systems [68].

Additionally, Vrentas and Duda have also developed a model, which
is applicable under varying temperatures and polymer concentrations
[69–72]. A drawback with this method is that 14 (!) different parame-
ters are needed in order to predict the self-diffusion coefficient, out of
which 10 has to be evaluated [73].

Bolton and coworkers have developed a mathematical method
based on Monte Carlo and molecular dynamic simulations for calcula-
tion of diffusion and solubility coefficients of water and oxygen of
low-density polyethylene (LDPE) films, which are in good agreement
with experimental data [74]. The diffusion is expected to occur due to
jumps within the polymeric material.

Regarding the permeability measurements in modified Ussing
chambers, the measurement time may vary between a couple of days
to several weeks or even months, depending on the material and the
permeant [21,49,50]. For example, for a pure film of LDPE, the perme-
ability of water and acetic acid is equal to 2.5∙10−15 m2/s, which has to
be measured over several weeks or even months [49]. Oleic acid on
the other hand has a much faster transport in LDPE and EAA (see
Fig. 5a), and a pseudo-steady state is reached within a week. This
phenomenon is partly explained by the adsorption of the permeant to
thefilm surface during the experiment,whereas another possible expla-
nation could be that the partition coefficient is higher for oleic acid than
acetic acid in the two plastics. Fig. 5b shows the permeability of water
and the model drug of theophylline in films of ethylcellulose (EC),
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where the manufacturing process has been different. A pure EC film
has a water permeability in the range of 0.6–2.3∙10−12 m2/s [21,50],
which can be measured within a couple of hours.

Non-porous films can also be produced from dispersions of free
particles, as schematically shown in Fig. 6a-b, either by solvent casting,
or spray coating. In both cases, it is important that the particles coales-
cence to achieve dense and solid films. Kazlauske and coworkers mea-
sured the water permeability as well as the permeability of a model
drug (Theophylline) of films produced via spray coating [52]. The
films showed a higher permeability to water (27∙10−13 m2/s) than the
model drug (3.2∙10−13 m2/s) (see Fig. 5b), whichmost probably is a re-
sult of the different chemical structures and the sizes of the permeants.
Additionally, the plasticizing effect of themodel drugwas evaluated, but
the water permeability wasmore or less constant (19∙10−13 m2/s) [52].
When studying the cross-sections of the films using SEM, it was
observed that the coalescencewas not perfect, i.e. particles were notice-
able. This was even more obvious after the exposure to water, where
individual latex particles could be observed in the structure and resulted
in smaller micro voids (nm- to μm scale), which could influence the
mass transport properties, and thereby a higher permeability than
expected.

3.2. Laminates

Layered materials are present in many daily products ranging from
packagingmaterials towound care products, and diapers. In these prod-
ucts, the transport of water and other liquids are crucial for designing
products with desired properties. By knowing the mass transport
through each individual layer, it should be possible to calculate the
theoretical permeability for a layered material according to Eq. (9):

htot

Ptot
¼ ∑n

1
hi

Pi
ð9Þ

where hi is the thickness, and Pi is the permeability of the individual
layers, respectively. The expression assumes that the mass transport
dm/dt is equal througheach layer and that steady state has been reached
[75,76]. Furthermore, it is assumed that the mass transport is constant
regardless of the order of the defect-free individual layers.

In an experimental study, laminates consisting of two, four, and
eight layers had a decreased permeability of both oleic and acetic acid
than the pure film materials (LDPE and EAA) (see Fig. 7) [49]. The
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Fig. 6. (a) Production of films via coalescence of particles in a dispersion, and (b) enlargement of the coalescence.
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number of layers did however seem to have a small impact on the
permeability of both oleic and acetic acid, which was explained by the
ordering of polymer chains close to the interface. The latter was con-
firmed using SAXS and WAXD to study the crystallites in the interface.
The hypothesis is that the ordering close to the interface functions as a
hinder of the two carboxylic acids, which affects the permeability.

Bergstrand and coworkers combined a non-porous layer with a po-
rous layer and measured the water permeability. The solid non-porous
layer corresponded to only one-tenth of the total film thickness, but
the permeability decreased to values similar to a completely non-
porous film, indicating that it was the latter that solely determined the
total water permeability [54].

Liang and Siegel produced laminates of silastic and ethylene vinyl ac-
etate copolymer andmeasured the permeability of salicylic acid in side-
by-side diffusion cells [43]. They showed that the partition coefficient of
salicylic acid was higher while the diffusion coefficient was lower in the
ethylene film compared to the silastic film.

3.3. Composite materials

A composite material consists of two or more different constituents,
typically denoted matrix and filler. The matrix is the continuous phase
that surrounds the fillers, which should enhance the properties of the
matrix material. The transport properties of a composite material can
be estimated using the effective medium theory for the matrix and the
fillers. For more general overview over the effective medium theory
the reader is referred to books by Christensson [77] or Chok [78]. Apply-
ing effective medium theory on the diffusion transport in composite
materials with impermeable filler gives:

D ¼ 1−
3
2
Φfiller

� �
Dmatrix ð10Þ

whereϕfiller is the volume fraction of filler andDmatrix is the diffusion co-
efficient for the permeant in the polymer matrix. Eq. (10) elucidates
that this theory predicts that the amount of filler is slowing down the
transport rate. This can be interpreted as that the increased amount of
filler give increased tortuosity and that this is considered as the major
factor affecting the permeability, and there are several possible trans-
port paths for a diffusing molecule through a composite material (see
Fig. 8). The shape and the aspect ratio of the filler affect the diffusion,
but several other factors including the solubility in the matrix and filler,
the dispersion, the adhesion to the matrix, the filler-induced solvent
retention, and the induced porosity [65,79,80] are also of importance
Fig. 8 shows schematic images of how fillers can affect the transport
path through a composite: more specifically Fig. 8a shows the average
tortuosity path through a polymer matrix without any added filler,
Fig. 8b shows the transport path when the added fillers are perfectly
aligned, and Fig. 8c, in which the fillers are randomly oriented, shows
another example of the increased tortuosity caused by the presence of
fillers.

Filler materials may also function as nucleating agents and can in-
duce crystallinity in the matrix polymer [23,81]. Filler-induced crystal-
linity increases the volume fraction of regions with very low diffusion
coefficients, and may thereby increase the tortuosity path, which leads
to slower diffusion processes, and consequently, to a reduced perme-
ability [65,82,83]. Another possibility is that the interface is a more
favourable environment for diffusion than the bulk matrix due to sur-
face modification, with poor adhesion, which results in cavities or
pore formation [23,56,84], that causes faster diffusion and hence, in-
creased permeability. Therefore, it is important to be able to predict
the permeability to control the filler matrix interactions. Additionally,
the amount of added filler is important when it comes to percolation
theories. For a filler in the micrometer scale a higher amount of filler
can be added compared to a filler in nano-scale, where the percolation
threshold only is a few percent, depending on the size and shape.

Theoretical approaches often consider fillers as impermeable non-
overlapping particles, and assume no permeability changes in the poly-
mer matrix [8,9]. The permeability for such systems, where the fillers
are completely aligned, was first calculated by Nielsen in 1967 [8].
Here, all filler particles were aligned with their larger surface parallel
to the film surface, creating longer tortuosity paths for the diffusing
molecule, and the contribution to the composite permeability was de-
rived to (Eq. (11)):

Pcomp

Ppoly
¼ 1−Φ

1þ aΦ
ð11Þ

where a is the aspect ratio of the filler and ф is the volume fraction of
the filler [8]. In 2001, this model was further developed to account for



Fig. 8. Schematic image of how fillers can affect the transport path through a composite:
(a) pure matrix, (b) perfectly aligned fillers, and (c) randomly aligned fillers [41].
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non-aligned fillers by introducing an order parameter S for the filler
orientation:

Pcomp

Ppoly
¼ 1−Φ

1þ aΦ
2
3

Sþ 1
2

� � ð12Þ

Eq. (12) reduces to Nielsen theory for perfectly alignedfillerswhen S
= 1. This equation has been further developed for randomly placed
circular fillers [85], and the conclusion from all these theories is that
perfectly aligned fillers will result in a lower permeability than ran-
domly aligned fillers, if the aspect ratio of the filler is equal in the two
cases [65]. Also 2D materials fillers such as graphene [86,87] have
been introduced in composites, which has shown to reduce the perme-
ability [88]. For random oriented platelets the permeability for the
composites follows [89]:

Pcomp

Ppoly
¼ 1þ a2Φ

1−Φ

� �−1

ð13Þ
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Recently Nazarenko et al. [90] found that the permeability for stacks
of platelets do not follow these simple approaches and Greco et al. used
numerical simulations to study the effect of dispersion of the platelets
[91,92].

Producing more sustainable materials, with biodegradable plastics
such as polylactide acid (PLA) and poly(lactide-co-glycolide)(PLGA)
have gained large interest [93]. In addition, cellulose, which is the world's
most abundant renewable polymer [94], has several times been used as a
filler in different composite materials [10,12,55,56,82,95–101] aiming to
both strengthen the materials, and decrease the permeability. Unfortu-
nately, the surface chemistry of cellulose is incompatible with most
plastics [12,93,98–100,102], and to overcome this problem, there has
been a large effort to modify the surface of cellulose [56,100–103].

Experimental results have shown that the theories of increased tor-
tuosity paths are not always suitable. For example, nanocomposites
consisting of either PLA or PLGA as matrix, and varying amounts of
nanocrystalline cellulose (CNC) produced via solvent casting, resulted
in an increased water permeability, in opposite to what is expected ac-
cording to theoretical predictions, see Fig. 9a-b [10]. The pores were
shown to be formed to a higher extent after the surface of CNC had
been modified with PLA-chains, which in theory should have resulted
in an increased compatibility between the matrix and the filler [10].
On the contrary, the pore formation was explained by an increased
viscosity during the solvent evaporation as the composites where
produced, which resulted in a locked network of the cylindrical fillers
where the polymer could not precipitate homogeneously.

In a similar study by Gårdebjer and coworkers, the surface of CNC
was modified with Y-shaped carbon chains of varying lengths [56], the
modified CNCwas added to a matrix of LDPE, and the water permeabil-
ity was measured. From this study, it can be concluded that the agree-
ment between the experimental results and the theory by Nielsen was
depending on the carbon chain length, i.e. the longer chain gave a better
correspondence, see Fig. 9c, which is probably a result of the increased
compatibility between the matrix and the filler. In the case of unmodi-
fied CNC, the water permeability increased to a higher value compared
with the pure LDPE film, which might be explained as a result of poor
compatibility between the matrix and the filler. The theoretical values
from Nielsen theory for randomly aligned fillers with an aspect ratio
of 50 have been added for comparison with the experimental results.

Another possibility to increase the compatibility between cellulose
and PLA is to use a hemicellulose, for example xyloglucan [93]. Compos-
ite materials of PLA, microcrystalline cellulose, and xyloglucan were
produced via extrusion followed by hot-melt pressing, where the sur-
faces of the cellulose particles were covered with the xyloglucan prior
to extrusion. The permeability studies of cellulose covered with
xyloglucan and dispersed in PLA shows larger permeability than cellu-
lose PLA composite, which was a result of the presence of the more hy-
drophilic hemicellulose located between the matrix and the filler. That
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water migration can be facilitated in the interface layer has also been
shown for other systems, like pigments in water borne coatings [104].

An example of how chemical interactions between the permeant and
the material can affect the permeability was shown by producing com-
posite films of quaternary polymethacrylate (i.e. Eudragit RS and RL)
with magnesium aluminum silicate [57]. The permeability of several
model drugs was determined by using side-by-side diffusion cells, and
since Eudragit contains positively charged ammonium groups, negatively
charged SiO-groups could interactwith these, and thereby the permeabil-
ity could be controlled. A higher amount of ammoniumgroups resulted in
a decreased permeability because of the formation of a denser composite
material due to ionic interactions between the charged groups, which re-
sulted in a decreased diffusion coefficient of the model drugs. Addition-
ally, the authors also showed that the diffusion coefficient decreased
with increasing molecular weight of the permeant.
3.4. Porous films

Porous materials can be created already in the film production, for
example by using an emulsion-template [54], or by first producing a
phase-separated material from which one of the phases can be ex-
tracted, i.e. in the case of release studies of an active ingredient in the
pharmaceutical field [59,105]. Applications of interest are for example,
coatings for controlled release systems, and by varying the ratio of
two polymers with different characteristics, the final properties of the
film coating can be controlled [17].

Porous films or coatings can be used when semi-permeable mate-
rials are needed. Many polymers are not miscible, which might result
in a phase-separation where the two phases are enriched with one of
the polymers. For example, when producing coatings for controlled re-
lease, ethyl cellulose (EC) and hydroxypropyl cellulose (HPC) can be
dissolved in ethanol and films could be produced via spray coating
[14]. The phase-separation might in this case occur already in the solu-
tion, and thereby, be used as a tool to create porous coatings. The final
film often consists of a polymermatrixwhich is considered as imperme-
able, where the permeant can either be transported or diffuse in the
water-filled pores, that has been created due to leakage of the water-
soluble polymer.

Fig. 10 illustrates that porous films can display different microstruc-
tures of the pores, and that the connectivity is important for the
permeability. For the above discussed EC/HPC system, it is clearly
shown in Fig. 10d that an increased porosity results in an increased
water permeability [106,107]. Already 1957 Broadbent and Hammersley
presented the percolation theory of how a fluid could flow through a po-
rous material if the porosity was above a certain level called the percola-
tion threshold pc: the volume fraction when the pore network becomes
connected. [108] The larger the porosity is above the pc, the larger degree
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Fig. 10. Schematic images of porous films, where pores are (a) disconnected,
(b) connected and forms a transport path through the material, (c) connected but
having “dead-ends”, and (d) where data from [95] shows how an increasing amount of
released HPC-LF increases the water permeability.
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of connectivity and thus permeability. For a deeper overview around per-
colation the reader is referred to ref. [109,110].

Lindstedt and coworkers have produced films of ethyl cellulose and
hydroxypropyl methyl cellulose (HPMC), where the HPMC is expected
to leak out from thefilm, leaving a porous skeleton [111]. Thewater per-
meability was measured, and as expected, to be lowest for the pure
ethylcellulose film (1.85∙10−12 m2/s), while it increased upon adding
an increasing amount of the pore forming agent HPMC. The highest
water permeability was noticed for the film where 30% of HPMC had
been added (22.8∙10−12 m2/s). For a similar system, containing EC but
with HPC instead of HPMC, several aspects on the film microstructure
and the permeabilities have been studied, for example a) ratio between
EC and HPC, b) the molecular weight of the polymers in coating, and
c) the manufacturing conditions.

a) Marucci and coworkers varied the amount of HPC from20 to 30%, and
found that the water permeability for films increased with more than
an order of magnitudewhen the amount of increased from 22 to 26%,
see Fig. 11d [112]. This could be related to themacrostructure and that
phase-separation developed during the film formation. It was also
shown that the pure EC coatings were semipermeable, letting water
to be slowly transported through the film. However, for HPC contents
exceeding 22% also theHPC leaching increased, from b5% to N20%, and
that the water was transported mainly through the formed water
filled pores. This indicates that the microstructures for films with
HPC contents above 22% are connected, and it can be explained by
that a phase-separation via spinodal decomposition was occurring
[113]. Furthermore, it was also shown that films consisting of 24%
HPC had a lag time of approximately 45 min, whereas it was 20 min
for a filmwith 30 wt% of HPC [112]. The differences in lag time is cor-
related to the time it takes for the water soluble HPC to leach out, and
hence, the final film structure to be formed. This is an important pa-
rameter to consider when designing pharmaceutical coatings for con-
trolled release depending on the desired release profile. In a later
study on drug release from EC/HPC systems, it was shown that the
drug release mechanism was related to osmotic pressure for systems
with minor HPC release (no pores available) [114] and diffusion of
drug through the formed pores then HPC had been released and
where available [112].

b) Andersson et al. have varied themolecular weight of EC or HPC in ref-
erence [59] or [16], respectively, while keeping the amount of EC
(70%) and HPC (30%) constant. By varying the molecular weight of
the water insoluble EC, they showed that the former has a large effect
on the mass transport properties of both water and model drugs. The
films consisting of EC with the lowest molecular weight resulted in
filmswith the largest pores. The permeability of bothwater andman-
nitol decreased for the films with the largest molecular weight of the
EC, which was explained by the fact that the phase-separation dia-
gram depends of the polymers´ molecular weights, and that the
phase-separation depends on the viscosity i.e.wherehighermolecular
weights have larger viscosity and thus stops the phase-separation at
lower dry contents. Furthermore, it was shown that the geometry
and tortuosity of the pores are also depending of the molecular
weight. Not surprisingly, it was also shown that the larger molecule
mannitol displayed a five times lower permeability than water,
which was interpreted to be due to larger steric hindrance for the
larger molecule.
The same group was also varying the molecular weight of the water
soluble HPC in films consisting of 70% EC and 30% HPC, and where
the films were produced via spraying [16]. In this case the phase dia-
gram was altered so much that the film forming mechanism shifted
from nucleation and growth for shorter molecular weight of HPC, to
spinodal decomposition for larger molecular weight of HPC. This re-
sulted in unconnected pores lower molecular weight, and hence,
that slower water permeability was observed, while for the higher
molecularweight ofHPC, the pores became connected,which resulted
in an increased water permeability.

c) In an initial study on varying manufacturing conditions Marucci et al.
[15] itwas shown that the time of the drying process gave rise tomore
progression of phase-separation, and hence, the water permeability
decreased. This was explained as if there is an extended time for
phase-separation to occur: larger domains of the water-soluble HPC
might form. The probability that these larger domains are connected
through the film increases, and hence, a channel for water transport
has been formed. In another EC/HPC study [115] with two different
molecular weights of HPC, a variety of spray rates were compared,
Andersson and co-workers showed that the samemanufacturing con-
ditions could result in a 15 times difference in release rate. Thiswas re-
lated to the developed microstructures during film formation that
appeared due to different paths (nucleation and growth or spinodal
decomposition) of film formation that occurs during the drying of
the coating droplets.

The Ussing chamber or side by side diffusion cells have also been
used to study the effect of pores for other systems than EC/HPC
spraying. For example, Adersjö and coworkers produced films of a



Fig. 11. Permeability and exemplifying structure of swollen MFC–HPMC films, to the left: Permeability normalized versus initial film thickness decreases with increasing amount of
leachable, pore-forming HPMC, and to the right: SEM image revealing the layered structure and one-dimensional swelling that causes the permeability to decrease, even though the
pore volume increases. Adapted from Larsson et al [39].
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polymer dispersion Kollicoat SR 30D (a latex consisting of poly(vinyl ac-
etate and poly(vinyl pyrrolidone), and sodium dodecyl sulfate), and
combined it with chitosan, dextran, and/or, PEG600 [116]. Microscopy
studies revealed poor coalescence of latex and porous films consisting
of latex and chitosan, and thus an increased water permeability deter-
mined by Ussing chamber than the pure latex films. Mixtures of
PEG600 and dextran added to the latex dispersion resulted in a phase
separated structure during the drying of the coating, and domains of
fused latex particles, and domains free from latex were observed. For
these films, the initial times of the water permeability was in the same
range as for the pure latex, whereas after approximately one hour, the
permeability increased rapidly. This effect was explainedwith gradually
dissolution of the solidified polymer network.

Cuppok and coworkers produced blended films of Kollicoat SR (poly
(vinyl acetate) and Eudragit NE (poly(ethyl acrylate-co-methylmethac-
rylate), and measured the water permeability [60]. Kollicoat SR is more
hydrophilic than Eudragit NE, and hence, the water permeability is ex-
pected to increasewith an increased amount of Kollicoat SR. A combina-
tion of 90:10 Kollicoat, SR:Eudragit NE had a water permeability of
approximately 70∙10−12 m2/s, while it decreased to approximately
5∙10−12 m2/s for a 50:50 blended film. The mass loss was increased for
films with higher amounts of Kollicoat SR, which indicates a more po-
rous film after exposure to water and agrees well with increased
water permeability for more porous films.

Lecomte and co-workers produced films of gastrointestinal tract in-
soluble and enteric polymers EC and Eudragit L, respectively [17]. The
aim was to create films where the drug release rate was low at low
pH and gave an increased drug release rate by dissolution of the enteric
polymer in the film at the pH (pH = 7.4) in the intestinal. This result
was achieved in the paper, and a similar trendwas confirmedby perme-
ability measurement in side-by-side diffusion cell measurements of the
model drug propranolol HCl at pH 7.4. Interestingly, free standing film
experiments for 50:50 mixtures between the polymers showed b10%
filmweight loss in pH 7.4,whereas the propranolol permeability had in-
creased remarkably. Furthermore, they also used Fick's second law to
calculate the drug permeability and showed that the higher amount of
the enteric polymer in the film increased the drug permeability, as
expected.

Using leaching for the creation of a porous film material is not al-
ways appropriate, and another possibility to produce porous filmmate-
rials is to use an emulsion template of varying compositions. Bergstrand
et al. produced films of poly(3-hydroxybutyrate) (PHB) using an
emulsion template of 3, 6, 8, 9, and 10%waterwere produced via solvent
casting [54]. The films with three and six percentage water gave rise to
pore sizes between 0.5 and 1 um, while the corresponding numbers for
filmswith a higher amount of addedwaterwas 1-3um. Larger pores and
porosities did also result in higher water permeability. Pure PHB films
showed water permeability of 3.7∙10−13 m2/s, while a permeability of
approximately 900∙10−13 m2/s was observed for the 10% water emul-
sion films, where the percolation threshold was between 8 and 9%
water emulsion.

3.5. Swelling films

Permeability measurements of swelling films using Ussing chamber
or side-by-side diffusion cells are difficult to perform due to the change
in diffusion pathway. The examples below using these techniques can
be seen as an inspiration of how to prepare swelling films. Furthermore,
the impact of swelling on the transport through the films are discussed.
The most common approach is to mix one swelling component with a
material that does not swell. Different triggers, like temperature or pH,
can be used to control the swelling, and thus the permeability of the
films. In addition, the carrier material can be constituted of a polymer
matrix or a fibrous network.

The swelling superabsorbent poly(acrylic acid) (PAA) mixed with
the highly crystalline polyhydroxybutyrate (PHB), which is a pharma-
ceutical approved polymer that degrades slowly, was shown to form a
hollowed swelled film after water exposure and swelling [63]. This be-
cause PAA is an anionic polyelectrolyte that has the capacity to swell
hundreds of times their dry weight. Larsson et al. produced films
consisting of PHB consisting of up to 25 wt% of PAA by solvent casting
[63]. The water permeability was more or less constant for the films
containing b15 wt% of PAA, and also similar to the water permeability
observed for the pure PHB film (6.6∙10−13 m2/s). However, for films
containing 15 and 25 wt% of PAA, the water permeability increased sig-
nificantly (1.5∙10−11 m2/s and 8.2∙10−11 m2/s respectively). This was
explained by the lack of connectivity between the pores in the films
with lower amount of PAA added, while the pores started to connect
at higher amounts PAA, the latter was also confirmed from SEM images.

Triggered swelling can be obtained by using the polymer poly
(N-isopropylacrylamide) (polyNIPAAm), which is a well-studied and
a prominent temperature-responsive polymer. If cross-linked, the
polyNIPAAm forms a hydrogel that shrinks or swells depending on if
the temperature is varied above or below its transition temperature.
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Fig. 12.Water permeability of EC:HPCfilms, where the amount of ethanol in the chambers
was varied between0 and 40%. The amount ofHPCwas varied between 0 and 50wt%. Data
from Larsson and coworkers [21].
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Several studies have focused on measuring the permeability in varied
temperatures, and some studies also include chemical modifications,
which makes the membrane pH-responsive. For example, Zhang and
coworkers produced grafted membranes of polyNIPAAm and charged
bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO)
[62]. The permeability of sodium salicylate was measured in side-by-
side diffusion cells in deionized water at three different temperatures,
25, 37, and 43 °C. In this study it was shown that the permeability of
the model drug increased with increasing temperature. This was ex-
plained by the higher hydrophilicity caused by the amination and
charges.

Zhang andWu incorporated polyNIPAm-co-MAAnanoparticles in an
ethylcellulose membrane and the permeability was measured in side-
by-side diffusion cells for several permeants [117]. They showed that
the percolation threshold of the dry nanoparticles was between 20
and 30 wt% by measuring the permeability of Vitamin B12, and that
the temperature dependence of the permeability increased upon in-
creased temperature, due to the swelling of the nanoparticles. By the
addition of MAA into the nanoparticles, they also made the membranes
pH-responsive, and claimed that the temperature- and pH-
responsiveness can be varied depending on the ratio of polyNIPAm:
MAA. Additionally, they showed that the permeability decreased upon
increasing the molecular weight of the permeant using different pep-
tides and proteins, and they explained the decreased permeability as a
size exclusion mechanism. In a similar study, Aliabadi and coworkers
produced temperature- and pH-sensitive nanoparticles of NIPAAm
and poly(methacrylic acid) (MAA), which were incorporated in a ma-
trix of ethylcellulose by solvent casting technique [64]. The permeability
of the anti-cancer drug doxorubicinwasmeasured in side-by-side diffu-
sion cells. They showed an increased permeability at increased temper-
atures and decreased pH, as expected for the temperature triggered
swelling of NIPAAm.

Baker and Siegel produced hydrogels of NIPA:MAA:EGDMA in a ratio
of 90:10:1, and measured the transport of glucose in side-by-side diffu-
sion cells. In this study, a pH-gradient across the hydrogel was included,
and it was shown that the flux could be controlled by decreasing the pH
value [118]. Misra and Siegel developed the system where the pH dur-
ing a permeability measurement could be varied [42]. This is especially
interesting for pH-responsive hydrogels, which could have potential use
for example as sensors, controllable membranes for separations, and
drug delivery. They showed that the transport of the model drug
benzoic acid could be varied across an ethylene vinyl acetatemembrane
at low concentrations.

In a study by Larsson et al. fibrous nanocellulose was mixed with
swelling superabsorbents [119,120] or cellulose derivatives [39,61].
The nanocellulose films of microfibrillated cellulose (MFC) were pro-
duced via solvent casting, and different amounts of the cellulose deri-
vate HPMC was added (up to 80 wt%) [39]. Thereafter the water
permeability was measured for three hours for films, which consisted
of b50wt% of HPMC. In the case of N50wt%HPMC, thefilmswere fragile,
and the permeability could only bemeasured for onehour before break-
ing. The pure microfibrillated cellulose (MFC) film showed a water per-
meability of approximately 3.0∙10−10 m2/s, similar to a film which
consisted of 20 wt% HPMC, whereas when higher amounts of HPMC
was added, the water permeability significantly decreased (Fig. 11a).
This could be explained by an anisotropic swelling of the films in the
z-direction only, as seen in Fig. 11b, which consisted of N35 wt% of
HPMC, and consequently resulted in a layered form of structure where
the tortuosity path for the permeant was increased.

In a similar study, Johnsson and coworkers studied the swelling of a
film, which consisted of nanofibrillated cellulose (NFC) or nanocrystal-
line cellulose (CNC), both combined with HPMC [61]. The main differ-
ence between the two studies is the aspect ratios of the different
celluloses, where the CNC show lengths in the nanometer scale,
whereas NFC and MFC show lengths in the micrometer scale. The
films were produced by spray coating, and the films consisting of NFC
and HPMC showed a similar anisotropic swelling as the films in the
study performed by Larsson and coworkers. This was not the case
though for the CNC-HPMC films, where the water permeability was
shown to decrease independent of the amount added HPMC, and in
the same range as observed for MFC-HPMC. The different behaviour of
swelling and mass transport for water was explained by the difference
in length scales of the used fibers, where for example, the longer NFC fi-
bers shows a higher resistance to deform, which leads to a hindrance in
swelling, and hence, a higher water permeability than the CNC films.

In recent years, regulatory authorities within pharmaceuticals have
expressed their concern of the mixture of alcohol and extended release
formulations, since the risk of dose dumping is increased if the dosage
form is takenwith alcohol [22]. It has been shown that the permeability
of HPC-EC films showed a complicated dependence on the presence of
alcohol in solution [21]. In the case of low amounts of HPC (i.e. b20%)
in thefilms, the poreswere not connected, and the permeability thus in-
creased in the presence of ethanol as EC phase became swollen, with in-
creased diffusion in the EC as a consequence. When the films contained
N30 wt% of HPC the percolation threshold is reached, which resulted in
decreased permeability due to a swelled EC matrix in 40% ethanol, see
Fig. 12.

On the contrary, it has been shown that films of regenerated cellu-
lose have lower permeability of acetaminophen in solutions with in-
creasing amount of ethanol [121]. The membranes were expected to
swell prior to measurement, while the thickness was assumed to be
constant through the permeability measurements. The films showed a
higher solvent uptake in water than in ethanol, and it was shown that
the permeability coefficient of acetaminophen decreasedwhen the con-
centration of ethanol increased. This was explained by the hydration
followed by plasticization of the cellulose films in presence of water.

4. Simulation and mathematical modelling

In this last section, we aim to illustrate the use of mathematical
modelling as a tool to increase the understanding of what influences
the transport through a film. The reader should notice, that this is not
a complete review of modelling efforts, it is rather meant to provide
ideas of possibilities and future aspects. The transport of solute
molecules through diffusion in a solvent is governed by the diffusion
equation (or Fick's second law):

∂c
∂t

−∇∙ D xð Þ∇cð Þ ¼ 0 ð14Þ

which describes the evolution of the solute concentration c(x,t) in space
and time, given a diffusion coefficient D, which may vary in space. The
local diffusive flux is given by j = − D(x)∇c.
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We may discern two distinct cases of diffusion models through a
film. In the first case, the material structure itself is modelled as imper-
meable, and the diffusion is simulated in the pores of the film material,
where D(x)=D0 i.e. equal to the free diffusion coefficient of the solute
in the solvent. In this case, Eq. (14) is coupledwith a boundary condition
on thematerial surface,modelling that there is noflux into thematerial,
namely:

j∙n ¼ 0 ð15Þ

where n is the outward unit normal on the surface. This model has for
example been used when the transport through a film used for
controlled release applications was studied using lattice Boltzmann
simulations [122].

In the second case, the solutemolecules are allowed to penetrate dif-
ferent regions of the film, where the local effective diffusion coefficient
D(x)may vary between the regions. This model was used for simulating
diffusion through a phase-separated material where the diffusion
coefficient varied between the two phases [123]. In that work, different
solubility in the phases was also considered in the model. In this case,
the flux must be continuous across face boundaries, and the local con-
centrations must obey Eq. (4) at the boundary, which may be achieved
by computing the continuous quantity T(x) = c(x)/S(x), where S is the
local solubility, see [123].

In both cases, the effective diffusion constant can be computed from
Fick's law, Eq. (14), as:

Deff ¼ −
L
Δc

J ð16Þ

by solving Eq. (15) to a steady state with an applied concentration dif-
ference Δc across the material. The average flux J in the direction of
the concentration gradient can then be computed and L is the size of
the simulation box. The value of Deff can then be used in for example
Eq. (4) to compute the diffusive flux through an entire film. To illustrate
this approach, we present some results where the second approach has
been applied to a computer-generated composite material consisting of
Fig. 13. A computer generated composite structure with spherical filler particles. The lines sh
amatrix and polydisperse spherical filler particleswith varying effective
diffusion constant inside the particles. An example geometry is shown
in Fig. 13. The volume of the particles follows a gamma distribution
with mean 3600 voxels3 and standard deviation 1138 voxels3, and
with a total volume fraction of either 10% or 20%. The length of the
side of the cubic simulation box was 250 voxels.

The results of computer simulations using the lattice Boltzmann
method [124], are given in Fig. 14a. As expected, the permeability of
the structure decreases with the amount of filler added andwith a con-
comitant decrease of the diffusion coefficient inside the filler particles.
The limiting case when Pfiller tends to zero corresponds to simulation
case 1 for impermeable structures described above. Although the gen-
eral behaviour of the permeability curves is more or less expected, the
exact shape and dependence on the permeability ratio between filler
and matrix would be difficult to predict. In Fig. 13, lines following the
diffusive flux field are also shown. These can be interpreted as the aver-
age paths for molecules diffusing through the structure. It is displayed
that the paths tend to avoid the filler particles, and that the flux is
lower inside the particles. These two effects both contribute to the
lower permeability of the structure.

One of the major advantages with simulations is that we may
equally well assume that the spheres in Fig. 13 are pores, with a higher
permeability than the surrounding matrix. The results for this case are
shown in Fig. 14b. Here, the total permeability increases with the vol-
ume fraction of the pores and with the permeability ratio of pores ver-
sus matrix. As the permeability in the pores increases, the total
permeability seems to approach a limiting value where diffusion in
the pores is so fast that all the resistance to diffusion is found in the sur-
roundingmatrix. Further studies regarding the type of materials shown
above could include changing the size distribution of the spheres, fur-
ther variation in porosity, and varying the shapes of the fillers/pores. It
would also be possible to extend themodel, for example by introducing
boundary layers where the adhesion between filler andmatrix is low or
adding effects like adsorption of the solutemolecules. It should be noted
that simulations could also be performed in real material structures ob-
tained through suitable microscopy techniques [122,123]. In these
cases, the material structure cannot as easily be altered, but instead
own are flux lines following the local flux field and colored by the magnitude of the flux.



Fig. 14. Computed results for the permeability of the structure shown in Fig. 14. To the left for the case of a compositematerial, and to the right for a porousmaterial, with 10 (blue) and 20
(red) vol-% fillers/pores. Each data point is the mean of results for three different geometries, and the error bars (which are barely visible in many cases) indicate the standard deviation.
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analysis of the pore geometry in combinationwith diffusion simulations
can provide explanations regarding what controls the permeability of
the material.

The main advantages of the simulations presented here are that the
results only reflect what is implemented into the model, and that input
parameters, geometries, and other model input could be easily varied.
While we have seen in previous chapters that there may be numerous
factors influencing the transport through a film in complex ways, the
simulations enable the study of how single factors influence the results.
Thus, the simulations may help increasing the understanding of which
effects are due to geometry, local permeability, or perhaps due to inter-
actions between solute and material. Additionally, simulations of this
type take minutes or hours to perform and can thus be performed on
a large scale, while diffusion cell experiments may easily take days or
weeks in addition to the careful preparation of samples, setting a limit
to the number of measurements that can be performed. However,
modelling and simulations should always be performed in parallel
with experiments and results compared in order to make sure that no
vital chemical or physical effects have been overlooked in the model.
5. Concluding remarks

Different manufacturing methods result in a variety of microstruc-
tures and permeability properties of films, barriers, and coatings. Alto-
gether, the papers in the review confirm that there exists a strong
correlation between themicrostructure of thematerials and the perme-
ability of the permeant molecule. In addition, diffusion cells are shown
to be a valuable experimental tool to achieve information about the per-
meability, as well as indications of the overall microstructures in the
materials. Furthermore, we also show that computer simulations in
combination with experiments can give a deeper insight about how ge-
ometry and local permeability influence the diffusion process. Hence,
we strongly recommend this combination for future development of
barriers, films, and coatings.
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