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Abstract

The diffusion of alcohols and the back-diffusion of water through hairless mouse skin after the application of
alcohols have been determined using 1H NMR spectroscopy to quantitate the composition of the donor phases during
diffusion cell experiments. After the alcohols were removed, a second application of a standard solute/vehicle
(theophylline/propylene glycol-PG) was made. The diffusion of PG and the back-diffusion of water were determined
using 1H NMR spectroscopy to quantitate the composition of the donor phases while the diffusion of theophylline
was determined using UV spectroscopy to quantitate theophylline in the receptor phases. The flux values for
theophylline, PG and water were used as a measure of irreversible damage done to the skins by the initial application.
The flux of the alcohols and the back-diffusion of water in the first application period decreased with increasing chain
length of the alcohol. On the other hand, the flux of theophylline, PG and water in the second application increased
with increasing chain length of the alcohol that had been applied initially. The results from the second application
appear to be due to greater irreversible damage caused by the longer chain alcohols. There is a clear difference
between the extent of damage caused by the C1 to C3 alcohols and that caused by the C4 to C8 alcohols. © 1997
Elsevier Science B.V.

Keywords: Alcohols; 1H NMR spectroscopy; Diffusion cell; Transdermal delivery; Theophylline; Hairless mouse skin

1. Introduction

Simple aliphatic alcohols are among the most
thoroughly studied vehicles used to deliver perme-
ants into and through skin. However, there are
inconsistencies in the results reported from one

group to another. For example, Scheuplein and
Blank (1973) reported that the flux of alcohols
through human skin (either epidermis or dermis)
decreased as the chain length increased from C1

(methanol) to C10 (decanol). A different trend was
obtained when the fluxes of the alcohols from
aqueous solutions were measured. For the epider-
mis, the fluxes of the shorter-chain alcohols (C1–* Corresponding author.
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C5), which were all tested at 0.1 M and were
soluble to the extent of at least 0.1 M, in-
creased as the chain length increased and satu-
ration was approached. This was expected since
maximum flux should be observed from the sat-
urated solution of a solute in a vehicle (Os-
trenga et al., 1971; Cooper, 1984). The
longer-chain alcohols (C6–C10) were tested as
saturated solutions (equal chemical potentials)
and the fluxes of the alcohols through the epi-
dermis decreased as the chain length increased.
On the other hand, alcohol fluxes from the
same aqueous solutions through the dermis de-
creased in a regular manner as the chain length
of the alcohol increased starting with the C1 al-
cohol.

Portions of these results by Scheuplein and
Blank (1973) have been reproduced by some
authors while others have reported somewhat
different results. Goldberg-Cettina et al. (1995)
have examined the effect of short-chain alcohols
and their mixtures with isopropyl myristate on
the delivery of estradiol through human epider-
mis and the disposition of the alcohols during
the experiments. For the neat alcohol vehicles
that were examined (ethanol, 1-propanol and 1-
octanol), alcohol flux was greatest for ethanol,
was about 10-fold less for 1-propanol and was
not detectable for 1-octanol. These results are
in general agreement with those of Scheuplein
and Blank (1973).

On the other hand, Kai et al. (1990) have
examined the C2–C12 1-alcohols when applied
to hairless mouse skins and their effect on the
subsequent delivery of nicotinamide from water
through the same skins. They found that the
flux of alcohol through skin increased in going
from the C2 to C4 alcohol by 3-fold and then
decreased in going from the C4 to C8 alcohol
by 25-fold. Although the amount of alcohol
found in the skin increased by 7-fold in a
somewhat regular manner in going from the C2

to C10 alcohol, the trend in the total amount of
alcohol that permeated into and through the
skin was the same as the trend in the flux
through the skin. This is because the amount
of alcohol that permeated through the skin was
up to 10-fold greater than that permeated into

the skin for the C2–C5 alcohols. The trend ob-
served for the C2–C4 alcohols is not in agree-
ment with those of Scheuplein and Blank
(1973) or Goldberg-Cettina et al. (1995).

The delivery of the polar permeant nicoti-
namide from water through hairless mouse
skins after they had been pretreated with the
C2–C12 alcohols exhibited a trend similar to
that exhibited by the alcohols: the delivery of
nicotinamide increased 13-fold in going from
pretreatment with the C2 to pretreatment with
the C6 alcohol, then decreased 9-fold in going
from the C6 to C12 alcohol (Kai et al., 1990).
Similarly, for the lipophilic permeant
levonorgestrel, Friend et al. (1988) reported a
10-fold increase in the delivery of levonorgestrel
in going from the C2 to C4 alcohol then a de-
crease of 35-fold in going to delivery from the
C8 alcohol. These two results suggest that the
effect of alcohols on the delivery of a permeant
may give the same trend regardless of when the
alcohols are applied and regardless of the po-
larity of the permeant.

The following experiments were designed
to determine the disposition of alcohols applied
to hairless mouse skin in diffusion cell experi-
ments using 1H NMR spectroscopy to quanti-
tate alcohol and H2O in the donor phases. The
results will be compared with those obtained by
Scheuplein and Blank (1973) and Kai et al.
(1990) where the concentration of radiolabeled
alcohol in the receptor phase was measured.
Theophylline (Th) in propylene glycol (PG) was
chosen as the model solute/vehicle for the sec-
ond application experiments to extend previous
results obtained in this laboratory which used
Th/PG to compare the effect of vehicles on the
delivery of theophylline from vehicles contain-
ing different functional groups (Sloan et al.,
1986). In addition, the use of a nondamaging
vehicle (PG) (Sloan et al., 1986) other than wa-
ter makes it possible to use 1H NMR spec-
troscopy to determine the back-diffusion of
water into the donor phase in the second appli-
cation studies. These results will be compared
with those of Kai et al. (1990).
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2. Experimental

2.1. Materials

Ultraviolet (UV) spectra were run on a Cary
210 or a Shimadzu UV-265 spectrophotometer.
1H NMR spectra were obtained at 90 HMz on a
Varian EM-390 spectrometer. 1-Octanol and
propylene glycol (PG) were \99% pure, and the
1-hexanol and 1-heptanol were \98% pure from
Aldrich Chemical Co. 1-Butanol and 1-pentanol
were reagent grade solvents from Mallinckrodt.
1-Propanol was analyzed reagent grade from J.T.
Baker Chemical Co. Absolute ethanol was ob-
tained from Aaper Alcohol and Chemical Co.,
Shelbyville, Kentucky. Methanol was certified
ACS grade from Fisher Scientific. Analysis of the
1H NMR spectra of the alcohols showed that they
did not contain any water. The diffusion cells
were glass Franz type from Crown Glass of
Somerville, New Jersey (surface area 4.9 cm2, 20
ml receptor phase volume). The diffusion cells
were maintained at 32°C with a Fisher circulating
waterbath Model 25. The female hairless mice
(25–28 g, 12–16 weeks old, SKH-hr-1) were from
Charles River. The anhydrous theophylline (Th)
and DMSO-d6 in 10 g glass ampules were pur-
chased from Aldrich Chemical Co. The DMSO-d6

ampules were opened immediately before spectra
were run and stored in a vacuum desiccator be-
tween spectra.

2.2. Diffusion cell experiments

The diffusion cell experiments were run accord-
ing to previously described procedures (Sloan et
al., 1986). In addition, the donor phases were also
periodically removed, weighed and analyzed by
1H NMR spectroscopy.

Briefly, female hairless mice were sacrificed by
cervical dislocation. Their skins were removed by
blunt dissection and placed epidermal side up in
glass Franz diffusion cells with the dermal side in
contact with pH 7.1 phosphate buffer (0.05 M,
I=0.11 M, 32°C) containing 0.11% formaldehyde
(2.7 ml of 36% aqueous formaldehyde/liter) to
prevent microbial growth and to insure the in-
tegrity of the mouse skins during the course of the

experimental: Th flux from PG applied 4 h after
sacrifice was 6.190.6×10−3 mmol cm−2 h−1;
24 h after sacrifice was 8.391.9×10−3 mmol
cm−2 h−1; 48 h after sacrifice the value was
9.491.2×10−3 mmol cm−2 h−1; 120 h after
sacrifice was 10.091.2×10−3 mmol cm−2 h−1

(Sloan et al., 1991). The skins were kept in con-
tact with the buffer for at least 48 h to condition
the skins and to allow UV absorbing materials to
leach from the skins; the receptor phases were
changed at least three times during this time to
facilitate the leaching process.

2.2.1. First application
During the first application period of 48 h, 1.0

ml of each neat alcohol was applied to the epider-
mal surface of three hairless mouse skins using a
calibrated Eppendorf digital pipette. The weight
of alcohol delivered to each skin was determined
as the average of repeated (n=4) weighings of 1.0
ml samples of each alcohol. The donor chamber
of each diffusion cell was then sealed with
parafilm and kept sealed during each application
period except when the donor phase and the
receptor phase were changed. Care was taken to
ensure that any condensate on the bottom of the
parafilm was returned to the donor phase each
time the parafilm was removed. The condensate
from the application of the C4–C8 alcohols ap-
peared to be primarily water since the second
phase in the donor phase was not observed until
after the condensate had been returned to the
donor phase. Control experiments showed that
parafilm was effective in retaining 97–99% of 1.0
ml samples of C1–C4 alcohols in 50 ml beakers
(n=3) over a 24 h period and that no water was
absorbed. These experiments confirmed that the
alcohols did not evaporate and that water was not
absorbed from the atmosphere by the alcohols.

The donor phases from each diffusion cell were
removed at 12, 24, 36 and 48 h using a disposable
pipet and bulb suction, weighed and analyzed by
1H NMR spectroscopy. The donor phase was
immediately replaced with fresh neat alcohol after
12, 24 and 36 h. Control experiments showed that
between 99 and 100% of the applied alcohols were
removed from hairless mouse skins using a dis-
posable pipet and bulb suction (n=4), except for
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PG where 96.6% was removed. If the donor
phases contained two phases, they were allowed
to settle for 48 h in tightly sealed, weighed glass
test tubes before the phases were separated using
a pipet and weighed by difference.

Small portions (approximately 100 m l) of these
separated donor phases were then dissolved in
DMSO-d6 for analyses by 1H NMR spectroscopy.
The three individual water phases obtained at
each sampling interval for the C4–C7 alcohols
were each too small to allow accurate measure-
ments of alcohol in each sample by 1H NMR
spectroscopy so the water phases were combined
and then analyzed. The integration due to the
H2O absorption in each 1H NMR spectrum of the
alcohol phase was determined from the total inte-
gration at approximately d3.0–3.5 minus (a) the
integration of the residual H2O in the DMSO-d6

determined immediately before the donor phase
sample was added (this integration amounted to
less than 1% of total integration), and (b) the
integration for CH2OH from the alcohol. The
integration for CH2OH from the alcohol was
calculated from 2×CH2OH for the C5–C7 alco-
hols or from 2×CH3/3 for the C1 to C4 alcohols.
For PG the integration in part (b) was for
CH2OH and CHOH and was calculated from
3×CH3/3; the position of the H2O absorption
also increased from approximately d3.5 to 4.5 as
the amount of H2O in the donor phase increased.
The apparent ratio (R) of the integration due to
the H2O/2 absorption to the integration due to
the CH2OH (for the C5–C8 alcohols) or to the
CH3/3 absorption (for the C1–C4 alcohols) gave
the molar ratio of H2O to alcohol in each separate
phase. In control experiments, mixtures of alcohol
and H2O in known ratios (R1) similar to those
observed in the 1H NMR spectra of the donor
phases were analyzed by 1H NMR spectroscopy
to give measured ratios (R2) for the known com-
positions. The correction factor R1/R2 was then
multiplied by R to give a corrected ratio (CR).
From CR, the weight of alcohol and water in the
phase were determined by solving the following
equation for X (moles of alcohol) where MW is
the molecular weight of the alcohol:

MW(alcohol)X+CR18X=weight of phase

After the donor phases from the first applica-
tion were removed, the donor surfaces were
quickly washed with 3×5 ml portions of
methanol. After the methanol wash, the skins
were kept in contact with fresh receptor phase for
23–24 h to allow any alcohol that had been
absorbed to leach out of the skins (Siver and
Sloan, 1988).

2.2.2. Second application
After the 23–24 h leaching period, the receptor

phases were replaced and 0.5 ml aliquots of a
model solute/vehicle donor phase suspension
(theophylline-Th/propylene glycol-PG: 67 mg
ml−1) were applied to each skin. The weight of
theophylline in the suspension was determined by
UV spectroscopy (e=1.02×104 l mol−1 at 270
nm) (Sloan et al., 1986). The weight of PG in the
0.5 ml aliquot (0.51 g) was calculated from the
difference in the weight of the suspension and the
weight of theophylline in the suspension assuming
a uniform dispersion (n=4). The suspensions
were kept well-stirred and aliquots for the donor
phases and weighings were removed from the
middle of the well-stirred suspensions during sam-
pling. This second application period was for 4 h.
Receptor phase samples were typically removed at
1, 2, 3 and 4 h: theophylline was quantitated by
UV spectroscopy as above. Each time a sample
was removed, the entire receptor phase was re-
placed. At 4 h the donor phases were removed
and allowed to settle for 48 h. The supernatants
were separated from the residue using a pipet,
weighed by difference and analyzed by 1H NMR
spectroscopy as above. The corrected ratio (CR)
of the integration of the H2O/2 absorption (minus
residual H2O in the DMSO-d6 and CHOH and
CH2OH absorptions as above) to the CH3/3 ab-
sorption gave the molar ratio of H2O to PG in the
donor phase. From CR, the weight of PG and
H2O in the phase could be determined by solving
the following equation for X (moles of PG):

76X+CR18X=weight of phase

2.2.3. Flux calculations
The flux (J) of theophylline was determined by

plotting the cumulative mg of theophylline mea-
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Table 1
Estimated disposition of alcohol and water during alcohol application (n=12): first application

Water absorbed in 12 hb Alcohol fluxbAlcohol Alcohol applieda Alcohol diffused in 12 ha Water back-fluxb

0.32 (0.04) 306 (36)253 (14)0.47 (0.03)CH3OH 0.79
137 (14) 300 (73)C2H5OH 0.78 0.37 (0.04) 0.32 (0.08)

263 (42)124 (16)0.28 (0.05)0.44 (0.06)C3H7OH 0.81
89 (5) 167 (19)C4H9OH 0.80 0.39 (0.02) 0.18 (0.02)
40 (7) 81 (13)C5H11OH 0.81 0.21 (0.04) 0.086 (0.01)

0.104 (0.02) 11 (7)C6H13OH 0.81 0.068 (0.044) 98 (22)
0.071 (0.031) 4 (2.2) 66 (30)0.030 (0.014)C7H15OH 0.81

N.D. N.D.C8H17OH 0.81 N.D.c N.D.

a Units of g (9S.D.).
b Units of mmol cm−2 h−1 (9S.D.) calculated from (average of amounts of alcohol diffused from or water absorbed into the donor
phase from four consecutive applications of alcohol to each of three cells)/[(4.9 cm2)(12 h)(molecular weight of alcohol or water)].
c N.D., not determined.

sured in the receptor phase against time and
dividing the slopes of the steady-state portions of
those plots by the surface area of the diffusion
cells. The flux of alcohol or PG was estimated by
dividing the mmol of alcohol or PG lost from the
donor phase by time (12 or 4 h, respectively) and
surface area of the cell (4.9 cm2). The back-diffu-
sion flux of water was estimated by dividing the
mmol of water found in the donor phase by time
(12 or 4 h, respectively) and surface area of the
cell (4.9 cm2).

3. Results and discussion

3.1. Application of alcohol

The donor phases from the application of the
C1–C3 alcohols were homogeneous while the
donor phases from the application of the C4–C8

alcohols were biphasic at the end of each applica-
tion period. The amounts of alcohol and of water
in the homogeneous donor phases or in the lipid
portion of the biphasic donor phases were calcu-
lated from the intensities of the CH3/3 (or
CH2OH) and H2O/2 absorptions, respectively, in
their 1H NMR spectra. The amount of alcohol
that had permeated (diffused into and through)
the skin was the difference between the amount of
alcohol applied and the amount measured in the
donor phase at the end of each 12 h period. For
the homogeneous donor phases, the amount of

water that had undergone back-diffusion into the
donor phase was the amount measured by 1H
NMR spectroscopy, while the amount of water
that had undergone back-diffusion into the bipha-
sic donor phases was the sum of the amount of
water in the lipid portion of the donor phase and
the amount in the separate water phase. The
separate water phases were not observed for the
C4–C8 alcohols until after the condensate on the
parafilm cover had been returned to the donor
phases. Thus, the water phases did not decrease
the surface area of the skins available for parti-
tioning of the alcohols into the skin.

In the case of the application of 1-butanol, the
separate water phase was also analyzed by 1H
NMR spectroscopy. The amount of 1-butanol in
the separate water phases only added 2% to the
calculated amount of 1-butanol in the donor
phase. Since the solubilities of the longer chain
alcohols in water were lower (Smith et al., 1975)
and smaller separate water phases were isolated in
the experiments where they were applied, the con-
tribution of alcohol in the separate water phases
to the total donor phase concentration of alcohol
was negligible. Similarly, since the solubilities of
the longer chain alcohols in water was less than
2%, subtracting the amount of alcohol in the
water phase had a negligible effect on the calcula-
tion of the back-diffusion of water.

Table 1 gives the fluxes of alcohol into and
through three hairless mouse skins from each of
four consecutive 12 h application periods (n=12).
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Table 2
Comparison of alcohol fluxes from other studies

Fluxes (mmol cm−2 h−1)

Scheuplein and blank Goldberg-Cettina et al. (1995) Kai et al. (1990)Alcohol

—259CH3OH —
17.0 74C2H5OH 12.3

2.1 1.3C3H9OH 72
— 1390.65C4H9OH
— 107C5H11OH 0.47

39—C6H13OH 0.43
0.18 —C7H15OH 20
0.063 N.D.bC8H17OH 16

a Estimated from Fig. 4 and Fig. 5 using [(total % dose absorbed into and through skin/100) (106)(0.5 ml)(density, g/ml)]/[(molecular
weight)(area=0.785 cm2)(time=6 h)]=flux in mmol cm−2 h−1 (Kai et al., 1990).
b N.D., Not detectable.

Although there was a trend to slightly higher flux
values with time from the data at each 12 h period
for some alcohols, there was no consistent trend
for the whole series. Examples of estimated flux
values at 12, 24, 36 and 48 h are as follows:
C1=238, 253, 253 and 267 mmol cm−2 h−1,
respectively; C2=120, 137, 139 and 152 mmol
cm−2 h−1, respectively; C3=105, 116, 140 and
134 mmol cm−2 h−1, respectively; C4=89, 86, 91
and 88 mmol cm−2 h−1, respectively, C5=50, 38,
35 and 37 mmol cm−2 h−1, respectively. Each of
these flux values is the average of three skins for
that time period and the flux values given in Table
1 are the average of all 12 individual values. The
reason that there was no significant lag time for
development of flux is that the fluxes were calcu-
lated from disappearance of alcohol from the
donor phase rather than appearance in the recep-
tor phase. Thus, any hold-up in the skin would
not have been detected.

A flux of C8 alcohol or a concomitant back-flux
of water could not be determined because values
of alcohol diffused and water absorbed were so
small they could not be reproducibly determined
using 1H NMR spectroscopy. This result is similar
to that reported by Goldberg-Cettina et al. (1995)
where no C8 alcohol could be detected in the
receptor phase. The trend in these calculated flux
values shows the same trend in alcohol diffusion
as that observed by Scheuplein and Blank (1973),
i.e. the flux of the alcohol decreased as the chain

length of the alcohol increased (Table 2). How-
ever, the flux through hairless mouse skin did not
decrease (63-fold) as much as that through human
skin (1440-fold) over the series of alcohols studied
(Table 1 versus Table 2). Thus, the flux values for
the C3–C7 alcohols were 130–25-fold greater
through hairless mouse skin, and only the flux
value for the C1 alcohol was similar. This suggests
that hairless mouse skin may be similar to human
skin in its resistance to permeation by more polar
solutes (CH3OH), but is much more permeable to
more lipoidal solutes.

The calculated values for flux in Table 1 include
the amounts of alcohol that permeated into and
through the skin because they are based on the
amounts lost from the donor phase. In order to
compare the flux values calculated here with those
reported by Kai et al. (1990), their percent of dose
values for alcohol uptake into and absorption
across hairless mouse skin have been combined
and converted into flux values reflecting total loss
of alcohol from the donor phase (Table 2). The
result is that for the C4–C7 alcohols, the trend in
flux values is identical to the flux values in Table
1, except that the absolute values for flux reported
by Kai et al. (1990) become progressively larger
than the values reported in Table 1 as the chain
length increased. However, the most significant
difference between the two studies lies in the trend
for the flux values for the C2 and C3 alcohols. The
trend to decreased fluxes for shorter-chain alco-
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hols reported by Kai et al. (1990) is opposite to
the trend reported by Scheuplein and Blank
(1973) and by Goldberg-Cettina et al. (1995)
(Table 2) using human skin, and here (Table 1)
using hairless mouse skin. The reason for this
difference in the trend reported by Kai et al.
(1990) is not obvious in light of the qualitative
agreement among all the reports on the trend for
the longer-chain alcohols.

The difference between the trend in these results
and those of Kai et al. (1990) was not due to the
fact that they applied the alcohols immediately
after the mice were sacrificed and the mouse skins
had been placed in the diffusion cells in contact
with the receptor phase. In a separate experiment,
1.0 ml of each of the C1–C4 alcohols (n=2) were
applied immediately and the donor phases were
removed after 6 h to reproduce their general
procedure. Analysis of the donor phases from that
separate experiment by 1H NMR spectroscopy
showed the same trend as the results from the
remainder of this study: CH3OH, JROH=292
mmol cm−2 h−1 (11 mmol cm−2 h−1=range);
C2H5OH, JROH=90 mmol cm−2 h−1 (2 mmol
cm−2 h−1=range); C3H7OH, JROH=90 mmol
cm−2 h−1 (11 mmol cm−2 h−1=range);
C4H9OH, JROH=48 mmol cm−2 h−1 (6 mmol
cm−2 h−1=range). The flux values for the C2

and C3 alcohols are very close to those extracted
(Table 2) from the data reported by Kai et al.
(1990). The fact that the alcohol flux values for
the C3 and C4 alcohols are somewhat lower in the
separate experiment than the values in Table 1
may be expected because of the known effect of
hydration of skin membranes on the permeation
of more hydrophobic alcohols from dilute
aqueous solutions (Behl et al., 1980). However, on
that basis the flux of the C2 alcohol should not
have been affected (Behl et al., 1980) but it has.
The fact that the flux of the C2 alcohol is lower in
the separate experiment may be due to the fact
that the pure alcohol instead of a dilute aqueous
solution was used in all of these experiments.

Table 1 also gives values for the flux of water
into the donor phase across three hairless mouse
skins (back-diffusion) from each of the four con-
secutive 12 h alcohol application periods. The
water flux values from the separate experiment

(see above) are very similar to those obtained
from application of the C1 and C4 alcohols (for
C1, JH2O=366 mmol cm−2 h−1, 17 mmol cm−2

h−1=range; for C4, JH20=153 mmol cm−2 h−1,
1 mmol cm−2 h−1=range), but much lower than
those obtained from application of the C2 and C3

alcohols (JH2O=133 and 110 mmol cm−2 h−1,
respectively; 11 and 23 mmol cm−2 h−1=range,
respectively). The calculated flux values for back-
diffusion of water for all the experiments suggest
a qualitative difference between the effect of the
application of the C1–C3 alcohols and the C5–C7

alcohols on back-diffusion with the C4 alcohol
having an intermediate effect. In this regard, it
should be noted that the C1–C3 alcohols are
miscible with water, thus providing more driving
force for back-diffusion while the remaining alco-
hols are not.

The back-diffusion of water into the donor
phase observed here is a phenomena that has been
reported previously, e.g. Kurihara-Bergstrom et
al. (1986). In fact, the back-diffusion is so exten-
sive here that water becomes 50 to 43% of the
donor phase at the end of each 12 h application
period from the application of the C1–C3 alco-
hols. The extent of this back-diffusion of water
does not seem to have been previously appreci-
ated (Zatz and Dalvi, 1983).

3.2. Application of theophylline/propylene glycol
after application of alcohol

In order to determine the effect of alcohol on
the permeation of a subsequently applied solute, a
suspension of theophylline in propylene glycol
(PG) was applied to each skin 24 h after the
fourth of the consecutive alcohol applications had
been removed. This allowed time for the alcohol
that was in the skin to leach out of the skin.
Previous experiments had shown that this time
interval was sufficient to allow \90% of polar
permeants such as 6-mercaptopurine to leach
from skin under similar conditions (Siver and
Sloan, 1988). However, it was not established
whether a longer leaching period was necessary to
remove more lipophilic permeants. A suspension
of theophylline in PG was applied so that a
saturated solution of theophylline would be main-
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tained in contact with the skin during the course
of the experiments. Control experiments using
suspensions containing twice the total concentra-
tion of theophylline in PG showed no significant
differences in fluxes from those suspensions. Thus,
dissolution of theophylline was not rate limiting
(Higuchi, 1960).

The effect of the alcohols on the flux of subse-
quently applied theophylline/PG (Table 3) is simi-
lar to, but more pronounced than, the effect
observed by Kai et al. (1990) on the flux of
subsequently applied nicotinamide/water. In each
case, the flux of solute was low after pretreatment
with the short-chain (C1–C3) alcohols then in-
creased with the medium-chain (C4–C8) alcohols.
In the present work there was a sharp break in the
effect on the flux of theophylline between the
C1–C3 alcohols and the medium-chain alcohols
which amounted to an increase of 50–600-fold in
the flux of theophylline after pretreatment with
the medium-chain alcohols. This effect amounted
to only a 10–15-fold increase in the flux of nicoti-
namide from water after 6 h of pretreatment with
the alcohols. The difference in the intensity of the
effect may be due to the 8-fold greater total length

of time that the alcohols were applied in the
present work. This conclusion is supported by the
fact that Kai et al. (1990) saw an increase in the
effect of alcohol pretreatment on nicotinamide
flux when the time of application was increased
from 3 to 6 h. However, it should also be noted
that in this work there was a 24 h leaching period
between pretreatment and application of
theophylline/PG, while Kai et al. (1990) applied
nicotinamide/water immediately after pretreat-
ment. The 24 h leaching period may have given
sufficient time for the more polar C1–C3 alcohols,
but not the more lipoidal C4–C8 alcohols, to leach
from the skin in the present study and accentuate
the difference between the short- and medium-
chain alcohols.

In addition to the flux of theophylline, the
disposition of PG and water in the donor phase
was also measured. The trends in the values for
the flux of PG and the back-diffusion of water are
the inverse of the trends observed for the flux of
the alcohols and back-diffusion of water in the
pretreatment part (Section 3.1) of the experi-
ments. Instead, the trend in PG flux and back-dif-
fusion of water follows the trend in flux of
theophylline. There was a definite increase in the
flux of PG and back-diffusion of water for the
diffusion cells to which the medium-chain length
(C4–C8) alcohols had been applied. In fact, a
substantial amount of the PG had diffused from
the donor phase in only 4 h after pretreatment
with the medium-chain alcohols. Thus, the donor
phases after the application of theophylline in PG
varied from 16% PG after pretreatment with the
C4 alcohol to 8% or less PG after pretreatment
with the remaining medium-chain alcohols. On
the other hand, after pretreatment with the C1, C2

and C3 alcohols, 81, 75 and 61%, respectively, of
the donor phases were PG. Thus, the greater
fluxes of theophylline and PG (a fairly polar
solute and solvent) after pretreatment of the skins
with the medium-chain alcohols supports the con-
clusion that application of the medium-chain C4–
C8 alcohols makes skin less resistent to
permeation by polar (theophylline and PG)
molecules (see below).

No perceptible change in donor phase volume
in the second application part of the experiments

Table 3
Estimated disposition of propylene glycol (PG) and H2O
during the application of theophylline (Th)/PG and transder-
mal delivery of Th (n=3): second application

Alcohol Th fluxa H2O back-fluxa PG fluxa

0.006 (0.002) 225 (48) 112 (41)CH3OH

0.020 (0.001)C2H5OH 402 (12) 56 (27)

0.071 (0.008) 845 (42)C3H7OH 36 (10)

158 (20)4200 (1400)3.30 (1.7)C4H9OH

C5H11OH 242 (28)5.58 (0.47) 4893 (304)

C6H13OH 234 (11)4.02 (0.53) 4227 (272)

228 (40)C7H15OH 4.48 (2.02) 4403 (1369)

275 (24)C8H17OH 6.07 (1.43) 1666 (276)

0.010 (0.0012)Control

a Units of mmol cm−2 h−1.
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was observed for the diffusion cells which had been
pretreated with the short-chain alcohols. On the
other hand, at least a doubling of donor phase
volume was observed for the diffusion cells which
had been pretreated with the medium-chain alco-
hols. All of these results suggest that there is a
significant difference between the apparent re-
versible effect of the short-chain C1–C3 alcohols
and the apparent irreversible effect of the medium-
chain C4–C8 alcohols on the permeability of hair-
less mouse skin.

The fact that the fluxes of theophylline and of
nicotinamide, both polar permeants, were in-
creased after pretreatment of hairless mouse skin
with the medium-chain alcohols suggests that the
medium-chain alcohols compromise the ability of
skin to resist permeation by polar molecules. Thus,
although it was not possible to observe any lipid
components of the membrane in the donor phases
from treatment with the medium-chain alcohols by
1H NMR spectroscopy because of interference
from the CH3 and CH2 absorptions due to the
alcohols, this work supports the conclusion of Kai
et al. (1990) that extraction of skin lipids is the
mechanism by which alcohols promote transdermal
permeation. If the extraction mechanism is correct,
as skin lipids are extracted the lipid component of
the resistance of the skin to permeation is decreased
making it easier for polar molecules to permeate.
Moreover, the results of the present investigation
suggest that this mechanism operates primarily for
the medium-(compared to the short) chain length
alcohols in which skin lipids should be more
soluble.

4. Conclusions

The trend in the fluxes of pure alcohols through
hairless mouse skins is similar to that through
human skin reported by Scheuplein and Blank
(1973). However, the flux through human skin by
the medium-chain, more lipophilic alcohols de-
creased much more rapidly than their flux through
hairless mouse skin. This suggests that the resis-
tance of human skin is more similar to the resis-
tance of hairless mouse skin to permeation by polar
molecules than it is to permeation by more
lipophilic molecules.

Although the short-chain alcohols (C1–C3) per-
meated hairless mouse skin more readily than the
medium-chain alcohols (C4–C7), the short-chain
alcohols caused much less irreversible damage to
the skins as determined by second application
studies using theophylline/PG as a standard solute/
solvent. Not only was there a significant increase
in flux values for theophylline, but there was also
a significant increase in flux values for PG and
back-diffusion values for H2O after pretreatment
with medium- versus short-chain alcohols. This
suggests that the medium-chain alcohols may be
more effective at extracting a lipoidal component
of skin which is responsible for the resistance of
skin to the permeation of polar solutes and solvents
such as theophylline and PG and the back-diffusion
of H2O.
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