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Abstract  

A gravimetric method was used for investigating the effect of relative humidity on transepidermal water loss 
(TEWL) across piglet stratum corneum. Measurements were made under both steady-state rclative humidities 
(iso-RH%) and under constantly varying relative humidities (non-iso-RH%). It is shown that the TEWL-RH% 
relationships obtained using the two methods are qualitatively similar. The values obtained using the non-iso-RH% 
method were consistently higher than those determined with the iso-RH% method. Despite this bias, the 
non-iso-RH% method provides a rapid means for evaluating the effect of moisturisers on TEWL. Initial results 
suggest that urea markedly decreases TEWL but that pyrrolidone carboxylic acid has little effect. 
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1. Introduction 

Healthy stratum corneum contains a minimum 
of 10% of water (Blank, 1952) under normal 
conditions. Disturbance of this equilibrium water  
content affects skin softness and flexibility (Blank, 
1952, 1953; Park and Baddiel, 1972; Reiger and 
Deem, 1974; Van Duzee, 1978; Takahashi  et al., 
1981). Three  factors interact to determine the 
equilibrium value: the transfer of water from the 
underlying tissue to the stratum corneum, the 
composition of the stratum corneum and the ex- 
ternal environment (Scheuplein and Blank, 1971; 
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Grice et al., 1971, 1972; Dugard 1983; Wu, 1983; 
Blank et al., 1984; Blank, 1985; Wilson and 
Maibach, 1989). With the latter, temperature,  
relative humidity and air flow are the most im- 
portant  factors affecting water  loss from the skin 
(Anderson et al., 1973; Spencer et al., 1975; E1- 
Shimi and Princen, 1978; Behl et al., 1980; Miller 
et al., 1981; Hilliard and Dorogi, 1989). In the 
presence of dermal pathology or as a result of 
excessive washing with harsh surfactants, the 
composition of the skin may be sufficiently al- 
tered to affect skin moisture content (Takenouchi 
et al., 1986; Agner  and Serup, 1989; Horrobin 
1989; Imokawa et al., 1989). In many such in- 
stances xerosis ensues. As a palliative measure 
skin hydrating agents or emollients are widely 
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used in clinical practice (Hanifin, 1989). In a 
wider context, such agents are in general use as 
cosmetic agents. 

Despite the availability of in vivo methods for 
studying such agents numerous in vitro tech- 
niques are still widely used when evaluating mois- 
turising agents. In this report, an in vitro gravi- 
metric method is used to elucidate further thc 
state of hydration of stratum corneum at various 
relative humidities under steady-state (iso-RH%) 
and non-steady-state (non-iso-RH%) conditions 

and the potential for non-iso-RHg~ investigations 
into the mechanism of action of moisturising 
agents is probed. 

2. Materials and methods 

2.1. Preparation o f  piglet s t ra tum corneum 

Still-born piglets, either Large Whites, Lan- 
drace, or a cross of these, were obtained already 
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Fig. I. Diffusion cell set-up for measurement of transcpidcrmal water loss. 
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frozen, from Greenmount  Agricultural College, 
Co. Antrim. The pigs were maintained at - 20°C  
until required. When stratum corneum was to be 
removed, the piglets were defrosted overnight at 
room temperature. Standard animal clippers (Os- 
ter Golden A5, model 5-55E) were used to re- 
move the coarse hairs. A closer shave was subse- 
quently carried out by using disposable Bic :~ ra- 
zors. To minimise damage to the stratum corneum 
at this stage, the close shave was carried out very 
carefully in the direction of hair-growth. The 
shaved piglet was then immersed in a water-bath 
at 60 + I°C for an initial period of 60 s. If neces- 
sary, the piglet was re-submerged for a further 30 
s. The stratum corneum was then removed by 
peeling it away from the underlying layers in 
strips of approx. 2 cm × 4 cm, a size sufficient for 
one diffusion cell (Fig. 1). The isolated strips of 
stratum corneum were washed in deionised wa- 

ter, placed between layers of aluminium foil and 
stored at - 2 0 ° C  until required. Storage under 
these conditions was for periods of not longer 
than 4 months although a number of reports 
suggest that the process of freezing stratum 
corneum for up to 1 year has no significant effect 
on barrier function (Astley and Levine, 1976; 
Harrison et al., 1984). 

2.2. Diffusion cell set-up 

The stratum corneum, placed in deionised wa- 
ter at room temperature for 15 min prior to use, 
was mounted with the outer surface upwards, 
between the upper and lower compartments as 
shown (Fig. 1). The membrane was supported by 
a filter-paper wick (Whatman ' '  no. 1) which en- 
sured continuous contact between the water and 
the stratum corneum. The join between upper 
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Fig. 2. In vitro set-up fl)r measuring transepidermal water loss. 
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and lower compartments was sealed with silicon 
sealant (Silastic"), PTFE (Teflon ' ' )  tape and 
Parafilm'"'), which ensured a water-tight seal. 5 
ml of deionised water were added to the receiver 
compartment via the side-arm using a 5 ml dis- 
posable syringe with filter straw. The side-arm 
was subsequently sealed using a water-tight seal 
as described above. The sealed cell was clamped 
and placed on a weigh pan positioned inside a 
humidity cabinet (LTE model 322/0650) main- 
tained at 32_+ l°C. The weigh pan was attached 
to the weighing mechanism of an Oertling bal- 
ance (model NA264) placed outside the humidity 
cabinet as shown in Fig. 2. 

The TEWL through the stratum eorneum un- 
der various conditions was then monitored gravi- 
metrically. An IBM computer (model XT) at- 
tached to the Oertling balance enabled continu- 
ous recording of changes in weight. A Psion or- 
ganiser (model LZ64) with a humidity probe 
(R5SF) and temperature probe (THSF) attached 
and placed inside the humidity cabinet monitored 
the temperature and humidity conditions experi- 
enced by the stratum corneum sample under test 
(Fig. 2). 

2.3. Stead)' state conditions 

The diffusion cell was placed in a humidity 
cabinet at 32°C. Alteration of the ambient humid- 
ity was achieved by using various saturated salt 
solutions. Those used and the humidities they 
created are listed in Table 1. Different salt solu- 
tions were placed in a plastic salt tray every 24 h 

Table 1 
Saturated salt solutions used during iso-RHg;- studies and the 
humidities they created 

Saturated salt solution RH + 3qk 

Lithium chloride 12 
Potassium acetate 21 
Magnesium chloride hexahydratc 32 
Potassium carbonate 47 
Sodium bromide 57 
Sodium nitrite 66 
Sodium chloride 78, 
Potassium chloride Ol) 
Potassium sulphate 97 

at the bottom of the humidity cabinet so that the 
humidity was increased by approx. 10% in that 
time span. Initially blue self-indicating silica gel 
(BDH Chemicals Ltd, Poole, U.K.) was used to 
create a low humidity. This atmosphere was 
maintained for 24 h after which time it was re- 
moved and replaced by lithium chloride (BDH 
Chemicals Ltd, Poole, U.K.) creating a humidity 
of 12 + 3%. This humidity was maintained for 24 
h and the substitution of salt solutions continued 
in the order listed in Table I until a humidity of 
97 + 3% was achieved and maintained for 24 h. 
All the salt solutions were heated to 32 +_ 1.5°C in 
a water-bath placed outside the humidity cabinet 
prior to use. Temperature and humidity condi- 
tions were continuously monitored (at 5-rain in- 
tervals) using a Psion organiser with a tempera- 
lure and a humidity probe attached but placed 
inside the cabinet. Each experiment ran for ap- 
prox. 240 h during which time the weight loss of 
the diffusion cell was recorded continuously by 
the IBM computer. 

2.4. Non-steady-state humidiO' conditions 

A piece of porcine stratum corneum was placed 
in a diffusion cell as described earlier. The cell 
with a diffusion surface area of about 1.gE - 4m~" 
was placed on the weigh-pan extension of an 
Oertling balance in a humidity cabinct main- 
tained at 32 _+ 1.5°C. Peristaltic tubing was passed 
into the cabinet through a small hole in the roof. 
This orifice also provided the port of entry for 
the weigh-pan extension of the Oertling balance 
into the humidity cabinet. Tap water was main- 
tained at 35 + 1.5°C in a water-bath placed out- 
side the humidity cabinet. Initially blue self-indi- 
cating silica gel, heated to 180°C for I h to drive 
off moisture prior to use, was placed in the bot- 
tom of the humidity cabinet to achieve a low 
relative humidity (typically 3.5 + 2°C). Weight loss 
under these conditions was recorded on an IBM 
computer for a period of 48 h. After this time, 
using a peristaltic pump set at a low speed, the 
tap water was slowly pumped into the cabinet 
through the peristaltic tubing leading down to the 
plastic salt tray. Temperature and humidity con- 
ditions were continuously monitored (at I-min 
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intervals) using a Psion organiser with a tempera-  
ture and a humidity probe attached but placed 
inside the cabinet. As the ambient humidity in- 
side the cabinet increased slowly, the weight loss 
of the diffusion cell was recorded continuously on 
an IBM computer.  The results obtained for the 
non steady-state experiments were compared to 
those obtained for the steady-state to see if simi- 
lar results were obtained. 

2.5. Evaluation of moisturisers 

The diffusion cell was set up as described for 
the non-steady-state state conditions and control 
data for untreated piglet s tratum corneum were 
obtained by altering the humidity continuously as 
described for the non- iso-RH% experiments. This 
procedure was repeated to yield a second set of 
control data after a 24 h equilibration period at 
3.5 +_ 2 RH%.  After a further 24 h equilibration 
period at 3.5 + 2 RH%,  50 /xl 10% w / w  urea 
(Sigma, lot 108F-0354, catalogue no. U-1250) 
made up in HPLC water was applied to the 
stratum corneum and the humidity altered con- 

tinuously as before. A subsequent 24 h equilibra- 
tion period at 3.5 + 2 R H %  was followed by 
application of 50 /xl 2% w / w  pyrrolidone car- 
boxylic acid (PCA) (Sigma, lot 84F-0015, cata- 
logue no. P-0506) made up in HPLC water to the 
urea-treated stratum corneum. The piglet stra- 
tum corneum was again subjected to non-iso- 
R H %  conditions and the results recorded. 

The entire procedure was repeated using a 
different piece of piglet stratum corneum and in 
this instance the PCA solution was applied to the 
membrane  first followed by application of urea to 
the PCA-treated stratum corneum. Both experi- 
ments were repeated using different pieces of 
piglet stratum corneum. 

3. Results and discussion 

3.1. Effect of relatice humidity under steady-state 
state conditions 

Fig. 3 illustrates a typical profile for the rate of 
water loss across porcine stratum corneum at 
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Fig. 3. Typical profile for gravimetric water loss across piglet stratum corneum at 5 RH% and 32°C. 



1118 R. McCall~on. A. Li Wan Po / International Journal ol" Pharnlaceutics 10.5 (1994) 103-112 

Table  2 

W a t e r  t ransfer  across porc ine  s t ra tum co rneum at 32 and 
37°C and 3.5 _+ 2 RHSb 

Repl ica te  Slope Temper -  T E W L  
( g / m i n )  a ture  (°C) ( g / m  2 per  h) 

1 - 1 . 3 0  E - 4 

2 - 1.35E 4 

3 - 1.56E 4 
4 - 2 .94E 4 

5 - 2,911E - 4 

6 - 2.67E 4 

i 
! o 

511 - 

32 41.23 4o "7 
32 43.114 

32 49.66 ~ i z~ 

37 93.42 g ~o ~ w o 

37 92.18 
37 84.90 ~ • 

32°C and 5 RH%. It can be seen that an initial 
non-steady state is soon followed by equilibration 
with respect to both humidity and temperature. 
During steady-state conditions the rate of 
transepidermal loss is constant as demonstrated 
by the constant slope and as predicted by Fick's 
first law of diffusion. 

Table 2 shows the variability in the steady-state 
rates of TEWL using samples of stratum corneum 
from the same piglet at two different tempera- 
tures. It is obvious that temperature exerts an 
important effect on TEWL as previously reported 
by Grice et al. (1972). 

Subsequent work consisted of maintaining con- 
stant temperature and systematically altering rel- 
ative humidity ( R H ~ )  in the environmental cabi- 
net to better define the relationship between 
TEWL and RH%. Grice et al. 119721 showed that 
in human subjects, the relationship between 
TEWL and relative humidity was apparently 
parabolic with maximum rate of loss in the range 
20-40 RH%. At 2.6, 25, 49 and 79 RH% the 
TEWL were reported to have mean values of 3.6, 
5.8, 4.7 and 3,0 g / m  2 per h, respectively. Blank et 
al. (1984), however, reported a monotonic de- 
crease in water flux with an increase in relative 
humidity. Using piglet stratum corneum, the pre- 
sent study showed that TEWL decreased mono- 
tonically with increase in relative humidity (Fig. 
4). The triplicate results using stratum corneum 
from three different piglets showed that the ef- 
fect of relative humidity on TEWL can be satis- 
factorily described by an exponential relationship 
TEWL = a cxp(b(RH%)) where a and b are con- 
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with a squared correlation coefficient of  r 2 =  
93.9% and with a mean square error (MSE) of  
0.031 (Fig. 5). 

3.2. Non-iso-RH% study 

Isovariate studies are time consuming and it is 
often desirable to carry out such studies under 
non-steady-state conditions.  For example,  non- 
isothermal studies are often used to obtain rapid 
estimates of  activation energies in single experi- 
ments  (Li Wan Po et al., 1983). To  investigate 
whether non- iso-RH% studies gave the same in- 
formation as those obtained under iso-RH% con- 
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ditions, T E W L  was measured under  non-steady- 
state R H % .  

Fig. 6 shows a typical weight (g), R H %  and 
tempera ture  (°C)-time (min) profile. Tempera ture  
is constant throughout the experiment as seen by 
the flat profile while humidity increases with time. 
It is worth recalling that in the experimental 
set-up (Fig. 1) the relative humidity being mea- 
sured is that of the environmental cabinet. One 
side of the skin is in contact with water and can 
hence be regarded as being exposed to 100 R H %  
throughout the experiment. T E W L  is clearly seen 
to decrease with increasing RH%.  

Continuous increases in the R H %  results in 
continuous decreases in the concentration gradi- 
ent. As the stratum corneum becomes hydrated, 
the thickness of the membrane  increases as does 
the diffusion coefficient. These opposing forces 
influence the overall result obtained. The weight 
(w) vs time (t)  profile can be approximated by a 
polynomial equation using least-squares fit. For 
the profile shown in Fig. 6 this gives the equation: 

w = 122 -0 .00105t  + (3.7E - 7)t 2 

where weight is in g and time in min. The relative 
humidity-time profile can be similarly approxi- 
mated to give the equation: 

R H %  = - 6 8 7  + 0.561t 

Differentiation of the equation relating weight 
to time and substituting for t using the equation 
for time and relative humidity yields an equation 
relating dw/dt and RH%:  

dw/dt =- 0.00014 - ( 1.29E - 6 ) R H %  

where dw/dt represents the instantaneous rate 
of water loss or T E W L  in g per min. T E W L  is 
normalised to give the weight loss in g / m  2 per h 
so that the relationship becomes: 

T E W L  = 44.8 - 0 .416RH% 

This is shown in Fig. 7. 
Therefore,  using these two equations, one is 

able to construct the T E W L  or dw/dt vs R H %  
curve. Logarithmic transformation and linear re- 
gression of triplicate results using stratum 
corneum from three different piglets produce the 
linear relationship: 

In (TEWL)  = 3.95 - 0.0165RH% 

with a squared correlation coefficient of r 2=  
84.7% and with a mean square error of 0.024. 
Fig. 8 illustrates the ln(TEWL) values observed 
using both steady-state (n = 3) and non-steady- 
state (n = 3) relative humidities. It is seen that 
the non-steady-state relative humidity data are 
consistently higher than the steady-state data. 
One possible explanation is that since the humid- 
ity probe estimates the ambient R H %  it is likely 
to underest imate the humidity gradient across the 
stratum corneum. The bias is likely to be higher 
under non-steady-state than under steady-state 
R H %  conditions. The qualitative agreement  in 
T E W L  values obtained using steady-state R H %  
and non- iso-RH% conditions is, however, good 
(Fig. 8). 

To illustrate the use of the non- iso-RH% 
method for studying the effect of urea and 
pyrrolidone carboxylic acid (PCA) on TEWL, the 
T E W L / R H %  profile was constructed using a 
sample of piglet stratum corneum; the experi- 
ment was then repeated after applying urea onto 
the same sample of skin and then again after 
applying PCA. The combined results are shown 
in Fig. 9. It is obvious that urea produces a 
marked decrease in T E W L  at all relative humidi- 
ties. PCA did not further depress T E W L  except 
at the lower RH%.  Reversing the order of appli- 
cation of urea and PCA, so that PCA was applied 
first, confirmed the marked decrease in T E W L  
produced by urea and the relative lack of effect 
produced by PCA (Fig. 10). These results are 
obviously preliminary but nonetheless provide 
support for the value of the non-iso-RH% method 
proposed. 
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