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Synopsis

Solvents common to cosmetic and pharmaceutical formulations, including water, dimethylisosorbide, three
aliphatic alcohols, and three polyols, were studied using theophylline and methylparaben as model per-
meants. The integrity of fuzzy rat skin was maintained for about two days when fully hydrated and only one
day when exposed to methanol. The maximal permeation rate of each solute was markedly dependent on
the solvent, indicating that solvent/skin interactions contributed significantly to permeation. Flux ratios
for the solvents relative to water were computed for each permeant. A perfect rank order correlation
between permeants was observed. Among the alcohols, methanol was most effective in enhancing flux of
both compounds, followed by ethanol and then 1-propanol. Propylene glycol had a small negative effect,
while the more polar polyols markedly reduced the flux ratio. Flux-concentration profiles for methylpar-
aben and flux differences between the alcohols suggest that the interaction mechanism differs from that
with polydimethylsiloxane membranes.

INTRODUCTION

In addition to industrial toxicologic considerations, the permeability characteristics of
skin are of paramount importance in the development of pharmaceuticals and cos-
metics. Topically applied drug entities may be used to achieve either local or systemic
pharmacologic actions (1). Often, to avoid allergic or toxic reactions, it is desirable to
prevent or limit the penetration of materials that have been applied to the skin. Cos-
metic preparations should be formulated to reduce penetration of components that are
irritating or can induce allergic responses.

Contact with solvents can markedly alter the physical-chemical properties, including
permeability, of membranes. Solvent interaction may alter membrane resistance by
affecting solute mobility and/or capacity of the membrane to contain solute. In order to
quantitate interactive effects it is necessary to account for any changes in solute release
from the vehicle. Suspensions should yield equivalent solute flux in the absence of
solvent-induced membrane damage. The literature on solvent effects on skin perme-
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ability is confusing and sometimes contradictory because changes in the thermodynamic
activity of solute between vehicles were not considered (2,3).

In previous studies (4—6), the enhancement in solute flux by aliphatic alcohols through
polydimethylsiloxane membranes was investigated. Alcohols were sorbed by the mem-
brane, resulting in increases in solute partitioning. Diffusion coefficients were not sig-
nificantly changed owing to initially high solute mobility within the “dry” polymer
matrix. Saturated solutions maintained constant activity of solute but reduced the ac-
tivity of the solvent. Alcohol sorption, and hence membrane interaction, exponentially
declined as the alcohol content was reduced. As a result, flux did not increase propor-
tionally with solute concentration but instead reached a peak and then declined. Diffu-
sion experiments at infinite dilution provided data that generated a “‘solvent index”
allowing solute independent quantitation of permeation enhancement. The delineation
of alcohol effects on the synthetic membrane was made possible due to its stability and
homogeneity.

In this study, similar experiments employing excised fuzzy rat skin have been per-
formed. The objectives of this preliminary work include the identification and quanti-
tation of interactive solvents, evaluation of concentration effects, and comparison to
polydimethylsiloxane interactive systems. Fuzzy rat skin as a model for human skin
offers several advantages, including its ready availability, known history, and reduced
inter-subject variability. Also, limited studies indicate that the permeability of fuzzy
rat skin to n-alkanols is qualitatively similar to that of human skin (7).
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Figure 1. Skin permeation apparatus used in this study.
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EXPERIMENTAL
MATERIALS

The solutes utilized were methylparaben, propylparaben (Fisher Scientific Company,
Fairlawn, NJ) and theophylline (Eastman Kodak Company, Rochester, NY). Solute
melting points and HPLC chromatograms were used to establish purity. The solvents
were distilled water, spectrograde alcohols, propylene glycol, polyethylene glycol 400
(PEG 400), glycerin (Fisher Scientific), and dimethylisosorbide (ICI Americas, Wil-
mington, DE).

EQUIPMENT

A teflon flow-through cell mounted into a temperature controlled aluminum block
(Crown Glass, Somerville, NJ) was used in the permeation studies (Figure 1). The body
pottion of the cell contained the inlet and exit ports and a glass window allowing
inspection for air bubbles. Prepared skin was mounted stratum corneum side up in the
body of the cell. A cylinder was locked into the cell body (using a threaded ring) and
formed the donor compartment. The cylinder was modified by increasing its length in
order to reduce skin torque during mounting and to increase donor compartment
volume. The area available for diffusion was 0.64 cm?. Receptor solution was delivered
to the cells via a peristaltic pump, and effluent was collected into tared vials. A fraction
collector allowed the unattended collection of samples at specified time intervals.

METHODOLOGY

Male fuzzy rats (Skh:fz; Temple University, Philadelphia, PA), 10-weeks-old,
weighing 275-300 g, were used in this study. The animals were sacrificed by CO,
asphyxiation. Excised skin samples were stored in a freezer for less than eight weeks.
The samples were sufficiently thawed before use, and the dorsal region was removed and
dermatomed to a thickness of 320 pm or 450 pwm (Pagett Dermatome, Kansas City,
MO). After gross examination to eliminate damaged skin specimens, the skin was then
mounted into the diffusion cell as previously described. The cells were heated to main-
tain a 37°C temperature at the dermal side of the skin. The receptor solution was the
same throughout the study and consisted of normal saline with 0.25% w/v chlotobu-
tanol. The receptor reservoir was maintained at 40°C to reduce formation of air bubbles
under the dermal surface. Entrapped air was removed by careful tilting of the cell.
Receptor fluid was pumped through the cell at a controlled rate to allow detection of

Table I
Inter- Versus Intra-Subject Variation in Flux for Aqueous Suspensions of Theophylline (450-pum
Skin Thickness)

Flux = SD
(mol/cm?/h) CV (%)
Within an animal
(n = 6) 0.12 = 0.02 12
Between animals
(n = 6) 0.14 = 0.01 10
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Table II
Influence of Skin Thickness for Saturated Aqueous Systems
Theophylline Methylparaben
Thickness Flux * SD Lag time = SD Flux = SD Lag time * SD
(um) (mg/cm?h) (h) (mg/cm?/h) (h)
320 0.024 = 0.003 1.8 £ 0.7 0.11 = 0.02 2.9 * 0.7
450 0.024 = 0.003 1.2 £ 0.5 0.096 = 0.02 3.0 0.3

permeant (approximately 3 ml/h). The mounted skin was allowed to equilibrate for one
hour before application of the donor solution. The donor compartment was sealed with
parafilm to eliminate evaporative loss.

Effluent samples were collected periodically and weighed to determine the actual
amount of solution delivered. Samples were filtered through a 0.45 pwm filter, and 20
.1 were injected onto a reversed phase HPLC column (Zorbax ODS-3 column, Dupont,
Wilmington, DE) with UV detection-theophylline at 272 am, parabens at 254 nm.
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Figure 2. The cumulative amount of theophylline penetrating the excised skin sample versus time from
infinite aqueous dosing.
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Figure 3. Flux versus time profile for theophylline from aqueous suspension.

The mobile phase consisted of methanol:water:HCl in the proportions 60:40:1 v/v at a
flow rate of 1.0 ml/min. Donor solutions were prepared by adding an excess of per-
meant to each of the neat solvents employed. The suspensions were allowed to equili-
brate for several days in a 37°C water bath with periodic shaking. Several systems were
examined as a percent of saturation (w/w) and were not used until completely dissolved.
Solubilities were determined in a previous study (5).

RESULTS AND DISCUSSION

Experiments were performed on excised fuzzy rat skin to determine inter- and intra-
subject variability, stability to hydration, and influence of membrane thickness on flux
and lag time. The variability in flux and lag time between animals was not significantly
different from the corresponding inter-subject data (Table I). Values of steady-state flux
and lag time were independent of skin thickness (pooled t-test, @ = 0.05) for samples
dermatomed to 320 pm and 450 wm (Table II). The effect of continuous exposure to
water on fuzzy rat skin integrity is shown in Figures 2 and 3. The cumulative plot
(Figure 2) shows that a steady state is reached after a few hours. After about 50 hours,
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Figure 4. Flux versus time profile for theophylline from saturated methanol donors.

there is an increase in slope and variability, signalling membrane deterioration. The
change in skin properties with time is shown even more graphically in the flux plot
(Figure 3). Similar profiles wete observed for nude mouse skin (8). Human skin is more
stable than fuzzy rat skin to water-induced changes in permeability (9).

Solvents affected the ability of the skin to maintain its barrier properties. Methanol was
found to be the most damaging of the solvents studied. While methylparaben flux from
methanol was essentially constant from about 10 to 23 hours, rapid deterioration of the
membrane’s barrier function then occurred (Figure 4).

Several guidelines for the remaining experiments were established from these initial
findings. The skin was dermatomed to 450 pm for the remainder of the experiments to
maximize sample yield (approximately 12— 15 dorsal skin samples per animal). A min-
imum of six replicates (three replicates from two separate animals run on different days)
was measured for each treatment (solvent/solute system). In most cases four treatments
(12 cells) were run simultaneously. The data for each treatment were pooled only after
testing for significant differences. The experiments were run for about 24 hours, with
continuous sample collection every two or three hours.
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Figure 5. Methylparaben flux as a function of the percent saturation (activity) for propylene glycol treat-
ment.

In previous work on permeation through polydimethylsiloxane membranes from inter-
active solvents (alcohols), it was shown that at high paraben concentrations flux re-
mained constant or declined as concentration was increased further (5). This was a
consequence of the decrease in alcohol activity, which resulted in an attenuation of
solvent/membrane interaction. The same pattern was not observed with permeation
through fuzzy rat skin. The flux profiles for methylparaben delivered from 1-propanol
and propylene glycol donors were linearly related to solute activity (Figures 5, 6). This
indicates that the interaction was not reduced by the decrease in solvent activity, as was
found with the synthetic membrane.

Since flux is a linear function of concentration, it is necessary to utilize but a single
concentration at which to make comparisons between solvents. One approach is to
select a fixed concentration of permeant in all solvents. However, this method neglects
the fact that solute activity will vary between solvents, thus biasing the results. A
better approach is to compare data for saturated systems, in which the solute activity is
constant and maximal. With this design, the flux from all of the systems should be
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Figure 6. Methylparaben flux as a function of the percent saturation (activity) for 1-propanol treatment.

Table III
Theophylline Solubilities and Permeation Data

Flux (pmol/cm?h)
Solubility @ 37°C

Solvent (mg/cm?) n Mean 95% C.1.*

PEG 400 9 0.011 0.011 € p < 0.012
Glycerin 5 0.014 0.012 < p < 0.016
DMIS 6 0.029 0.024 =< p < 0.033
Propylene glycol 6 0.044 0.032 < p < 0.057
Water 10° 12 0.13 0.12< pn<0.14
1-Propanol 4.1 6 0.21 0.17 = n<0.25
Ethanol 4.8 6 0.29 0.27 = p = 0.32
Methanol 8.4 6 0.65 0.54 = n<0.75
Average lag time * standard error (h) 56 1.5 * 0.1

¢ Confidence interval.
b Calculated using 8.07 mg/cm? at 32°C (reference 10).
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Table IV
Methylparaben Solubilities and Permeation Data

Flux (pmol/cm?h)
Solubility @ 37°C

Solvent (mg/cm?) n Mean 95% C.I.*
PEG 400 330 9 0.055 0.049 = p < 0.061
Glycerin 6 0.11 0.094 < pu <0.12
DMIS 6 0.16 0.14 < p<0.18
Propylene glycol 260 6 0.55 0.49 < p < 0.61
Water 3.5 12 0.67 0.60 < <0.73
1-Propanol 360 6 0.68 0.61 = u =< 0.76
Ethanol 380 6 1.36 LIS p<16
Methanol 470 6 9.1 7.7=sp <10
Average lag time * standard error (h) 93 3.3 0.1

* Confidence interval.

equal in the absence of solvent-induced skin damage. Significant differences in flux are a
measure of the effect of specific skin/solvent interactions.

Permeation data for saturated solutions of theophylline and methylparaben in each sol-
vent are collected in Tables III and IV. The same data are graphically presented in
Figure 7. Theophylline flux from suspension in propylene glycol was similar to a value
reported by Sloan ez 2/. (10) using hairless mouse skin (0.032 * 0.005 pmol/cm?/h) at
32°C. Limited flux data for propylparaben (propylene glycol flux: 0.55 pmol/cm?/h *+
SE 0.05; dimethylisosorbide flux: 0.17 pmol/cm?h * SE 0.03) parallel data for corre-
sponding methylparaben systems. The average coefficient of variation in flux values was
14% for methylparaben and 15% for theophylline. The large variation in measured lag
times (average CV of 26%) limited their usefulness for quantitative assessment. Methyl-
paraben flux was greater than that of theophylline from each donor solvent. In the
absence of solvent-induced changes in membrane permeability, the flux values for each
solute should have been constant. However, examination of the data in Tables III and
1V reveals significant differences in the flux values between solvents for both solutes.

Permeant solubility per se is not a factor in the results. Theophylline solubility in water
was not measured, but can be estimated as approximately 10 mg/cm3 (10). Its flux from
saturated solution in water is about half that from ethanol, although its solubility is
about twice as great (Table III). On the other hand, theophylline solubility in methanol
is intermediate between that of water and ethanol, yet skin penetration from methanol
was highest. Similarly, methylparaben flux from 1-propanol is more than ten times
greater than from polyethylene glycol 400, although solubility in these solvents is
nearly identical (Table IV). Furthermore, methylparaben flux from water and propylene
glycol are comparable despite a difference in solubility of nearly two orders of magni-
tude.

To quantitate the solvent interaction, the data were normalized to an arbitrary refer-
ence. Water was selected as the reference solvent since it allows comparison to most
other skin permeation studies. The larger number of replicates for aqueous systems (n
= 12) resulted in a smaller flux confidence interval. Flux tatios for the fuzzy rat skin
are presented in Table V. The alcohols consistently increased solute flux up to a max-
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Figure 7. Average solute flux from saturated donors for each solvent.

Table V
Flux Ratio Data for Fuzzy Rat Skin
Theophylline Methylparaben
Solvent T8 95% C.1.* " 95% C.1.*
PEG 400 0.089 0.079 = n <= 0.10 0.083 0.070 = p < 0.096
Glycerin 0.11 0.093 = n<0.13 0.16 0.13=p=0.19
Dimethylisosorbide 0.22 0.19 = p < 0.26 0.25 0.21 = 0 =<0.29
Propylene glycol 0.35 0.26 = n =< 0.45 0.83 0.71 = 0 < 0.95
Water 1.0 1.0
1-Propanol 1.7 1l4ds w=<20 1.0 0.85=pu=1.2
Ethanol 2.3 20< <26 2.0 lL6<p<24
Methanol 5.2 43=spu=<6.1 14 IIESpu=s16

® Confidence interval.
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imum of 14-fold for methanol. The degree of flux enhancement decreased with ethanol
and further still with 1-propanol. Neat alcohols applied to human cadaver skin exhib-
ited this same pattern (11). Methanol alteted skin permeability about 3.5 times more
than ethanol, while 1-propanol had little effect. Octanol greatly increased theophylline
flux through hairless mouse skin in an irreversible manner (10).

Propylene glycol treatment resulted in a moderate decrease in flux relative to aqueous
systems. The more polar solvents PEG 400 and glycerin had a negative effect on flux.
Dimethylisosorbide, a glucitol derivative, previously described as a non-damaging sol-
vent (12), produced flux ratios between those of propylene glycol and the other polyols.
Flux from PEG 400 was slightly less than one tenth that from water (Table V). Zatz
and Dalvi (13), employing hairless mouse skin, also found a tenfold difference in ben-
zocaine flux between aqueous and PEG 400 suspensions. Flux ratios for PEG 400,
dimethylisosorbide, and ethanol do not differ significantly between permeants (Table
V). The flux ratios for glycerin, propylene glycol, and methanol were greater with
methylparaben, while theophylline exhibited a higher flux ratio for 1-propanol treat-
ment. Thus, there are some quantitative differences when comparing permeants, but
there is qualitative agreement in flux ratio for each solute studied.

If skin were a simple, homogeneous membrane, we might expect the flux ratios shown
in Table V to apply across the board to any solute. Consequently, it would be possible
to anticipate the flux of any compound in a given solvent by knowing the flux ratio for
the solvent and the results of a single penetration experiment from a reference solvent.
However, this scenario is complicated by the fact that skin is a composite membrane
resulting in multiple permeation pathways.

The rather wide range of flux ratios suggests that all of the solvents included in this
study must be thought of as interactive; none are inert. As to the nature of the various
interactions, we can only speculate without additional data. Among the possibilities are
alteration of stratum corneum hydration, inctease in the normal fluidity of the intercel-
lular lipid layer, and extraction of lipid and/or other components. Methanol, of the
alcohols studied, has the greatest effect on skin properties.

All of the solvents, with the exception of water itself, would be expected to pull water
out of the stratum corneum. Dehydration may explain the rather low flux levels from
PEG 400, glycerin, and dimethylisosorbide. There is evidence that normal alcohols can
extract lipid material from the stratum corneum (14, 15).

As with previous studies (13), there is no evidence that penetration from propylene
glycol is greater than from water. Progressive hydroxylation of propane (from 1-pro-
panol to propylene glycol to glycerin) results in a stepwise decrease in permeability.
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