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ABSTRACT
Purpose In principle, maximum transepidermal fluxes of sol-
utes should be similar for different vehicles, except when the
solute or vehicle modifies the skin. Here we estimated maxi-
mum flux, stratum corneum solubility, diffusivity and permeabil-
ity coefficient for a range of similarly sized phenolic compounds
with varying lipophilicity from polar and lipophilic vehicles.
Methods Maximum flux and other skin transport parameters
through human epidermis were obtained from lipophilic
vehicles (mineral oil (MO) and isopropyl myristate (IPM)) and
compared with values from water and propylene glycol (PG)-
water solutions. Solvent uptake and changes in stratum cor-
neum infrared spectroscopy and multiphoton microscopy im-
aging were also investigated.
Results Maximum fluxes for MO and water were similar but
IPM has a higher value for more polar phenols due to a higher
diffusivity and PG-water had a higher flux due to higher solubility
in the stratum corneum. Whereas maximum flux for various
phenols was directly related to solubility in the stratum corneum
independent of vehicle, increasing phenol lipophilicity increased
and decreased permeability coefficient for aqueous solvents and
lipophilic solvents, respectively.
Conclusion The maximum fluxes for phenols with a similar
molecular size and varying lipophilicity were comparable be-
tween water and MO vehicles but higher for IPM and PG-water
mixtures.

KEY WORDS diffusivity . lipophilic vehicle . maximum flux .
permeability coefficient . solubility in the stratum corneum

ABBREVIATIONS
ATR-FTIR attenuated total reflectance

Fourier transform infrared
Cv solute concentration in the vehicle
D* diffusivity per unit path length
HPLC high-performance liquid chromatography
IPM isopropyl myristate
Jmax,estimated maximum fluxes estimated from

dilute solutions
Jss steady-state flux
KIPM, pool partition coefficient between IPM lipid pool

and usual path for solute diffusion in stratum
corneum

kp permeability coefficient
KSC stratum corneum-vehicle partition coefficient
log P logarithmic (base 10) form of

octanol-water partition coefficient
MO mineral oil
PBS phosphate buffered saline
PG propylene glycol
Qss cumulative amount of solute penetrated

at steady state
Sv solute solubility in the vehicle
Sf solvent factor
SSC solute solubility in the stratum corneum
tlag lag time
WF weight fraction

INTRODUCTION

It is generally recognised that, provided a topical for-
mulation does not affect the skin, the maximal and
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fractional flux of individual solutes will be the same
from all vehicles (1,2). For instance, Twist and Zatz (3)
showed that methyl paraben had the same flux across
polydimethylsiloxane membrane for a range of different
solubilities in various vehicles. Cross et al. (4) showed a
similar result for hydrocortisone through silicone mem-
branes. Barry et al. (5) showed that benzyl alcohol flux
was also a function of thermodynamic activity in a
vehicle independent manner. Lippold (6) also gave sev-
eral examples of solutes such as steroids where either
flux or therapeutical activity (vasoconstrictor response)
was related to thermodynamic activity and not to the
nature of the vehicle.

We have shown that molecular size is a major deter-
minant of skin penetration (7) and subsequently showed
that similarly sized phenolic compounds when applied
to the skin in water have a parabolic relationship be-
tween maximum flux and log P (logarithmic (base 10)
form of octanol-water partitioning coefficient) (8). Many
phenols are used clinically as analgesics and as preser-
vatives in various vehicles (9,10). However, there
appears to be limited systemic studies examining the
effects of these vehicles on the maximum transdermal
flux of solutes through the skin, recognising that some
vehicles may promote skin penetration (2). We have
now shown that polar propylene glycol (PG)-water mix-
tures enhanced skin penetration through the partitioning
of PG into skin lipids resulting in an enhanced solubility
of the phenols in stratum lipids (11).

In this work, we expand on previous studies to in-
clude the effects of lipophilic vehicles on the maximum
flux of a range of phenolic compounds of similar size
but different lipophilicity across the human epidermis.
We chose the most inert lipophilic vehicle, mineral oil
(MO), and the commonly used vegetable oil equivalent,
isopropyl myristate (IPM), as our model vehicles. The
odourless and lightweight MO, which mainly consists of
straight chain saturated hydrocarbons with carbon numbers
greater than 20 (12), is as an ideal emollient to mimic the
moisturizing function of natural lipids in the stratum corneum
by their contribution to water retention (13,14). IPM is also
widely found in cosmetic and topical medicinal preparations
with a capacity to enhance solute transdermal absorption
(15,16).

We measured the transdermal maximum fluxes in Franz
cells using human epidermis, in addition, as described previ-
ously for water and PG-water vehicles (8,11), we measured the
solubility of phenols in the stratum corneum and determined
their diffusivity. In order to understand the nature of
the vehicle effects on the skin bio-properties, we also
used the attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy and multiphoton
microscopy.

MATERIALS AND METHODS

Chemicals

Methyl paraben (99%), β-naphthol (99%), methyl salicylate
(99%), chlorocresol (99%), thymol (98%), mineral oil, iso-
propyl myristate, phosphate buffered saline (PBS) sachets,
acetonitrile and ethanol were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia). 4-Propoxyphenol
(99%), iso-thymol (99%), o-t-butylphenol (99%), chloroxy-
lenol (99%), and p-n-butylphenol (99%) were supplied by
Novachem Pty Ltd (Collingwood, Vic., Australia).

Sample Analysis

Solute concentrations in all samples were analysed by a high-
performance liquid chromatography (HPLC) system consist-
ing of a Shimadzu SIL- 6B® SCL-10AVP system controller, a
SPD-10AV UV–VIS detector, a LC-10 AD pump and an
autoinjector, with a C8 reverse phase column (3.5 μm, 150×
4.6 mm), using previously described methods (8).

Solubility in MO and IPM

The solubility of each test solute in MO and IPM at 32°C
was obtained separately from a partitioning experiment due
to the impossibility of injecting MO directly into the HPLC
system and the fact that it would need huge amount of the
compounds to achieve a saturation state in IPM. The meth-
od used here is similar to that of measuring octanol-water
partitioning coefficient. Three known concentrations (Cv) of
one solute in water solution (in 6 mL) were prepared and
equilibrated with 4 mL of MO or IPM by continuous mix-
ing at 32°C for 72 h. Samples from the water phase were
subsequently obtained and prepared for HPLC analysis.
The solubility in the vehicle (Sv) is thereafter calculated by:
SMO or IPMð Þ ¼ Swater � CMO or IPMð Þ=Cwater :

Preparation of Isolated Human Epidermis
and Stratum Corneum

Human skin samples were obtained from a female patient
who had undergone abdominal plastic surgery with ethical
approval from the Queen Elizabeth Hospital and the Uni-
versity of South Australia Human Research Ethics Commit-
tees. The subcutaneous fatty tissue was removed with a
scalpel, and the epidermis separated from the dermis by
immersing the skin in water at 60°C for 90 sec (17). The
epidermis was stored in polyethylene bags at −20°C. The
stratum corneum was obtained by floating the epidermal
membranes overnight on a solution of 0.005% trypsin in

Effect of Vehicles on Transepidermal Penetration of Phenols 33



PBS (pH 7.4) at 37°C (17). Stratum corneum sheets placed
on aluminium foil were stored frozen at −20°C.

Solute Solubility in the Stratum Corneum (SSC)

SSC was obtained by partitioning tests. Pre-weighted circles
of stratum corneum (1–1.5 mg, 4 replicates for each solute)
were soaked in screw-topped glass vials with saturated sol-
utions of each test solute and equilibrated at 32°C for 24 h
(18,19). The solute in the stratum corneum was then
extracted by immersing the blotted dry stratum corneum
into 1 mL of 70% ethanol/water. The solute concentration
in the equilibrating solution was measured by HPLC to de-
termine if the solution remained saturated (i.e. a loss<1%).
The SSC was calculated by the amount of the solute recovered
in the extraction fluid, divided by the weight of the stratum
corneum before equilibration.

In Vitro Penetration Studies

Human epidermal membranes with stratum corneum side up
were mounted on vertical Franz-type diffusion cells (exposed
surface area about 1.3 cm2, 4–5 replicates for each solute). A
10% ethanol/PBS buffer, the same used as in previous studies
(8), was used as the receptor phase to ensure sink conditions
and the results are comparable. The receptor phase was
continuously stirred with magnetic stirrer bars and main-
tained in a water bath at 35°C. Infinite doses (solute concen-
trations were 10–50% of their saturated concentrations in the
vehicle) were applied to the surface and the top of the diffusion
cell was covered with a glass cover slip. 200 μL samples of the
receptor phase were removed and replaced with fresh solution
at set time points over a 24 h period. After the last sampling
time, the donor solution was also collected.

Solute steady-state flux (Jss) across the membrane was
estimated from the gradient of linear regression plots of
the cumulative amount of solute penetrated (Qss) through
the diffusion area (A) against time:

QssðtÞ ¼ JssA t � tlag
� �

. Lag time (tlag) value corresponds
to the t-intercept of the linear steady-state limit. Estimated
maximum flux from dilute solutions (Jmax;estimated ) is then
obtained by: Jmax;estimated ¼ JSSSv Cv= :The apparent diffusiv-

ity per unit path length (D*) can be estimated as: D* ¼
Jmax;estimated SSC= . The permeability coefficient (kp) is estimated
as: kp ¼ Jmax;estimated Sv= , and the stratum corneum-vehicle
partition coefficient (KSC) is calculated as: KSC ¼ SSC Sv= .

Swelling of the Stratum Corneum by Solvent Uptake

The uptake of MO and IPM into the stratum corneum was
measured by the weight difference (Mettler ME22 micro-
balance) method by soaking the dry stratum corneum sheets

(about 2–3 mg) in 5 mL of the solvent at 32°C respectively.
Weight fraction (WF)[0WS/(WS+WSC) (mg/mg)] was used
as an indicator of swelling degree of the stratum cor-
neum by the solvent uptake, where WS is the total
weight of solvent absorbed in the stratum corneum
(i.e. the weight difference) and the WSC is the weight
of the dry stratum corneum.

ATR-FTIR Spectroscopic Study

The stratum corneum side of the full thickness skin after
equilibrating at 25°C for 1 h was first recorded as a control
(with 3 replicates). The skin was then placed (dermis down)
on a filter paper soaked with PBS buffer, with a cotton swab
soaked in one of the vehicles on top for 12 h at 25°C. The
treated skin samples were washed with distilled water and
blotted dry. The infrared spectra of skin samples were
obtained using Bruker Tensor 27 FTIR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) with a ZnSe
reflectance element (PIKE Technologies, Inc. Madison,
United States). The spectra were collected in the wavenum-
ber range of 4000–600 cm−1 with 16 scans at a resolution of
4 cm−1. Analysis was performed with the OPUS 6.5 pro-
gram (Bruker Optik GmbH, Ettlingen, Germany).

Tape stripping (D-SQUAME® Stripping Discs D100,
CuDerm Corporation, Dallas, TX, United States) was per-
formed to obtain the spectra of deeper layers of the stratum
corneum with a purpose to trace any change of the stratum
corneum and any penetration of the solvent into the deeper
layers by FTIR.

Multiphoton Microscopy Study

The skin samples for microscopy imaging were prepared in
a similar manner to as for in vitro Franz-cell penetration
studies, but instead of using skin epidermis, the unfrozen
full thickness skin was used. Saturated solution of fluorescent
β-naphthol from water, 40%PG/water, MO and IPM were
added to the donor chamber (i.e. the stratum corneum side)
and left for 12 h before image collection. Control samples
were prepared by using the vehicle only on the stratum
corneum side without β-naphthol (20).

The distribution of β-naphthol in the stratum corneum
was examined with the Zeiss LSM710 multiphoton micros-
copy system (Carl Zeiss MicroImaging GmbH, Germany),
coupled to a short (85 femtosecond pulse width) pulsed
mode-locked 80-MHz Ti: Sapphire MaiTai laser (Spectra
Physics, Mountain View, United States) and a Plan-
Apochromat 63X/1.40 oil objective lens (Carl Zeiss Micro-
Imaging GmbH, Germany). The multiphoton microscopy
imaging of β-naphthol was performed with multiphoton
excitation at 736 nm and detector spectral wavelength from
350 to 650 nm.
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RESULTS

The penetration data for the 10 phenolic compounds in MO
and IPM through excised human epidermis are listed in
Tables I and II. Figure 1 shows the maximum values obtained
with those we previously reported for water (8). It is evident that
that the maximum fluxes obtained for MO are similar to those
obtained for water. In both cases, a bilinear convex relationship
exists between log Jmax;estimated and log P with a highest flux
around log P 2.9-3.2. In contrast, the IPM vehicle led to an
enhanced penetration of all phenolic compounds and was most
marked for the more polar phenols (i.e. those with low log P,
Fig. 1). Also included in Fig. 1 are the enhanced maximum flux
values we reported previously for 40% PG/water (11).

Table I shows that the experimental solubility data of the
phenols in MO is generally lower than in the stratum cor-
neum. In contrast, the solubility of phenols in IPM is much
greater than for MO (Table II). As a consequence, the parti-
tion coefficient between the stratum corneum and vehicle, KSC,
for phenols range from 0.7 to almost 400 for the MO vehicle
(Table I) whereas for the IPM vehicle they range from 0.2 up
to 1.1 (Table II). Clearly, KSC alone does not predict that the
observed maximum fluxes for phenols will be much greater
from IPM than from MO (Fig. 1). Further, whereas the
maximum fluxes for all phenols show a similar trend with
log P for all vehicles (Fig. 1), the slope of the relationships
between log KSC and log P is positive for the polar vehicles,
water and 40%PG/water, but negative for the lipophilic
vehicles, MO and IPM (Fig. 2). Consistent with kp being
defined as KSC.D

*, its dominant determinant is KSC and plots
of log kp against log P also show positive slopes for polar
vehicles but negative slopes for lipophilic vehicles (Fig. 3).

The two determinants of maximum flux are the solubility of
phenols in the stratum corneum (SSC) and its diffusivity adjusted

for path length (D*). It is evident from Fig. 4 that SSC dominates
in determining the shape of log Jmax;estimated versus log P in that,
for all vehicles, the plot of log SSC against log P is similar in
shape to that described between log Jmax;estimated and log P
(Fig. 1).

Indeed, when log Jmax;estimated is plotted against log SSC, a
positive similar slope is evident for MO and IPM (Fig. 5).
The differences in the actual slopes are likely to be due in
part to the different affinity of the various vehicles for the
stratum corneum as the immersion of dry stratum corneum
in the various vehicles led to an uptake of 5.3±1.6% for
MO, 16.8±4.4% for IPM, 45.1±3.7% for water and 66.4±
4.5% for 40%PG/water. Interestingly, whereas there
appears to be a single linear relationship for MO as the
vehicle (Fig. 5, r200.84), IPM appears to have two compo-
nents with different slopes, one with a log P of phenols<3.1

Table I Relevant Physicochemical Parameters and Permeation Data of Phenolic Solutes in MO Through Human Skin: Maximum Fluxes Estimated from
Dilute Solutions (log Jmax, estimated), The Lag Time (tlag) and the Diffusivity Per Unit Path Length (D*). The Solute Solubility in the Vehicle (Sv), in the Stratum
Corneum (SSC), and the Estimated Partitioning Values (KSC). Values Obtained in this Work are Expressed as mean±SD

Phenolic Compound MW a log P log (Jmax, estimated) tlag log (D*10) Sv (32°C) SSC (32°C) KSC
(exp) (μg/cm2/h) (h) (mg/cm2/h) (mg/mL) (μg/mg) (mL/g)

methyl paraben 152 1.95±0.03 1.20±0.04 0.98±0.08 0.88±0.06 0.05±0.00 20.75±0.91 391.10±48.48

4-propoxyphenol 152 2.34±0.06 1.86±0.03 1.08±0.24 1.03±0.07 0.20±0.01 68.03±5.37 340.60±46.89

methyl salicylate 152 2.48±0.05 1.78±0.03 0.71±0.36 1.09±0.13 72.15±10.32 49.16±11.44 0.68±0.26

β−naphthol 144 2.72±0.02 1.77±0.04 0.69±0.24 1.03±0.07 3.06±0.30 53.93±3.47 17.62±2.87

chlorocresol 143 3.07±0.04 2.38±0.06 1.38±0.21 0.96±0.03 24.98±1.87 261.04±11.44 10.45±1.24

iso-thymol 150 3.27±0.03 2.09±0.04 0.96±0.35 1.09±0.11 50.67±4.00 99.90±15.90 1.97±0.47

thymol 150 3.31±0.02 1.69±0.03 1.95±0.25 0.91±0.14 44.57±3.40 60.39±15.07 1.36±0.44

o-t-butylphenol 150 3.33±0.03 1.72±0.01 1.23±0.25 0.98±0.09 43.83±2.33 55.74±9.94 1.27±0.30

chloroxylenol 156 3.38±0.02 1.30±0.05 1.61±0.46 0.91±0.06 0.82±0.07 24.40±2.59 29.68±5.72

p-n-butylphenol 150 3.52±0.03 1.32±0.07 1.09±0.54 0.93±0.12 4.93±0.39 24.61±2.76 5.00±0.95

a MW, molecular weight; data from web version of SciFinder

Fig. 1 log Jmax, estimated values from four vehicles versus log P (Points
represent the mean±SD, the dashed line included is the interpolation of
the data for the water vehicle versus log P only).
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(Fig. 5, r200.99) and the second with a log P>3.1 (Fig. 5,
r200.85).

The second determinant of maximum flux, D*, is clearly
not determining the shape for MO, water or 40% PG/water,
as D* is almost constant and independent of log P (Fig. 6). In
contrast,D* is higher for the more polar phenols but decreases
for the more lipophilic solutes. This decrease in D* is most
marked for phenols with a log P>2.8 (Fig. 6).

An ATR-FTIR examination of IPM in stratum corneum
showed the presence of the C-O stretching vibration from
the ester group of IPM at 1110 cm−1 (Fig. 7), consistent with
IPM dissolving in deeper stratum corneum layers. This peak
was evident down to the 15th stratum corneum tape strip.

Figure 8 shows the distribution of β-naphthol fluores-
cence in the human stratum corneum at a depth of 5 μm
below the skin surface after 12 h exposure to the saturated
solutions from different vehicles (a2–d2) and corresponding
vehicle only treated samples as the control (a1–d1). These
images demonstrate that the highest concentrations of β-
naphthol are located in the intercellular region of the

stratum corneum for the polar vehicles, water and PG-
water cosolvents. In contrast, there appears to be an in-
crease in the fluorescence for the lipophilic vehicles, MO
and IPM in the corneocytes, suggesting that these vehicles
enter the corneocytes and increase SSC. Indeed, the bound-
ary between the lipid wall and the cell is less after treatment
with IPM (Fig. 8d).

DISCUSSION

This work adds to our mechanistic understanding on
how vehicles affect the penetration of different solutes.
Importantly, our findings suggest that the relatively inert
lipophilic vehicle MO yields similar maximum fluxes to
a water vehicle for a series of phenols with log P of
1.95 to 3.52 through excised human skin, but the more
semipolar vehicle IPM produces anomalous behaviour in the
maximum fluxes dependency on log P for the various phenols
studied here.

Table II Relevant Physicochemical Parameters, Permeation Data and Solubility Values of Phenolic Solutes in IPM Through Human Skin, Values Obtained in
This Work are Expressed as mean±SD

Phenolic Compound log (Jmax, estimated) tlag log (D*10) Sv (32°C) SSC (32°C) KSC
(μg/cm2/h) (h) (mg/cm2/h) (mg/mL) (μg/mg) (mL/g)

methyl paraben 1.73±0.04 2.16±0.79 1.18±0.06 31.39±2.19 35.42±2.33 1.13±0.15

4-propoxyphenol 2.33±0.04 2.69±1.61 1.14±0.10 237.53±13.62 155.54±20.61 0.65±0.12

methyl salicylate 2.03±0.06 0.97±0.30 1.14±0.12 385.27±26.68 76.53±11.41 0.20±0.04

β−naphthol 2.03±0.02 3.22±0.70 1.11±0.07 258.36±15.60 83.42±10.38 0.32±0.06

chlorocresol 2.77±0.05 1.91±0.09 1.00±0.06 1513.06±89.06 578.46±47.64 0.38±0.05

iso-thymol 2.10±0.02 2.62±0.51 0.65±0.05 1344.53±102.01 284.96±17.90 0.21±0.03

thymol 2.04±0.01 1.71±0.30 0.63±0.08 1281.80±104.04 258.33±39.07 0.20±0.05

o-t-butylphenol 1.96±0.02 3.18±1.42 0.48±0.05 1746.85±116.32 303.08±21.31 0.17±0.02

chloroxylenol 1.70±0.04 1.85±0.63 0.82±0.09 313.68±22.87 76.96±9.26 0.25±0.05

p-n-butylphenol 1.38±0.02 1.73±0.55 0.55±0.03 271.49±15.85 67.52±2.48 0.25±0.02

Fig. 2 The plot of log KSC versus log P (the lines show the linear fit). Fig. 3 The plot of log kp versus log P (the lines show the linear fit).
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Most studies investigating the role of vehicles in solute
transport across membranes have used polymeric mem-
branes. Twist and Zatz (3) showed that methyl paraben
had almost identical fluxes for a range of vehicles in which
methyl paraben had varying solubilities using polydimethyl-
siloxane membrane. We showed that hydrocortisone had
similar fluxes across silicone membranes for a range of
solvents when the solvent did not affect the membrane.
However, the hydrocortisone fluxes greatly increased when
the solvent caused swelling of the membrane (4). A key
concept driving these results is that the same flux will be
observed for the same thermodynamic activity of a solute in
a vehicle providing the vehicle has not affected the skin or
the membrane used. Hence, solute flux should be the same
from saturated solutions for a series of “inert” solvents (3,4)
or proportional to the thermodynamic activity of the solute

irrespective of the vehicle, as shown by Barry and his col-
leagues for the flux of benzyl alcohol through human skin (5)
and for the vasoconstriction response to topical corticoste-
roids (21). Lippold (6) has also shown that the vasoconstric-
tor activity of steroids was related to their thermodynamic
activity. A key issue in comparing MO with water as a
vehicle is the extent of hydration of the skin and the species
used. Barry’s group (22) also showed that the penetration
through hairless mouse skin, and not human skin, could
increase with the duration of hydration time and this may
explain our previous findings of a higher flux for phenol
from water than from MO (23). Care must be taken in using
phenols as higher concentrations can damage the skin and
increase skin penetration (24,25). In this work and in our
earlier studies (8,11), concentrations of phenols that do not
affect the permeability of human epidermis were used. The
observed similar maximum fluxes through human epidermis
and solubilities in human stratum corneum for phenols are
consistent with MO having an effective occlusive emollient
effect (12,14). Variation in skin hydration can greatly affect

Fig. 4 The plot of log SSC versus log P (the dashed line included is the
interpolation of the data for the water vehicle versus log P only).

Fig. 5 Linear relationship between log Jmax, estimated and log SSC (dot line:
data from water; solid line: data from MO; short dash line: data from IPM,
solutes with log P<3.1; long dash line: data from IPM, solutes with log P>
3.1; dash-dot line: data from 40%PG/water).

Fig. 6 The plot of log D* versus log P.

Fig. 7 A typical ATR-FTIR spectrum from human stratum corneum in vitro
after a 12 h contact with IPM. The C-O stretching absorbance band from
IPM is highlighted.
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solute skin penetration as we have shown for a series of
phenols through human skin (26).

Our work showing that log KSC and log kp versus log P has
positive slopes for polar vehicles (8,11) and negative slopes for
lipophilic vehicles (Figs. 2 and 3) are consistent with findings
that we (26) and Blank (27) have shown for phenols and
alcohols, respectively. The linear relationships between log kp
versus log P (Fig. 3) together withD* being independent of log P
(Fig. 6) for these phenols of similar size, for polar solvents and

MO, support Potts and Guy’s contention that the convex
relationships between log kp and log P for our previous phenol
results (24) arise from size differences rather than the diffusion
barriers explanation we had advanced at that time.

A unique finding in this work is that IPM showed profiles
for log Jmax;estimated , log SSC and log D* versus log P for the
various phenols that differed from what was found for MO
and the polar solvents. The differences are almost certainly
due to the presence of IPM in the stratum corneum as we
showed that three times as much IPM than MO was taken up
into the stratum corneum and our ATR-FTIR data (Fig. 7)
suggests IPM may diffuse and stay in the deeper layers of the
stratum corneum. A high affinity of IPM to the stratum
corneum can be attributed to it having a similar solubility
parameter [(8.03 cal cc−1)1/2] to skin [(9.8 cal cc−1)1/2]
(28–30). Indeed, it has been suggested that IPM can integrate
into the lipophilic regions of stratum corneum lipid matrix
(31). Such an integration could lead to a disruption of the
organised lipid bilayer lamellae that constitute the intercellu-
lar region in the stratum corneum and a higher D* for the
more polar phenols (log P<2.8) as shown in Fig. 6. Several
FTIR (30,32,33) and differential scanning calorimetry studies
(34) have suggested that IPM could increase the lipid fluidity
in the lipid components of the stratum corneum. Together
with the IPM induced enhancement of all phenols SSC (Fig. 4),
the resultant increased D* results in an enhanced maximum
transepidermal flux for polar phenols (Fig. 1).

A less enhanced maximum flux for the more lipophilic
phenols from IPM than that for polar phenols (Fig. 1) was

Fig. 8 Multiphoton microscopy images of human stratum corneum (all scans were collected 5 μm below the skin surface. (a1–d1) Control samples
treated by water, 40%PG/water, MO and IPM only; (a2–d2) saturated solutions of β-naphthol in water, 40%PG/water, MO and IPM treated samples,
respectively. Scale bar shows 50 μm).

Fig. 9 Bilinear model fits for log Jmax, estimated values from three vehicles
versus log P ( log Jmax , e s t imated 0−2.1+ 1.7log P – 21.6log
[10−4(±2.6.10−6) .10log P+1]+Sf, Sf00 for water vehicle, Sf 00.3 ±0.1
(SD) for IPM, Sf 00.0±0.1(SD) for MO, respectively).
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unexpected. However, Pillai and Panchagnula (32) have
suggested that IPM will have a minimal effect on the skin
barrier and Brinkmann and Muller-Goymann (35) sug-
gested an IPM uptake into the stratum corneum would lead
to densely packed lipid bilayers. An analysis of the determi-
nants of maximum flux suggests that whilst IPM increases
SSC for the lipophilic phenols, this is counterbalanced by a
reduced D* for these more lipophilic phenols. One explana-
tion for the IPM effect is that the enhanced SSC of phenols
(Fig. 4) arises from significant partitioning into immobile
pools of IPM in the stratum corneum. Indeed, Liu et al.
(36) have argued that IPM is largely retained in the stratum
corneum and unlikely to traverse the skin. The effect of
these pools on diffusion is most likely to become evident
only for the more lipophilic phenols as these have a high
affinity for IPM (Table II). The effective diffusivity in this
case D*

effective would be given by D*/(1+KIPM, pool) (37) where
KIPM, pool is the partition coefficient between the IPM lipid
pool and the usual path for these phenols diffusion in the
stratum corneum. Accordingly, it will appear that D*

effective

has decreased. It is possible that the IPM pools could be in
the stratum corneum lipids as we have speculated for certain
oils (38). It is also possible that some IPM has entered the
corneocytes and formed a lipid pool there. Indeed, our
multiphoton microscopy results (Fig. 8) are consistent with
the findings of Winckle et al. (20), who showed a more
ubiquitous distribution for the fluorescence of the lipophilic
phenol, β-naphthol, in the stratum corneum from the IPM
vehicle. The process may be further complicated by possible
self-association of these lipophilic solutes at high concentra-
tions as we have found for octyl salicylate (39). Obviously,
further studies are needed to better understand the reasons
for the IPM effects on phenolic solute human epidermal
penetration and diffusion relationships found here.

Riviere and Brooks (40) have recently advocated the use of
a mixture factor to predict the effects of individual vehicles on
the skin penetration of solutes. We applied this concept in
Fig. 9, using a bilinear model to describe the relationship
between log Jmax;estimated versus log P and a solvent factor (Sf),
normalised to a Sf of zero for the water vehicle, to adjust for
the effects of different vehicles in this study. It is evident that
the model provides only an approximate description of all of
the experimental data and yields Sf values of 0.3±0.1 (SD) for
IPM and 0.0±0.1 (SD) for MO vehicle (Fig. 9).

CONCLUSION

This study has shown that the human transepidermal max-
imum fluxes, solubility in the stratum corneum and diffusiv-
ity per unit path length for phenols of similar size but
different lipophilicity from a MO vehicle are similar to
findings we previously reported for a water vehicle. In

contrast, an IPM vehicle leads to enhanced maximum fluxes
and diffusivity per unit path length for the polar phenols but
with maximum fluxes similar to a water vehicle for the more
lipophilic phenols. It appears that these lipophilic phenols
have an enhanced solubility in the stratum corneum that is
counterbalanced by a decreased diffusivity per unit path
length.
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