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Abstract 

The influence of temperature on the resistive and capacitative properties of human stratum 
corneum in vitro was studied to determine where within substructures of stratum corneum, 
the clcctrical resistance R and capacitance C components reside. HeatingPcooling cycles were 
designed in accordance with earlier calorimetric and spectroscopic studies of thermal 
transitions of human stratum corneum lipids and/or proteins. Two different protocols were 
used. (A) Heat treatment and electrical analysis were carried out simultaneously in pH 7.4 
phosphate butrered saline, starting with prehydrated stratum corneum (70% w/w) of pH 7.4. 
(B) Heat treatment was performed before electrical analysis, using dried stratum corneum 
( < 10% w/w), followed by prehydration and measurement of the electrical properties in 
phosphate buffered saline at 2O‘C. Square-wave alternating current pulses of I3 /LA cm-’ 
were applied every 60 s. Analysis of the resulting voltage waveform across stratum corneum 
yielded an equivalent electrical model of stratum corncum composed of a series connection 
of two RC circuits (R, 11 C, and Rz 11 C,). Below 60 C a constant activation energy of 5.4 + 0.7 
kcal mol ’ was measured, which was close to the activation energy of K+ diffusion in a fluid 
aqueous medium. The total resistance of stratum corneum was less than 100 kR cm*, which 
is very low compared to the resistance of black lipid membranes ( I ~ IO MR cm’). Both 
the low activation energy and resistance of human stratum corneum suggest the presence 
of highly conductive pathways through the membrane. Between 60 and 75’C an abrupt 
decline of the resistances R, and R, and a rapid rise of the capacitances C, and C, was 
observed. This temperature interval corresponded to the temperature interval of the second 
thermal transition observed in human stratum corneum, which is a lipid phase transition. 
Beyond 75 C, the resistances were fairly constant, while the capacitances continued to 
increase. The changes in the resistances and capacitances brought about by heating to 75 and 
95’ C were completely irreversible. This is in agreement with X-ray diffraction studies, which 
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have shown that the originally predominant lamellar structure with a repeat distance of 6.4 
nm does not reappear after recrystallization from 75 and 9O’C. The final resistances after 
heating desiccated stratum corneum ( < 10% w/w hydration) to temperatures of 75 and 95 C 
and subsequent cooling were less different from the original values than those of hydrated 
samples, suggesting that the impact of heating depends on the level of stratum corneum 
hydration. After chloroformPmethanol lipid extraction, stratum corneum was characterized 
by a single RC circuit. The resistance of extracted stratum corneum was less than 1% of the 
original pre-extraction value, which indicates that the resistance of stratum corneum is 
mainly determined by the intercellular lipids. 

Taken together, the correlation between the temperature dependence of the resistances and 
capacitances between 20 and 75’C suggests that the electrical barrier and the charge storage 
capacity of stratum corneum are determined by the same substructures. Most probably these 
structures are the intercellular lipid lamellae. because the changes of the electrical proper-tics 
mainly take place within the interval 60 to 75°C which corresponds to the phase transition 
of free intercellular lipids, and also because these changes are irreversible. This conclusion is 
also confirmed by chloroformPmethanol extraction. However, the continued increases of the 
capacitances between 75 and 95’C, indicates that the charge storage capacity of stratum 
corneum also depends on lipids attached to protein. The low resistance and activation energy 
at temperatures between 20 and 60’C indicate that stratum corneum possesses highly 
conductive pathways. 

Kr~,rrord.s: Capacitance; Human skin barrier; Resistance; Skin; TA 

1. Introduction 

The relationship between the structure of the skin barrier and its electrical 
properties is an important field of interest in the development of so called 
transdermal iontophoretic drug delivery systems, which apply an electrical field 
across the skin to enhance the transdermal flux of especially charged compounds, 
for instance peptide or protein drugs [ 1,2]. Several aspects of iontophoretic trans- 
dermal drug delivery, such as skin permeability increase, drug accumulation, 
fluxPvoltage dependence, possible side-effects of the system, may be related to 
electrical properties of the skin. 

The electrical resistance of conductance of the skin is a measure of its barrier for 
ionic transport, while the capacitance of the skin is a measure of its charge storage 
capacity. These properties have been shown to reside mainly in the stratum 
corneum, which consists of the most superficial cornfield cell layers of the epidermis 
[3,4]. The electrical properties of the stratum corneum have been modeled as a 
circuit composed of at least two electrical resistanceecapacitance (RC) circuits 
connected in series [5,6]. 

Electron microscopic and histological studies have revealed many details about 
the complex structure of stratum corneum. This tissue consists of 20-30 layers of 
flattened epidermal cells, which contain densely packed bundles of keratin filaments 
embedded in a keratohyalin matrix [7]. Each such cell is surrounded by a so called 
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corneocyte envelope, which consists of protein (involucrin) on the outside of 
which there is a layer of cu-hydroxyceramides, most probably linked to it by ester 
bonds [S]. In the remaining space between corneocytes we find multiple sheets of 
lipids, composed mainly of ceramides, cholesterol, fatty acids and triglycerides [9]. 
The intercellular lipid lamellae are arranged according to the so called Landmann 
unit [ lo], composed of two (broad) bilayers and one (narrow) monolayer accord- 
ing to the sequence broaddnarrow-broad. Junctions between opposing cor- 
neocytes are formed by protein aggregates, called desmosomes. The corneocytes 
gradually dehydrate and the intercellular cohesion disintegrates as corneocytes 
migrate to the skin surface, resulting ultimately in desquamation of superficial 
cells [ 111. 

Although the structure of stratum corneum is basically known, the connection 
between its structural and its electrical components (R, IlC, and R211C,) is still 
unclear. In an effort to understand this relationship an approach based on differen- 
tial thermal analysis was followed. Between 20 and 120°C four thermal transitions 
take place within human stratum corneum, namely at 40, 70, 85 and 107°C [ 121. 
These thermal transitions have been studied closely by X-ray diffraction and 
Fourier transform infrared spectroscopy and could be attributed to phase transi- 
tions of either free lipids, protein-bound lipids or proteins [ 133151. In the present 
study, the electrical resistances and capacitances of stratum corneum were measured 
while stratum corneum was heated to one of four selected maximum temperatures 
and subsequently cooled. The maximum temperature of each heatinggcooling cycle 
was chosen between two sequential thermal transitions, which allowed possible 
effects to be related to a particular phase transition. 

2. Experimental section 

2.1. Isolution f3f stratum corneum 

The present study was performed with human abdominal skin obtained from a 
single donor. It was used within 24 h after cosmetic surgery. The subcutaneous fat 
was removed and the stratum corneum surface cleaned with a moist tissue. Skin 
was dermatomed at a thickness of about 300 pm and spread, dermal side down, on 
a Whatman paper soaked in a 0.2% trypsin (type III; from bovine pancreas; Sigma 
Chemicals, The Netherlands) solution in 0.15 M phosphate buffered saline (PBS) of 
pH 7.4. The skin was incubated overnight with the enzyme solution at 4°C and then 
for 1 h at 37’C. After the enzyme treatment the stratum corneum layer was only 
loosely connected to the underlying epidermis cells and was carefully separated 
using a pair of tweezers. Remaining trypsin activity was blocked by submerging the 
stratum corneum in a 0.2% solution of trypsin inhibitor (type II-S from soybean: 
Sigma Chemicals, The Netherlands). The stratum corneum was washed twice in 
twice-distilled water and subsequently dried and stored in a desiccator over silica 
gel. The desiccator was filled with nitrogen gas to inhibit oxidation of lipids and 
proteins. 
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2.2. Chloroform -methanol extraction 

Lipid extraction was performed by bathing stratum corneum overnight in a 2: 1 
(v/v) mixture of chloroform and methanol at 4’C in a shaker bath. The stratum 
corneum was removed from the chloroform-methanol mixture, prehydrated and 
mounted in the transport cells for measurement of the electrical properties. Directly 
after lipid extraction stratum corneum was prepared for electron microscopy. 

2.3. Electron microscopic visualisation of lipid-extracted stratum corneum 

The stratum corneum samples were cut in small pieces (1 x 3 mm’) and fixed for 
2 h in 2% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 and 4°C. After 
rinsing twice for 30 min with cacodylate buffer, the tissue was post-fixed for 1 h in 
2% osmium tetroxide in Verona1 buffer at pH 7.4 and 4’C. Then the tissue was 
washed twice for 30 min in Verona1 buffer. Removal of water from the fixed tissue 
was performed by transferring the tissue through a graded series of ethanol-water 
solutions, from 30 to 100% ethanol. A 15-30 min equilibration was allowed in each 
solution. Subsequently, the tissue was impregnated with propylene oxide at room 
temperature, then infiltrated with a solution of 50% propylene oxide in Epon 812 
for 2 h and finally with pure Epon 812 for 16 h. The stratum corneum samples were 
orientated flatly and horizontally in the supporting material. The epoxy resin Epon 
was allowed to polymerize and harden at a temperature of 35-C for 16 h, then 
heated to 6O’C for 48 h. From the tissue blocks ultra-thin 80 nm sections were cut 
using a microtome and these were examined under a Philips 410 transmission 
electron microscope. 

2.4. Strutum corneum hydration 

To hydrate stratum corneum, it was punched into disks of 16 mm diameter, 
which were then placed on a plastic grid above 0.15 M PBS for 48 h at 4 C. Then 
the disks were submerged in 0.15 M PBS and allowed to equilibrate to the buffer 
for 2 h. The weight of stratum corneum was measured before and after hydration 
and the difference between wet weight g, and dry weight g, calculated for each 
stratum corneum sample. The hydration level was expressed as the difference 
between wet and dry weight, divided by the wet weight: (g, - g,)/g,. After 
hydration the hydration level was 0.72 f 0.05 g/g. The hydrated stratum corneum 
samples were mounted in two-compartment transport cells, which were filled with 
0.15 M PBS at pH 7.4. 

2.5. Transport cell 

The perspex transport cells consisted of two compartments. between which a 
piece of hydrated stratum corneum was clamped, leaving a 0.79 cm2 surface area for 
transport (Fig. 1). Both compartments were filled with the same 0.15 M PBS at pH 
7.4 and connected to a circulating system for two purposes: (a) to provide a means 
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Fig. I. Experimental setup for temperature and electrical current treatment of human stratum corncum 
in vitro. The stratum corneum is mounted betwccn the two compartments of the transport cell A, each 
compartment of which contain5 a current delivery Ag/AgCl plate electrode and a voltage measuring 
Ag/AgCl bar electrode: the voltage measuring electrodes are placed 1 mm from the skin surface and the 
electrodes are connected to a computer controlled current source and voltage sample device. R is the 
circulating system. C is the programmable waterbath and D is the Ni/CrNi thermocouple. 

for external stirring of the buffer and hence avoid stagnant layers, and (b) to 
control the skin temperature. 

Twice-distilled water was used for the preparation of isotonic PBS. The buffer 
was composed of 0.149 M NaCl, 2 mM KH2POj and 2 mM NaHPO,,, and adjusted 
to pH 7.4 with phosphoric acid. 

2.7. Skin temprruturr c.ontrol 

The buffer solutions were circulated between thermally controlled reservoirs and 
each of the cell compartments (Fig. 1). The reservoirs were placed in a pro- 
grammable waterbath (type SW I, Julabo Labortechnik GMBH, Seelbach, Ger- 
many). The temperature inside the transport cells, near the skin surfaces, was 
monitored by a Ni/Cr-Ni thermosensor (Shimaden Sr35-3111, Japan), placed 
0.5 mm from the skin surfaces. The heating-cooling programme of the water- 
bath was such that the rate of temperature change inside the diffusion cells was 2.5 
K mini’. 

Samples of prehydrated stratum corneum were subjected to three different 
heatinggcooling cycles during which the impedance of stratum corneum was 
measured at regular intervals: ( 1) from 20 to 45°C and back; (2) from 20 to 80°C 
and back; and (3) from 20 to 95°C and back. The maximally attainable temperature 
of stratum corneum inside the transport cells without disturbance of the electrical 
measurements by boiling of the buffer was 95’C. 
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In a second series of experiments, desiccated stratum corneum samples were 
wrapped in aluminum foil and incubated in a stove at 45, 80, 90 or 120°C for 10 
min. Then the samples were cooled to room temperature, hydrated and mounted 
into the iontophoresis cells, whereafter the resistance and capacitance values were 
measured. 

2.8. Voltuge waveform ctndysis 

Each compartment of the transport cell contained a Ag/AgCl current delivering 
plate electrode and a Ag/AgCl voltage measuring bar electrode. The current source 
was programmed to deliver a train of alternating current pulses for 1 s each minute, 
starting with a positive 10 PA amplitude (13 uA cm-’ current density) for 5 ms, 
after which the current was switched off for 5 ms, followed by a negative 10 ,uA 
amplitude ( 13 PA cme2 current density) for 5 ms and completed with a 5 ms 
current-off period. 

The voltage measuring electrodes were positioned at a distance of 2 mm from the 
tissue surface (Fig. 1). The voltage wave was sampled at regular intervals using a 10 
MHz sampling unit. The voltage data were stored in the computer and analyzed by 
means of an exponential least squares fit programme, based on the Levi-Mar- 
quardt algorithm. 

Throughout this paper, resistances and capacitances are given as the mean f S.D. 
of n 3 6 samples. 

2.9. Cdculution of uctivation energies 

The activation energy E, for the passage of ions through the skin barrier was 
calculated from the slope of an Arrhenius plot of the natural logarithm of the 
conductance In G versus the reciprocal of the absolute temperature l/T, and 
analyzing the data according to an Arrhenius relationship 

In G = A - E,IRT (1) 

in which A represents a pre-exponential factor and R is the universal gas constant. 
Activation energies are presented as the mean f S.D. of n 3 6 experiments. 

3. Results 

Control experiments in which the temperature was maintained at 20°C for 2 h, 
revealed that the resistances and capacitances remained constant (Table 1). These 
observations indicated that the small 13 ,uA cmP2 current itself did not affect the 
conductance and capacitance properties of stratum corneum. 

Now consider the temperature dependent changes observed in the resistances and 
capacitances of the stratum corneum presented in Fig. 2 and Table 2. For clarity, 
three temperature intervals will be discussed separately: a lower (20-60”(Z), a 
middle (60&75°C) and a higher (75595°C) temperature interval. 
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Table I 
Effect of time on the resistances and capacitances of human stratum corneum submerged in 0.15 M 
phosphate butfered saline at a constant temperature of 20’ C ‘I 

Time/h R,l R,l C,l 
kQ cm? kR cm’ IO-’ Farad cm-’ 

0 30.0 37.7 2.1 
i6.3 * 1.2 io.7 

2 26.9 32.5 2.5 
k2.0 ,6.1 kO.6 

a Data represent the mean + SD. of n > 6 samples. 

Czl 
IO-’ Farad cm ’ 

I .4 
10.5 

1.7 
kO.6 

Table 2 
Effect of temperature on the resistances and capacitances of human stratum corneum ’ 

t/ RI/ RZl C,/ 
C kD cm’ kR cm2 IO-’ Farad cm-’ 

20 20.5 46.0 2.4 
*5.4 f25.2 kO.8 

60 11.3 29.2 1.5 
+2.0 _ + 19.6 kO.7 

75 0.5 0.8 13.6 
+0.1 *0.7 * 10.3 

95 0.3 0.2 3.7 
+0.2 +0.1 + 1.4 

‘I Data represent the mean5S.D. of n > 6 samples. 

C2/ 
IO-’ Farad cm-’ 

I .9 
+ 1.3 

3.3 
f 1.5 

26.6 
k21.3 

104.0 
i50.8 

3.1. Lower tenIperature interval (2066O‘C) 

During an increase of temperature from 20 to 6O”C, the resistances R, and R, 
decreased gradually to 55% and 63% respectively, of their initial values. Meanwhile 
the capacitances remained fairly constant (Fig. 2(A) and (B), Table 2). The 
Arrhenius plot corresponding to the temperature interval between 20 and 60’C was 
linear. The slope of the Arrhenius plot yielded an activation energy of 5.4 i_ 0.7 kcal 
mol-’ (Fig. 3). 

3.2. Middle temperature interzjal (60- 7SC) 

When temperatures exceeded 6O’C, an abrupt fall of the resistances and a sudden 
increase of the capacitances were observed. At 75°C the total resistance had 
decreased by two orders of magnitude and came close to the resistance of the buffer 
(Fig. 2(A) and (B); Table 2). In fact, an abrupt thermal transition of both electrical 
properties took place within the middle temperature interval. 
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Fig. 2. Temperature dependence of the resistances and capacitances of human StrdtUm corneum. (A) 
Total resistance R, and resistance components R, and Rz are plotted against temperature. (B) 
Capacitance components. C, and C2, are plotted as a function of temperature. 

3.3. Higher temperature intervul (7%95’C) 

Between 7.5 and 95’C no significant decrease of the resistances was observed. The 
capacitances continued to increase from 75 to 95°C (Table 2). Beyond 75”C, the 
Arrhenius plot was found to be almost horizontal (Fig. 3). 
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Fig. 3. Arrhenius plot of the electrical conductance of human stratum corneum in vitro. The natural 
logarithm of the electrical conductance In G is plotted versus the inverse of the absolute temperature I/i? 
The data represent mean f standard deviation of n = 6 samples. The slope of the linear part of the plot 
corresponding to the temperature interval 20-60 C is 5.4 + 0.7 kcal mol ’ (R’ = 0.92). 

3.4. Reversihilit~ 

The increase of the capacitances and resistances was reversible when the maximum 
temperature was 45°C but irreversible when the maximum temperature was 75°C or 
higher. When desiccated instead of 70% hydrated stratum corneum was subjected to 
maximum temperatures of 45 or 75°C and subsequently cooled, the same resistance 
and capacitance values were measured as before heating. When desiccated stratum 
corneum was exposed to temperatures of 9.5 and 120°C and subsequently cooled, the 
final capacitance C, was significantly smaller, though the final capacitance C, was 
about 10 times higher than their original values at 20°C (Figs. 4(A), (B), 5(A), (B)). 

3.5. Chlovofom -methanol extraction 

Electron micrographs of normal stratum corneum show intercellular spaces filled 
with gray material, which represent the intercellular lipids (Fig. 6(A)). The intercel- 
lular spaces of chloroform-methanol extracted stratum corneum were completely 
transparent, indicating that the intercellular lipids were extracted from the samples 
(Fig. 6(B)). Table 3 shows the resistance and capacitance data of not-extracted, 
chloroform-methanol extracted stratum corneum samples and of pure buffer. 
Before chloroform-methanol extraction, the electrical properties of stratum 
corneum were characterized by two resistances and capacitances. After extraction 
only one resistance was measured, which was about 0.8% of the total original 
resistance and which was almost equal to the resistance of pure buffer. Besides a 
resistance, lipid-extracted stratum corneum also possessed one capacitance, with a 
value close to the original C, (Table 3). 
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Fig. 4. Ratio between final and initial values of the resistances R, and RZ. The resistance was measured 
at 2O’C. Human stratum corneum samples were heated to a maximum temperature of 45. 75. 95 or 
120°C and then cooled to 2O‘C, after which the final resistance was measured. (A) Hydrated stratum 
corneum. (B) Dried stratum corneum. The data represent the mean k SD. of six stratum corneum 
samples. 

4. Discussion 

In the experiments presented in this study, a low resistance contact between the 
voltage measuring electrodes and the stratum corneum sample was maintained by 
a 0.15 M PBS solution. The ionic content comprised 97% NaCl and 3% phosphoric 
acid, which was added to provide a constant pH of 7.4. The reason for buffering the 
medium was that the permeability of stratum corneum is influenced by the pH of 
the medium. Studies on electrical transport of endogenous ions in stratum corneum 
have shown that transport rates are determined by the pH of the surrounding 
medium [ 161. 
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Fig. 5. Ratio between final and initial values of the human stratum corneum capacitances C, and Cz. 
The initial capacitances were measured at 2O’C. Then stratum corneum samples were heated to a 
maximum temperature of 45, 80, 95 or 12O~C and then cooled to 2O’C, after which the final values of 
the capacitances were measured. (A) Hydrated stratum corneum. (B) Dried stratum corneum. The data 
represent the mean k S.D. of six stratum corneum samples. 

The transport number, defined as the fraction of the total current carried by a 
particular ion, has been calculated for Na+ and Cl- in human stratum corneum in 
vitro at pH 7.4 at 2l’C and 37°C for NaCl concentrations of 0.15 M. At both 
measured temperatures, the transpbrt numbers are 60% for Na+ and 40% for Cl-, 
respectively, indicating that the ionic current through human stratum corneum is 
carried primarily by Na+ and Cl- [ 171. Therefore, it is most likely in the present 
study that the electrical conductance or resistance and the activation energy are 
mainly determined by the electrical transport of Na’ and Cl- through human 
stratum corneum. 
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Fig. 6. Effects of methanol- chloroform extraction on the ultrastructure of stratum corneum. (A) 
Control stratum corneum sample; original magnification x IO 500. (B) Methanol- chlorofrom extracted 
stratum corneum; original magnification x IO 500. c. Corneocytes; i. intercellular space. 

Table 3 
Resistance and capacitance before and after lipid extraction ,’ 

Extracted R,l &I C,! 
kR cm’ kR cm2 IO-’ Farad cm-’ 

33.1 40.1 1.3 
i6.2 k2.3 * 0.4 

+ 0.6 I .9 
kO.1 +0.3 

Buffer only 0.07 0.013 
kO.05 * 0.004 

,’ Data represent the mean i SD. of II 2 6 samples. 

Czl 
IO-’ Farad cm-’ 

3.0 
io.4 

The mean current density during the experiments was zero, but at 1 min intervals 
the current density was + 13 /LA cm-’ for 5 ms and - 13 PA cm-’ for 5 ms. The 
resistances of stratum corneum which was kept at 20°C remained unchanged, 
indicating the momentary 13 PA cm-’ current density did not by itself induce 
changes of the electrical resistance. This result is in agreement with studies on the 
current density dependence of human skin resistance, which have shown that only 
current densities higher than 15 PA cm-’ alter ‘the resistance of human skin [ 181. 

4.1. Lower temperature interval (20&60°C) 

The resistances decreased and the capacitances increased gradually from 20 to 
60°C without showing any abrupt change around 4O’C, which suggests that the 



thermal transition at 40’C has no influence on the electrical properties of stratum 
corneum. The thermal transition at 40 ‘C has been studied by X-ray diffraction and 
has been ascribed to a lateral phase transition of the intercellular non-protein 
bound lipids, which are ordered in lamellar layers [ 151. Below 4O’C the lateral 
arrangement of these lipids within a lamellar layer is predominantly orthorhombic. 
During the first thermal transition with midpoint around 4O’C the lateral arrange- 
ment changes from orthorhombic to hexagonal. 

Between 20 and 6O’C the Arrhenius plot was straight (R’ 0.903) indicating that 
the electrical barrier for sodium and chloride transport within this temperature 
interval was characterized by a single activation energy. The linearity of the 
Arrhenius plot in the 20-60 C interval is in agreement with the reversibility of the 
stratum corneum barrier in that interval (see Section 4.4) and warrants calculation 
of an activation energy. 

The fact that stratum corneum had a relatively low electrical resistance ( k 100 kR 
cm2) compared to black lipid films ( l- 10 MR cm’) strongly suggests the presence 
of highly conductive pathways [ 191. The presence of highly conductive pathways is 
furthermore suggested by the value found for the activation energy for ionic current 
through stratum corneum. In this study an activation energy of 5.4 k 0.7 kcal mol-’ 
was calculated, which is close to the activation energy of 6.9 f 1.2 kcal mol-’ 
determined for the diffusion of K’ in a fluid aqueous environment [20]. 

4.2. Middle terqwuturr intemd (60- 75 C) 

Between 60 and 75°C the resistances decreased abruptly. The decrease of resis- 
tance was accompanied by an increase of the capacitances. The resistance decrease 
and capacitance increase mainly took place within this temperature interval. 
Around 75°C the total stratum corneum resistance came close to the resistance of 
pure phosphate buffer. Interestingly, this thermal transition of the electrical resis- 
tances and capacitances corresponds well with the second thermal transition, 
observed in differential thermal analysis studies of human stratum corneum, which 
has been attributed to lipids not attached to protein. Further investigation of this 
thermal transition by X-ray diffraction has shown that this transition is caused by 
a disordering of the intercellular lamellar lipid phase [ 13- 151. 

At 60°C an abrupt change in the slope of the Arrhenius plot was observed, 
marking the onset of changes in the barrier properties of stratum corneum. The 
calculation of an activation energy between 60 and 75’C is meaningless, because the 
stratum corneum was subject to structural changes within this temperature interval. 

4.3. Higher temperature intercal (75-9SC) 

The capacitances continued to increase from 75 to 95°C indicating that their 
magnitude also depends on protein-bound lipids, which undergo a thermal transi- 
tion at around 85°C [ 131. Beyond 75°C no significant decrease of the resistances was 
observed and the slope of the Arrhenius plot between 75 and 95°C was almost zero, 
indicating an almost complete breakdown of the electrical barrier. 
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4.4. Reversibility 

The resistances and capacitances recovered completely after stratum corneum 
was heated to 45°C and subsequently cooled. However, the thermal transitions 
of the resistances and capacitances no longer returned to their original values 
after stratum corneum was allowed to cool from temperatures of 75°C and 
95°C. Apparently, the thermal transitions of the resistances and capacitances 
between 70 and 85°C are irreversible. This also corresponds to observations made 
by X-ray diffraction, which have shown that upon cooling from temperatures of 
75 and 90°C the originally predominant repeat distance of 6.4 nm did not 
reappear, but the lipids preferentially recrystallized in one lamellar structure with a 
repeat distance of 13.4 nm [ 131, which was only present in small amounts before 
heating. 

Effects of heating on the conductance and the capacitances appeared to be less 
reversible or more profound at 70% stratum corneum hydration than at lO%, 
suggesting that the degree of hydration determines the impact of heating on the 
structure of stratum corneum. Also in X-ray diffraction studies an influence of 
hydration on the bilayer structure has been observed; the X-ray scattering curves of 
stratum corneum samples hydrated to 40% or higher showed a reflection at 13.4 nm 
repeat distance, which was less intense than at lower hydration levels, indicating a 
decrease in longitudinal lipid lamellar order with increasing hydration [ 131. 

4.5. Chloroform -methanol extrctction 

The electron micrographs of chloroform-extracted stratum corneum, which were 
prepared using conventional osmium tetroxide fixation procedures, show that the 
intercellular lipids are no longer present. Lipid analysis and electron microscopic 
studies using ruthenium fixation have shown that the free intercellular lipids, but 
not the protein-bound lipids are removed by chloroform-methanol extraction 
[21-231. The enormous increase in the conductance of stratum corneum caused by 
the extraction can therefore be attributed to the removal of the intercellular lipid 
lamellar phase, indicating also that these lipids mainly determine the magnitude of 
the electrical barrier. The single capacitance left after lipid extraction suggests that 
one of the original capacitances has been removed by the extraction procedure and 
therefore mainly depends on free intercellular lipids, while the other capacitance, 
which is left after lipid extraction, largely depends on protein-bound lipids. 

5. Conclusions 

The temperature dependence of the capacitances and conductances have much in 
common, ( 1) a gradual reversible increase at low temperatures, and (2) a rapid 
increase between 60 and 75°C. This indicates that the capacitances and conduc- 
tances of stratum corneum are mutually related and probably determined by the 
same substructures of stratum corneum. 
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The main electrical barrier and the charge storage capacity both appear to reside 
within the intercellular lipid lamellae. This conclusion is supported by three 
observations made in this study: 

(1) A sudden decrease of the resistances and increase of the capacitances occurs 
within the temperature interval corresponding to the phase transition of the 
intercellular lipids. 

(2) The thermal transitions of the electrical resistances and capacitances ob- 
served between 60 and 75°C are completely irreversible. 

(3) Chloroform-methanol extraction of the intercellular lipids completely anni- 
hilates the stratum corneum electrical resistance and leaves only one capacitance. 

The increase of both the capacitances is continued between 75 and 95°C showing 
that their values also depend on protein-bound lipids. A connection between 
protein-bound lipids and at least one of the capacitances of stratum corneum was 
confirmed by the effect of chloroform extraction on the charge storage properties of 
stratum corneum. 

The low resistance compared to black lipid films and the low activation energy in 
the low temperature range, which is close to the activation of ion diffusion in an 
aqueous medium indicate the presence of highly conductive pathways. 

Appendix 

Electrically, stratum corneum behaves as a low-pass filter; the voltage resulting 
from an applied pulsed current I follows an exponential rise and decay. A 
previously reported study showed that a bi-exponential equation gave a more 
adequate fit of the voltage time course than a single exponential fit, suggesting that 
the equivalent electrical circuit of stratum corneum consisted of at least two parallel 
resistance-capacitance elements ordered in series [3]. The voltage decay V(t) can be 
mathematically expressed by Eq. (Al), in which T, and TV are the two time 
constants determining the decay rate and V,_ is a residual voltage (Eq. (A2)). The 
capacitance (C, and C,) and resistance components (I?, and R,) are calculated 
according to Eqs. (A3) and (A4) respectively. 

V(t) = V,em’171 + V2ee’lr2 + V, (Al) 

V, = lim V(t) (A2) 1-1 

(A3) 
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