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A multiple linear regression QSAR model was developed based on a set of 61 compounds with internally
consistent permeability data measured across Franz cell. The data was normalized using a mean perme-
ability value of a reference compound, 3-isobutyl-1-methylxanthine (IBMX). The QSAR model contained
only five simple descriptors and had a correlation coefficient, r2 of 0.77 between experimental and calcu-
lated values for skin permeability. The mean absolute error (MAE) was 0.3 for the entire set and the cross
validation coefficient, q2 was 0.71. The in silico skin permeability model was used as a filter for virtual
libraries and to optimize skin permeation of specific compounds for several dermatology discovery
projects.

� 2009 Elsevier Ltd. All rights reserved.
The development of mathematical models to describe and pre-
dict skin permeability has been an area of active research.1–3 The
hair follicle, hair shaft and sebaceous gland collectively form what
is called the pilosebaceous unit. Emerging interest in the piloseba-
ceous unit as a potential drug delivery target for a variety of der-
matological conditions has accelerated a greater understanding
of the structure and function of this unit as well as the design of
drugs that selectively target hair follicles and sebaceous glands.4–9

Stratum corneum, located on the outer surface of the skin, is a
non-living layer of keratin-filled cells surrounded by a lipid-rich
extracellular matrix that provides the primary barrier to drug
delivery into skin.10 In humans, it consists of between 10 and 25
layers of dead, elongated, fully keratinized corneocytes that are
embedded in a matrix of lipid bilayers.11 This layer is only 7–
16 lm thick in most regions of the body but 400–600 lm thick
in the palms of the hands and soles of the feet.12 The stratum cor-
neum consists of �40% protein of which 80% is keratin. The type
and amount of lipid in the stratum corneum depends on body-site
and currently, it is generally accepted that skin permeability is af-
fected by stratum corneum lipids.13
ll rights reserved.
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A number of skin permeability models, especially for predicting
permeability of the stratum corneum to hydrophobic drugs have
been proposed.3,14,15 These models can be categorized into quanti-
tative structure–property relationships (QSPRs), models based on
diffusion mechanisms, or a combination of both.1,2,16 One equation,
developed by Potts and Guy,3 correlates skin permeability (KP) to a
drug in aqueous solution with solute molecular weight (MW) and
octanol–water partition coefficient (Koct) given by Eq. 1:

log Kp ðcm=sÞ ¼ �6:3þ 0:71 � log Koct � 0:0061 � MW ð1Þ

Similar equations have been proposed by other investiga-
tors,17,18 parameters such as hydrogen bonding19,20 and melting
point have also been added to better fit the data. Other methods
for estimating skin permeability include group contribution ap-
proaches21 as well as combinations of molecular orbital calcula-
tions with neural networks22 and random-walk calculations.23

Additional models have been proposed to explain the size-depen-
dence of skin permeation.24

Several of these published in silico models and structure–prop-
erty relationships governing skin permeation are based on data
gleaned from multiple sources using inconsistent experimental
protocols.16,25,26 The majority of these rely on the Flynn data
set.27 This compilation comprises data derived from at least 12
sources, on 93 solutes, only about half of which are drug-like mol-
ecules. This, along with the inherent variability of skin barrier
properties, results in models of limited applicability to prospective
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dermal drug design. Large internally consistent data sets are hard
to obtain, because skin permeation studies are so labor intensive.
This difficulty is compounded by the necessity of using multiple
skin sources per solute to average out permeability differences.
Furthermore the vehicle used for skin permeability experimental
studies in most published models is water. While a 100% aqueous
vehicle is the most appropriate standard state, such a vehicle does
not represent what is typical in topical discovery project applica-
tions. Furthermore, many drug-like solutes are too insoluble in
pure water for it to be used as vehicle. Here we present both the
generation of a consistent dataset used in our discovery efforts as
well as the use of this dataset to derive a quantitative permeability
model. The model was used to prioritize compounds to be tested in
the Franz cell skin permeability assay, as a computational filter for
virtual library design and in the optimization of skin permeability
of compounds in several dermatology projects.

A set of 61 compounds with measured permeability values in
Franz cell was gathered. The experimental permeability data was
normalized using a mean value of the permeability of a reference
compound, 3-isobutyl-1-methylxanthine (IBMX). The experimen-
tal data and calculated descriptors for 44 non-proprietary com-
pounds out of 61 compound dataset are shown in Table 1. The
normalized permeability (Pe) values for 61 compounds range from
Table 1
Experimental and computed permeability data (in cm/s) for 44 compounds in the Franz c

Compound name log Pe (expt) log Pe (pred) PISAa donorHBa accptH

Sulfasalazine �1.31 �1.42 406.547 2 9.25
Sulfapyridine �1.72 �1.62 300.312 2.5 6.5
Tolbutamide �0.04 0.42 122.775 1 3.5
Testosterone 0.64 �0.02 29.538 1 3.7
Hydrocortisone �1.77 �1.74 28.542 3 8.15
Progesterone 1.08 0.33 28.928 0 4
Chlorpromazine 0.01 0.57 241.489 0 2.5
Corticosterone �0.89 �1.16 28.42 2 7.4
Chlorthiazide �2.15 �1.91 119.605 3 10
Hydrochlorthiazide �2 �1.73 68.84 3 9
Dexamethasone �2.4 �1.72 81.149 3 8.15
Indomethacin �0.4 �0.3 203.376 1 5.75
Caffeine 0.14 0.09 58.653 0 5
Warfarin �0.62 �0.58 338.631 1 5.25
Propranolol hcl �0.85 �0.4 264.835 2 3.95
Furosemide �1.41 �2.01 217.142 4 8
Lidocaine 0.25 �0.25 125.828 1 4.5
Carbamazepine 0.18 �0.35 321.304 2 2
Clonidine hcl �0.68 �0.11 133.205 2 2.5
Piroxicam �0.96 �1.02 322.19 1 7.75
Verapramil �0.36 0.07 93.74 0 6.5
Antipyrine �0.15 �0.04 221.454 0 4
Sulpiride �1.48 �1.61 65.956 3 9.75
Niflumic acid �0.27 0.32 265.405 1 2.5
Ketoprofen �0.31 �0.24 276.938 1 4
Ibmx 0 �0.25 67.56 1 5
Desoximetasone �1.28 �1.26 79.777 2 7.4
5-Hydroxyquinoline 0.04 0.02 268.998 1 1.75
Metoprolol �0.6 �0.59 124.886 2 5.65
Ar–ligand-1 1.21 0.67 238.155 0 3
Omeprazole �1.02 �0.85 174.947 1 8
Terbutaline �1.68 �1.08 105.547 4 4.2
Ru-58841 �0.06 �0.12 85.878 1 6.7
Ar–ligand-2 0.53 0.39 263.742 1 2.25
Sant-1 �0.01 �0.37 399.495 0 6.5
Chloramphenicol �1.17 �0.99 115.703 3 6.9
Terfenadine �0.92 �0.65 415.62 2 4.45
Rac �0.34 �0.38 269.381 1 4.5
Fexofenadine �1.1 �1.42 412.65 3 6.45
Minoxidil �1.41 �1.37 46.721 4 5.2
Miconazole 0.05 0.33 310.88 0 3.7
Atenolol hcl �1 �1.58 123.454 4 6.45
Enalapril maleate �1.72 �1.32 192.686 2 8.5
Enprofylline �0.77 �0.73 67.355 2 5

a QikProp descriptors.
2.4 to 9840 in 10�10 cm/s. The distribution of the permeability val-
ues for 61 compounds is shown in Figure 1, where the x-axis rep-
resents the log Pe and the y-axis represents the number of
compounds. 3D conformations of compounds were generated
using CORINA 3.1.28 A variety of 2D/3D molecular descriptors were
initially calculated. An initial correlation analysis of permeability
values with four simple commonly used descriptors (log D at pH
6.5, C log P,29 topological polar surface area30 (TPSA) and the num-
ber of rotatable bonds) was performed to obtain some trends from
the dataset. Multiple linear regression modeling by JMP5.0.1.231

was performed using descriptors computed from QikProp 2.1.32

The models were cross-validated 1000 times by leaving 20% of
the data out. To assess the confidence of the predicted values from
the model, we also calculated the 95% confidence interval for the
predicted values. The confidence limits reflect variation in the error
and variation in the parameter estimates. The confidence limits in
JMP are calculated as described in Tan and Iglewicz.33

As discussed in the references and notes section,34 to increase
throughput, we performed skin permeation studies with cassettes
of solutes (N in 1). Solute–solute interactions were reduced by
keeping the concentrations of individual solutes at 0.1% or less
and by using a mixed aqueous–organic vehicle to simultaneously
reduce hydrogen bonding and solvophobic interactions between
ell dataset and their corresponding computed properties

Ba globa EA(eV)a MW C log P #rotor log D TPSA

0.7982147 1.805 398.3925 3.88 6 0.05 141.31
0.8777503 0.085 249.2889 0.836 3 0.03 85.08
0.8277124 0.424 270.3479 2.497 5 0.63 75.27
0.9132449 0.072 288.4244 3.409 0 3.48 37.3
0.9008329 0.046 362.4599 1.887 2 1.43 94.83
0.9008049 0.072 314.4617 3.965 1 4.04 34.14
0.8577716 0.389 318.8642 5.3 4 2.15 6.48
0.8910925 0.026 346.4605 2.513 2 1.76 74.6
0.8911785 1.625 295.7232 �0.294 1 �0.78 118.69
0.8890697 0.953 297.7391 �0.365 1 �0.07 118.36
0.8924881 0.363 392.461 1.785 2 1.87 94.83
0.8571297 1.085 357.7877 4.18 5 0.59 68.53
0.9056124 0.42 194.1906 �0.04 0 �0.13 61.82
0.8691987 0.976 308.3279 2.901 4 1.43 67.51
0.8349111 0.399 259.3434 2.753 6 0.51 41.49
0.8573476 0.822 330.7441 1.27 5 �1 122.63
0.8684517 �0.239 234.3372 1.954 5 0.75 32.34
0.8921892 0.517 236.2685 2.38 1 2.67 46.33
0.8836365 0.133 230.0939 1.428 1 0.37 36.42
0.8602271 1.257 331.3463 1.888 2 �0.35 99.6
0.8146655 0.022 454.6017 4.466 13 1.52 63.95
0.8966288 0.175 188.2257 0.204 1 0.27 26.93
0.8255984 0.68 341.4258 1.11 6 �2.15 101.73
0.854908 0.899 282.2179 4.922 3 2.01 62.22
0.8713042 0.623 254.2805 2.761 4 0.56 54.37
0.9027192 0.458 222.2437 1.423 2 1.23 72.68
0.8883517 0 376.4616 2.591 2 1.85 74.6
0.9305986 0.778 145.158 2.077 0 1.46 33.12
0.8196366 �0.222 267.3639 1.486 9 �0.81 50.72
0.8484493 0.974 305.2977 4.001 3 5.59 39.92
0.8471424 0.635 345.4161 2.565 5 2.16 77.1
0.864664 0.075 225.2841 0.482 3 �2.14 72.72
0.8332817 1.159 369.3384 1.214 5 2.41 84.64
0.8680521 1.21 263.2146 3.553 1 3.63 44.02
0.791687 0.378 373.494 4.424 5 3.65 36.66
0.8589177 1.494 323.1293 1.283 6 1.02 112.7
0.7730475 �0.178 471.6735 6.073 8 3.72 43.7
0.8670923 0.411 202.2093 1.766 2 1.22 55.13
0.7638154 �0.127 501.6564 1.957 10 2.3 81
0.8862994 �0.122 209.2483 �2.134 1 �3.99 91.16
0.8333611 0.629 416.1286 5.812 6 5.55 27.05
0.826794 �0.42 266.336 �0.109 8 �2.5 84.58
0.7973544 �0.257 376.4467 0.667 11 �0.55 95.94
0.9271436 0.52 194.1906 0.396 2 0.27 83.54
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Figure 1. Distribution of the logarithm of experimental permeability values
measured across Franz cell (cm/s).
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solutes.35,36 Polyethylene glycol (PEG 400) was used as the organic
co-solvent (45% w/v) because its effect on skin permeability is min-
imal37–39 and it is effective in boosting the solubility of lipophilic
solutes.40 To eliminate the need to normalize data for each cassette
over many different skin sources, we included an internal reference
standard, 3-isobutyl-1-methylxanthine (IBMX) in every cassette.
Normalizing observed permeability coefficients against the refer-
ence standard in the same diffusion cell usually caused a signifi-
cant reduction in variability.39 Sufficient dose volume was used
to maintain ‘infinite dose’ conditions so that permeability coeffi-
cients could be readily derived from the linear portion of the flux
curves. From these studies, we have compiled a set of internally
consistent permeability coefficients, suitable for developing quan-
titative models for human skin permeation.

The correlation of the skin permeability values with each of the
four commonly used molecular descriptors is shown in Figure 2a–
d. The measured permeabilities show weak correlation with TPSA,
log D, and C log P and no correlation with the number of rotatable
bonds of the molecule. These results are expected and consistent
with earlier studies. Since our goal was to develop a simple model
using as few descriptors as possible with accurate prediction and
easy interpretation, we evaluated multiple linear regression mod-
els. To compare our models with the Potts and Guy’s model shown
in Eq. 1, we fit the Franz cell permeability data with the C log P and
MW.

log Pe ¼ 0:2347� 0:0055 � MW þ 0:3865 � C log P ð2Þ

This model has an r2 = 0.53 and MAE = 0.44. We also obtained
another model with the four parameters discussed above.

log Pe ¼ 0:1569þ 0:034 � C log P � 0:0102 � #rotor

� 0:0144 � TPSAþ 0:1321 � log D ð3Þ

This model has an r2 = 0.60 and MAE = 0.41. To improve the cor-
relation with the experimental permeability data, we tried different
sets of descriptors. We also wanted to publish the skin permeability
model through Pfizer’s global compchem toolbox for easy access
and use by researchers within the company. Therefore we initially
restricted our descriptor calculations to a single method—Qik-
Prop.32 We have had prior success with developing QSAR models
for various ADMET endpoints using QikProp descriptors.41

The model obtained by stepwise multiple regression method in
JMP software that satisfied our simple criteria is shown below:

log Pe ¼ 6:6177� 0:0022 � PISA� 0:3516 � donorHB

� 0:2451 � accptHB� 5:8373 � globþ 0:2700

� EAðeVÞ ð4Þ
where PISA is the pi (carbon and attached hydrogen) component of
the solvent-accessible surface area, donorHB is the estimated num-
ber of hydrogen bonds that would be donated by the solute in solu-
tion, accptHB is the estimated number of hydrogen bonds that
would be accepted by the solute in solution, glob is the globularity
descriptor and is equal to 4 * p * r2/SASA where r is the radius of a
sphere with a volume equal to the molecular volume and SASA is
the solvent-accessible surface area (glob is equal to 1.0 for a spher-
ical molecule), and EA(eV) is the quantum mechanically calculated
electron affinity.32

This model gave a correlation coefficient, r2 = 0.77 between
experiment and prediction and the MAE of 0.3 for the set of 61
compounds. The cross validation with ‘leave 20% out’ method
shows q2 = 0.71 with the MAE of 0.34. The correlation of perme-
ability values between experiment and prediction is shown in Fig-
ure 3. From the model we interpret that the factors that impact
skin permeability are hydrogen bonding capabilities, molecular
shape (globularity), pi system of the compound, and electron affin-
ity, all of which make sense. To assess the level of contribution of
each descriptor to skin permeability, we obtained a new model
based on the normalized descriptors (mean center and scaling
the untransformed descriptors using the caret package in R-
http://www.R-project.org).

log Pe ¼ �0:7744� 0:4276 � PISA� 0:7032 � donorHB

� 1:0111 � accptHB� 0:4868 � globþ 0:3004

� EAðeVÞ ð5Þ

This equation provides the level of contribution and importance
of different descriptors: hydrogen bond acceptor > hydrogen bond
donor > globularity > PISA > electron affinity.

Previously published predictive models (e.g., Potts and Guy3)
suggest that lipophilicity and size are the most important proper-
ties governing skin permeation. The model presented here is un-
ique in that neither of these properties is used even though these
two parameters from QikProp were considered in model building.
It is important to realize that the vehicle used for permeation in all
published models is water. While a 100% aqueous vehicle is the
most appropriate standard state, such a vehicle does not represent
typical topical discovery project applications.

The minimal impact of lipophilicity in our model is probably a
consequence of the 40% PEG 400 in the vehicle. Lipophilicity as a
driving force is largely a consequence of the unusual cohesive en-
ergy density of water42 (as indicated by the surface tension). The
energetic cost of creating a solute-sized cavity in water is higher
than in most other phases, thus driving the solute into the more
receptive phase. The presence of PEG significantly reduces surface
tension, so that it may not be very different between the vehicle
and the barrier phase. As a result, lipophilicity loses importance.

In considering the role of solute size in skin permeation, while
overall size was not a major factor in our model, solute bulkiness,
as measured by the globularity term (glob), was significant. The
negative effect of globularity may reflect narrow pathways within
the intercellular lipid phase of the stratum corneum through which
a skin-permeating solute must pass.

Previous models often show a significant negative influence of
hydrogen bond acceptor ability on solute permeation. Solute
acceptor ability decreases partitioning from water into the barrier
phase, because the H-bond donor capacity of water is much greater
than that of the barrier phase. Solute H-bond donor capacity ap-
pears to be less important in governing permeation through skin
because, with respect to partitioning, the acceptor capacity of the
barrier phase and of the aqueous vehicle is similar. In our studies,
the presence of PEG 400 in the vehicle will reduce the relative H-
bond donor capacity of the vehicle.43 Consequently, the H-bond
acceptor capacity of the solute becomes somewhat less of a factor

http://www.R-project.org


Figure 2. (a) Correlation of log Pe, (b) correlation of log Pe with C log P with log D at PH 6.5. (c) Correlation of log Pe 2d. (d) Correlation of log Pe with TPSA with rotatable
bonds.
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Figure 3. Correlation of permeability between experimental values and predicted
values.
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than it would be in a completely aqueous vehicle. Nevertheless,
both acceptor and donor capacity of the solute will contribute to
slowing down diffusion through the barrier phase. Thus, in our
model, both donor and acceptor capacity of solutes is important,
although acceptor capacity is still the most important.
Ionization would be expected to be a major factor in determin-
ing skin permeation, although it has rarely been incorporated
explicitly into predictive models.44 Acidic and basic solutes will
have various degrees of ionization depending on the vehicle pH.
We arbitrarily chose a pH of 6.4 for our studies, midway between
the pH of plasma and that of the skin surface. The importance of
the electron affinity term (EA(ev)) may be partially a consequence
of solute ionization. High electron affinity is a characteristic of a
(Lewis) acid. A positive correlation of solute permeation with this
term could suggest that acids are preferentially permeable. This
possibility should be tempered, however, with the observation
that at pH 6.4, typical acids are less ionized than typical bases,
so any apparent advantage of acidity may only be an indication
of a lower percent ionization. In fact another study (unpublished)
suggests that strong bases are more skin-permeable than strong
acids.

There are several ways in which the use of cassettes could result
in erroneous flux data. These can be summarized as solute–skin
interactions and solute–solute interactions. Interaction of a solute
with skin could potentially alter the skin barrier properties,
resulting in greater or lesser apparent permeation for companion
solutes. The relatively low concentration of individual solutes com-
pared to what is typically used for permeation enhancers reduces
this effect. Indeed, several studies with potential enhancers at
�0.1% concentration suggested that barrier alteration was mini-
mal.39 Solute–solute interactions in the vehicle could reduce the
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thermodynamic activity of a solute so that activity is not properly
reflected by the concentration. This is important, because solute
concentration is used in calculating permeability coefficients. The
use of buffer with 45% PEG 400 (w/v) should reduce, but may not
eliminate solute–solute interaction in the vehicle. Solute–solute
interaction in the barrier phase is also a possibility. High local con-
centrations of solutes at interfacial sites potentially could promote
complexation resulting in altered permeation. However, studies of
several pairs of solutes, singly and together, did not show evidence
of interactions.35

In most cases, variation in measured solute permeability coeffi-
cients was reduced when the values were normalized against the
IBMX permeability coefficient. Nevertheless, in some cases nor-
malization had no effect or even increased the standard deviation
for a set of permeation measurements.39 The most likely cause
for such observations is differences in the rate-limiting step of dif-
fusion between the test and reference solutes. For small hydro-
philic compounds, a pore pathway across the stratum corneum
may contribute to the flux, while for highly lipophilic compounds,
rate-limiting flux across the viable epidermis/dermis becomes sig-
nificant. Solutes for which normalization fails to reduce variability
are generally quite lipophilic or hydrophilic.

Large internally consistent data sets are hard to obtain because
skin permeability studies are so labor intensive. The difficulty is
compounded by the necessity of using multiple skin sources per
solute to average out permeability differences. While a 100% aque-
ous vehicle is the most appropriate standard state, such a vehicle
does not represent what is typical in topical discovery project
applications. Here we have presented both the generation of a con-
sistent data-set and the development of a computational skin per-
meability model used in our discovery efforts. The QSAR model
contained only five simple descriptors and had a correlation coef-
ficient, r2 = 0.77 between experimental and calculated values. The
MAE was 0.3 for the entire set and the cross validation coefficient,
q2 = 0.71 The model was used to both prioritize compounds that
went through the Franz cell skin permeability assay as well as a
computational filter for virtual library design and in the optimiza-
tion of skin permeabilities of compounds in several dermatology
projects.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.11.039.
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