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   INTRODUCTION 

 Final international acceptance of the Organisation for Economic Cooperation and 
Development (OECD) 428  “ Guideline for the Testing of Chemicals: Skin Absorption 
In Vitro  Method ”  and the associated Guidance 28 in 2004 marked an important point 
in the regulatory acceptance of in vitro  methods for examination of skin permeation 
and distribution.  1,2   These set out a detailed framework of the numerous issues that 
should be addressed in study design if meaningful data are to be obtained. However, 
they allow signifi cant variations in protocol design that, although to some extent are 
desirable in terms of ensuring that a particular study uses conditions that are relevant 
and appropriate to the use of the data, some experts believe that this results in a 
guideline and guidance that are actually too imprecise to ensure that study data are 
consistent and reproducible. The latter view can be effectively countered by the 
argument that a  “ one size fi ts all ”  protocol cannot be appropriate for all test sub-
stances and exposure scenarios. It is important to appreciate that the OECD has 
provided guidelines  and not a specifi c  protocol  that can be instantly applied without 
extensive preexperimental consideration of the nature of the test material, exposure 
scenario, and the objectives of the study. It is also important to appreciate that in 
the  “ reporting ”  section, OECD 428 includes an extensive list of required experimen-
tal detail, together with the requirement to justify the test system . Comprehensive 
justifi cation of the test system includes a wide range of parameters, including 
species, membrane type, receptor fl uid, integrity testing, test vehicle, dose applied, 
time points and experimental duration, terminal washing procedures, extraction 
methods, and assay validation. Only prestudy performance of such a justifi cation 
procedure in the design of a specifi c experimental protocol can ensure that produc-
tion of relevant data is possible. 
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 In addition, demonstration of relevant experimental profi ciency in the area, as 
shown by the ability to accurately reproduce data generated in competent laborato-
ries, is essential. The wide variability in the data generated in the multicenter study 
on permeation of methyl paraben through the same silicone membrane (thereby 
excluding biological variation) demonstrated very clearly that imprecise specifi ca-
tion and control of experimental conditions and procedures had a very marked effect 
on the results.  3   A similar European multicenter study compared the permeation of 
three reference compounds (caffeine, testosterone, and benzoic acid) through human 
skin in vitro .  4   Although in the latter study the authors concluded that the  in vitro
skin permeation methodology was relatively robust, not all variables were con-
trolled. They attributed the observed variation to human variability in dermal absorp-
tion and the skin source. 

 In this chapter we discuss some of the more important aspects of  in vitro  skin 
penetration and permeation measurements, we point out some factors that could 
critically affect variability within and between experiments, and we propose a more 
rigorous guideline to enable interlaboratory studies that may provide more consistent 
results.

METHODOLOGY

Diffusion Cell Design 

 Diffusion cell design is primarily dictated by the objectives of the experiment and 
the preference of the investigator. Three basic types exist: (1) two - chambered (hori-
zontal), (2) one - chambered static (vertical), and (3) one - chambered fl ow - through 
(vertical) (Fig.  5.1 ).   

 Early studies in the fi eld of percutaneous absorption were largely directed at 
understanding the underlying mechanism and, typically, a technique commonly used 
in the physical sciences was employed to study the process.  5   Skin was clamped 
between two horizontally positioned chambers, each fi lled with an  “ infi nite ”  amount 
of aqueous (in most cases) solution, and the rate of movement of test article from 
outside to inside measured. Application of an  “ infi nite ”  dose led to the development 
of a steady - state rate of absorption and enabled use of a simple, long - established 
method of data analysis, the calculation of the permeability coeffi cient (K P ). One 
cannot underestimate the importance of these seminal studies as the data obtained 
are the foundation on which much of our current understanding of the permeability 
of skin rests. 

 As the focus in the fi eld moved from mechanism to practical issues related to 
human pharmacology and toxicology, limitations of the two - chamber cell became 
obvious. In vitro  studies, whose objective is to obtain data accurately refl ecting the 
living state, need to be conducted in such a manner that all critical parameters asso-
ciated with the situation being modeled are precisely duplicated. Since the skin 
normally functions in the dry environment of air, the most serious objection to the 
use of the two - chamber cell is that the stratum corneum (SC) is in contact with an 
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aqueous solution or other solvent for prolonged periods of time. Although this situ-
ation may be a relevant model for certain situations encountered by living man (e.g., 
swimming/bathing) and of importance to those in the fi eld of toxicology and risk 
assessment, its use to those interested in topical or transdermal drug delivery is 
limited.

Figure 5.1     Diffusion cell designs. (a) Franz cell. (b) Side - by - side cell. (c) Flow - through cell. 
Images adapted  courtesy of PermeGear (  http://www.permegear.com ).  
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 The static vertical cell was specifi cally developed to study percutaneous absorp-
tion under conditions that simulate those most commonly encountered in everyday 
life.6,7   In this cell the skin is clamped between a lower (dermal) chamber containing 
the receptor solution and an upper (epidermal) “ chimney ”  that is open to the ambient 
laboratory environment. It was designed to both duplicate the physical conditions 
existing in and around the SC (temperature, relative humidity) as well as to allow 
the fl exibility to apply either a fi nite or an infi nite dose of any formulation type, 
including transdermal devices. 

 The exposed epidermal surface allows easy access for dosing of liquid formula-
tions or the chimney top can be temporarily removed for dosing of semisolid for-
mulations that require thorough spreading to assure equal distribution to the entire 
exposed surface area. It also allows for the conduct of a surface wash where such 
is required to duplicate a specifi c  in vivo  scenario or to assess unabsorbed test article. 

 The dermal surface is bathed by some form of aqueous solution, buffered iso-
tonic saline being the most frequent choice, and its temperature regulated by ther-
mostatically controlled water circulating through a jacket surrounding the chamber 
in order to maintain the skin surface at 32 ° C. In cells without a jacket, a heating 
block or water bath can be used for temperature control. Homogeneous temperature 
distribution in the dermal bathing solution is maintained by a Tefl on - covered mag-
netic stirring bar, driven by an external magnet mounted on a timing motor. Absorption 
is measured by periodically sampling the dermal bathing solution. Though some 
prefer to remove only an aliquot for analysis and, therefore, determine the cumula-
tive amount of test compound as it penetrates, this has the potential to lead to loss 
of sink conditions as the experiment proceeds and possible underestimation of the 
amount absorbed. An alternative procedure is to remove the receptor solution in its 
entirety at each sampling time and replace with fresh solution. 

 The third type of diffusion cell design is the one - chamber fl ow - through type 
introduced by Bronaugh and Stewart.  8   Like the static cell, the basic philosophy of 
duplicating in vivo  conditions is followed, but it has the advantage of automating 
the sampling procedure by continually pumping receptor fl uid through the dermal 
chamber and collecting the effl uent in a fraction collector. The one - chambered fl ow -
 through and static cells have been found to yield similar results. 

 An important consideration in the use of fl ow - through cells is the relationship 
between receptor volume, fl ow rate, and analytical sensitivity. If the  in vitro  kinetics 
are to accurately match those existing in vivo , the fl ow rate must be suffi cient to 
totally replace the receptor volume many times during each sampling interval, yet 
not generate such a large volume of solution that the test compound is diluted beyond 
the lower limit of quantitation. This is best achieved by the use of a small receptor 
compartment ( < 0.5   mL). The small volume also obviates the need for stirring as the 
perfusing fl uid itself serves this function. 

 No matter what type of cell is used it is important that the material from which 
the cell is made not adsorb the test article under study. In this regard, glass or Tefl on 
(DuPont, Wilmington, DE) is the most frequently used material because of their 
inertness to most chemicals. Plexiglas (Dow Chemical) was found not to be a 
suitable alternative.  8   Glass also facilitates visual inspection of the underside of 
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the skin to ensure the absence of bubbles. One commercially available fl ow - through 
cell is made of Tefl on but has a glass window in the bottom (PermeGear Inc., 
Hellertown, PA). 

 Variations of the vertical cell are numerous but all retain the core design. At the 
chimney– skin – reservoir interface one has the choice between a fl at ground - glass 
surface and an o - ring seal. The sampling port may be found near the top or bottom 
of the receptor chamber. Automatic sampling systems have been developed. There 
are vertical cells with and without water jackets. A cell has been designed to mount 
fi ngernails in place of skin. Sizes of cells, based on the available skin - dosing surface 
area, can be found ranging from as small as 0.25   cm 2  to as large as 12.5   cm 2 . In 
addition, innovative chimney designs have emerged for unique study designs, such 
as to allow for vapor or gas exposure, recovery of volatile compounds, or the use 
of caps or closures for occlusion.  9

Receptor Chamber and Medium 

 The receptor or acceptor solution must have adequate solubility for the compound 
under study so that sink conditions are sustained throughout the length of the 
study, allowing the rate of absorption to proceed as it would normally under  in vivo
conditions with a functioning circulatory system. For water - soluble compounds, 
isotonic saline or buffered isotonic saline (pH  ∼ 7.4) are considered the rational 
choice for the maintenance of a physiological environment. Preservatives are not 
always necessary but are used by many to prevent microbial buildup, particularly 
where experiments are of long duration or where one wants to exclude a microbial 
contribution to skin metabolism. It must be established that the preservative used 
does not interfere with the assay of the compound under study or the barrier function 
of the skin. 

 Studies in which maintenance of skin viability is essential so that simultaneous 
measurement of metabolic activity and absorption can be assessed require the use 
of special receptor solutions. Eagle ’ s  minimal essential medium  ( MEM ),  HEPES -
 buffered Hanks ’  balanced salt solution  ( HHBSS ), and  Dulbecco modifi ed phosphate -
 buffered saline  ( DMPBS ) are all capable of maintaining the viability of fresh, 
dermatomed rat skin for a period of 24 hours.  10

 Measurement of the absorption of highly water - insoluble compounds requires 
modifi cation of the usual saline receptor; however, this must be done without damag-
ing the integrity of the SC barrier. Additionally, since absorption into the systemic 
circulation in vivo  can take place in capillary beds that sit very close to the dermal –
 epidermal junction, the great bulk of the highly aqueous dermis (1 – 2   mm) present 
in full - thickness skin can represent an  “ artifi cial ”  barrier to lipophilic molecules. To 
avoid this problem dermatomed skin or isolated epidermis must be used. 

 Bronaugh and Stewart examined the effectiveness of different receptor solutions 
on the permeation of two highly water - insoluble compounds, cinnamyl anthranilate 
(0.23   mg/L) and acetyl ethyl tetramethyl tetralin (AETT) (0.012   mg/L), in der-
matomed rat skin (350    μ m).  11    In vitro  absorption was found to be 8 – 90 times lower 
than that determined in vivo  when a saline receptor was used, with the discrepancy 
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being greater for the compound with the lower water solubility. The use of various 
concentrations of the nonionic surfactant polyethylene glycol (PEG) - 20 - oleyl ether 
(Volpo 20, Oleth 20) in water improved  in vitro / in vivo  correlation considerably 
without altering barrier function, as determined by simultaneous measurement of 
cortisone absorption (Table  5.1 ). However, the  in vitro  values were still 30% – 60% 
below those seen in vivo . Other receptor solutions that they tried were either inef-
fective (rabbit serum, MEM, 3% bovine serum albumin, or 6% Poloxamer 188) or 
resulted in barrier damage (50:50 methanol   :   water, saline plus 1.5% or 6% Octoxynol 
9). Volpo 20 was itself ineffective when used with full - thickness skin, but could be 
used at a lower concentration when thinner dermatomed skin was used (200    μ m vs. 
300    μ m).  12

 Scott and Ramsey examined the permeation of the water - insoluble insecticide 
cypermethrin (0.009   mg/L) in rat epidermal membranes and found that 50% aqueous 
ethanol was the only receptor solution that yielded in vitro  results in agreement with 
in vivo .  13   Although some absorption was detectable with Volpo 20, the values were 
much lower. Cypermethrin absorption was undetectable with either Volpo 20 or 50% 
aqueous ethanol when used with full - thickness rat skin. When human skin was used, 
no absorption could be measured through full - thickness skin with any receptor and, 
even with epidermal membranes, absorption was only detectable with 50% aqueous 
ethanol. However, there is no human  in vivo  data for cypermethrin with which the 

Table 5.1   In vitro  Absorption Through Dermatomed Rat Skin, in Comparison to  In Vivo
Absorption ( IVIV  Ratio), when Using Different Receptor Media to Solubilize Highly 
Water - Insoluble Cinnamyl Anthranilate and  Acetyl Ethyl Tetramethyl Tetralin  ( AETT ) 

        Solubility (mg/L)     IVIV ratio     Cortisone K p  ( × 10 5 )  

  Cinnamyl anthranilate    0.23          
     Saline        0.13    7.1    ±    0.5  
     3% BSA        0.27    5.4    ±    0.2  
     1.5% PEG - 20 oleyl ether        0.34    6.1    ±    0.5  
     6% PEG - 20 oleyl ether        0.61    7.0    ±    0.9  
     20% PEG - 20 oleyl ether        0.40    9.3    ±    0.9  
     50:50 methanol   :   water        0.59    17.2    ±    0.2 a

  AETT    0.012          
     Saline        0.01    6.3    ±    0.3  
     1.5% PEG - 20 oleyl ether        0.12    4.9    ±    0.2  
     6% PEG - 20 oleyl ether        0.32    7.0    ±    0.9 b

     40% ethanol   :   water        0.32    21.7    ±    3.3 a

   Cortisone fl ux was used as a control to monitor barrier integrity (mean    ±    standard error).  
  a       Statistically signifi cant increase over normal saline receptor.  
  b       Value not measured, assumed to be identical to that determined above in cinnamyl anthranilate 
experiment.   

 Source:   Data adapted from Reference  11 . 
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in vitro  results can be compared. The use of organic solvents, such as ethanol, is 
potentially problematic since they may alter barrier function. If an organic solvent 
is to be added to the receptor phase to increase test article solubility, absence of a 
change in barrier integrity should be documented at the conclusion of the study. 
Simultaneous measurement of the absorption of a control compound with the test 
article is one approach to consider (e.g., see Table  5.1 ). 

 Ramsey et al. measured the  in vitro  absorption of the water - insoluble pesticide 
fl uazifop - butyl (1.0   mg/L) through human epidermal membranes and found substan-
tial agreement with the in vivo  results with only one of three receptor solutions 
examined.14,15   Of the three solutions used — 50% aqueous ethanol, 6% Volpo 20 in 
saline, and tissue culture medium (Medium 199 with Earle ’ s salts) supplemented 
with bovine serum albumin — only the results obtained with 50% aqueous ethanol 
were in reasonable agreement with the results obtained in living man (Table  5.2 ). 
However, there was no documentation that the barrier was not altered by the 
ethanol.   

 The defi nition of water insoluble becomes somewhat arbitrary in relation to 
in vitro  absorption studies, particularly since the rate of absorption can be very low 
for many compounds and solubility in the grams per liter range is not needed. For 
example, testosterone, an important and well - studied compound in this fi eld, has a 
water solubility of only ∼ 11   mg/L,  11   yet its  in vitro  absorption through dermatomed 
human skin (350    μ m) into isotonic saline has been shown to closely mirror that 
observed in vivo  when using drug doses of only 1 – 3    μ g/cm 2 .  16

 The consensus of international experts in the fi eld of percutaneous absorption 
is that a receptor solution in which the maximum solubility of the test compound is 
10 times greater than that needed under experimental conditions is suffi cient to 
maintain sink conditions and minimize back diffusion.  2   Permeation through the skin 
is often so low, frequently of the order of nanograms per square centimeter per hour, 
that even isotonic saline can be a suffi ciently adequate receptor for some compounds 
traditionally considered to be water insoluble. Current literature data suggest that 

Table 5.2   In vitro  Absorption of Three Doses of Fluazifop - Butyl through Isolated 
Human Epidermis, in Comparison to In Vivo  Absorption, When Using Different Receptor 
Media to Solubilize the Highly Water - Insoluble Pesticide (1.0   mg/L) 

   Dose  In vitro       In vivo

   TCM     6% Volpo 20     Aq. EtOH  

  2.5    0.01    ±    0.002    0.01    ±    0.002    0.06    ±    0.05    0.20    ±    0.04  
  25    0.58    ±    0.04    0.12    ±    0.07    0.69    ±    0.30    0.84    ±    0.19  

  250    0.70    ±    0.40    0.90    ±    0.30    6.0    ±    3.2    4.09    ±    0.89  

   All values in  μ g/cm 2 , mean    ±    standard deviation.  

  TCM,  tissue culture medium  (Medium 199 containing Earle ’ s salts, bovine serum albumin, and 
antibiotics); Volpo 20, 6% PEG - 20 oleyl ether in saline; Aq. EtOH, 50:50 ethanol   :   water.   

 Source:   Data adapted from References  14 and 15 . 
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the major problem arises when dealing with compounds whose water solubility is 
in the range of 1   mg/L and below. Determining solubility and stability of the com-
pound of interest in the selected receptor solution(s) should be a primary consider-
ation prior to study conduct.  

Selection, Variation, and Preparation of 
Skin Membranes 

 A major potential variant in the design of  in vitro  skin permeation experiments is 
the nature of the skin membrane. Animal skin has been widely used as a substitute 
for human skin (see e.g., Bronaugh et al.  17  ) but, although some animal models are 
still occasionally promoted (e.g., Barbero and Frasch  18  ), such models are generally 
believed to give unreliable results (see Eppler et al.  19  ). On the basis that the most 
reliable model for human skin penetration and permeation in vivo  is human skin 
in vitro , this membrane will be the subject of the following discussion. 

Intra- and Intersubject Variation 

 Southwell et al.  20   investigated the  in vitro  and  in vivo  variation in the permeability 
of human skin between different specimens (interdonor) and the same specimens 
(intradonor). Based on the permeation characteristics of a series of compounds, they 
concluded that in vitro  interspecimen variation was 66% and intraspecimen variation 
was 43%. Benfeldt and colleagues  21   reported  in vivo  intersubject variabilities of 61% 
when evaluating the bioequivalence of lidocaine using microdialysis, and 68% for 
ketoprofen permeation from a topical gel.  22   The degree of variability in skin perme-
ation is a concern during in vitro  experiments. Experimenters attempt to reduce 
variability by using skin from the same body area across donors and test groups (i.e., 
abdominal skin is compared to abdominal skin, rather than breast or leg skin). 
Williams et al.  23   examined the permeation of 5 - fl uorouracil (644 determinations from 
71 specimens) and estradiol (221 determinations from 28 specimens) through human 
abdominal skin. Here, where site variability was excluded, the data were log -
 normally distributed.  

Donor Age Effects 

 Full - term infants possess a SC with reasonable barrier properties,  24   albeit with an 
immature immune system, and the epidermis continues to develop through the fi rst 
year of life.  25   The effect of age on percutaneous absorption has been examined 
in vivo  in man with variable results. Several reports have demonstrated that tran-
sepidermal water loss is less in older skin ( > 65 years) than younger skin.  26,27   Roskos 
et al.  28   postulated that reduced hydration levels and lipid content of older skin may 
be responsible for the demonstrated reduction in skin permeability where the perme-
ants were hydrophilic in nature (no reduction was seen for model hydrophobic 
compounds; Table  5.3 ). A study on the bioavailability of transdermal fentanyl in 
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cancer patients indicated that permeation of the drug across the skin was signifi cantly 
reduced in patients over 75 years of age compared to those less than 65 years 
of age.  29

 A number of physiological changes that may be responsible for age - related 
alterations in skin permeability have been suggested. These include an increase in 
the size of individual SC corneocytes throughout life, increased dehydration of the 
outer layers of the SC with age, decreased epidermal turnover, and decreased micro-
vascular clearance (for reviews, see Grove  30  ; Roskos et al.  31  ; Farage et al.  32  ). Elias 
and Ghadially  33   described a biochemical basis for aberrant barrier homeostasis in 
aged skin based on a reduction in SC lipids and an abnormality in cholesterol syn-
thesis brought on by malfunctioning cytokine signaling pathways. This was con-
fi rmed by Jensen et al.,  34   who found reduced activities of the ceramide - generating 
enzymes, sphingomyelinase and ceramide synthase, in the inner epidermis of aged 
skin. More recently, however, Elias et al. have reported that the abnormal barrier 
homeostasis may be due to defective SC acidity.  35   Human subjects aged 13 – 21 years 
were found to have a skin surface pH of about 4.9, whereas in individuals aged 
51– 80 years, skin surface pH was measured at about 5.3. It is diffi cult, however, to 
anticipate what effect such a small change in SC pH would have on skin permeation. 
Certainly, given the lipid nature of the SC, there is a relationship between the degree 
of a compound ’ s ionization and its permeation rate (e.g., see Sridevi and Diwan  36

and Huang et al.  37  ), but such a small change in pH is unlikely to signifi cantly affect 
the rate of permeation of most compounds. Any alterations in permeation rates would 
more likely be a consequence of the effect of the small pH increase on the formation 
of the lipid barrier. 

 Sauermann et al.  38   used confocal laser scanning microscopy to evaluate differ-
ences between young (18 – 25 years) and old ( > 65 years) skin. Although there was 
no statistical difference in SC thickness between the two groups, the basal layer of 
older skin was signifi cantly thinner than that in the younger group, and the number 

Table 5.3    Age - Related Differences in Percutaneous Absorption 

   Permeant     log P a    % applied dose permeated 
over 7 days b

   22 – 40 years      > 65 years  

  Testosterone    3.32    19.0    ±    4.4    16.6    ±    2.5  
  Estradiol    2.49    7.1    ±    1.1    5.4    ±    0.4  
  Hydrocortisone    1.61    1.5    ±    0.6    0.54    ±    0.15  
  Benzoic acid    1.83    36.2    ±    4.6    19.5    ±    1.6  
  Acetylsalicylic acid    1.26    31.2    ±    7.3    13.6    ±    1.9  
  Caffeine    0.01    48.2    ±    4.1    25.2    ±    4.8  

  a       Octanol   :   water partition coeffi cient of the permeant.  
  b       Compounds (4    μ g/cm 2 ) were applied in 20    μ L acetone to ventral forearm ( n     =    3 − 8).   

 Source:   Reference  28 . 
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of dermal papillae per unit area was reduced in the older population, resulting in a 
fl attened epidermal – dermal junction. Once again, it is diffi cult to hypothesize what 
effect the fl attening of the epidermal – dermal junction could have on skin permeation. 
This is somewhat confounded by a lack of understanding of the exact nature of the 
function of the dermal rete ridges (dermal papillae). For the most part, in biological 
systems the major function of microscopic ridge and villi - type structures is to 
increase surface area to facilitate nutrient exchange, and it is tempting to suggest 
that a fl attening of the rete ridges in the elderly dermis could lead to a decrease in 
the area available for permeated material to partition from the viable epidermis into 
the dermis with a consequential reduction in percutaneous absorption. 

 One other aspect of aging that will have considerable implications in percutane-
ous absorption involves skin blood fl ow. It is well documented that older men and 
women have an impaired vasodilation response to hyperthermia.  39   On average, 
healthy aged humans show a 25% – 50% reduction in skin blood fl ow compared with 
healthy younger adults. It has been suggested that the rate of clearance of a solute 
from the skin via the dermal capillary network can affect the rate of permeation 
across the skin.  40   Perhaps predictably, a reduction in skin blood fl ow attenuates the 
clearance of permeated molecules from the dermis, resulting in a decrease in the 
concentration gradient of the permeant across the skin, with a consequential reduc-
tion in the rate of permeation. 

 When using excised human skin for  in vitro  skin permeation experiments, 
however, physiological factors such as skin blood fl ow and age - related changes such 
as dermal thinning are unlikely to generate any differences in the rate and extent of 
the measured skin permeation. It is unsurprising, therefore, that when comparing the 
barrier function of older ( > 65 years) skin with that of younger adults, the data are 
equivocal. Most studies conclude that there is no discernible dependence of skin 
permeability on age, sex, or storage conditions.  23,41,42   It is important to appreciate, 
however, that when interpreting data from  in vitro  studies and attempting to relate 
these to the in vivo  situation, there are trends indicating that skin blood fl ow is 
reduced with age and that the dermis becomes thinner.  

Racial Differences 

 Several authors have shown that there are differences in the permeability character-
istics of skin of different racial groups. In general, it has been noted that white skin 
is slightly more permeable than black skin,  43,44   which correlates with observations 
that black skin has both more cell layers within the SC   45   and a higher lipid content,  46

and that there are racial differences in hair follicle distribution.  47   A study of Caucasian, 
Hispanic, Black, and Asian skin ranked them in order of permeability to methyl 
nicotinate as Black    <    Asian    <    Caucasian    <    Hispanic.  48   On the other hand, no racial 
difference in the  in vivo  percutaneous absorption of difl orasone diacetate was 
observed.49   Similarly, Lotte et al.  50   found no statistical differences in the penetration 
or permeation of benzoic acid, caffeine, or acetylsalicylic acid into and through 
Asian, Black, and Caucasian skin (Table  5.4 ). Rawlings  51   provided a comprehensive 
review of ethnic differences in skin structure and function.    
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Storage Conditions 

 In the conduct of  in vitro  experiments, it is inevitable that some form of skin storage 
will be necessary. Human skin is sourced from cadavers or, preferably, from cos-
metic reduction surgery. While it is occasionally possible to transport tissue directly 
from the operating theatre to the diffusion cell without freezing, under most circum-
stances the skin will be frozen prior to processing. Although some authors concluded 
that freezing had no measurable effect on permeability,  52,53   Wester et al.  54   cautioned 
against the use of frozen stored human skin for studies in which cutaneous metabo-
lism may be a contributing factor. There are indications that storing animal skin in 
a frozen state may decrease barrier properties on thawing.  55,56   Nonetheless, provided 
human skin is not overly hydrated when frozen, it is unlikely that subsequent per-
meation characteristics will be signifi cantly different from nonfrozen skin.  

Membrane Preparation 

 Different methods can be used to prepare human skin for  in vitro  experimentation. 
Under most circumstances one of the following three membranes will be used in the 
diffusion cell: (1) full - thickness skin, incorporating the SC, viable epidermis, and 
dermis; (2) dermatomed skin, in which the lower dermis has been removed; and 
(3) epidermal membranes, comprising the viable epidermis and the SC (prepared by 
heat separation). 

 The choice of membrane is, for the most part, dependent upon the aqueous 
or lipid solubility characteristics of the permeant. Although  in vivo  the presence 
of blood fl ow will remove a considerable amount of the permeant reaching the 
dermis, in vitro , in the absence of blood fl ow, the relatively aqueous nature of 
the dermis will reduce the penetration of lipophilic compounds. Therefore, the use 

Table 5.4    Race - Related Differences in Percutaneous Absorption 

   Permeant     Race     Amount of permeant recovered (nmol/cm 2 )  

   Urine at 24 hours     SC at 30 minutes a

  Benzoic acid    Caucasian    9.0    ±    1.5    6.8    ±    1.0  
  Black    6.4    ±    0.9    6.1    ±    1.0  
  Asian    9.7    ±    1.2    8.1    ±    1.5  

  Caffeine    Caucasian    5.9    ±    0.6    5.5    ±    0.6  
  Black    4.5    ±    1.0    5.8    ±    1.0  
  Asian    5.2    ±    0.8    6.1    ±    0.9  

  Acetylsalicylic acid    Caucasian    6.2    ±    1.9    11.9    ±    1.9  
  Black    4.7    ±    0.9    9.0    ±    1.7  
  Asian    5.4    ±    1.7    10.1    ±    1.7  

  a       Amount in SC determined by tape stripping ( n     =    6 − 9).   

 Source:   Reference  50 . 
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of heat - separated epidermal membranes is more appropriate for permeants that are 
highly water insoluble, and such membranes or dermatomed skin are appropriate for 
permeants that are poorly water soluble. It is important to appreciate that the prepa-
ration of epidermal membranes is time consuming and the necessary processing 
increases the possibility of damage to the skin membrane. Careful consideration of 
the most appropriate type of skin preparation is required and this should address the 
physicochemical nature of the penetrating species, the data required, tissue avail-
ability, and the timescales involved. To prepare heat - separated epidermal mem-
branes, full - thickness skin is immersed in water at 60 ° C for  ∼ 45 seconds. Following 
removal from the water, the epidermis is gently removed using a pair of blunt curved 
forceps.57

The Permeation Experiment 

Membrane Integrity 

 When the membrane has been selected and placed in position in or on the diffusion 
cell, there may be a requirement to assess membrane integrity to ensure that the data 
subsequently derived using the test material are reliable. Although simple visual 
examination of specimens will give a qualitative indication of skin integrity, quan-
titative evaluation may be obtained by the measurement of skin conductance, tran-
sepidermal water loss, or the fl ux of a marker compound such as tritiated water. 
Those skin samples that are found to be outside the “ normal ”  range of values for 
such measurements are discarded.  

Application of Test Material 

 For the test material, a suitable application procedure should be followed. Here it is 
necessary to consider the intrinsic purpose of the study. For example, risk assessment 
involving the study of the skin penetration of an ingredient in a cosmetic should be 
performed with the material in the marketed formulation and with a regime that 
mimics as closely as possible the “ in use ”  situation (e.g., Walters et al.  58  ). Similarly, 
a pharmaceutical product application should be conducted as recommended for 
therapeutic effect. The in use scenario often implies that the permeant is applied as 
a fi nite  dose and may show marked depletion in donor concentration over the course 
of the experiment. On the other hand, the application of a transdermal therapeutic 
system under in use conditions may produce infi nite  dose conditions, in which there 
is suffi cient permeant on the donor side to make any changes in donor concentration 
throughout the experiment negligible. In the fi nite dose situation, depletion of the 
permeant from the donor side usually results in a reduction in the rate of permeation 
and an eventual plateau in the cumulative permeation profi le (Fig.  5.2 ). For perme-
ants applied in semisolid formulations, various guidelines suggest application 
weights of 2 – 5   mg/cm 2  of formulation. Liquid formulations are normally applied 
at 5    μ L/cm 2 . For applications by weight, the precise amount applied is determined 
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by difference, and it is advisable for all test materials to be applied by the same 
operator.    

Duration of Experiment 

 Most investigators agree that for the duration of the permeation experiments, 24 or 
48 hours is suffi cient. However, for the evaluation of permeation from long - term 
transdermal delivery systems, it may be necessary to extend the experiment to 72 
hours or longer. For longer - term experiments it is advisable to incorporate antimi-
crobial agents into the receptor phase. Investigators should, however, be aware of 
possible barrier degradation over extended time frames.  

Sample Interval 

 Sample intervals should be frequent enough to allow assessment of lag - time, 
steady - state, or pseudo - steady - state fl ux. For a compound with unknown permeation 

Figure 5.2     Permeation profi le for a highly volatile compound permeating through human skin 
in vitro . The compound was applied at fi nite dose levels and permeation was signifi cantly reduced by 
evaporation following 6 hours exposure. Inset shows sample cumulative permeation patterns following 
fi nite and infi nite dosing regimes. With infi nite dose, permeation normally reaches a steady - state fl ux 
region, whereas in fi nite dosing the permeation profi le normally exhibits a plateauing effect as a result 
of donor depletion.  
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characteristics, it may be necessary to run pilot experiments with samples taken at 
2 - hour intervals for the duration of the experiment. Early sample points (1 – 4 hours) 
can be important in identifying diffusion cells with damaged skin membranes that 
often show abnormal permeability values.  

Number of Replicates 

 Because there is a high intra -  and intersubject variability in human skin permeability, 
the number of replicates for each dosage regimen is recommended to be 12 (e.g., 
four donors with three replicates per donor or three donors with four replicates per 
donor), and comparisons between groups should use matched skin samples. Fewer 
replicates may be employed if cost, time, or skin availability are a problem, provided 
that the limitations of replicate reduction are recognized.  

Temperature

 Skin permeation experiments are normally conducted with a skin temperature of 
32° C and this is achieved by maintaining the receptor solutions at 35 – 37 ° C, either 
by immersing cells in a water bath, heating block, or by using jacketed cells perfused 
with water at the correct temperature. Infrared surface thermometers have proven to 
be exceptionally useful for measuring skin surface temperature.   

Analysis of Data 

 The OECD Guideline 428  1   has little to say about the way in which data from  in vitro
permeation studies should be analyzed. The guideline states:

  The analysis of receptor fl uid, the distribution of the test substance chemical in the 
test system and the absorption profi le with time, should be presented. When fi nite dose 
conditions of exposure are used, the quantity washed from the skin, the quantity 
associated with the skin (and in the different skin layers if analysed) and the amount 
present in the receptor fl uid (rate, and amount or percentage of applied dose) should 
be calculated. Skin absorption may sometimes be expressed using receptor fl uid data 
alone. However, when the test substance remains in the skin at the end of the study, it 
may need to be included in the total amount absorbed (see Guidance Document, 
paragraph 66). When infi nite dose conditions of exposure are used the data may 
permit the calculation of a permeability constant (Kp). Under the latter conditions, 
the percentage absorbed is not relevant.   

 For infi nite - dose studies, the objective will be to obtain constants that can defi ne 
the kinetics of permeation. The constants most often used are the permeability coef-
fi cient K p  and the lag time  tlag . The profi le expected from infi nite dose studies is 
illustrated in Figure  5.3 . After an initial lag period, the cumulative amount of chemi-
cal appearing in the receptor fl uid will increase linearly with time; in other words, 
the fl ux across the skin will reach a steady state. The  tlag  can be determined from 
extrapolation of the linear portion of the plot to the x  - axis. While the K p  can be 
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determined from the slope of the terminal portion of the plot of cumulative amount 
penetrated versus time, because of the diffi culty in determining when steady state 
has been reached, this method is often inaccurate.   

 The mathematical expression for the amount of permeant  Q  transported through 
a homogeneous membrane and appearing in the receptor chamber following the 
application of a “ infi nite ”  dose is given in Equation  5.1 :
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 where  Q ( t ) is the quantity of penetrant that has reached the receptor solution at a 
particular time t ,  A  is the surface area of skin available for diffusion,  P  is the parti-
tion coeffi cient between the membrane and the donor vehicle,  h  is the membrane 
thickness, C  is the concentration of the permeant in the donor solution, and  D  is the 
diffusion coeffi cient of the permeant in the membrane. Because of the diffi culty in 
measuring the path length ( h ), the equation can be simplifi ed by replacing the terms 
P . h  and  D / h2  with two new constants  P1  and  P2 , as shown in Equation  5.2 :
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 The data obtained from the permeation study can be fi tted to this equation using 
suitable nonlinear least squares methods and the values of P1  and  P2  obtained.  59,60

 The permeability coeffi cient is then given by Equation  5.3 :

    K P Pp = 1 2.     (5.3)   

 The lag time ( tlag ) is given by Equation  5.4 :

    t
P

lag = 1

6 2.
.     (5.4)   

Figure 5.3     Typical plot of the cumulative amount of a chemical permeating the skin during an 
in vitro  permeation study with an infi nite dose. The rate of permeation increases gradually to 
eventually reach a steady state. Extrapolation of the steady state portion of the plot yields the lag 
time ( tlag ).  
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 The mathematical expressions for fi tting data from fi nite - dose permeation 
experiments are far more complex and are not amenable to routine use. In many 
cases, the important information required from such experiments is the total amount 
of substance penetrating through a given area in a given time. Thus the quantity of 
substance permeating after 24 or 48 hours is commonly used for comparison 
purposes.

Impact of Skin Metabolism 

 It has long been known that the skin, and the epidermis in particular, contains 
enzymes capable of metabolizing xenobiotic compounds.  61– 63   The impact of this for 
in vitro  skin perfusion methodology is twofold. First, this technique has been used 
to study some of the metabolic processes and to isolate the location of the metabolic 
activity. Second, and perhaps more importantly, it is necessary to understand the 
contribution that metabolism may play in the observed permeation rates and the 
ability to extrapolate from these in vitro  studies to likely behavior  in vivo . 

 Because of the complication associated with the lack of an intact circulation, 
and questions of maintenance of viability, the use of skin permeation for studying 
skin metabolism has limitations and other methods are likely to be more easily 
interpreted. These methods have been reviewed elsewhere.  64– 66

 The use of  in vitro  skin permeation studies for evaluating the contribution of 
metabolism during absorption to exposure to chemicals is recognized in the OECD 
428 “ Guideline for the Testing of Chemicals Skin Absorption:  In Vitro  Method. ”1

The guideline states: “ When metabolically active systems are used, metabolites of 
the test chemical may be analysed by appropriate methods. At the end of the experi-
ment the distribution of the test chemical and its metabolites are quantifi ed, when 
appropriate.”  The guideline further states:  “ If metabolism is being studied, the recep-
tor fl uid must support skin viability throughout the experiment ”  and  “ When skin 
metabolism is being investigated, freshly excised skin should be used as soon as 
possible, and under conditions known to support metabolic activity. As a general 
guidance freshly excised skin should be used within 24   hrs, but the acceptable 
storage period may vary depending on the enzyme system involved in metabolisation 
and storage temperatures. ”

Nature of Enzymes 

 The nature of xenobiotic metabolizing enzymes that has been shown to be present 
in the skin is very diverse and includes both Phase I and Phase II enzymes,  67– 69   as 
well as proteolytic enzymes.  70   These are the subject of recent reviews.  64,65,71

 Understanding the extent of xenobiotic metabolism in the skin is important for 
assessing potential toxicity and the impact on drug delivery; both reduced delivery 
because of metabolism of the drug and improved delivery because of conversion 
of prodrugs into their active forms. The importance of accounting for  “fi rst - pass ”
skin metabolism to assessing the potential toxicity of hair dyes has been pointed 



Methodology 101

out by Nohynek et al.  72   Kao and Hall  73   demonstrated fi rst - pass metabolism of ste-
roids using mouse skin in perfusion chambers. They concluded that both diffusional 
and metabolic processes are important in determining the fate of topically applied 
steroids.

Prodrugs

 The potential to use the metabolic activity of the skin to convert lipophilic prodrugs 
into more hydrophilic drugs was recognized by Bucks.  74   The approach to improve 
transdermal delivery with the use of prodrugs has been recently reviewed.  75

Detection of Metabolism 

 It is obviously important to detect metabolism occurring during any  in vitro  diffusion 
study. Understanding the metabolism of a substance at other sites, particularly the 
liver, may alert one to the need to look for metabolism in the skin. The basic safe-
guards to ensure that signifi cant metabolism is not missed include the use of specifi c 
assays, examination for the presence of known metabolites, and performance of mass 
balance at the end of a diffusion study to ensure that all of the applied substance can 
be accounted for. 

 An important use of  in vitro  permeation studies is to predict  in vivo  permeation. 
When there is signifi cant metabolism of the substance concerned in the skin, this 
introduces a number of complications. The diffi culty in quantitatively determining 
the contribution of metabolism during passage through the skin by measurements 
of permeation in vitro  was illustrated by the studies of Potts et al.,  76,77   where major 
differences between  in vitro  and  in vivo  conditions were observed. The proportion 
of a diester of salicylic acid converted into salicylic acid was infl uenced by the rate 
of permeation. As might be predicted, the longer the ester remained in the skin the 
greater the extent of metabolic conversion. Choi et al.  78   found that proteolytic 
enzyme activities as measured by permeation studies with hairless mouse skin was 
different to that observed with skin homogenates. 

 An important complication introduced by metabolism of a substance is dose 
dependency. While this can be addressed with suitable modeling, as discussed later, 
nonlinear processes are always more diffi cult to extrapolate than linear systems.  

Site of Metabolism 

 The relevance of a particular  in vitro  method will be infl uenced by the site of 
enzymic conversion. Skin obtained from cadavers and from plastic surgery is rou-
tinely treated with antiseptics and is likely to be devoid of the normal microfl ora. 
The ability of microorganisms on the skin to metabolize drugs has been demon-
strated.79,80   On the basis of a model that was elaborated to probe the possible effect 
of metabolism by skin microfl ora on topical bioavailability, Denyer et al.  81   concluded 
that such metabolism could have a signifi cant effect, particularly for thin fi lm 
application.
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 The results obtained with full - thickness skin, dermatomed skin, or epidermal 
membrane may be impacted by the location of the enzymes. Most metabolic activity 
has been assigned to the epidermis. Lui et al.,  82   on the basis of analysis of data from 
diffusion and metabolism of  β  - estradiol in hairless mouse skin, suggest that the 
enzyme responsible for the metabolism is likely to be uniformly distributed in the 
epidermis rather than being spread through both the epidermis and the dermis or 
specifi cally located in the basal cell layer of the epidermis. This fi nding is consistent 
with a study where the aminopeptidase activity in human skin was visualized using 
confocal laser scanning microscopy and was found to be spread throughout the 
viable epidermis.  78   Enzyme activity was much lower in both the dermis and the 
SC. Although, for a number of compounds, most activity resides in the hair follicles 
and the sebaceous glands,  83,84   in some cases activity has been observed in sole 
of foot, which is devoid of appendages.  85   Lod é n  86   showed that the degree of meta-
bolism of diisopropyl fl uorophospate during permeation of human skin  in vitro
was much higher when full - thickness skin was used in comparison to epidermal 
membranes.

 One of the diffi culties in quantitatively assessing the contribution of metabolism 
in in vitro  permeation studies is the potential for enzymes to leach into the receptor 
fl uid and metabolism may continue after permeation. This phenomenon has been 
observed in a number of studies.  76,84

Factors Affecting Enzymic Activity 

•      Species differences: Reviewed elsewhere.  65

•      Exposure to inducing agents prior to obtaining skin samples.  87

•      Source of skin  

•      cadaver versus fresh  
•      site  61,88,89

•      age    

•      Skin preparation: When mouse skin was treated at 54 ° C to facilitate isolation 
of the epidermis, there was signifi cant loss of aryl hydrocarbon hydroxylase 
activity.  87   Wester et al.  54   showed that heat separation of the epidermis of 
human cadaver skin at 60 ° C for 1 minute reduced enzymic activity.  

•      Storage: Freezing and storage frozen at  * 20 ° C for 6 weeks was shown not to 
affect esterase activity in rat skin,  90   but on the other hand, Wester et al.  54   found 
that freezing of human cadaver skin dramatically reduced viability. Higo 
et al.  69   found that while storage of hairless mouse skin at 4 ° C did not alter 
barrier function, the metabolism of nitroglycerin was decreased fi vefold. 
Wester et al.  54   measured the viability of human cadaver skin stored refriger-
ated and concluded that viability was maintained for 18 hours, but decreased 
threefold by day 2. The level of viability was maintained for 8 days and then 
decreased a further 50% by day 13. Another factor that is an important con-
sideration with excised skin is the presence of necessary cofactors. Hsia 
et al.  85   found that cadaver skin lost the ability to metabolize hydrocortisone 
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several hours after death. This activity could be restored by including a gen-
erating system for cofactors.  

•      Receptor fl uid: The choice of receptor fl uid to not only maintain sink condi-
tions but also to maintain skin viability and enzyme activity is obviously 
important. The effect of receptor solution composition on skin viability in 
fl ow - through diffusion cells has been studied.  10   The use of Eagle ’ s MEM, 
HHBSS, or DMPBS supported skin viability more than phosphate - buffered 
saline. Storm et al.  91   showed that the use of MEM as a receptor fl uid increased 
the metabolism of nitroglycerin by rat skin in vitro  compared to phosphate -
 buffered saline. The possible effect of additives in the receptor fl uid necessary 
to increase solubility of the penetrant or prevent microbial growth needs to 
be recognized.     

Modeling

 Numerous models have been developed in an attempt to describe the kinetics of 
permeation across skin in vitro  and that allow for simultaneous diffusion and metab-
olism. The extent of metabolism within the skin during absorption will be deter-
mined not only by the metabolic activity but also the residence time within the skin. 
Fox et al.  92   have developed a model using a computational approach that is particu-
larly suited to steady - state data for simultaneous diffusion and metabolism in bio-
logical membranes. Hadgraft  93   developed a mathematical model to show the effect 
of metabolism within the epidermis and the relative effects of enzyme location 
within in a particular part of the epidermis. 

 A method for analysis of  in vitro  permeation data involving simultaneous dif-
fusion and metabolism has been proposed and evaluated by following penetration 
and metabolism of ethyl nicotinate through hairless rat skin in vitro . The maximum 
metabolic rate, V max , and the Michaelis constant, k m , were determined using tissue 
homogenates.94

 A model to describe diffusion and concurrent metabolism through stripped 
human skin in vitro  was elaborated by Boderke et al.,  95   who validated the model by 
measuring the permeation and concurrent metabolism of a peptidomimetic com-
pound. The degree of metabolism was decided by the residence time in the tissue 
and their analysis showed that the impact of tissue thickness was greater than the 
diffusion rate of the compound. 

 The diffusion of estradiol esters and their metabolism to estradiol in hairless 
mouse skin has been modeled.  88   The model obtained fi tted the experimental data at 
earlier time points but there was a deviation at later time points that was attributed 
to decreased metabolic activity in the skin as it aged.    

CONCLUDING REMARKS 

 While the important elements of  in vitro  skin permeation methodology have been 
outlined in the OECD guidelines,  1,2   it is clear that the details of the method adopted 
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in specifi c instances need to be tailored to the circumstance. The purpose of perform-
ing the in vitro  study must be taken into account. For example, when evaluating 
potential toxicity of a particular chemical that is present in a product, testing should 
be performed with the product itself, with application methods approximating the 
likely in use conditions. On the other hand, when using in vitro  permeation studies 
to determine intrinsic diffusion characteristics it is important to ensure that potential 
interfering factors such as the presence of excipients are avoided. 

 In many instances the ultimate purpose of conducting  in vitro  permeation studies 
is to predict in use or real practical behavior. It is likely that different  in vitro  methods 
will better predict this behavior for different chemicals or even different presenta-
tions of these chemicals. Thus, where possible the design of  in vitro  permeation 
studies should be guided by correlations with measurement of actual performance 
or toxicity in the real situation. As these data become available it should be possible 
to tailor individual studies for particular purposes.  
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