
International Journal of Pharmaceutics 269 (2004) 121–129

A mathematical approach to predicting the percutaneous
absorption enhancing effect of sodium lauryl sulphate
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Abstract

A study has been made of the effect of sodium lauryl sulphate (SLS) at several concentrations from 0.24 to 5% (w/w) on skin
permeability. Seven model drugs were selected for this study on the basis of their lipophilicity as represented by their logPoct

values (from−0.95 to 4.2). Skin pre-treatment with aqueous solutions of SLS does not increase the permeability coefficient of
the most lipophilic compounds (logPoct ≥ 3). For the other compounds assayed the increase in the permeability coefficients
depends on the concentration of SLS used in the skin pre-treatment, and on the lipophilicity of the compounds tested.

The correlation between the inverse of SLS efficacy as an enhancer (1/ER) and the lipophilicity (logPoct) of the model permeants
was established via a hyperbolic equation. This model makes it possible to predict the percutaneous absorption enhancing effect
of SLS, expected for a compound of specific lipophilicity, according to the concentration used in skin pre-treatment. An excellent
accuracy (r2 > 0.94) for the linear relationship between the experimental (n = 15) and theoretical (ER) values predicted by
the equation was obtained. The model proposed was also useful for experimental data obtained previously using Azone® and
compounds with the same range of lipophilicity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The transdermal route offers many advantages when
administering drugs in local and systemic therapy.
However, the outermost layer of skin, the stratum
corneum or horny layer, forms a strong barrier to most
external substances, including drugs. Several strate-
gies can be employed to reduce the barrier effect of
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skin, such as the use of chemical enhancers (Ogiso
et al., 1995) and physical methods (Byl, 1995; Banga
et al., 1999). Chemical enhancers can be used to im-
prove both local topical therapy and transdermal deliv-
ery. Terpenes, urea, fatty acids, short- and long-chain
alcohols, pyrrolidones, several surfactants and lauro-
capram (Azone®) have been shown to behave as pen-
etration enhancers (Williams and Barry, 1991).

Sodium lauryl sulphate (SLS) is an anionic, am-
phiphilic surfactant extensively used in various con-
sumer products and for industrial purposes. Due to its
widespread topical use, the skin is often exposed to
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SLS. The SLS skin-interactions have been analysed
in many studies; in some of them the impairment of
the skin barrier function caused by SLS has been at-
tributed to removal of intercellular hydrophobic lipids,
thus leading to an increase in transdermal water loss
(Froebe et al., 1990). SLS also binds extensively to
intracellular keratin, which explains some of its irri-
tant effects such as tightness and roughening of skin
(Leveque et al., 1993). Furthermore, SLS inserts be-
tween the lipid sheets and fluidizes the lipid bilayers
in the stratum corneum (Ribaud et al., 1994).

We have previously studied the effect of SLS on
the in vitro percutaneous absorption of compounds of
different lipophilicities (Borrás-Blasco et al., 1997).
The results obtained in that work showed the effect
of SLS to depend on the lipophilicity of the perme-
ant used. This is a typical observation in penetra-
tion enhancement studies: larger (relative) effects are
much more likely to be found with penetrants that
transport poorly under control (no enhancer) condi-
tions. The present work adds new experimental data
concerning the influence of SLS concentration on the
skin effects of this surfactant. In addition, enhancer
effect–lipophilicity relationships are established based
on a procedure which seems to afford an approach for
reliable interpretation of the data. Attempts are like-
wise made to establish a model of predictive value.

2. Materials and methods

2.1. Materials

SLS was purchased from Merck (Madrid, Spain)
and had a stated purity of >98%. The penetrants used
in this study, i.e. 5-fluorouracil, pentoxifylline, sali-
cylamide and indomethacin (all from Sigma Chemi-
cal Co., Madrid, Spain) were used as received with a
stated purity of >99%. In order to obviate depletion
of penetrants from the donor solutions, they were pre-
pared as saturated solutions (added with an excess of
compound) in buffered medium at pH 6.2. At this pH
value, all compounds are essentially non-ionised.

2.2. SLS skin pre-treatment

The skin was pre-treated for 12 h with aqueous so-
lutions of SLS at the concentrations assayed (0.24 and

0.5%, w/w). The 0.24% (w/w) concentration corre-
sponds to the critical micellar concentration (CMC)
of SLS (Lodén, 1990). It is clear that when the skin
is pre-treated with 0.5% (w/w), SLS is at a suprami-
cellar level. The time of skin pre-treatment with SLS
is the same as the one used with Azone® in previous
work (Dı́ez-Sales et al., 1996) in order to compare the
behaviour of both molecules provided with the same
C-12 alkyl chain.

2.3. Diffusion experiments

All permeation experiments were performed on full-
thickness skin excised from the abdomen of Wistar rats
(females aged 20–25 days) obtained from our labora-
tory colony. The surface of rat skin has been denuded
of hair with an electric razor. These animal models
are frequently used in studies of percutaneous absorp-
tion, and were chosen here for their ready availability
and homogeneity and because good parallelism was
observed between in vitro permeability across human
and rat skin in previous work (Dı́ez-Sales et al., 1991).

The in vitro methodology and the analytical pro-
cedure were described in earlier work (Borrás-Blasco
et al., 1997).

Eq. (1) was used to fit the experimental data
(Scheuplein, 1967):

Q(t) = A × P × L × C

×
[
D × t

L2
− 1

6
− 2

π2

∞∑
n=1

(−1)2

n2

× exp

(−D × n2 × π2 × t

L2

) ]
(1)

whereQ(t) is the quantity which passes through the
membrane and reaches the receptor solution at a given
time t: this amount was quantified by HPLC as pre-
viously reported (Borrás-Blasco et al., 1997), A rep-
resents the actual diffusional surface area (4.52 cm2),
P is the partition coefficient of the permeant between
the membrane and the donor vehicle,L is the mem-
brane thickness,D is the diffusion coefficient of the
permeant in the membrane, andC is the concentration
(here solubility) of the permeant in the donor solution.
The termsP × L andD/L2 were replaced inEq. (1)
by p1 and p2, respectively, and calculated using a
non-linear least squares computer program (Okamoto
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et al., 1988). The permeability coefficients (kp) were
calculated from the following equation:

kp = p1 × p2 (2)

Finally, the enhancement ratio (ER) was determined
from the following equation (Williams and Barry,
1991):

ER = kp after application of penetration enhancer

kp before application of penetration enhancer
(3)

The values reported are mean ratios from a minimum
of five replicates.

2.4. Fitting of models to data

To better understand the interactions between en-
hancer, permeants and skin, and also to obtain where
possible a model to predict the value of the enhance-
ment ratio from the physicochemical parameters of
permeants (especially partition coefficient), the calcu-
lated ER and thePoct values (partition coefficients in
octanol/water) were correlated through the double log-
arithmic linear equation:

log ER= a logPoct + b (4)

wherea andb are constants which can be experimen-
tally calculated.

Because no good correlations were observed for
some concentrations of SLS used, we additionally em-
ployed a hyperbolic-type function:

1

ER
= a × P

b + P
(5)

where (1/ER) is the inverse of the enhancer ratio ob-
tained for each compound under different experimen-
tal conditions. Thus, all possible values were included
within the limits→ 0 (maximum ER) and→ 1 (min-
imum ER).P represents the partition coefficient val-
ues of the compounds tested,a is the asymptotic value
established and corresponding to the absence of ER
(whena = 1) andb is an experimental parameter de-
duced from the fit. Fitting was done using a non-linear
regression computer program (Sigma Plot 8.0).

2.5. Statistical analysis

Two-way analysis of variance (ANOVA) was used
prior to the Scheffe test;P < 0.05 was considered

significant. The statistical criterion for assessing the
quality of the fits was the correlation coefficient (r2)
between experimental and calculated values.

Akaike’s information criterion (AIC) (Akaike,
1976), as well as the correlation coefficient (r2) be-
tween experimental and model-predicted ER values,
were used to assess to goodness of the fits.

3. Results and discussion

In order to analyse the effect of SLS concentration
on skin permeability, the in vitro percutaneous pen-
etration of compounds with different lipophilicities
(logPoct from −0.95 to 4.42) was investigated using
different concentrations of SLS.

The values ofp1 (partition parameter) andp2 (dif-
fusion parameter) were estimated by curve fitting of
Eq. (1) to each set of experimental in vitro perme-
ation data (given inTable 1). As can be seen, with
the exception of indomethacin—the most lipophilic
compound—pre-treatment of the skin with SLS seems
to induce modifications in bothp1 andp2 values for
the other compounds (5-fluorouracil, pentoxifylline
and salicylamide). These modifications depend on the
SLS concentration used in the pre-treatment of skin
and also on the lipophilicity of the compounds tested.
These results could be explained by considering that
the enhancer effect of SLS is a consequence of two
simultaneous mechanisms: firstly, SLS fluidizes the
lipid bilayers in the stratum corneum (Ribaud et al.,
1994), increasing the diffusion parameter (p2). In ad-
dition, SLS can induce increased hydration of the stra-
tum corneum and viable epidermis (Rhein et al., 1986),
which could explain the increases in partitioning pa-
rameter (p1). Both mechanisms could contribute to
increase skin penetration by hydrophilic compounds,
but they cancel each other out for the most lipophilic
compound.

According these observations, and in order to anal-
yse the influence of the variables (concentration of
SLS used in skin pre-treatment and lipophilicity of the
permeants) upon the global skin permeation process,
the permeability coefficients for each compound and
condition assayed were calculated fromEq. (2)and are
shown inTable 2together with those obtained for 1 and
5% (w/w) SLS skin pre-treatment in previous work
(Borrás-Blasco et al., 1997). The statistical analysis
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Table 1
Values of the parametersp1 (×103 cm) andp2 (×103 h−1) estimated by curve fitting of the theoreticalEq. (1) to the individual in vitro
permeation data, shown as mean± S.D. (n = 5) for the series of drugs assayed under different conditions

Compound Untreatment of the skin Pre-treatment of the skin with SLS (%, w/w)

Control 0.24 (CMC) 0.5 1 5

5-Fluorouracil
p1 (= P × L) 9.16 (1.19) 17.48 (6.23) 25.60 (4.43) 20.18 (3.14) 22.99 (4.65)
p2 (= D/L2) 60.02 (20.96) 66.98 (26.54) 162.01 (42.10) 211.59 (52.32) 199.04 (44.40)

Pentoxifylline
p1 (= P × L) 37.05 (6.01) 39.82 (5.97) 84.37 (17.32) 120.79 (23.80) 115.85 (38.17)
p2 (= D/L2) 65.86 (7.35) 68.30 (11.22) 89.13 (19.11) 90.32 (16.50) 92.45 (27.31)

Salicylamide
p1 (= P × L) 677.59 (134.16) 668.99 (125.22) 688.16 (136.98) 898.51 (144.95) 895.66 (156.98)
p2 (= D/L2) 46.68 (12.65) 48.73 (12.98) 47.62 (11.97) 64.10 (13.17) 65.62 (13.26)

Indomethacin
p1 (= P × L) 6689.48 (1245.31) 6449.55 (1301.65) 6937.93 (1190.83) 6930.22 (1176.92) 7325.4 (1287.91)
p2 (= D/L2) 11.69 (1.96) 11.75 (1.15) 11.23 (1.67) 11.74 (0.89) 11.05 (3.18)

of the permeability coefficients obtained through the
membrane without (control) and with pre-treatment
(SLS) are also included in the same table.

As can be seen, for the most lipophilic compounds
(4-butylaniline and indomethacin) no differences were
observed between thekp values for control andkp val-
ues for each of the SLS concentrations assayed. For
the other compounds (logPoct from −0.95 to 1.97)
it can be seen that as the lipophilicity of the com-
pound increased, the concentration required for the
SLS effect on skin permeability likewise increased.
In accordance with the results obtained, the mini-
mum concentration required for the enhancer effect
corresponds to the CMC (0.24%, w/w) in the case of
5-fluorouracil, versus 0.5% (w/w) for pentoxifylline
and 1% (w/w) for salicylamide.

Moreover, with the exception of 5-fluorouracil, no
differences were observed between the permeability
coefficients obtained for 1 and 5% (w/w). This would
seem to indicate the possible existence of a limit in
the capacity of the surfactant to alter the function of
the skin as a barrier. Saturation of enhancer effects has
been previously described from the studies conducted
with other enhancers suchn-nonane andn-nonanol
(Hori et al., 1991). Judging from the results obtained
in the present work, this limit seems to be found in the
condition corresponding to pre-treatment of the skin
with a 1% (w/w) SLS solution. In any case, as we have
previously reported for other enhancers (Dı́ez-Sales

et al., 1996; López et al., 2000), the influence of en-
hancer concentration on skin permeability depends on
the lipophilicity of the permeants.

In order to compare and quantify the effect of SLS
according to the lipophilicity of the penetrants and the
concentration of the surfactant used in the solution em-
ployed for membrane pre-treatment, the ER for each
compound and condition were calculated. These data
are given inFig. 1 jointly with those calculated pre-
viously for 1 and 5% (w/w) SLS skin pre-treatment.
As can be seen, for any particular condition of skin
pre-treatment, the greatest enhancer effect observed
corresponded to the lowest lipophilicity value of the
penetrant (5-fluorouracil).

Initially, a linear relationship between logPoct and
the efficacy of the enhancer (represented by the calcu-
lated log ER) was established (Table 3). Although this
type of relationship could be considered of value for
the greater SLS concentrations (1 and 5%, w/w) ac-
cording to their respectiver2 values, no good correla-
tion is observed in the case of the lesser concentrations
(0.24 and 0.5%, w/w). Consequently, for this range of
SLS concentrations, this equation does not seem to be
useful as a tool for predicting the magnitude of ER
that can be expected for a particular compound with
a given lipophilicity.

This behaviour initially shows certain similarities,
but also differences, with that observed for Azone® in
previous works (López et al., 2000; D́ıez-Sales et al.,
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Table 2
Lipophilicity values (logPoct) and permeability coefficients experimentally found for the tested compounds through full thickness Wistar rat skin without (control) and with
SLS treatment at different concentrations (n = 5, mean± S.D.)

Compound logPoct Permeability coefficients (kp) (×10−3 cm h−1) Statistical differences

Controla SLS 0.24% (w/w) SLS 0.5% (w/w) SLS 1% (w/w)a SLS 5% (w/w)a C/I C/II C/III C/IV III/IV

5-Fluorouracil −0.95b 0.55 (0.03) 1.17 (0.16) 4.15 (0.20) 4.27 (0.19) 4.56 (0.20) S S S S S
Antipyrine 0.23c 0.28 (0.03) nd nd 1.51 (0.29) 1.43 (0.16) nd nd S S NS
Pentoxifylline 0.72d 2.44 (0.05) 2.72 (0.10) 7.52 (0.40) 10.91 (0.39) 10.71 (1.11) NS S S S NS
Salicylamide 1.23e 31.63 (1.85) 32.60 (1.71) 32.77 (1.64) 57.60 (1.93) 58.77 (2.10) NS NS S S NS
4-Ethylaniline 1.97f 116.76 (4.54) nd nd 134.26 (7.16) 140.85 (12.85) nd nd S S NS
4-n-Butylaniline 3f 165.43 (17.22) nd nd 157.74 (15.06) 160.06 (15.38) nd nd NS NS NS
Indomethacin 4.42a 78.18 (2.62) 75.75 (1.58) 77.92 (2.05) 81.34 (3.51) 80.91 (4.15) NS NS NS NS NS

Statistical analysis of permeability coefficients found for the tested compounds under different conditions is included. C: control; I: SLS 0.24% (w/w); II: SLS 0.5% (w/w);
III: SLS 1% (w/w); IV: SLS 5% (w/w); nd: not determined; S: significantly different; NS: not significantly different.

a Borrás-Blasco et al. (1997).
b Leo et al. (1971).
c Dı́ez-Sales et al. (1996).
d Cheon Koo et al. (1994).
e Hansch and Anderson (1967).
f Yano et al. (1986).
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Table 3
Statistical figures and equation parameters, according toEqs. (4) and (5), found for data fittings, corresponding to the different experimental conditions for SLS used in this
work, and for data obtained with Azone®

Model
equations

Equation and
statistical
parameters

SLS (%, w/w) Azone® (%, w/w)a

0.24 0.5 1 5 1 5 10

Linear r2 0.6061 0.6728 0.8136 0.8321 0.7028 0.7524 0.7938
AIC −1.06 0.49 −0.77 −0.95 −0.21 0.18 0.42
a −0.054 (±0.031) −0.155 (±0.076) −0.191 (±0.049) −0.192 (±0.039) −0.152 (±0.057) −0.207 (±0.068) −0.260 (±0.076)
b 0.168 (±0.074) 0.553 (±0.181) 0.659 (±0.092) 0.666 (±0.087) 0.442 (±0.136) 0.624 (±0.163) −0.775 (±0.182)

Hyperbolic r2 0.9672 0.8613 0.9698 0.9698 0.9931 0.9367 0.8430
AIC −2.39 −0.16 −3.43 −3.48 −4.18 −1.69 −0.44
a 0.978 (±0.034) 1.074 (±0.196) 1.009 (±0.049) 0.994 (±0.048) 0.962 (±0.018) 0.906 (±0.060) 0.926 (±0.111)
b 0.124 (±0.030) 6.292 (±4.781) 14.351 (±3.531) 14.512 (±3.549) 0.734 (±0.142) 1.616 (±0.886) 3.232 (±2.204)

a Dı́ez-Sales et al. (1996).
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Fig. 1. The penetration enhancing activity of SLS for different concentrations (0.24, 0.5, 1 and 5%, w/w) expressed as enhancement
ratios. 5-FU, 5-fluorouracil; ANT, antipyrine; PEN, pentoxifylline; SAL, salicylamide; 4-ET, 4-ethylaniline; 4-BU, 4-n-butylaniline; IND,
indomethacin.

1996). In one such study (López et al., 2000), the
relation between log ER and logPoct appeared to be
linear, with a correlation coefficient ofr2 = 0.9103
(Azone® 1%, w/w) and 0.687 (Azone® 5%, w/w).
It is important to note that the lipophilicity range of
the compounds tested in the mentioned study (logPoct
from −0.95 to 2.33) is lower than in the present work.
However, when the compounds included in the ex-
periments (Dı́ez-Sales et al., 1996) comprise a broad
lipophilicity range (logPoct from −0.95 to 4.42) sim-
ilar to that found in the present work, this linear re-
lationship between logPoct and log ER does not yield
good correlation coefficients (Table 3). In other words,
this linear equation does not seem to be of general ap-
plicability in predicting the magnitude of ER that can
be expected for a particular compound with a given
lipophilicity.

In order to develop a model capable of predicting the
percutaneous absorption enhancing effect according
to the concentration of SLS used in the pre-treatment
of the skin and the lipophilicity (logPoct) of the com-
pound, a hyperbolic equation has been tested (Eq. (5)).
The results obtained are summarised inTable 3. As
can be seen, under all our experimental conditions
good correlation coefficients were obtained, superior
to those of the linear model. The value ofa obtained

is almost equal to 1, as expected (absence of ER),
whereas the value ofb increases with the concentration
of SLS until a maximum is reached (corresponding to
skin pre-treatment with SLS 1%, w/w), i.e. theb value
for 5% (w/w) SLS skin pre-treatment is similar to that
obtained with 1% (w/w) skin pre-treatment. This is in
agreement with the observations made above, which
indicate that the maximum effect of SLS on skin per-
meability is achieved after skin pre-treatment with 1%
(w/w) SLS. Based on this fact, we proceeded to deter-
mine the relationship between parameterb and SLS
concentration. A linear relationship with a good cor-
relation coefficient (r2 > 0.99) was observed, and the
equation representing the straight line obtained was
the following:

b = 18.44(±1.83) × C − 3.76(±1.21) (6)

In view of the linear relationship obtained between
parameterb and SLS concentration, we proceeded to
use this parameter as representative of the effect of
SLS on skin permeability. Substituting the value ofb
in the hyperbolic equation used (Eq. (5)), we obtain
the following expression:

1

ER
= P

18.44(±1.83) × C − 3.76(±1.21) + P
(7)
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In order to verify that this equation (Eq. (7)) is able
to reproduce good estimates of the values of ER for
all the compounds assayed, we carried out a linear fit
between the experimental values (1/ER) obtained for
all the compounds tested under the different treatment
conditions of the membrane (0.24, 0.5, and 1%, w/w)
and the theoretical values deduced from this equation
(n = 15). The equation obtained is

1

ERtheoretical
= 1

ERexperimental
× 1.04(±0.08)

− 0.068(±0.061) (r2 > 0.94) (8)

As can be seen, the slope is approximately equal to 1,
and the ordinate at the origin is practically equal to 0.
Both these observations, together with the correlation
coefficient obtained, confirm the practical usefulness
of the mathematical model proposed. Therefore, the
equation proposed (Eq. (7)) can be applied to predict
ER (in the range of concentrations used), which in the
case of SLS is to be expected for a specific compound,
the lipophilicity of which is known (logPoct) and that
is intended for use on the skin.

In order to verify whether this new form of op-
erating is applicable to the behaviour observed with
Azone®, the enhancer effect of which—as has been
pointed out—depends on the lipophilicity value of the
permeant, we performed the same procedure with the
experimental data obtained in the study carried out
with compounds with a wide range of lipophilicity
(Dı́ez-Sales et al., 1996). The results obtained are also
summarised inTable 3. It should be noted that the cor-
relation coefficient obtained, for any particular con-
dition of membrane treatment with the enhancer, is
better than when double logarithmic linear regression
between the values of ER and lipophilicity was ap-
plied. Once again, the equation relating the parameter
b with the concentration of enhancer used in the as-
says is linear, with a good correlation coefficient:

b = 2.83(±0.78) × C − 4.37(±5.06) (r2 > 0.94)

(9)

On substituting this equation for parameterb in Eq. (6)
we obtain the following expression:

1

ER
= P

2.83(±0.78) × C − 4.37(±5.06) + P
(10)

Using Eq. (10), we calculated the theoretical values
corresponding to each compound and treatment con-
dition of the membrane. The linear fit between the
experimental values (n = 21) and theoretical values
yields the following equation (Eq. (11)), with an ac-
ceptable correlation coefficient:

1

ERtheoretical
= 1

ERexperimental
× 0.86(±0.10)

− 0.08(±0.08) (r2 > 0.77) (11)

Therefore, the applicability of the equation proposed
to describe the ER of Azone® in relation to the con-
centration used and to the lipophilicity of the perme-
ants seems to be verified.

In conclusion, SLS and Azone® have been used as
enhancers. Both of them have a hydrophobic C-12 tail
but the hydrophilic ends are quite different. This fact
could imply differences in their respective molecular
interactions with the stratum corneum components.
However, their effects on the in vitro percutaneous
absorption of compounds with a wide range of
lipophilicity values were qualitatively similar. For
both enhancers the mathematic model proposed could
predict the percutaneous absorption enhancing effect
according to the concentration of the enhancer used
in the pre-treatment of the skin and the lipophilicity
(logPoct) of the compound assayed.
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