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Abstract

This study was conducted primarily to establish the significance of the experimental conditions in the determination
of permeability coefficients. In order to do this, standard in vitro skin permeation methods were used to determine
the permeability coefficient (kp) of a homologous series of phenyl alcohols, with a wide range of lipophilicity, by two
different experimental conditions through rat skin; first, using solutions (at 75% saturation concentration) of the
penetrants in the donor compartment and second using saturated solutions added with an excess of the penetrant. The
kp values obtained by these techniques were compared. Solubility of the phenyl alcohols in the donor phase and
partition coefficients in n-octanol/water systems were also assessed, and the correlations between the permeability
coefficients and these parameters were established. A bilinear relationship between the permeability coefficients of the
penetrants and the corresponding lipophilicity index was found. The skin penetration model of phenyl alcohols was
compared with another homologous series (p-alkylanilines) and the optimal lipophilicity value in terms of log P
(n-octanol) was found to be 3.1 in both cases. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In vitro methodologies have been established as
a useful tool to estimate the percutaneous pene-

tration of drugs because of the difficulty in doing
in vivo human studies (Franz, 1975). For exam-
ple, in vitro methodologies can be the only means
of obtaining percutaneous absorption data for
highly toxic compounds.

Penetration through the skin is known to de-
pend essentially on the lipophilicity of the sub-
stances tested and for this reason the use of
homologous series of compounds with a wide
range of lipophilicity enables the prediction of the
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percutaneous uptake of chemically related sub-
stances. In this way, correlations between repre-
sentative penetration parameters through the
membrane and parameters accounting for the
lipophilicity, or other structural parameters, for
homologous series of xenobiotics have been used
to develop theoretical models of penetration be-
haviour (Guy and Hadgraft, 1989; Hadgraft,
1991; Schaefer, 1996). In turn, these models can
be used for the selection of suitable candidates for
transdermal or topical formulations (Flynn and
Stewart, 1988).

The intrinsic ability of compounds to permeate
the skin can be estimated by the determination of
the permeability coefficient. However, it is well
known that the value of the permeability coeffi-
cient obtained in in vitro experiments can be
strongly dependent on experimental techniques
and conditions (Bronaugh, 1989). For this pur-
pose, in vitro experiments have to enable steady-
state diffusion to be achieved and a number of
factors need to be considered, the most important
of which are that the donor vehicle must keep the
membrane exposed to a constant concentration of
the permeant, and that the receptor phase has to
maintain sink clearance conditions for the com-
pound. At the same time, the measurements have
to be made over a sufficient period of time to
ensure that steady-state conditions have been
reached (Potts and Guy, 1994). All of these points
must be examined even more carefully when com-
pounds with limited water solubility are included
in the experiments. If penetration data is obtained
carefully, taking into account the proper vari-
ables, it seems likely that good agreement between
in vivo and in vitro measurements will be found
(Bronaugh, 1989).

The objective of this work was to analyse the
significance of the experimental conditions in the
determination of permeability coefficients, espe-
cially when they are going to be used for compar-
ative and predictive purposes. In order to do this,
standard in vitro skin permeation methods were
used to determine this parameter for a ho-
mologous series of phenyl alcohols with a wide
range of lipophilicity under two different experi-
mental conditions. Under the first set of condi-
tions, the permeant was in solution at 75%

saturation concentration, periodic replacement of
the donor cell compartment ensured that the con-
centration of permeant remained constant. In the
second case, a clear excess of the permeant was
used (it was in the form of a saturated solution
added with an excess of the penetrant). The per-
meability coefficient values calculated by these
techniques were compared. At the same time, the
solubility of phenyl alcohols in the donor phase
and their partition coefficients in n-octanol/water
systems were also assessed. The correlations be-
tween permeability coefficients and the lipophilic-
ity indices for this series were established and
compared with series of p-alkylanilines.

2. Materials and methods

2.1. Permeants

Six phenyl alcohols belonging to a true ho-
mologous series were used in the diffusion experi-
ments. They were supplied as reagent grade
products (Sigma and Lancaster). Purity for all
permeants was checked by high-performance liq-
uid chromatography (HPLC).

2.2. Solubility studies

The solubility (concentration at saturation) of
the permeants in a solution buffered to pH 6.2
was determined. To do so, a moderate excess of
the compound was placed in a buffered solution
(pH 6.2) which was then placed in a shaker bath
and maintained at 37(90.5)°C for 2 days, with
gentle stirring. After filtration, a sample was taken
and diluted for HPLC analysis. Ten determina-
tions for every compound were performed.

2.3. Structural and lipophilicity indices

The number of –CH2– groups in the alkyl
chain of phenyl alcohols was used as an error-free
structural index. In addition, the partition coeffi-
cients in n-octanol/water systems were also as-
sessed in order to compare the permeability values
obtained in this work with other results. Partition
coefficients were determined according to the clas-
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sical approaches (Leo et al., 1971; Curry and
Whelpton, 1983). Six determinations for every
compound were carried out and mean values were
used for correlation purposes.

2.4. In 6itro diffusion experiments

All the permeation experiments were performed
on Wistar rat skin (aged 20–25 days), obtained
from our laboratory colony. Epidermal mem-
branes were prepared by a heat-separation tech-
nique as previously reported (Dı́ez-Sales et al.,
1993a). Diffusion studies were done using epider-
mal membranes in a 6-cell battery system (Dur-
rheim et al., 1980) with the stratum corneum
towards the stirred donor compartment which
contained 22 ml of penetrant solution. The skin
samples were placed in the static diffusion cell in
a vertical position to give an effective surface area
available for diffusion of 4.52 cm2. The receiver
compartment capacity was also 22 ml and the
temperature was maintained at 37(90.5)°C by
immersion of the cells in a water bath. The dermal

side of the skin was continuously washed with
saline solution buffered to pH 7.4 and stirred by a
rotating teflon-coated magnet placed inside the
cell. Two series of experiments were performed:

(1) Five compounds from the phenyl alcohol
homologous series were used, (2-phenyl ethanol,
3-phenyl propanol, 4-phenyl butanol, 5-phenyl
pentanol and 6-phenyl hexanol). The compounds
were dissolved in buffer solution (pH 6.2) at a
concentration equivalent to approximately 75% of
their solubility in that medium to keep constant
the degree of saturation of the solution in contact
with the stratum corneum (i.e. thermodynamic
activity) for all the compounds. In order to ensure
that the concentration of the permeants and the
diffusion state were kept constant throughout the
experiment the donor cell content was entirely
replaced by fresh test solution every 30 min for all
of the compounds tested. For this reason, assay
duration was only 7 h for all of members of the
series. One millilitre samples were taken from the
receptor compartment every 1 h (in the case of
6-phenyl hexanol the samples were of 4 ml). The

Table 1
Partition coefficient in n-octanol (P) (n=6, mean9S.D.) and the solubility in the donor medium (S) (n=10, mean9S.D.) of
phenyl alcohols and the permeability coefficient (kp) calculated for the different series of experimentsa

P9S.D. S9S.D. kp9S.D. (×103, (cm/h)Compound Statistical differences
(mg/ml) (PB0.05)

Series IIISeries IISeries I II–III I–IIII–II

* *2-Phenyl *21.7590.86 19.1791.17 31.2792.28 114.50918.23 76.5996.90
ethanol

* *3-Phenyl *67.7596.38 6.6890.11 60.0793.52 130.22923.56 88.97917.94
propanol

**95.19917.65157.06926.6992.2398.28 ns2.6090.08212.60916.664-Phenyl bu-
tanol

* * ns5-Phenyl 776.23954.77 1.1890.08 140.6795.49 164.61913.92 135.84910.62
pentanol

1960.379118.58 0.3490.01 132.9794.206-Phenyl hex- 156.1998.89 ns138.82923.43 **
anol

——103.47917.32—0.0890.013890.599545.87 —7-Phenyl —
heptanol

(I) Solutions of phenyl alcohols in the donor compartment (75% of the saturation solubility) and 7 h of experiment.
(II) Saturated solutions of the permeants in the donor compartment and long duration of the experiments.
(III) Saturated solutions of phenyl alcohols in the donor compartment and 7 h of experiment (n=4, mean9S.D.). Statistical
analyses of permeability coefficients calculated, in the different experimental conditions, are also included.
* Significant differences.
ns, no significant differences.
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Table 2
Equation and statistical parameters describing the correlations established between permeability coefficients (kp, cm/h), calculated
for the series I and II, and lipophilicity indices (number of –CH2– groups in the alkyl chain, n, partition coefficient in n-octanol,
P and solubility in the donor phase) of phenyl alcohols

SymbolModel equations Equation and statistical parameters (values9S.D.)

n P n-octanol Solubility

aBilinear (series I) 0.01290.003 7.9×10−392.6×10−3 0.15390.012
0.22590.035 0.4790.08b 0.51890.051

c 6.8×10−693.9×10−5 1.7×10−597.5×10−5 5.1×10−390.1×10−3

d 0.86290.386 1.4590.47 4.91926.54
−46.26 −46.26AIC −50.09

0.987 0.997 0.998r

−0.05590.015Parabolic (series I) −0.21190.058a −0.32690.099
b 0.61490.141 1.33290.304 0.15590.054

−2.57790.318 −2.95890.386 −0.86990.028c
−37.74 −39.10AIC −35.67

r 0.956 0.996 0.991

Hyperbolic (series I) a 0.14890.020 0.15090.019 0.14690.021
0.47490.165 0.91190.293b 1.18190.463

c 38.17939.12 9.43977.58 0.14290.156
AIC −34.74 −36.00 −32.68

0.953 0.995r 0.987

0.00890.006 0.07990.009a 0.20390.022Bilinear (series II)
b 0.07190.012 0.12190.023 0.19790.039

0.000290.0003 1.4×10−794.4×10−7 0.23090.126c
0.55790.082 1.91790.345d 0.90490.116

AIC −53.39 −49.21 −53.39
r 0.994 0.992 0.995

−0.02990.006Parabolic (series II) −0.13290.045a −0.12990.020
b 0.26290.059 0.67690.227 −0.02290.016
c −1.38690.128 −1.64890.272 −0.78890.014

−40.94 −36.91AIC −45.22
0.932r 0.861 0.964

1.4×10−191.6×10−2Hyperbolic (series II) 1.4×10−191.6×10−2a 1.4×10−191.7×10−2

b 7.8×10−192.304 1.49694.726 1.80895.678
c 9.896989.970 27.1609461.012 1.3×10−392.6×10−2

−29.97 −30.07AIC −29.95
0.475 0.459 0.450r

volumes withdrawn were always replaced with
equal volumes of fresh receptor solution.

(2) Six compounds of the series, (2-phenyl
ethanol, 3-phenyl propanol, 4-phenyl butanol, 5-
phenyl pentanol, 6-phenyl hexanol and 7-phenyl
heptanol), were used as saturated solution
(added with an excess of the penetrant) in buffer
medium at pH 6.2. Then, the effective concen-
tration in donor compartment is, in this case,
equal to the solubility value. One millilitre sam-

ples were taken from the receptor compartment
every 60 min over a period of 32 h, in the case
of 7-phenyl heptanol the assay duration was 56
h. The volumes withdrawn were replaced with
fresh receptor solution. The receptor solution
was added with polysorbate 80 at a clearly
supramicellar concentration (1%, w/w) in order
to provide a micellar reservoir. Consequently,
sink conditions were completely fulfilled (Dı́ez-
Sales et al., 1991).
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In all cases Eq. (1) was used to fit experimental
data (Scheuplein, 1967).

Q(t)=A ·P ·h ·C ·
�

D ·
t

h2−
1
6

−
2

p2 %
�

n=1

(−1)n

n2 · exp
�−D ·n2 ·p2 · t

h2

�n
(1)

where Q(t) is the quantity of penetrant which
passes through the membrane and reaches the
receptor solution at a given time, t. A represents
the diffusional surface area (4.52 cm2); P, the
partition coefficient of the permeant between the
membrane and the donor vehicle; h, the mem-
brane thickness; D, the diffusion coefficient of the
permeant in the membrane, and C is the concen-
tration of the penetrant in the donor solution.
The terms P ·h and D/h2 were replaced in Eq. (1)
by P1 and P2 respectively, and calculated through
fitting the theoretical equation to individual in-
vitro permeation data sets using a computerized
nonlinear least-squares method (Multi) (Yamaoka

et al., 1981). The permeability coefficients, kp

(=P1 ·P2), were calculated and used as represen-
tative permeation parameters.

2.5. Analytical procedure

The concentration in the samples was deter-
mined by HPLC using a Perkin-Elmer liquid
chromatograph which included an Isocratic Series
10 pump, a LC sample processor ISS 200 model
automatic injector, a LC 95 UV detector, set at
254 nm (in the case of 7-phenyl heptanol at 204
nm) and a 1020 model integrator. An analytical
Novapack C-18 column was employed. The mo-
bile phases were composed of mixtures of acetoni-
trile and phosphate buffer solution (pH 6.2) in
variable proportions, depending on the phenyl
alcohol assayed, and were delivered at a flow rate
of 1 ml/min at ambient temperature.

Calibration curves covering the entire range of
concentrations assayed for the compounds were
prepared in triplicate. The accuracy of the method
was evaluated by calculating the relative error,
which was always less than 12.5%, and precision
was evaluated by calculating the variation coeffi-
cient, which was lower than 9.9% and is consid-
ered acceptable (Karnes and March, 1993).

2.6. Fitting of models to data

Since there is a perfect homology in the tested
series, initially kp values and the number of –
CH2– groups in the alkyl chain, n, were corre-
lated through the three classical model equations:
bilinear and parabolic (as representative of the
probabilistic approaches) and hyperbolic (as rep-
resentative of the compartmental approaches).
This was merely a theoretical approach. In order
to place the experiments within a more practical
context, in a second step, kp values were corre-
lated with partition coefficients in n-octanol. The
solubility values of the phenyl alcohols were also
used as lipophilicity indices. The fitting operations
were done with the aid of the nonlinear least-
squares regression program, Multi:

Bilinear kp=
a ·Kb

1+c ·Kd (2)

Fig. 1. Graphical plots showing the correlation between the
number of –CH2– groups in the alkyl chain of phenyl alco-
hols, n, and permeability coefficients, kp, calculated for the
series I (�), non-saturated solutions of phenyl alcohols in the
donor compartment (75% of the saturation solubility) and 7 h
of experiment and for the series II (
), saturated solutions
(with excess) of phenyl alcohols in the donor compartment and
long duration of the experiments, according to the bilinear
model.
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Parabolic kp=10(a ·K2+b ·K+c) (3)

Hyperbolic kp=
a ·Kb

c ·Kb (4)

In these equations, a, b, c and d are constants
which can be calculated experimentally and are
different for each equation.

2.7. Statistical analysis

ANOVA was used prior to the Tukey test. The
statistical criteria for assessing the quality of the
fits were the Akaike information criterion, AIC
(Akaike, 1976) and the correlation coefficient be-
tween experimentally observed and model pre-
dicted kp values.

3. Results and discussion

Accumulated amounts as a function of time in
the receptor compartment for the two series of
tests (non saturated and saturated solutions) were
determined and permeability coefficients, kp, cal-
culated for each compound; these are shown in
Table 1. Values are the means of n=4
determinations.

In the first series (I), the kp of phenyl alcohols
was determined using a solution of each penetrant
at 75% of its solubility in the donor compartment.
As previously indicated, the duration of the exper-
iments was 7 h. Samples of the donor content,
which was replaced every half hour, were
analysed. In all of the experiments, less than 10%
of the donor phase was transported. The concen-
tration of the compound in the receptor compart-
ment at the end of the experiments (7 h) was
always less than 10% of the saturation solubility
of the permeants in the medium. Therefore, re-
quirements for zero-order flux were maintained in
both cell compartments (Barry, 1983). However,
the short duration of experiments (7 h), due to the
necessary replacement of donor content, meant
that it was not possible to ensure that a steady-
state had been reached (Potts and Guy, 1994). In
order to analyse this aspect a new series of exper-
iments were carried out (series II) using an excess
of penetrants in the donor phase. This procedure

Fig. 2. Graphical plots showing the correlation between parti-
tion coefficients in n-octanol, P, and permeability coefficients,
kp, calculated for the series II (�) saturated solutions of the
phenyl alcohols in the donor compartment and long duration
of the experiments and the kp for the p-alkylanilines (�)
through Wistar rat epidermis (Dı́ez-Sales et al., 1993b), ac-
cording to the bilinear model.

does not need donor cell replacements and per-
mits us to increase the time of the experiments. As
the accumulated amounts in the receptor com-
partment at the end of experiments increase as
their duration increases, polysorbate 80 at
supramicellar concentration was added to guaran-
tee sink conditions (Dı́ez-Sales et al., 1991). How-
ever the presence of undissolved amounts of the
penetrants in contact with the stratum corneum
could modify the diffusional process through the
membrane. Therefore to examine this possibility
we have calculated the kp values of the com-
pounds from the amounts penetrated, as a func-
tion of time, if the experiments with saturated
solutions (added with an excess of the penetrant)
were finished in 7 h. These are also shown in
Table 1 and are identified as series III.

The statistical analysis (Table 1) shows that
when we compare the kp values calculated for 7 h
and those obtained for experiments of long dura-
tion from experiments carried out with donor
saturated solutions (series II and III), there are
significant differences for all of the penetrants.
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Therefore, 7 h was apparently not enough time to
achieve steady-state diffusion and the permeabil-
ity coefficients obtained were underestimates of
the true values.

On the other hand, if we compare the kp values
calculated from the two different experimental
conditions (non saturated and saturated solutions
in the donor compartment) but considering only 7
h of experiments (series I and III), we can see that
any statistical differences are dependent on the
lipophilicity of the penetrants. In fact for the
more lipophilic compounds (4-phenyl butanol, 5-
phenyl pentanol and 6-phenyl hexanol) no statisti-
cal differences were found. Then, we can say that,
although the measurements were made over too
short a period to reach steady-state diffusion, the
evolution to this situation, for these penetrants, is
made in a similar way in the two experimental
conditions compared. However, for the more hy-
drophilic compounds of the series (2-phenyl
ethanol and 3-phenyl propanol) there are statisti-
cal differences between the kp calculated with the
two experimental conditions. It could be ex-
plained considering that the excess of the pene-
trant in contact with the membrane could produce
a self-enhancing effect on its penetration. In fact,
these compounds (2-phenyl ethanol and 3-phenyl
propanol) have been previously demonstrated as
percutaneous penetration enhancers of 5-fluorou-
racil (López et al., 1997), thus confirming their
enhancer effect.

It is now clear that there is a functional depen-
dence of the steady-state permeability coefficient
upon lipophilicity. Correlations between kp and
lipophilicity constants were done, in order to de-
termine how the differences observed in perme-
ability coefficients derived from the different
experimental conditions used could be modified.
The data for the lipophilicity parameters used for
this purpose (solubility, S, and the partition co-
efficients, P) are also included in Table 1. The
relationships obtained between these parameters
and the number of –CH2– groups in the alkyl
chain, n, are linear and have excellent correlation
coefficients.

log Sn=n · 0.46(90.02)−2.24(90.11)

(r\0.995) (5)

log Pn=n · 0.49(90.10)+0.46(90.02)

(r\0.996) (6)

Equation and statistical parameters of the correla-
tions between epidermal permeability coefficients
calculated for the series of experiments I and II
and the lipophilicity indices are shown in Table 2.
Based upon statistical parameters obtained from
the fits, the bilinear model was found to be the
model of choice for both series of experiments.

Plots relating permeability coefficients, for se-
ries I and II, and the alkyl chain –CH2– groups,
according to the bilinear model are reproduced in
Fig. 1. We can see graphically that by increasing
the time of the experiments, the permeability val-
ues obtained for all the compounds increase. This
increase is higher for the more hydrophilic com-
pounds of the series. If we compare the plots of
series I and II we can observe the different slope
of the ascending branch of the bilinear curve,
which can be attributed to the self-enhancing
effect on penetration for 2-phenyl ethanol and
3-phenyl propanol. However, in spite of differ-
ences related to experimental conditions, it is im-
portant to note that the optimal lipophilicity
value for penetration deduced from the fits is the
same independently of the series (Fig. 1).

Additionally, in order to compare the penetra-
tion behaviour model of phenyl alcohols assayed
in the present work (series II) with those obtained
with the homologous series of p-alkylanilines
through the same membrane (Dı́ez-Sales et al.,
1993b), n-octanol partition coefficients were used
as the lipophilicity index because they show a high
correlation with the number n of –CH2– groups
in the aliphatic chain of the homologous series
(Fig. 2). As can be seen, the bilinear model estab-
lished for the phenyl alcohols assayed is clearly
similar to that obtained with the p-alkylaniline
homologous series (Dı́ez-Sales et al., 1993a,b,
1996). Because a bilinear correlation implies the
existence of an optimum of lipophilicity for per-
meation, the compounds which have a lipophilic-
ity higher or lower than this optimum value will
diffuse with more difficulty through the mem-
brane. The optimal lipophilicity values are the
same in both series of compounds, in terms of
log P (n-octanol), it would be 3.10. Similar con-
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clusions can be deduced from some results re-
ported in the literature with other homologous
series and membranes (Durrheim et al., 1980;
Roberts et al., 1977; Dı́ez-Sales et al., 1993a) and
with a number of different compounds with a
wide range of lipophilicity values (Borrás-Blasco
et al., 1997). It has been argued that the lack of
further increase in permeability coefficients at
high values of log Poct (\3) could reflect reten-
tion of the compounds in the stratum corneum or
a change in the penetration rate controlling step
for these compounds (i.e. partitioning of the pene-
trant from the lipophilic stratum corneum into the
viable epidermis or its uptake in the aqueous
receptor phase) (Guy and Hadgraft, 1989; Had-
graft, 1992).

In conclusion, this work points out, once again,
the importance of the experimental conditions in
the determination of permeability coefficients. At
the same time, the results of this work, add new
experimental data about the optimal lipophilicity
value for skin penetration that is similar to those
obtained previously, log Poct$3, which could be
considered of use to improve the design of drugs
intended for percutaneous administration.
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