Chapter 2
Methods for the Measurement
of Percutaneous Absorption

In general, the models of skin absorption discussed herein are generated from data
published in the literature. These laboratory-based methods may use a variety of
methods which could potentially affect the results of the experiments, particularly
when used in subsequently developing a mathematical model. Therefore, the aim of
this chapter is to discuss the different experimental protocols that are commonly
used by researchers in percutaneous absorption in the context of the potential
impact such methods of producing a model’s inputs might exert upon its output.

Introduction

The vast majority of mathematical estimates of percutaneous absorption use, as
their primary input, information on the rate of passage, or permeability, of a
chemical across the skin. This is usually the permeability coefficient, kp, or the
more infrequently used (in the context of model development) maximum
steady-state flux, J.x. In addition, a number of the physicochemical descriptors
also modelled are measured experimentally, including measures of lipophilicity
(commonly referred to as the octanol-water partition coefficient, log P) and melting
point.

While different experiments will output the same general information—&k, or
Jmax—they may derive this information using different experimental protocols.
Thus, the nature of the experiment and how it influences our understanding of
permeability, not just its application to modelling, is a significant issue. For
example, while there may be good reasons for using a range of experimental
protocols to determine the permeability of particular penetrants, it is important to
understand how this may apply itself to the subsequent—and, we should remember,
the very separate—exercise of developing a mathematical model with this data.

The aim of this chapter is to discuss the different experimental protocols that are
commonly used by researchers in percutaneous absorption, often to answer very
specific experimental questions, contextualising our understanding of where the
data used to develop models comes from and how different methods of generating
the data might influence the output of models thus derived. It should be noted that
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this chapter is not a full description of this field; rather, it highlights the aspects of
experimental design that are most relevant for the development of mathematical
models. For a comprehensive discussion of this subject, the reader is directed to
Bronaugh and Maibach’s (1999) or Williams’ (2003) excellent texts.

In Vivo and In Vitro Methods: Overview

It should be first commented that the vast majority of mathematical models for
percutaneous absorption used data from, and therefore most closely reflect, in vitro
laboratory experiments. These are physical experiments that use membranes, which
are either mammalian or synthetic in nature, across which the permeation of a
chemical is measured experimentally. Such experiments are widely carried out and
are an area of substantial interest across a range of industries. They have been used
to measure the percutaneous absorption of pharmaceuticals, materials in cosmetic
formulations, for toxicology studies and for estimation of risk assessment and
occupational exposure of materials used in a variety of industrial applications.

In vitro methods are commonly used prior to in vivo experiments and in some
cases (such as for the assessment of new chemical entities) are solely used to
provide an indication of potential toxicity prior to any human exposure.
Consequently, in vitro models are widely and commonly employed to assess the
risks and hazards associated with exposure of human skin to exogenous chemicals.

Classically, in vivo studies have been conducted and provided valuable infor-
mation on the mechanism of percutaneous absorption. However, these studies were
generally non-invasive in that they measured a response in the skin, such as
vasodilatation or skin blanching, rather than taking blood samples or punch biopsies
of the skin for subsequent analysis. Despite their advantages, such methods are
clearly limited in their applicability to other chemicals, particularly those that do not
result in a non-invasively measurable physiological change. In addition, the
non-invasive monitoring of certain topically applied chemicals, such as cosmetic
formulations, may be measured in terms of efficacy by a range of biophysical
methods, but such methods generally (with the exception of, for example, patch
testing) do not provide any indication of cutaneous toxicity.

The in vivo estimation of percutaneous absorption may be considered appropriate
if an established material (such as the drug ibuprofen) is used, and its absorption,
distribution, metabolism and elimination are estimated by the analysis of bodily
fluids. This, however, is extremely difficult to do for a wide range of potential
penetrants—not just for the toxicological reasons mentioned above—but for logis-
tical reasons, particularly the consistent availability of volunteers. It is also poten-
tially unethical, should novel materials or techniques be investigated, such as the use
of chemical or physical methods of enhancing absorption (i.e. formulation-based
approaches or the use of electrical currents—iontophoresis—to facilitate absorp-
tion). In vivo experiments can provide realistic information on the amount of a
topically applied chemical that is absorbed into and across the skin and which
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becomes bioavailable. However, in the context of the mathematical modelling of
percutaneous absorption, the vast majority of models are based on in vitro experi-
ments using excised human skin, as the paucity of in vivo data, and lack of consistent
endpoints (i.e. the measurement of a penetrant in a body compartment or the use of a
non-invasive clinical response) means that there is insufficient data available in the
literature from which a valid model can be constructed. Thus, while not lessening the
overall significance in the wider field of percutaneous absorption of in vivo testing,
the main focus of this chapter will be on in vitro methods for the measurement of
percutaneous absorption. Clearly, in vitro methods are informed by, and attempt to
replicate, in vivo methods and it is in that context that the biorelevance of in vitro
testing should be considered.

In Vitro Experimental Methods

Preamble

In vitro methods for the characterisation of percutaneous absorption, while ulti-
mately delivering the same outcome, are many and varied in the details of their
methods. Selection of the diffusion membrane, type of cell (i.e. the use of either
“static” or “flow-through” cell designs, described below), nature of the experiment
(e.g. duration, occlusion) and the composition of the phases that sit either side of the
diffusion membrane are some of the key parameters that add to the diversity of
acceptable experimental protocols from which the data to construct mathematical
models is abstracted. The main issues in the experimental design for the mea-
surement of percutaneous absorption are discussed below.

Membrane Selection

In vitro methodologies for the measurement of percutaneous absorption are widely
established and validated (Franz 1975; Maibach 1975; Mali 1978; Bronaugh et al.
1982; Barry 1983; Bronaugh and Maibach 1985a, b; Friend 1992). They are used
commonly in a variety of research fields as described above. Human skin from
various sources, including cosmetic surgery and amputations, has been widely used
for the in vitro assessment of percutaneous penetration (Franz 1975; Bronaugh et al.
1982; Barry 1983; Friend 1992). The use of various animal skins is also a com-
monly accepted constituent of in vitro percutaneous penetration studies. Skin from a
wide range of species, including pigs, rats, guinea pigs, monkeys and snakes,
among others, has been suggested as a suitable replacement for human skin (Bartek
et al. 1972; Marzulli and Maibach 1975; Wester and Maibach 1976; Chow et al.
1978; Wester and Noonan 1980; Itoh et al. 1990; Roberts and Mueller 1990; Sato
etal. 1991; Lin et al. 1992; Harada et al. 1993). Generally, skin from the pig and the
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rat has found the most widespread use, with the former in particular offering similar
barriers to diffusion for the penetration through human skin of a wide range of
molecules. Rat or mouse skin may be much more (up to 10 times) permeable than
human skin, while pigskin has been claimed to be a better surrogate (Bartek et al.
1972; Chow et al. 1978; Wester and Noonan 1980; Roberts and Mueller 1990; Sato
etal. 1991; Lin et al. 1992; Harada et al. 1993). However, rodent skin is still widely
used as an in vitro membrane, possibly due to the use of such species more broadly
in pharmacological research.

Several researchers have developed artificial skin equivalents, often known as
living skin equivalents (LSEs) in an attempt to address some of the issues asso-
ciated with using animal tissue in place of human skin (such as the lack of similarity
in diffusional characteristics or complexity compared to human skin, and the
stratum corneum in particular). LSEs have been used with some success in skin
grafting and in the surgical treatment of burns (Young et al. 1998; Berger et al.
2000; Kremer et al. 2000; Machens et al. 2000; Mizunuma et al. 2000; Yang et al.
2000). Such materials aim to replicate the hydrophilic and hydrophobic balance of
human stratum corneum, as well as the manifestation of its barrier function in, for
example, the control of transepidermal water loss (TEWL) and control of bacterial
ingress to the deeper epidermal and dermal tissues.

LSEs have also been used to assess percutaneous absorption. They generally
consist of skin membranes which may include reconstituted epidermal cells that
have been grown in tissue culture. They were proposed as an alternative to animal
skin for in vitro percutaneous permeation studies but have to date failed to gain
widespread acceptance. This is due to the reproducibility, cost (particularly when
compared to animal tissue and where a large number of replicates of an experiment
are required), their lack of robustness compared to human or animal skin (i.e.
particularly when a formulation has to be directly applied to the skin, such as a
semi-solid in a manner consistent with its clinical or consumer use) and their ability
to replicate these tissues in terms of permeability and other physical properties.
Several researchers have demonstrated that LSEs can have similar diffusional
characteristics to mammalian skin but that they generally overestimate the rate of
permeation across the membrane (Pelle et al. 1993; Hager et al. 1994; Horiguchi
et al. 1997; Nemecek and Dayan 1999; Ramsamooj et al. 1998; Wang et al. 2000).

Artificial membranes have been used when human or animal skin is difficult to
obtain, or where a large number of experiments are to be carried out, particularly
with regard to preformulation screening experiments. The most widely used arti-
ficial membranes are polydimethylsiloxane (PDMS) and cellulose acetate (porous
dialysis tubing) (Kurosaki et al. 1991; Megrab et al. 1995a, b; Stott et al. 2001; van
Hal et al. 1996; Esposito et al. 1998; Woolfson et al. 1998; Minghetti et al. 1999).
However, these membranes have often been shown to overestimate significantly the
flux across skin and their use is significantly limited. For example, Moss et al.
(2006) compared the permeability of a series of prodrugs across pigskin and PDMS
membranes in vitro. They demonstrated a reasonable relationship for hydrophilic
molecules, whereas an increase in hydrophobicity resulted in a significant difference
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in permeability, with the PDMS showing significant overestimation of permeability
compared to pigskin.

However, while studies using animal skin are experimentally sound and widely
used, it should be noted that very few mathematical models of percutaneous
absorption are based on animal tissue. This may be due to the relatively early pub-
lication of the seminal 1992 paper by Potts and Guy which developed quantitative
structure—permeability relationships using human skin—thereafter, the development
of a mathematical model based on skin from other species would not have the same
significance and would almost appear to be a retrograde or rather redundant step,
despite the opportunity to glean, in a comparative sense, important mechanistic
information on the relative value of using non-human skin, as has been achieved by
comparing mathematical models of human skin to an artificial membrane, poly-
dimethylsiloxane, which also finds widespread use as a substitute for animal tissue in
such experiments (Potts and Guy 1992; Geinoz et al. 2002; Moss et al. 2006).

Hence, the use of animal skin, artificial membranes or skin equivalents in place
of human skin is limited, but does highlight the issue, particularly in the context of
its extensive use in the wider field of percutaneous absorption, the importance of
mathematical models in relation to elucidating the mechanism of action of
permeants.

Such a discussion may infer that the use of human tissue is optimal for in vitro
experiments. However, it is not without its problems. Human skin is usually
obtained from skin banks or from tissue donated by the patient as a result of surgery
—generally, this can range from cosmetic procedures including face lifts, “tummy
tucks” and breast reduction or from medical procedures including amputations. The
experimenter therefore has little control over the handling and quality of the skin
obtained. For example, surgical procedures and protocols used to remove skin may
include the use of alcohol-based disinfectants; while this is clearly essential for the
surgical procedure and is a central part of infection control policies, it may affect the
permeability in subsequent experiments as the alcohol has the potential to remove
stratum corneum lipids and potentially affect its barrier properties. Further, the skin
may be frozen and stored prior to dispatch and use in experiments, and this may
result in damage to, or degradation of, the membrane.

Further, variability of skin was discussed in Chapter One and may be due to
gender, age, body site and a number of other factors. Tissue from different body
sites and from different patients may, not unreasonably, exhibit different properties,
including permeability. In terms of experimental use, such variation is generally
minimised by attempting to use tissue that is as similar as possible (i.e. from the
same region, or from the same patient, or from a small patient population) or by
normalising against a known standard. While there are different implications for the
type of experiment being conducted (i.e. a comparative formulation study might
require different standards than a toxicological study), all such data from a range of
experiments have been collated into data sets and used to develop mathematical
models of skin permeability, thus introducing a possible source of variance—or
potentially even error—into the models. While this is a significant issue, it should
ultimately be considered in the context of tissue availability as discussed above, and
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any modellers should be aware of such issues, particularly the history and nature of
the tissue, and consider their output accordingly.

The skin used in percutaneous absorption experiments has to be prepared before
use. This involves several stages. Firstly, once the skin has been harvested surgi-
cally, it is used either fresh or frozen. Keeping human skin frozen at —20 °C has
been shown to have no detrimental effect on its permeability for up to 455 days
(Harrison et al. 1984). Consequently, with regard to availability of supply and
convenience, skin for in vitro permeation studies is frequently used from frozen,
being defrosted prior to use. Skin samples are normally defrosted at ambient
temperature and gently patted dry before use.

The most rudimentary preparation immediately prior to an experiment involves
removing the surface hairs, or clipping them to a length where they will not
interfere with the experiment by, for example, compromising the seal between the
skin surface and the compartment directly above it (ensuring that this is done in a
manner that will not compromise the skin barrier), and removing subcutaneous fat
normally by the careful application of dissection techniques. Such processing of the
skin may also be conducted prior to freezing the skin samples. However, there are
instances when specific layers of the skin—most normally, the epidermis or the
stratum corneum—are isolated from the rest of the tissue and used rather than
whole skin.

Next, if the experimental protocol determines that the skin has to be separated in
some manner, several methods are available to facilitate this. For example, the use
of blistering, either by the application of chemicals or suction, can be used although
it may damage the skin and cause issues with membrane integrity. Skin may be
processed to the required thickness by the use of a dermatome. There are a number
of methods commonly employed for this, and one good example of the difficulties
encountered is described by Williams (2003). He reports a technique that involves
freezing the predominately aqueous dermal side of the excised skin to a steel plate.
This fixes the skin to the steel surface, and once it has thawed slightly, it can be
dermatomed to the required thickness.

Alternatively, chemicals may be used to separate either the stratum corneum or
the entire epidermis from the underlying tissue. Elias et al. (1974) used staphylo-
coccal epidermolytic toxin and ammonia fumes to separate the epidermis from the
dermis. A more widely used method involves the application of heat to separate the
epidermis from the dermis (Kligman and Christophers 1963). The skin is placed in
water at 60 °C for a short duration (usually 45 s to several minutes is recom-
mended), removed, patted dry and the epidermis removed, usually by pinning the
skin onto a cork board and peeling the epidermis off.

Use of isolated stratum corneum involves separation from the rest of the skin by
enzymatic methods, such as the use of a trypsin solution, where the skin sample is
placed, stratum corneum side upwards, onto a solution of trypsin. Tissue from the
viable epidermis and the dermis is removed by this process, and any residue
remaining on the skin surface is subsequently gently removed, and the resulting
membrane is dried and stored. Such methods are rarely used as the isolated stratum
corneum is very thin and fragile—also, in a diffusion cell, the fragile stratum
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corneum may also require a support to maintain integrity of the diffusion cell.
Removal of the stratum corneum from the underlying viable epidermis may result
in tears to the barrier, and therefore, barrier integrity checks need to be carried out
before and after permeation experiments using this tissue.

It is more common to prepare the skin by using epidermal tissue which has been
separated from the lower layers of the skin by heat. As the stratum corneum is the
main barrier to percutaneous absorption, the tissues of the viable epidermis, which
are predominately aqueous in nature, essentially provide little more than physical
and mechanical support and improved flexibility compared to isolated stratum
corneum. Removal of the dermis from the experimental tissue has little effect in the
process of percutaneous absorption as the main clearance of materials absorbed into
the skin occurs at the top of the dermis, at its junction with the epidermis, where the
majority of the skin’s vasculature that clears such permeants resides. Conversely, as
the dermis is also a predominately aqueous tissue which, in the context of an
in vitro percutaneous absorption study, provides physical and mechanical support
rather than a diffusing stratum, it is often included in experiments as its presence
will have little effect on the overall process of absorption. However, it may in
practice mean that the skin is excessively thick and therefore cumbersome in the
diffusion apparatus, and it is often removed, wholly or partially, by the use of a
dermatome which results in the use of a consistent thickness of skin.

Williams (2003) elaborates on such aspects of experimental design by consid-
ering them in the context of the penetrant’s solubility. If the penetrant is hydrophilic
(defined as having an octanol-water partition coefficient below 3), the main barrier
to diffusion across the skin will reside in the stratum corneum and the absence of
dermal tissue is not an issue. However, in the case of lipophilic penetrants (defined
as having an octanol-water partition coefficient above 3), the lower, predominately
aqueous layers of the skin may become significant as they will provide a substantial
challenge to the permeation of such materials and, at the very least, an epidermal
membrane, rather than dermatomed skin, would be the preferred membrane.

Integrity Testing

The substantial amount of processing of the skin undergoes prior to its use in a
diffusion experiment means that it is susceptible to damage, particularly to the fine
stratum corneum barrier. Thus, assessment of skin integrity is then carried out to
determine the viability of the tissue. This usually involves the measurement of a
particular property of the skin, or the passage of a “marker” compound through the
skin prior to the experiment. Water naturally evaporates from the body and across
the skin in a process called transepidermal water loss (TEWL). The rate of evap-
oration can be measured by sensitive equipment (i.e. typical value 0.5 pL/cm*/h;
Imhof et al. 2009) and the rates compared to known benchmarks, or the standard
deviation can be determined for a batch of skin being used in a particular experi-
ment, or set of experiments, and those samples whose TEWL falls outside the
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chosen range can be discarded as being atypical. Measurement of TEWL is
non-invasive and does not alter the integrity of the skin by the direct application of
chemicals prior to the experiment. TEWL is sensitive to the environmental factors,
particularly relative humidity. Similarly, the electrical resistance of skin can be
measured by placement of electrodes either side of the skin tissue. As with TEWL
measurements, determination of electrical resistance is non-invasive and atypical
values, depending on the criteria adopted by researchers, can lead to the rejection of
particular samples from the experiment. Another option is to use a chemical to
determine the integrity of the skin barrier. Tritiated compounds (*H), including
tritiated water or radiolabelled sugars such as glucose, have been used by several
researchers to ensure the integrity of the skin barrier for a period of time (usually
not more than 6-8 h) prior to an experiment (Bronaugh et al. 1986; Harrison et al.
1984). Skin is usually accepted for use if the permeability coefficient (cm/h) of the
penetrant is within a certain range—often, while there is a general consensus as to
what constitutes “acceptable”, different researchers use comparable but often sub-
jective measurements to remove poor atypical tissue from an experiment. *H and
other radiolabelled compounds do not find widespread use in percutaneous
absorption experiments due to the logistics and costs associated with such exper-
iments. With the skin prepared and its integrity checked, the apparatus can now be
assembled.

Selection of the Diffusion Cell Apparatus

Fundamentally, the aim of an in vitro percutaneous absorption study is to determine
the amount of permeant that passes into and across the skin. This involves the use
of a diffusion chamber in which the membrane (normally human or animal skin, or
an artificial membrane) separates the two compartments—the donor compartment is
where the formulation containing the permeant of interest is introduced at the start
of the experiment; and the receptor compartment is the chamber into which the
permeant of interest may diffuse, following passage into and across the membrane.
In addition to measuring the amount, and rate, of permeant that passes across the
membrane and into the receptor phase, the experiment also presents the experi-
menter with the opportunity to determine how much of the material of interest has
passed into the skin and has remained there at the end of the experiment. This is
usually achieved by using adhesive tape to remove the stratum corneum and by
digesting the remaining tissue using acid/solvent mixtures. These samples can then
be prepared for quantitative analysis.

Thus, the experiment is essentially a passive diffusion process that is governed
by the diffusion gradient across the membrane as well as the experimental protocol
and the physicochemical properties of the permeant. Despite various designs, some
more complex than others (Fig. 2.1), the fundamentals of the process are very
similar—passage of the permeant of interest from the donor chamber to the receptor
chamber while maintaining a viable diffusion gradient and avoiding equilibrium
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Fig. 2.1 Examples of commonly used diffusion cells (© Williams (2003), used with permission)

between both compartments. The receptor compartment normally has a sampling
port—usually a sidearm—which is occluded during the experiment to stop evap-
orative loss and from which aliquots of the receptor media may be removed (and

replaced with fresh receptor fluid) for analysis.

There are two main types of diffusion cells: static and flow-through cells. The vast
majority of in vitro percutaneous absorption experiments are conducted using
upright static glass diffusion cells, known as Franz or Franz-type cells (Franz 1975).
These involve the partition of the permeant into a “static” receptor compartment of a
fixed volume that is maintained at a controlled temperature and is continually stirred
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throughout the experiment to ensure complete mixing and to avoid the presence of
any “dead” zones or diffusion gradients within the receptor compartment. Franz-type
diffusion cells are found in a range of designs and sizes (Fig. 2.1) and are therefore
very flexible, with particular cells being chosen for particular purposes (e.g. when a
different surface area might be required, or when the receptor compartment may need
to be varied based on the solubility of a particular permeant). The simple design of
the upright cells allows a wide range of formulations to be applied to the skin surface,
including solutions, creams, ointments and various other semi-solid materials of a
pharmaceutical or cosmetic nature. A variation on the Franz-type cells is the
side-by-side cell, which allows both compartments to be stirred at the same time,
although the range of formulations suitable for use in such cells is clearly limited.

One of the main perceived limitations of the Franz-type cells is their suscepti-
bility to “sink conditions”. As described above, the diffusion process requires a
gradient to be established, and maintained, across the membrane that divides the
donor and receptor compartments. Thus, in a static diffusion cell, it is important to
maintain a concentration gradient such that, normally, the concentration of the
permeant of interest is not greater than 10 % of its saturated solution in the receptor
compartment (Martin et al. 1983; Anissimov and Roberts 1999; Roberts and Cross
1999; Roberts et al. 1999). Flow-through diffusion cells, often called “Bronaugh
cells”, offer an alternative approach to the issue of sink conditions and attempt to
mimic in vivo conditions by utilising a constantly perfusing receptor compartment,
flowing usually at 1-2 ml/h, which aims to mimic the blood flow beneath the skin
(Bronaugh et al. 1999a, b). This is normally achieved with the use of a peristaltic
pump which is connected to tubing that supplies a compartment beneath the
membrane. The receptor fluid flows into a receptacle and is analysed, either offline
or, more infrequently, via an online flow-through method of analysis. Either
arrangement provides the facility for substantial automation of sample collection.
This arrangement ensures that sink conditions are maintained throughout the
experiment and that the receptor phase does not have to be replaced should a
penetrant be rapidly absorbed. While flow-through cells are more flexible (i.e. in
terms of automation), they are more complex and substantially more expensive than
Franz cells. Consequently, the use of Franz-type static diffusion cells is more
common than the use of flow-through cells. In either case, most experiments use
between 6 and 24 cells per experiment in order to ensure reproducibility.

As mentioned above, the cell design can influence the formulation type that can
be applied to it. For example, the side-by-side cells, while having the advantage of
even stirring and mixing in both donor and receptor compartments, are limited in
the type of formulation that can be applied—pharmaceutical dosage forms such as
creams, gels, ointments and patches are very difficult to apply in this manner. Thus,
the cell design and the protocol used can all affect the outcome—the measurement
of percutaneous absorption and the cell design should be considered when con-
sidering the uniformity of data that are to be used in the construction of mathe-
matical models of skin absorption.
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For example, the manner in which the product is applied to the skin surface is
important to consider in model construction, as each individual experiment may
require specific amounts, or even frequencies of application, or they may require
that the donor phase is occluded, or not occluded—the experimental protocol used
is dependent on the nature of the penetrant and the context of the experiment. An
experiment might wish to examine the occupational hazard of a chemical being
exposed to the skin—in, for example, the context of crop spraying of a pesticide.
Therefore, an experimental protocol might use a non-occluded experiment (to
mimic the potential of the solvent, the pesticide is delivered in evaporating vehicle)
and a fixed, or finite, dose which would represent the amount commonly sprayed
and therefore the amount that the skin (per unit area) might be exposed to. Equally,
an experiment may wish to determine the “worst-case scenario” for the application
of a new chemical to the skin, and, in such circumstances, an occluded experiment
may be favoured as this generally increases the permeation of a topically applied
chemical (Zhai and Maibach 2001). Such a protocol might also use an excessive
amount of chemical—an infinite dose—that aims to maintain the maximum flux of
this chemical across the skin, in order to determine permeation in the “worst case”.
Such an arrangement also finds use when examining the fundamental behaviour of
a material and is used to establish the steady-state rate of permeation across the
skin. Infinite doses are also used when considering the effects of formulation
ingredients that alter the barrier function of skin (penetration enhancers) on the
penetration of a chemical (Williams 2003).

The application of an infinite dose to the surface of the skin means that there is
little or no significant change to its concentration (in the donor phase) or thermo-
dynamic activity throughout the experiment. However, once permeation com-
mences, the donor phase becomes depleted and this scenario is no longer valid. In a
practical sense if the concentration in the receptor does not exceed 10 % of the
saturated solubility, an infinite dose can be assumed. Further, supersaturated sys-
tems have been employed (e.g. Raghavan et al. 2001; Dias et al. 2003; Raghavan
et al. 2003) to resolve this issue; the donor phase is composed of a saturated
solution of the penetrant of interest, into which is also added an additional amount
of the penetrant, which will be present as a solid. As diffusion into and across the
skin commences, the donor phase can maintain the saturated solution should the
conditions, including the rate of solubility, permit it to do so (and, therefore,
maintain in theory the same concentration and thermodynamic activity) throughout
the duration of the experiment.

Conversely, in a finite-dose experiment, a fixed amount of a material is applied
to the skin surface and it is expected that it will deplete during the course of the
experiment. This may additionally be facilitated by whether or not the donor phase
is covered (occluded) during the experiment, as a non-occluded system may result
in the evaporation of any solvent which may alter, both positively and negatively,
the permeation of the material. Such experiments are very useful in that they allow
an estimation of permeation that is more realistic and which more accurately rep-
resents the “in-use” performance of a product.
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Temperature

The temperature at which an in vitro percutaneous penetration experiment is con-
ducted is normally 37 °C, maintained by the use of circulating water, as discussed
above. This results in a temperature of 32 °C at the skin surface. It is important to
maintain this temperature throughout the experiment as skin permeability may vary
significantly with even small changes in temperature (Chilcott et al. 2005).
However, data sets collated for several studies (i.e. Moss et al. 2009; Lam et al.
2010) show that, while the vast majority of experiments that constitute those data
sets have been conducted at either 32 or 37 °C, a significant number of experiments
were conducted at temperatures of 31-32, 25-31 and 22-30 °C. The implications of
this are discussed in later chapters.

Formulation and Solubility Factors

The nature of any formulation applied to the skin must be considered when using
the information from an in vitro diffusion cell experiment to construct a mathe-
matical model of permeation. If a chemical applied to the skin, whether it is the
permeant of interest or a material formulated to facilitate the delivery of the per-
meant, alters the permeability of the skin, then this can significantly influence
permeability. For example, certain solvents will alter the permeability of the skin
barrier. These include water (whose hydration effects are, comparatively, somewhat
limited), ethanol, propylene glycol and other organic solvents. These materials may
be used to facilitate the delivery of drugs into or across the skin. For example, urea
has also been shown to increase the hydration of the stratum corneum and increase
the onset of erythema (Hellgren and Larsson 1979; Beastall et al. 1988). Urea has
also been employed clinically to enhance hydrocortisone penetration from com-
mercially available products, such as Alphaderm® and Calmurid®.

However, in the context of mathematical modelling, most of the data used to
construct models come from experiments where formulation, other than solvents, is
not considered (this is a limitation that will be discussed in detail later). Generally,
the permeability data from which models have been constructed use aqueous or
water—ethanol solvents in the donor phase, and few studies have explored formu-
lation matters in detail (Pugh et al. 2005; Ghaforuain et al. 2010a, b; Moss et al.
2011). This also applies to ionisation, which is not generally considered by most
models of percutaneous absorption.

The main issue with solvent effects in percutaneous absorption experiments that
are relevant to the construction of mathematical models is the use of non-aqueous
materials in the receptor compartment of the diffusion apparatus. Ideally, the
receptor fluid should mimic as closely as possible the nature of the sink into which
the permeant will diffuse when applied topically in vivo—the viable tissues of the
skin and the blood supply. Chapter 1 described the structure of the skin and how its
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substantial vascularised structure provides a very efficient means of rapidly
removing permeants and maintaining an effective diffusion gradient across the skin.
Thus, an efficient receptor fluid in an in vitro experiment should similarly aim to
maintain sink conditions and while not altering the nature of the membrane. In
general, the vast majority of experiments use similar receptor fluids, although
significant differences do occur and should be considered, both for their impact on
permeation and for their impact on the subsequent, and in most cases unconnected,
development of mathematical models. Most receptor fluids are based on buffered
aqueous systems (or, in the case of non-ionised species, simple aqueous systems).
Such systems are usually buffered at pH 7.4, usually with a phosphate buffer, to
mimic physiological pH. However, there are exceptions, such as the use of a
receptor phase buffered at pH 5 which is used to measure the permeability of
aluminium across human skin (Mistry et al. 2013). This study used a receptor phase
buffered at pH 5 as aluminium otherwise forms an insoluble oxide, which is difficult
to analyse. Antimicrobial agents are often added to receptor fluids to maintain the
integrity of the receptor compartment. If the penetrant of interest is lipophilic, then
organic solvents, such as ethanol or propylene glycol, can be used, often in con-
centrations up to 25 %, with the remainder of the fluid being composed of water or
a buffered aqueous system. Other solubilising agents have been used in receptor
phases, including various surfactants and protein (i.e. bovine serum albumin). Care
should be taken to consider the effect that the receptor compartment, through
back-diffusion into the skin, may exert on barrier integrity, hence the suggestion to
measure barrier integrity at the beginning and the end of an experiment. Therefore,
the selection of a receptor fluid may be experiment-specific as different experiments
aim to evaluate the permeability of a range of chemicals. Thus, care should be taken
when using such information to construct models.

Detection of the Permeant

Once the receptor compartment fluid has been collected, it will be analysed by a
number of commonly used methods. These include “cold” chromatographic
methods (predominately high-performance liquid chromatography, HPLC, which is
increasingly being coupled with mass spectrometric (MS) methods of analysis) or
“hot” radiolabelled methods, usually by 4C or 3H-labelling of the permeant. This
latter method is expensive, requires the use of licensed premises and, in the case of
H-labelled materials, offers the opportunity for tritium exchange between the
material of interest and other materials in the analytical sample. HPLC conversely is
comparatively inexpensive and widely used as a method of detection in biologically
derived samples. In simpler diffusion experiments, such as those where artificial
membranes (i.e. PDMS) have been used, UV spectrometry has been employed.
While each method has its advantages and disadvantages, they all, if used and
validated appropriately, can quantify the permeability of a material of interest such
that accurate diffusion profiles can be produced, from which flux and permeability
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coefficients can be derived. Flux (as concentration/surface area/time, i.e. mg/cmz/h)
is usually the gradient of the steady-state portion of the diffusion profile. The
permeability coefficient, k,, is, in essence, the concentration-corrected flux and has
units of distance and time (i.e. cm/s). Further, the lag time can be determined by
extrapolating the steady-state section of the graph to the x-axis (the axis of the
diffusion plot on which time is normally plotted). It is this data, mostly &, but, in
some cases flux (i.e. Magnusson et al. 2004), that is used by those constructing
mathematical models of percutaneous absorption.

Conclusions

There exists a wide range of potentially conflicting experimental protocols for the
determination of percutaneous absorption. All these methods are entirely valid in
that they have been developed with specific penetrants in mind and not with the
development of mathematical models, the latter activity often being unconnected to
the original experiments. Thus, their results should be considered in this context—
so too should their use in the development of the mathematical models and their
limitations clearly enunciated and understood. For example, as we will see in later
chapters, data sets have been compiled, and mathematical models developed, from
experimental data that have been collated from different sources, which often use
differing experimental protocols.

Ideally, in order to assess the relationships between the different methods, the
relative permeabilities through the membranes of the same compounds would be
assessed. This is, however, impractical as few comparative data exist for this purpose.

One solution to this problem has been to develop quantitative structure—activity
(or permeability) relationships (QSARs, or QSPRs) based on the data that can be
compared. QSPRs attempt to relate statistically the experimentally determined
percutaneous penetration of a range of exogenous chemicals to known physico-
chemical parameters. However, such methods have been criticised as they, and their
conclusions, are limited by the nature of the data on which they are based. This may
include, for example, the lack of such models to consider formulation or ionisation
effects. This may limit the scope of such models significantly. However, considered
within this context, the models still yield valuable information on the mechanism of
percutaneous absorption and, in many cases, allow the permeability of a chemical
that is not within the data set but which fits within its “molecular space” to be
predicted, provided that the model results in the output of a functional mathematical
relationship between the experimentally measured parameter (usually k, or Jiay)
and the statistically significant physicochemical properties of a penetrant.

Thus, this chapter has highlighted the complexity of a seemingly simple
experiment from which permeability data are derived. It follows that the nature of
this data, and its experimental origins in particular, should be described and
understood when developing models, as the nature of the experimental data that
forms the input to the mathematical model can clearly influence its output.
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