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Summary 

An apparatus was developed for investigating water absorption and desorption patterns in stratum comeum in vitro. To validate 
this technique, absorption and desorption of water vapour by human abdominal stratum comeum was studied using relative humidity 
changes of O-91% and 91-O%. These changes were attained by suspending the test samples in a chamber above a drying agent 
(Drierite) or a saturated salt solution (stationary system), or air was passed in different proportions through either water or Drier&e 
and then recombined before contacting the stratum comeum (flow system). These two methods produced different absorption and 
desorption patterns and the stratum comeum samples attained 2-3-fold higher water content levels if the stationary system was used. 
Changes in the rate of air flow during absorption affected the results obtained, an effect not observed during desorption. Initial 
diffusion coefficients and rate constants for absorption and desorption were calculated. The apparatus should prove useful in 
fundamental studies of the hydration of the stratum comeum and in applied investigations such as treatment of the comeum with 
non-volatile agents, for example, moisturizers and penetration enhancers. 

Introduction 

Water exerts a major role in skin health and 
maintains the skin’s soft and flexible mechanical 
properties. In pathological conditions such as 
psoriasis, ichthyosis and eczema there is an im- 
paired barrier function which leads to dry skin 
(Grice et al., 1973; de Jongh, 1981). The permea- 
bility of the skin and hence the rate of drug 
penetration depends upon the water content of the 
stratum corneum (Barry, 1983). This in turn is 
also affected by environmental conditions such as 
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humidity of the atmosphere, the temperature (Al- 
lenby et al., 1969), or applied cosmetic or phar- 
maceutical products (Aubert et al., 1985). 

A wide variety of in vitro and in vivo physical 
procedures is available for investigating phenom- 
ena associated with the hydration of the stratum 
comeum (e.g. Leveque, 1983; Nilsson, 1977; Quat- 
trone and Laden, 1976). The principle in vitro 
measurements are achieved by gravimetric or 
force-elongation studies (Wildnauer, 1971). Other 
methods of a more fundamental nature are de- 
signed to study the states of binding and mobility 
of water molecules, for example, infrared absorp- 
tion at ambient or low temperatures (Gloor et al., 
1980) and differenti~ scanning calorimetry (Walk- 
ley, 1972). The authors of this present paper chose 
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to compare and modify a direct method of assess- 
ing moisture uptake (gravimetric) reported by 
Scheuplein and Morgan (1967) and Anderson et 
al. (1973) and used their methods of data analysis. 

The apparatus was designed so that as many 
variables as possible could be monitored and con- 
trolled including a permanent record of skin weight 
changes during absorption and desorption, air 

flow, air pressure, humidity and temperature con- 
trol. The facility of a permanent computer print- 
out of skin weight changes and the controlled 
conditions enabled experiments to be performed 
overnight without the attendance of an investiga- 
tor. 

It was felt that the flow system in which moist 

(or dry) air was passed across the stratum corneum 
samples at a controlled flow rate was akin to the 
in vivo situation in which the skin of the face and 
hands, for example, was in contact with the open 
air. The stationary system mimicked the situation 
of a skin area under a few clothes layers, surgical 
dressings or topical preparations and little air 
movement. In vivo, at the lowest cell layers the 
stratum comeum is in equilibrium with aqueous 

viable tissue and may be considered to be fully 
hydrated. The outermost layers are in contact with 

environmental relative humidity and thus a water 
concentration gradient exists across the skin. We 
are mainly interested in changing the hydrating 

ability of the surface layers of the stratum 
corneum. Thus we arrange our in vitro experimen- 
tal conditions with two main aims: to use the 
full-thickness stratum corneum as a model of the 
in vivo surface layers and to expose this tissue 
only to the level of water activity which the skin 
surface would meet under normal non-tropical 

conditions, e.g. up to 91% relative humidity. 

Materials and Methods 

Apparatus 
The 1 g head standard weighing compartment 

(C.I. Electronics, U.K. Mark 2B) (Fig. 1) consisted 
of two Pyrex glass chambers, on the left-hand side 
of which strips of dried human abdominal stratum 
comeum were suspended on an aluminium sus- 
pension rod. To overcome problems caused by 
static attraction between the rod and the glass wall 
of the sample tube, a glass-to-metal seal was made 
between the inner and outer walls of the flask. The 
inside of each flask was then coated with gold in a 
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Fig. 1. Apparatus for water vapour absorption and desorption studies in stratum corneum in vitro. The dotted line indicates the 
equipment housed in the controlled temperature cabinet at 32 f 0.2OC. 



vacuum evaporation unit. Any static build-up was 
effectively prevented by connecting the glass-to- 
metal seals to a suitable earth. As a further pre- 
caution, the outside of the flasks and weighing 
compartment was sprayed with an antistatic spray 
(Baird and Tatloch, U.K.). The balance movement 
was also returned to the manufacturer for a 
P.T.F.E. coating to protect against possible corro- 
sion. 

The microbalance was connected via a multi- 
way cable to the Robal microprocessor control 
unit. This displayed the weight of the skin in 
milligrams to three decimal places. The Robal unit 
was also linked to a multipen recorder (Rikadenki 
Kogyo, Japan; R-50 series Model 83, range set at 

2 mg) which produced a constant trace of the skin 
weight. Prior to each experiment with a new piece 
of skin, the microbalance was calibrated according 
to the manufacturer’s instructions. Parts of the 
apparatus as shown in Fig. 1 within the dotted 
line were housed in a temperature-controlled 

cabinet at 32 f 0.2”C and the entire apparatus 
was located in a constant temperature room (22 f 
1°C). 

IF_ Vacuum lhne 
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The cabinet was constructed of laminated chip- 
board lined with 1 inch thick expanded poly- 
styrene and the windows were of double-glazed 

Perspex. Air was circulated and the cabinet heated 
by blowing air from an axial flow fan (Radio- 

spares, U.K.) over an infrared heating lamp 
(Osram, U.K.; 275 W) which was operated by a 
proportional controller using a thermistor as a 

temperature detector. If during an experimental 
run the heating lamp failed, a second fan and 

lamp mounted below the first one would auto- 
matically switch on after an interval of 1 min. The 
interior temperature of the cabinet was measured 

by a thermocouple and displayed on a Digitron 
temperature display unit (Type 2751-K). 

Compressed air from a cylinder at a pressure of 
10 lb./inch2 was passed through a miniature pres- 
sure regulator (Platton, U.K., Type MPRA) set at 
7 lb./inch2 and a Flowstat flow meter (Platton, 
U.K., Type FM/NAL) to compensate for any 
changes in air flow and pressure. Prior to entering 
the system the air flow was divided by a simple 
T-piece and part of it passed through into a desic- 
cator tube containing Drierite (B.D.H., U.K.), 

Fig. 2. Three stages in the arrangement of the taps within the flow system apparatus. Stage 1 was used during an actual absorption or 

desorption experimental run. Stage 2 was employed 1 h prior to an experimental run to isolate the microbalance chamber and set the 

rest of the apparatus at the required relative humidity. Stage 3 was used during the initiation of an experimental run. F.M. is the flow 

meter. (For a more detailed explanation see Materials and Method section.) 



250 

flowed out through a needle valve into a copper 
heat exchanger and then entered the mixing cham- 
ber. The remainder of the air passed into another 
copper heat exchanger before entering a water- 
containing Dreschell bottle with a constant level 
device. By bubbling through a sintered glass 
diffuser in the water, the air moisture level in- 

creased and the air then flowed out into the 
mixing chamber to combine with the dry air. By 
adjusting the needle valve installed in the “dry” 
line, a range of relative humidities could be at- 
tained. 

The mixed air then passed through humidity 
sensor 1 (Shaw, M.M., Bradford, U.K.), and then 
through a flow meter marked on a height scale 
from 0 to 15 mm corresponding to a flow rate of 0 
to 85 ml. min-‘, and which was set at 15 mm for 

all routine experiments using tap 5. The air then 
flowed through taps 1 and 2, through humidity 
sensor 2 and tap 3 and into the microbalance 
chamber containing the skin samples and out to 
air via tap 4. By closing taps 3 and 4, the skin 
could be maintained at a required relative humid- 
ity whilst that in the rest of the apparatus could be 
changed (Fig. 2). Hence by arranging the taps as 
shown in Stage 2 of Fig. 2, the air in the apparatus 

and reservoirs was set to the required moisture 
level (for example, 91% relative humidity), while 
the skin remained at 0% R.H. Stage 3 of Fig. 3 
depicts the tap positions for the initiation of an 
experimental run. Tap 1 was adjusted to isolate 
the flow meter and tap 5 (Fig. 1) opened to vent to 
atmosphere and a vacuum line attached to the 
system at tap 3. Tap 3 was then turned to evacuate 
the balance head. After one minute tap 3 was 
slowly turned to isolate the vacuum and to allow 
air from the reservoirs to flow into the balance 
head. Tap 5 was then closed and tap 1 was turned 
to bring the flow meter back into line and allow 
air to flow through the system and take the pres- 
sure in the microbalance head to atmospheric. 
When this had occurred (the float in the flow 
meter began to drop), tap 4 was opened to allow 
flow through the system. The flow rate was then 
adjusted to 85 ml. min-’ using tap 5 and the 
experimental run was initiated (Stage 1, Fig. 2). 

Prior to each experiment humidity sensor 2 was 
calibrated against a salt solution (saturated potas- 

Micro-force balance 

stratum comeurn 
sample ;; 1 

Std. potassium 
nitrate SOlUtlOn -- 

orDrierite 

Fig. 3. Modification of the apparatus of microbalance chamber 

for the stationary or static experiments. 

sium nitrate for a relative humidity of 91%) and 

the value recorded by humidity sensor 1 was noted. 
Both of these sensors were connected to a digital 
display moisture meter (Shaw, M.M., Bradford, 
U.K.), which was also linked to the multipen 
recorder (Fig. 4). The two humidity sensors were 
used in order to ensure even humidity distribution 
within the apparatus. The humidity sensors were 
expensive and may have been permanently 

damaged if a sudden drop in temperature was to 
occur causing water to condense within them. To 
prevent this, a solenoid valve was incorporated 
into the system in order to flow the sensors with 
dry air directly from the air cylinder. This solenoid 
valve (Erots Pneumatics, U.K.), operated if either 
the back-up infrared heater or the mains power 
failed. Taps 1 and 2 were made from P.T.F.E. tee 
bore, three-way pattern (G. Springham & Co.), tap 
3 was an all glass tee bore, vacuum tap (G. 
Springham & Co.), tap 4 was a 2 mm bore P.T.F.E. 
“0” type (Quickfit, U.K.), and tap 5 was a 
P.T.F.E. 2 mm, straight bore pattern (G. Spring- 
ham & Co.). 

The Robal microprocessor unit was connected 
to a Commodore Pet Series 2001 computer and 
printer which gave a print-out of the weight of the 
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Fig, 4. Btoclc diagram depicting apparatus arrangement for water absorption and desorption experiments, including associated 
computer and recording equipment, 

skin sample, accumulated weight difference, accu- 
mulated percentage difference, number of the 
reading and the time interval between readings 
(Fig. 4). This program was written in such a way 
as to allow its user to select the time interval 
between the initial readings, number of initial 
readings, change in weight to initiate a change in 
time interval and an option to change any of these 
values, The apparatus so far described is termed 
the flow or dynamic system. 

Changes in the air flow rate were investigated 
with respect to the final equil~b~~m moisture up- 
take or loss attained by the skin samples. Three 
pieces of stratum corneum were stabilized for 24 h 
at a relative humidity of 91% at a flow rate of 85 
ml - mm-‘. Then this flow rate was decreased to 5 
mlamin-’ and the weight of the water vapour 
absorbed was recorded at equilibrium. The flow 
rate was then increased and decreased in incre- 
ments (5, II, 17, 26, 50, 85 and SO, 26, 17, 11, 5 
ml - min-‘) and at each stage the skin water up- 
take or loss was allowed to reach eq~l~b~um f2-3 
h) before the weight of water absorbed or de- 

sorbed was recorded. 
The left-hand side chamber of the weighing 

compartment could be replaced by a Pyrex glass 
attachment and a container (Fig. 3) holding either 
a saturated solution of potassium nitrate (B.D.H., 
U.K.) to yield 91% or Drierite (referred to as “0%’ 
R.H.). By closing tap 3, the air in the weighing 
compartment was at the required moisture level 
and an experimental run could be initiated. This 
modified apparatus was termed the stationary sys- 
tem. 

At the beginning of each experiment with either 
the flow (F) or the stationary (S) systems, the 
stratum corneum samples were allowed to equi- 
librate at 0% relative humidity (R.H.) for at least 
24 h. Then a O-91% R.H. absorption run was 
begun and terminated after 24 h. This period was 
chosen since by this time the flow system had 
reached equilibrium; however, the stationary sys- 
tem skin moisture content was stilt increasing. 
Anderson et al. (1973) reported that this moisture 
content from a stationary sysrem would rise stead- 
ily for a total of about 14 days. Zt was felt that this 
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would entail unnecessarily long experimental 
times; therefore the 24 h maximum experimental 
time was chosen. At this point the desorption run 
91-O% R.H. was started and again the apparatus 
was left to record for the next 24 h. The computer 
was programmed to record the skin weight param- 
eters every minute for the first 40 min and longer 
if the sample weight change was greater than 0.01 
mg and if less, the computer would record every 
10 min. 

Pr~para(i~n of straf~m corneum samples 
Stratum corneum membranes were prepared by 

the heat separation method of Kligman and 
Christophers (1963). Frozen ( - 20°C) human 
cadaver skin obtained post-mortem was thawed 
for 15-30 min and then most of the subcutaneous 
fat was scraped off using a razor blade. The skin 
specimens were placed in water at 6O*C for 45 s, 
blotted dry and then the stratum corneum was 
gently peeled off. This was placed epidermal side 
down in a Petri dish containing 0.0001% w/v 
trypsin (Bovine Pancreas Type III. Sigma Co., 
U.S.A.) and 0.5% w/v sodium bicarbonate 
(B.D.H., U.K.) in distiiled water, and incubated at 
37°C overnight. Any excess epidermis still adher- 
ing to the stratum corneum samples was gently 
removed using forceps. Then the samples were 
placed on a thin wire mesh sprayed with P.T.F.E. 
and blotted with moistened cotton wool. They 
were cut into suitable pieces and laid on a wire 
mesh in a dessicator. 

Data treatment 

The absorption process involves the entrance 
and dissolution of water molecules at the stratum 
corneum interface and then their subsequent dif- 
fusion into the deeper regions of the stratum 
corneum. The interfacial process is relatively fast 
and the diffusion through the stratum corneum 
controls the rate at which the water molecules 
accumulate within the tissue. The value of a diffu- 
sion coefficient gives information about how fast 
water molecules, for example, are diffusing through 
the stratum corneum sample with time. Net diffu- 
sion or flux is measured as the amount passing at 

right angles to a point or barrier with time. The 
flux (J) is defined by Fick’s first law of diffusion 
(Fick, 18.55): 

where D is the diffusion coefficient for a sub- 
stance in a medium, at a particular temperature 
and pressure, with units of length’. time-‘. To 
simplify equations, D is taken as a constant under 
the assumption that the sofute molecules have no 
influence on each other’s movement, otherwise 
absolute concentrations would appear in Fick’s 
law as well as the concentration gradient. dc/dx is 
the change in concentration c of the diffusing 
substance across a distance x. The negative sign 
occurs since the diffusion is taking place in the 
opposite direction to the concentration gradient. 
An alternative formulation is: 

jg =Dd2c 
dt dx2 

(2) 

This is termed Fick’s second law of diffusion and 
shows that the rate of diffusion is dependent on 
the rate of change of the penetrant concentration 
gradient across a barrier (stratym corneum in this 
case). In general, D should increase as the water 
molecules enter the membrane and increase its 
water content and hence reduce membrane resist- 
ance. We arranged experimental conditions, and 
approximated equations in such a way that D 
values were assumed constant (see below). D can 
be determined experimentalIy from the rate of 
water vapour absorption and desorption by the 
stratum corneum. Taking the distance across the 
stratum corneum membrane in terms of x and 
letting x at the barrier surface be ?/ and when 
the concentration at each of these surfaces re- 
mains constant and equal to one another, with the 
initial membrane concentration equal to zero then 
Fick’s second law may be solved to find the short 
term values of fractional uptake (Crank, 1975): 

-2 Dt “2 M, 
I% i ii r!* n 

-‘/‘+2 E (-I)“ierfc- 
n_, $Z i 

(3) 
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where M, = amount diffused into the skin at time 
t; M, = amount diffused into the skin at infinite 
time (in these experiments taken as 24 h); n = an 
integer from 1 to infinity. 

Calculation of initial diffusion coefficient (0,) 
It is possible to deduce an average diffusion 

coefficient value from Eqn. 3 using the initial 
slope of an absorpton curve when MJM, is 

plotted against the square-root of time. Thus, in 
the very early stages of sorption or ,desorption, for 
a constant diffusion coefficient Di and a sheet of 
thickness 8: 

If the initial slope of the curve is given by: 

m2!i 
dt”* 

then by substituting Eqn. 5 into Eqn. 4: 

DiC”ez_ m* 

16 M2 cc 

(5) 

(6) 

From this equation Di may be calculated since m 
and M, are determined experimentally and e 
(stratum corneum thickness) can be determined 
experimentally or taken from the literature. For 
Di values reported in this paper estimates of / 
were taken from those reported by Blank et al. 
(1984) - 10 pm for stratum corneum at 0% R.H. 
and 15 pm for that kept at 91% R.H. 

Calculation of the halfvalue diffusion coefficient 

(D*,J 
An appropriate solution of the diffusion equa- 

tion applicable to our experimental arrangement is 
(Crank, 1975): 

M t 
MC0 

&SE 1 

7r2 n=~ (2n + 1)’ 

X exp - D(2n + l)*n*$) 

Here the uptake of water vapour is considered to 
be a diffusion process controlled by a constant 
diffusion coefficient D. An assumption is also 
made that immediately the stratum corneum is 
placed in the vapour, the concentration at each 
surface attains a value corresponding to the equi- 
librium uptake for the vapour pressure existing, 
and remains constant afterwards. The stratum 
corneum is also considered to be free of vapour 

initially. 
The value of t/e* for which M,/M, = l/2, 

which can for convenience be written as (t/e*),,, 

is given by: 

approximately, the error being about 0.0001%. 
Thus: 

D 
0.049 

I’* = (t/P),,* 
(9) 

and hence values of D,,,* may be calculated since 
t and 8’ are known. 

Calculation of rate constants (Anderson et al., 1973) 

Water absorption process 
If the weight of water absorbed per unit weight 

of dry tissue (W) is plotted against time (t) in 
hours and for the stationary system the linear 
portion of this curve is extrapolated back to the 
weight axis to produce a value termed W,, then 
two rate constants may be calculated, Kt and Kp 
(Fig. 5). The water absorption process appears to 
take place in two stages: (a) an initial stage that is 
approximately first-order, described by Eqn. 10: 

d$ = K,H(W, - W) 

(O<W<W,) 

and (b) a zero-order stage, described by: 

dW KH -= 

dt ’ (11) 
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KY and Kt are the first- and zero-order absorp- 
tion rate constants, respectively, and W, is the 
weight of water absorbed by the first-order stage. 
The rate constant K! is determined from the 
slope of the final linear portion (W > W,) of the 

w vs t plot. 

Water desorption process 
The desorption process is not a simple reversal 

of the absorption stage. It can be described by 
pseudo-first-order kinetics: 

dW 
dt=-KFW 04 

where KF is calculated from the slope of a In W 
vs t plot. The values of KY change during an 
experimental desorption run and in this paper 
only the initial KF values were calculated. 

Parameters recorded or calculated 

(1) 
(2) 

(3) 

(4) 

(5) 

Initial stratum corneum sample weight (mg). 
Weight of water vapour absorbed or desorbed 
after 24 h (mg), M, divided by mg of dry 
stratum corneum (W). 

Slope m (mg . h-i12) of the plot of the uptake 
or loss of water vapour by stratum corneum 
samples against the square root of time, and 
the correlation coefficient of this line. 
Initial diffusion coefficients Di (cm2 . h-i) and 
D,,* (cm’. h-i). 
Values of W, (mg) and the rate constants KF, 
Kf and KY (mm-‘). 

Results and Discussion 

An interesting observation which emerged from 
these experiments was that significant differences 
could be seen with absorption and desorption 
patterns between the stationary (S) and flow (F) 
systems (Fig. 4). At 24 h in the S system the water 
vapour was still being absorbed giving KY of 
0.74 X 10e4 min-’ (Table l), whilst in the F 
system the skin had already reached equilibrium 
water content and Kf was zero. This pattern was 
observed in every experiment performed: in some 
runs the flow M, value was reached 15-20 h from 

the start of the experiment. Anderson et al. (1973) 
reported a similar absorption/desorption pattern 
with their S system and found that equilibrium 
water content values were reached only after 14 
days. We performed a few experiments for 3-4 
days to check whether our M, values would also 

increase steadily over this period. The results from 
this study were in agreement with those of Ander- 
son et al. (1973) since KF values were found to be 
the same after the 3-4 day period for a stratum 
corneum sample. For approximately 100 experi- 
mental runs values of Kf were 0.08-1.94 X 10e4 
mini. Anderson reported a range of 0.90-3.27 x 
lop4 mini for 10 stratum comeum samples (95% 
R.H. and 30°C), and a W value of 0.47 ? 0.15 mg 
water per mg dry tissue. Our values tended to be 
slightly lower 0.35 + 0.16 mg water per mg dry 
tissue but we were working at a lower R.H. The 
values for KF (desorption) were in agreement with 

Anderson et al. These authors reported values of 
0.02-0.075 mm’, ours being 0.06-0.26 min-’ for 
100 runs. 

No significant difference was observed between 
the S and F system initial Di absorption values. 
For example, Di (F) was 1.15 f 0.81 X lo-’ cm2 
hh’ (n = 4) and Di (S) was 0.55 Ifr 0.24 X lo-’ 
cm2. h-i (n = 4); P > 0.05 using Student’s t-test 
for significance testing. If, however, the desorption 

Di values of the same skin samples were studied, it 
could be seen that significant difference (P = 0.01) 
occurs between Di values for F and S (Di (F) 
5.23 f 2.77 X lo-’ cm2. h-’ (n = 4) and Di (S) 
11.27 + 4.6 X lo-’ cm2. h-l). This difference may 
be accounted for by the fact that in the S system 
the final water content M, was higher than in the 
F system (for example, 0.252 mg (S) and 0.065 mg 
(F); values taken from the four samples analyzed 
above). When the stratum corneum sample then 
came into contact with dry air at 0% R.H., the 
excess water was lost more readily from the S 
sample. The range of water diffusion coefficients 
quoted in the literature have been found to be 
higher than the ones reported here. Blank et al. 
(1984) obtained coefficients ranging from 9.0 to 
34.45 x lo-’ cm2. h-i in three subjects and rela- 
tive humidities of 46-93% (30 to 31°C). Scheuplein 
(1967, 1975) reported values of 3.6 X lo-’ cm2 * 
h-i for unhydrated stratum corneum rising to 
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36 X lo-’ cm’. h-’ for hydrated (water contact) 
samples (25OC). All authors reported large sam- 
ple-to-sample variation. Scheuplein and Morgan 
(1967) also agreed with our observation that de- 
sorption occurs faster than absorption. Possibly 
our Di values were lower since we were using skin 
taken from people over the age of 60, and this 
type of skin is known to have a low content of 
natural moisturizing factors which aid water bind- 
ing within the stratum corneum (Quattrone and 
Laden, 1976). In addition, Anderson et al. (1973) 

have suggested that stratum corneum samples ap- 
pear to fall into two groups with respect to the 
amount of bound water held by the tissue. These 

types depend on the age of the donor, with the 
lowest amount of bound water existing in the 
oldest skin and thus leading to the lower diffusion 
coefficients. 

For 100 runs Di,* was always lower than Di 

(absorption) which at first may suggest that it was 
becoming more difficult for the water molecules to 
diffuse through the stratum comeum at the, time 
when M,/M, = l/2, compared to the first few 
minutes of absorption. This is unlikely to be true 
as greater hydration levels should lead to faster 
diffusion rates; it is probably unsafe to compare 

Di to Di/2 directly because of the different as- 

sumptions and approximations made in the rele- 
vant equations. In each case, the D1,2 value 
(absorption) for S was lower than for F (for 
example, D1,z was 0.66 X lo-’ and 1.76 X lo-’ 

t 

cm2. h-i for S and F, respectively). The probable 
reason for this was that time t in Eqn. 9 was read 

off from graphs of W vs time (Fig. 5) against 
M,/2 values which were higher for S than for F. 
Thus care should be taken in comparing 
D I/2(stationary)With Dl/2(flow)* 

In order to calculate Di, a graph of mg water 
absorbed or desorbed was plotted against the 
square root of time (Fig. 6). This should give a 
straight line with correlation coefficients ap- 
proaching one. In practice, with the F system it 
was found that the initial few points on this graph 
tended to curve and had to be ignored, i.e. a lag 

period was noted. In order to reduce this lag the 
reservoir and tap system was included in the ap- 
paratus. With this modification the incoming air 
would only have to displace the volume within the 

microbalance chamber instead of the entire ap- 
paratus and a volume of air at the correct R.H. 
was available for ‘dumping’ into the head. Lag 
times were reduced to a few minutes with the 
reservoirs in action. This was not a problem with 

the stationary system. 
Anderson et al. (1973) reported that desorption 

rates (KF) did not vary with air flow rates of 

O-185 ml - mm’. We therefore investigated 

changes in M, with respect to air flow rates 

during absorption and desorption for 3 stratum 
corneum samples. At 91% R.H. changes in air 
flow rate from 5 to 85 ml. min-’ increased M,, 
for example, from 0.737 to 0.861 mg for sample 1 

I 
Weight(W) 

of water 

mg Per mg 
drytissue ___ -- - 

WE FIOW 

24 
hours - tnme 

Fig. 5. Example plot of weight of water vapour adsorbed per mg of dry tissue (W) against time in hours. M, values were taken at 24 
h for both stationary (for which W, could be determined) and for the flow systems. 
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05 06 07 08 
dt hr.h 

Fig. 6. A plot of uptake of water vapour in mg (M) for run 

number 3 (Table 1) against the square-root of time in hours. 

The correlation coefficient was 0.9903. From the slopes of 

these plots values of D, for each run could be calculated. 

a94 - 

11) &&.~:1~190mg. 

0 10 30 50 70 so 
Flowrate Iml mm’) 

Fig. 7. A plot of the final weight of water vapour absorbed 

(M,) in mg against the flow rate of incoming air (ml.min-‘) 

for three stratum corneum samples tested. Sample 1, female 

aged 81; sample 2, male aged 74; sample 3. male aged 62. The 

values of M, are plotted during the increase and then decrease 
of flow rate (5-85 and then 85-5 ml.min-‘). The stationary 

(S) values of M, attained by the stratum corneum samples are 

also shown. 

(Fig. 7). The variation between stratum comeum 
samples is typical of skin variation in general. The 
M, value was higher when air flow rates were 
increased showing a hysteresis effect. The sta- 
tionary values were significantly higher (P -c 0.001) 
(1.180 mg for Sample l), and yet from the graph 
we would expect this value to be nearer the M, 
for a flow rate of 5 ml. mm-‘, since the stationary 
system can be looked upon as being equivalent to 
an air flow rate of 0 ml. mm’. 

Variations in air flow rates during desorption 
(using three stratum corneum samples and the 
same rate changes) had no influence on the final 
M, attained. However, stationary values were 
significantly higher (P < 0.001). Hysteresis in the 
absorption of water by proteins is usually attrib- 
uted to the formation of microscopic pores, cracks, 
or capillaries in the protein-water system (Scheu- 
plein, 1975). The system, at a given hydrating 
activity, will reach equilibrium at different water 
contents, depending upon whether this hydrating 
activity is reached from higher or lower values 
(filling or emptying of the capillaries). 

Another apparatus modification made was to 
include a constant level device with the Dreschell 
water bottle. This aided the investigation since all 
experiments were conducted overnight without the 
attendance of the investigators, and hence there 
were little chance of the water being used up and 
the R.H. falling as a result during absorption 
experiments. Drierite was also found to be a more 
satisfactory drying agent than silica gel which was 
used initially. 

At relative humidities between 08 and 80%. 
Anderson et al. (1973) reported that the l- and 
14-day hydration values (W) were the same; at 
relative humidities 80-95% the l-day values were 
less than the 1Cday values, and at a relative 
humidity of 95!%, the 16day value was approxi- 
mately 10 times higher than the l-day value. These 
investigators were not sure whether their samples 
had reached equilibrium even after this 1Cday 
exposure. They did not employ longer test times 
because of sample deterioration. These differences 
in W, for example, were 0.53 mg water/mg dry 
tissue at 94% relative humidity and 7.46 mg 
water/mg dry stratum corneum at 95%. These 
data provided the reason why in the present inves- 
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tigation a relative hu~dity of 91% was chosen 
since the region in which rapid increases in W 
occur (94-958) was thus avoided. An additional 
reason was that Anderson et al. (1973) quoted 
l-day, i.e. 24 hour values, for their W and rate 
values and their data could therefore be used for 
comparison. 

Anderson et al. (1973) included results from 
their thermodynamic studies (infrared and NMR) 
together with data from water absorption and 
desorption using a stationary system. The data 
supported their model for stratum corneum hydra- 
tion. They proposed that there are at least three 
types of water within the hydrated stratum 
comeum. The first species is present to the extent 
of about 0.5 mg water/mg dry tissue, but for 
older tissue this may be nearer 0.3 mg/mg dry 
tissue. This “strongly bound” water is probably 
associated with the polar groups of the keratin 
side-chains in the corneocytes together with some 
lipid-bound water. Infrared analysis suggests that 
this water constitutes two fractions: primary hy- 
dration of ionic groups and the associated sec- 
ondary hydration. Hydration kinetic data as a 
function of relative humidity indicated that the 
amount of this initially absorbed “bound” water 
increases as the total water content rises (i.e. as 
the water activity of the environment increases). 
These authors’ data for desorption using disrupted 
tissue samples suggests that this water is mainly 
intracellular. 

The second main water species is present from 
the 0.5 mg water/mg dry tissue level up to 2-12 
mg water/mg dry stratum comeum and is associ- 
ated with higher relative hu~dity levels. This is 
more like bulk liquid water in its hydrogen bond- 
ing capabilities and the hydration from this species 
is associated with zero-order kinetics with respect 
to time, but again depends upon the activity of the 
hydrating environment. Both hydration and dehy- 
dration rates for this species are lower than those 
observed for the first-order. 

Anderson claims that this “free” water is not 
strongly associated with the stratum corneum con- 
stituents, but is physically restricted in hydration 
and dehydration by some barrier. The dehydration 
rate constant KY was not only a function of the 
water content of the sample but also of the initial 

water content before dehydration. 
From our data and from the model postulated 

by Anderson et al. (1973), it seems that this “free” 
water species may be essentially absent in the F 
system. We postulate that as hydration swells the 
stratum comeum membrane, intercellular chan- 
nels containing liquid water form, the water then 
slowly diffusing into the corneocytes. In the F 
system the passage of air prevents these channels 
filling with water and only the “bound” type of 
water develops. This may therefore account for 
the plateau effect seen in the F system (Fig. 5). 
However, our water content levels were lower than 
those reported by Anderson et al. (1973) who used 
stratum comeum samples on average from younger 
patients (we used skin from patients aged 60 years 
and older). We particularly chose older skin since 
it is known to lack natural moisturizing factors 
and lipids and one of our main objectives is to use 
this technique to examine the effect of moistur- 
izers. The ability of stratum comeum to retain 
liquid-like water either as a surface film or within 
the intercellular spaces has been shown to depend 
upon the presence of skin lipids (Foreman, 1976; 
Foreman et al., 1979); these authors also pos- 
tulated the existence of three types of water within 
the hydrated human stratum corneum. 

An alternative hypothesis is that a surface layer 
of water develops under stationary conditions pos- 
sibly trapped in surface fissures of desquamating 
cells but the flow arrangements prevents this layer 
forming. The situation is further complicated by 
the possible influence of stationary layers and the 
effects of mass transport phenomenon hinted at 
by, for example, the data shown in Fig. 7. Further 
work is required to elucidate the mechanism of the 
difference in water uptake behaviour shown by the 
flow and stationary systems. 

Conclusions 

(1) An apparatus was developed for the study 
of water vapour absorption and desorption in 
stratum corneum in vitro. The apparatus could be 
used under stationary conditions mimicking 
covered areas of the body in viva, or a flow regime 
representing exposed regions of the skin. 
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(2) Experiments may be performed from room 
temperature upwards controkd to within + 0.2O C. 
Xn this study 32°C was chosen. 

(3) The apparatus is automatic and may be left 
unattended for long periods during which results 
are recorded on the computer. 

(4) Stratum corneum samples may be tested 
under controlled conditions, treated with, for ex- 
ample, moisturizers, and then re-tested under the 
same cunditions. 

(5) Values for rate constants, water vapour 
sorbed and desorbed after 24 h, initial diffusion 
coefficients I& and Dt/z hcilf-value ~eff~~~ts 
may be caku~ated. 

(6) One skin specimen may be used having the 
additional benefit of no inter-specimen variation, 
for absorption and desorption for both stationary 
and flow systems. 

The authors are gratefu1 to Pharmacia AB, 
Sweden, for financial assistance for the suppm-t of 
a Postdoctoral Fellow ~~.3.~.-~,). 
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