Chapter 5
Diffusion Cell Design

Jon R. Heylings

5.1 Introduction

This chapter will cover aspects of skin diffusion cell design and how various
types of devices have evolved over the years for the purpose of measuring the
absorption of drugs and chemicals across the skin. Much of this relates to the
author’s own experience, but to do justice to this topic, the historical aspects of
flux chamber devices and adaptations to conventional designs, including a new
generation of automated diffusion cell equipment will be covered. Recognis-
ing that the rest of this book covers the dermal absorption of compounds and
formulated products used in the pharmaceutical sector where dermal exposure
is intentional, the author has focused mainly on this area. However, much of the
published work that utilizes skin diffusion cells and how they have evolved over
the last 50 years actually comes from the area of human safety assessment of in-
dustrial chemicals, where in vitro methodology is used extensively for predict-
ing dermal absorption in humans. Absorption data generated in these models is
a key element of human risk assessment for a broad range of chemical products
that come in contact with human skin, either for cosmetic purposes [30] or in the
case of pesticides [7, 9] and industrial chemicals [40], during occupational ex-
posure that may occur during manufacture or intended use. The basic chamber
design is similar for the approved methods used across the different industrial
sectors including the pharmaceutical industry.
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5.2 Historical Perspective

Diffusion cell devices that use resected skin for estimating dermal absorption in
man have been around for many decades. Of all the portals of entry to the human
body, the skin is a relatively accessible organ to study in the laboratory. The skin
from many animal species has been investigated in vitro using chamber approaches
with the pig being probably the most extensively studied animal species as well as
a widely accepted surrogate model for human skin [5, 32].

As far as the use of flux chambers as devices for measuring the transport of
chemicals from external (environmental) compartments to internal (systemic) com-
partments goes, they have been used to provide the rigid structure to support a
functional epithelial layer or some other form of biological barrier, such as the skin,
in a situation where the exposed surface is fixed and of known engineered area, and
each side of the biological specimen faces a different environmental or biological
condition. The most commonly used chambers are designed to replicate the polar-
ized nature of the skin, where the external surface faces an air environment and the
internal surface faces the systemic circulation. However, much of the history of
chamber devices actually comes from in vitro experiments using isolated mucosal
sheets from the gastrointestinal tract, where ion transport and gut absorption (not
dermal absorption) have been investigated in great detail for many decades. One
of the classical chamber approaches with isolated gut was developed primarily by
Hans Ussing in Denmark for the study of gastric ion transport using amphibian
mucosa [41]. Much of the understanding on how the gastric mucosa transports hy-
drogen ions into the lumen of the stomach in order to create a pH gradient between
the serosal side of the gastric mucosa and the luminal side came from the classical
‘Ussing’ chamber studies. These chamber systems were constructed using Lucite or
Perspex, and usually had discs of gut mounted on pins to stretch and flatten the tis-
sue over the circular exposed aperture of the chamber. This allowed a fixed surface
area of tissue to be bathed with separate circulating media in the two halves of the
chamber. Such chamber devices were used mainly in the pharmaceutical industry
to study the effect of drugs on both mucosal secretion and absorption. These gut
mucosal chambers were also used to characterize mucosal protection. One such
device that the author developed in the 1980s was a dual mucosal chamber. This
device incorporated two discs of gut orientated such that their blood sides were in
contact with a common bathing solution. The luminal sides of the membranes were
bathed with separate oxygenated solutions. This chamber device demonstrated that
the control of bicarbonate secretion, the protective mechanism against acid auto-
digestion, was via a humoral mechanism, as acidification of one mucosa caused a
protective secretory response of the other mucosa, despite the physical separation
of the two tissue discs [16].

A major difference between gut chambers and skin chambers is the requirement
for tissue viability. The isolated gut requires a constant oxygen flow to the media
bathing the tissue as even transient anoxia will arrest the active transport processes
fundamental to the function of the tissue. In contrast, the skin surface, the stratum
corneum is a dead cornified layer, which can still serve its main function of a barrier
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to the passage of substance through it, in the absence of an oxygenated media. As
such, the design of a typical gut and skin chambers is similar in several respects
such as a fixed surface area for application of a measured dose of test substance and
expression of flux or other parameter relating to the proportion of the substance that
has moved to the alternate compartment over a measured time period. However, the
most obvious difference is the orientation of the device. Generally, a gut chamber is
horizontal with a tissue held vertically. In contrast, a skin chamber is vertical with
the tissue held horizontally. The gut mucosa is held between two aqueous physi-
ological environments to measure the transport between the compartments, whereas
the skin has an upper air-exposed surface and a lower aqueous-exposed dermal side
bathed by a receptor fluid. There are, of course, some exceptions where some skin
chambers were designed horizontally, but controlling the receptor temperature and
mixing makes this system inherently more suitable to a vertical or upright design.
In fact, these horizontal skin chambers can only be used for infinite dose type stud-
ies, where the chambers on both sides of the skin are filled with donor and receptor
fluids [33]. A conventional skin diffusion cell uses a dose application that is typical
of human exposure to a chemical or drug treatment. This normally involves a low
(finite) volume of the product containing the active ingredient. This covers the skin
surface in a vertical designed system [13, 33]. There are now a considerable number
of publications on studies with skin diffusion cells across all industrial sectors [21].
These mainly stemmed from the original work in the area of drug absorption and
skin disposition of pharmaceutical products. With the publication of OECD test
guidelines in 2004, there are now increasing numbers of papers with literature on
industrial chemicals, particularly pesticides, where the method is used extensively
as part of the prediction of human exposure during the manufacture, handling and
use of such chemicals [9]. The in vitro method, as used for chemicals and drug in-
termediates, has a guideline status and is used throughout the world as part of the
human risk assessment process [25, 26]. This has now almost completely replaced
the corresponding in vivo test method that used rats for such studies for pesticides
only [24, 39]. In addition to the formal OECD test guidelines, the in vitro method
using glass diffusion chambers has the endorsement of many different European
industry bodies, many of whom have published their own specific guidance over
the last two decades [7-9, 27, 30]. There are also several key publications detailing
the methodology in the area of dermal absorption and how the in vitro approach fits
into the overall risk assessment process for chemicals [17, 20, 21].

Probably the most comprehensive earlier publications comparing different per-
meants using diffusion chambers and resected human skin come from investigators
such as Tom Franz, certainly on the static cells [13] and others such Bob Bronaugh
on the flow-through type systems [1]. In order to gain credibility as a reliable mod-
el, the in vitro chamber system must be able to predict dermal absorption in humans
with an acceptable degree of accuracy. A systematic evaluation of 12 organic com-
pounds that all had in vivo data [10] was investigated in some of the earlier system-
atic evaluations of the glass chamber system. The static diffusion cell system was
shown to predict the dermal absorption observed in humans very well [13]. Indeed,
the author of this particular investigation, Tom Franz, did a lot of work developing
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the chamber system over the years, so much so that these devices are often referred
to as ‘Franz’ chambers. Although skin chamber type studies were performed many
years prior by investigators such as Burch and Winsor [2] and Malkinson [23], it
was the work in the next two decades by others such as Scheuplein [31], Flynn and
Yalkowsky [12], and Feldmann and Maibach [11] that investigated specific areas
of both medicinal and industrial chemicals using chamber devices and identified
the key methodological aspects that are important to the emerging field of in vitro
dermal absorption at that time. A general understanding on how the physicochemi-
cal properties of the penetrant and the vehicle in which it was applied influenced the
kinetics of skin penetration began to emerge. No formal validation of the chamber
method was in place for the approach to be used as stand-alone in risk assessment,
but many investigators from their own areas of industry, particularly for pesticides,
were demonstrating the usefulness of the in vitro approach as a predictive model for
humans. [28, 29, 34, 35].

5.3 Static Diffusion Cell

Practically all the earlier studies on diffusion chambers that utilized human or ani-
mal skin were of the ‘static’ design [6, 14, 33]. These devices were simple and based
on a two-part glass cell, the donor and the receptor compartments engineered to
accommodate a fixed circular area of skin tissue between the compartments. Some
of the designs had water-jacketed outer glass compartment in order to maintain the
receptor fluid at skin temperature (32 °C). Other systems used open water baths
in which the static cell was semi immersed so that the receptor compartment was
maintained at this skin temperature but the donor compartment was placed above
the waterline. A key design feature that is often overlooked is the thorough mix-
ing of the receptor fluid during the experiment. A typical dermal absorption study
normally involves a 24 h time period, whether for a pharmaceutical investigation,
such as drug delivery, or for a safety investigation such as the systemic exposure
to a potentially toxic agent. Indeed, a number of years ago these experiments often
involved leaving a chemical on the skin for up to 3 days [39]. This is no longer a
guideline requirement where the maximum duration of a correctly designed in vitro
study is now 24 h [9, 25, 26]. The experiment relies on sampling of the receptor
fluid at regular (or prescribed test guideline) time periods from the time of applica-
tion of the test material to the skin till the end of the study. The small sample taken
at each time point, which may be as low as 50 pl from a 4.5 ml receptor chamber
volume, must be representative of the bulk concentration in the whole receptor vol-
ume of the test substance being evaluated. Therefore, rapid stirring of the receptor
fluid to ensure the concentration of the test compound immediately below the der-
mal side of the tissue is the same as the point of entry into the collection device is
essential. There are several interlinking aspects here such as the solubility of the test
substance in the receptor fluid, the binding of the test compound to any component
of the system (such as the glass wall of the chamber or sampling tubing) and the
type of skin preparation (epidermal sheet versus split thickness skin). These can
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all affect the measured concentration of test substance that has permeated into the
receptor fluid at any given time. These aspects are discussed in the respective test
guidelines and guidance documents for in vitro percutaneous absorption [9, 25-27,
30], and form the basis for inclusion or otherwise of the so-called skin dose or mass
of test substance that has crossed the stratum corneum, but not reached the receptor
fluid, as being potentially systemically available.

The conventional type static diffusion cell must also accommodate the resected
skin sample so that the seal between the glass donor and receptor chambers is ef-
fective. Most cells have an engineered ground glass joint so that even the thinnest
heat-separated epidermal can be supported by a nickel (or other inert) grid and
effectively sealed, and no lateral migration of the test application from its site of
application can occur. A strong clamp with a steel edge in contact with the full cir-
cumference on either side of the joint ensures that this donor—receptor chamber seal
is maintained until the chamber is dismantled. This same clamp is engineered with
a wheel-locking device and base supports under the glass chamber, so that it sits
perfectly horizontal in a water bath [33].

The surface area of exposed skin is a key element of diffusion cell design, and
in the author’s experience the most fundamental aspect of a successful OECD 428
mass balance recovery in vitro percutaneous absorption study. The signal-to-noise
ratio or that of skin surface-to-glass chamber should be as high as possible, to allow
good surface spreading of a finite low volume dose of a formulated product, but
without bowing or distortion of the skin sample and, of course, without utilizing
too much precious biological material. With static cells, the exposed cell area is
usually between 1 and 5 cm?. The smaller ‘mini’ cells around 1 ¢cm? are often used
for nonregulatory investigations, or for other functional end points, including skin
irritation assessment [18, 19]. The larger ‘standard’ static cells, around 2-3 c¢cm?, are
most common in regulatory dermal absorption studies. Figure 5.1 shows the diffu-
sion cell designed and used by the Dermal Technology Laboratory (DTL). It has a
relatively large surface area of skin to the size of the glassware. A key design feature
is the broad rim of ground glass joint that evokes a good seal preventing lateral
compound migration, and importantly any transfer round the rim of the specimen.
The device is clamped with a spring holder and the skin sits on a thin nickel porous
support to prevent any bowing or stretching of the skin. The design also allows easy
access to the skin, post exposure, to facilitate sponge washing and tape stripping of
the stratum corneum.

The static cell design has not changed much over the years. Some laboratories
use cells that are slightly smaller than the one described above. This conserves the
precious commodity, human skin. However, it has been shown that the interlabora-
tory concordance for a variety of drugs is very good when the studies are performed
correctly using different size static diffusion cells. One example of this was a pub-
lished interlaboratory investigation of caffeine, benzoic acid, and testosterone. The
dermal absorption of these three reference chemicals in terms of both, the maximum
absorption rate and the percentage absorption after 24 h, was shown to be very
similar for each drug, despite the fact that the human skin was sourced, stored and
prepared in different laboratories and by different technicians [15]. The most impor-
tant aspect here to achieve this concordance was the measurement of the skin integ-
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rity for each skin diffusion cell. The laboratories used the same rejection criteria for
tritiated water flux and electrical resistance measurement to assess the skin integrity
[4]. Only skin samples that were deemed to have normal barrier function were used
for drug application. This should apply, of course, to all in vitro dermal absorption
studies, as specified by the OECD test guidelines [25].

5.4 Flow-Through Diffusion Cell

By the late 1970s, many laboratories throughout the world were using resected skin
mounted in static diffusion cells. As more and more papers on the predictive ability
of these models came to press, further refinements in this approach were investi-
gated. The drivers for moving towards a continuous flow-through receptor design
included a general move towards physiological receptors and moved away from
solvent-type systems in an attempt to replicate the normal physiological conditions
of the skin and its draining blood supply that carries any absorbed material away
from the skin [1]. This, of course, makes solubility in the receptor more of a chal-
lenge as it is important that sink conditions are maintained and the concentration of
test substance in the receptor never reaches a point where back diffusion can occur.
Recent guidance indicates that the maximum concentration of the test substance
observed in the receptor fluid should not exceed 10 % of its saturated solubility in
the receptor fluid selected [9]. The flow-through design with physiological receptor
fluid means that for many studies the flow rate and replacement of fresh receptor
needs careful attention. Another issue with the flow-through design relates to the
analytical sensitivity. For non-radiolabelled investigations, the extraction and anal-
ysis of the test compound in a mass balance type investigation may be more chal-
lenging due to the greater volumes of receptor fluid compared to static cell designs.

Static diffusion cells are more commonly used than their flow-through counter-
parts. One distinct advantage of the static cell is that it runs independently from the
other diffusion cells in the group. It is also much easier to undertake the mass bal-
ance washing and tape stripping procedures that form a part of the dermal absorp-
tion protocol [9, 30] than in a flow-through diffusion cell system.

Most flow-through type systems utilize a dry heated-block type design or water-
jacketed approach to maintain a constant skin temperature of 32°C. There is an
electric pump to move the receptor under the dermal side of the skin at a constant
flow rate into some form of collection device or autosampler vials. A typical flow
rate is around 1.5 ml/h for such devices [1, 3]. Although most of the systems are
quite reliable, one disadvantage of the flow-through system is that if the receptor
flow system fails or the pump speed varies then all the diffusion cells in the group
may be lost. In a group of static cells if there is a single blockage, say in the receptor
collection line and the other samples are running independently then, the autosam-
pler will continue to take accurate receptor volumes. As these in vitro experiments
run for 24 h to obtain daily exposure data, and taking samples of receptor every
1-2 h through the night, it is important that the system is reliable.
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5.5 Special Devices

5.5.1 Volatile Compounds

Diffusion cells can be used to study chemicals that are volatile at room temperature,
or likely to be lost from the skin via evaporation during their normal use. However,
care must be taken in the design of such studies to assess the likely proportion of
an applied dose that is lost to the atmosphere, and this often requires the use of
radiolabelled compounds due to the complexity of extraction and quantification of
the compound in the matrices used to trap the chemical. Indeed, it is a regulatory re-
quirement for many classes of chemicals under OECD test guidelines to fully define
the distribution of the volatile compounds above the skin, within the skin, and in the
receptor fluid [25]. This is now routinely undertaken in regulatory dermal absorp-
tion studies and devices have been developed for in vitro diffusion cells (Fig. 5.1).
This is a key element of the mass balance and in situations where this has not been
quantified by trapping the test substance in the void above the skin surface, the
study is compromised and the ‘missing’ fraction of the dose would therefore be as-
sumed to have been absorbed, under a precautionary principle. The usual procedure
for studies with volatile test substances is to place a charcoal filter above the donor
chamber (in vitro) or skin device (in vivo), and to extract the compound from the
matrix at the end of the exposure period. The use of such filters allows the skin sur-
face to remain essentially unoccluded because an occluding trapping device would
not allow the evaporation of the vehicle thus, ultimately enhancing skin penetration.
An adaptation of the standard static diffusion cell to incorporate charcoal filters is
shown in the Fig. 5.1.

5.5.2 Solids and Powders

Glass diffusion cells are very useful for studying the dermal absorption of actives
from solid applications. For example, studies in humans using solids or powders
containing an active ingredient are challenging and are actually best undertaken in
vitro using chamber devices. A distinct advantage here is that the application stays
where it was on a measured area of the skin. In humans, the application is prone to
move or even come away from the site of application. In animals, the skin site also
needs to be protected from grooming by the animal and also oral ingestion. There-
fore, this is one area where the diffusion chamber could be perceived as a better
model compared with the in vivo situation. Indeed, the large static type cell allows
good spreading of material, which can be applied to a fixed area of skin.

In the pharmaceutical sector, there are few drugs that are applied in solid form
to the skin as spreading and skin contact are important aspects for delivering the
intended dose. Hence, gels, ointments, lotions and creams are the conventional
types of platforms used in dermatological products. There are some obscure dust-
ing treatments for foot infections, but use of powders poses other safety issues such
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as inhalation exposure and also the fact that effective dermal penetration normally
relies on other adjuvants present in the product. The fact that the dermal absorption
of test substances (or formulated products containing the test substance) that are in
a solid form at the temperature of the skin is poor and normally requires a vehicle
or carrier to allow it to penetrate into the stratum corneum; and has been exploited
by manufacturers of pesticides and other potentially toxic chemicals as dermal ex-
posure is generally lower for the same compounds in solid form.

One area that does impact on the pharmaceutical industry when it comes to sol-
ids is during the manufacture of the drug active and any intermediates in the syn-
thetic process that are solid at room temperature. Another scenario is the dermal
exposure during veterinary use of powders containing an active drug. Studies on
the dermal absorption for solid or powder materials using in vitro chamber systems
can therefore be useful in measuring absorption and setting exposure limits and
indicating the correct protective equipment to be used. Dry solid large particles or
granules are generally very poor platforms for dermal absorption. Fine particles and
dusts (depending on the actual particle size) will absorb any surrounding moisture
on the skin surface and will therefore have more direct surface contact and a greater
ability to penetrate into the skin. When in vitro or in vivo dermal absorption studies
are designed to assess the risk from contact with solids, it is important to examine
the actual real life exposure scenario. This includes a number of aspects such as the
particle size and the potential exposure period. For example, if the material at the
top of a container is a lumpy granule but is a fine dust at the bottom of the same con-
tainer due to settling, it is prudent to test the finer dust material as it is likely to have
a greater opportunity to release and deliver the active onto and into the skin. The
OECD test guidelines suggest that moistening of the solid should be undertaken for
in vitro and in vivo dermal absorption studies [25]. In order to better simulate typical
exposure, it would be more useful and relevant to compare the neat material with a
simulated sweat type of application. This would involve preparing a ground down
version of the solid in this sweat medium that is then applied to the skin as a paste.
This would provide a conservative assessment of dermal absorption relative to the
neat solid, and represent a worst case scenario that may occur during handling of
the chemical or product.

5.6 Bioequivalence Testing

An important area that utilizes the in vitro chamber approach is the area of derma-
tological product development. The chamber method provides a rapid and consis-
tent method of selection and optimization of the release, and ultimately the dermal
absorption and skin distribution of drugs. With so many generic products containing
the same active (but often different adjuvants and other ingredients) the diffusion
cell method provides data to confirm equivalence, or otherwise, for newly intro-
duced products. There are several approaches here, depending on the specific ques-
tion being addressed. In some cases, it is the release of a drug from its formulation
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that is important. Here, there is a guidance for the type of artificial membranes and
the protocols that are acceptable in diffusion chamber experiments [36]. Standard
static diffusion cells can normally be used with these artificial membranes. In other
situations, where the question relates to predicting systemic exposure of the drug,
human skin is used in conventional chamber systems to study the flux or propor-
tion of a drug that is absorbed over a specific time course. An example of this in the
literature is the bioequivalence of the drug aciclovir in a study using a wide range
of dermatological preparations that were compared using the static diffusion cell
chamber system and human dermatomed skin [38]. This is a key area in pharma-
ceutics that is not only ethically acceptable, as it minimizes the number of in vivo
investigations, but it also allows a systematic assessment of the impact of even mi-
nor formulation components in addition to the effect of changing the drug loading
concentration. The in vitro chamber method can also provide important information
on the time course kinetics for release into and through the skin, and also the stabil-
ity of the drug under simulated physiological conditions.

During the early stages of drug development of a new dermatological product,
various adaptations of the in vitro chamber model have been utilized. For example,
pig skin is used as a surrogate for human skin, and is recognized as the closest
animal species to human skin for dermal absorption investigation. The key element
is the barrier properties of pig skin either used as heat-separated epidermal mem-
branes prepared from pig ears, or as flank skin prepared with a dermatome. The
functional properties of the barrier, as assessed by chemical permeation, electrical
resistance or transepidermal water loss, are all quite similar between pig and human
[4], making pig skin a very useful model to compare the dermal absorption of drugs
from different formulations. Another advantage of pig skin over, say rodent skin,
is the density and depth of hair follicles. Porcine skin is very similar to human skin
and this therefore allows the stratum corneum to be tape-stripped using an in vitro
procedure with resected human skin that was developed and validated with human
volunteers in a side-by-side investigation [37]. Such a procedure allows the profil-
ing of a drug through individual strips of the stratum corneum, thus providing key
information on the penetration into the skin barrier. This technique, another adapta-
tion of the glass chamber methodology, is now widely used to study drug delivery
and is particularly powerful when the tape stripping investigation is substantiated
by visualization of the drug in the different layers of the stratum corneum using
techniques such as time-of-flight mass spectrometry [22].
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