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Abstract

Skin permeation of drugs from ethanol-water mixed systems was evaluated by the hydrodynamic pore theory. Two
model drugs of similar molecule size and different polarities, isosorbide dinitrate (ISDN) and antipyrine (ANP) were
used, and the relationship between drug clearance and solvent flux through excised hairless rat skin was investigated
with a variety of ethanol concentrations (20—100%) in water to calculate the reflection coefficient (&) of the drugs to
the skin. The ISDN clearance was independent of the solvent flux at 20% ethanol, but was dependent on the flux at
more than 40% ethanol. Linear relationships were obtained between the ANP clearance and the solvent flux at all
ethanol concentrations. These results suggest high contribution of convective flow with the solvent to the total skin
permeability of both drugs. Skin must be delipidized by a high concentration of ethanol in water, thus the barrier
function of the stratum corneum to overall permeation of the drugs was reduced. The apparent pore radius of skin
estimated from the § value of ANP differed according to the ratio of ethanol and water in the systems: 100% ethanol
was maximum (1.89 + 1.24 nm) followed by 0% ethanol (0.98 + 0.60 nm) and the mixed solutions had a mean
value of 0.42-0.50 nm.

Keywords: Percutaneous absorption; Skin permeability; Hydrodynamic pore theory; Reflection coefficient; Ethanol-
water mixed system

1. Introduction tion-enhancing effect (Ghanem et al.,, 1987a,

Akhter and Barry, 1985; Sasaki et al., 1990; Mori-

Skin permeation of a drug from most topical
vehicles is generally low and many compounds
have been tested to find one with skin penetra-
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moto et al, 1986; Aungest et al., 1986; Barry,
1987; Ongpipattanakul et al., 1991). Ethanol has
been broadly used as a disinfectant, antiseptic or
preservative, and also applied to marketed trans-
dermal delivery systems of nitroglycerin (Good et
al., 1985; Campbell and Chandrasekaran, 1983),
estradiol (Gale and Berggren, 1986; Gale and
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Fig. 1. Effect of solvent flow on the ISDN permeation through excised hairless rat skin from different ratios of ethanol-water mixed
systems. Each line was obtained by linear regression analysis. @, 0.272 Osmol/l; A, 0 Osmol/l; B, —0.272 Osmol/l.

Berggren, 1987) and fentanyl (Gale et al., 1986) in
anticipation of its skin penetration-enhancing
effect. The effect of ethanol on skin penetration is
dependent on its concentration in topical vehicles
as well as lipophilicity of the drug used. Skin
permeations of lipophilic drugs such as nitroglyc-
erin and levonorgestrel from a high concentration
of ethanol in aqueous solution were lower than
those from low concentration (Friend et al., 1988;
Berner et al., 1989a), while the reverse was true of
hydrophilic drugs such as mannitol and tetraethy-
lammonium bromide (Ghanem et al., 1987b).
Broad studies have been made on ethanol’s pene-
tration-enhancing mechanism of action: fluidiza-
tion (Chin and Goldstein, 1977, Ghanem et al.,
1986; Ghanem et al., 1987a; Knutson et al., 1990)
and delipidization of the stratum corneum lipid
(Kurihara-Bergstrom et al., 1990), softening of

the stratum corneum keratin, degradation of skin
enzyme (Higuchi et al., 1987) and solvent drag
(Berner et al., 1989b) were reported as possible
mechanisms of this enhancing effect.

In a previous paper (Hatanaka et al., 1994), the
skin permeability of four polar solutes with a
variety of molecular sizes and one lipophilic drug,
ISDN, from water (D,0) was analyzed by the
hydrodynamic pore theory. Skin clearance (the
product of permeability coefficient across skin and
effective application area) of ISDN was found to
be independent of the solvent flux, whereas a
linear relationship was obtained between the
clearance of each hydrophilic drug of low molecu-
lar radius (though not of large molecular radius)
and the solvent flux. These results suggested that
the convective flow markedly contributed to the
total skin permeability of a hydrophilic drug, and
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Fig. 2. Effect of ethanol concentration of ethanol-water mixed systems on the permeation of ISDN (a), ANP (b) and D,O (c). Each

point represents the mean + S.E. of 18 experiments.

that the extent of contribution decreased with
increase in molecular size of the drug.

In the present study, different ratios of ethanol-
water mixed systems were used as typical vehicles
with penetration-enhancing effect to estimate the
contribution of convective flow to skin perme-
ation of an aqueous drug antipyrine (ANP) and a
lipophilic drug ISDN.

2. Theoretical

(Hatanaka et al., 1994)

We have proposed a parallel permeation path-
way model for describing skin penetration of
drugs, based on the permeation data through
excised hairless rat skin of various compounds
from their aqueous solutions and suspensions
(Hatanaka et al., 1990). In this model, the stratum
corneum is assumed to have lipid and pore path-
ways, the latter being the main permeation route
for hydrophilic drugs and explained by the pore
theory. The net flux of a drug at the steady state,
J, can be described based on this model as the
sum of each flux via the two pathways:

J=J+Jr 1)

where subscripts L and P mean lipid and pore
pathways, respectively.

The net flux of lipid pathway (J;) is mathemat-
ically expressed by Eq. (2) based on Fick’s first
law under assumptions that drug decrease in the

donor phase is too small to be negligible and a
sink condition can be maintained in the receiver
phase throughout the diffusion experiment:

JL = CLLCO (2)

where CL means permeation clearance of drug
(u1/h), which means the product of its permeabil-
ity coefficient and the application area of skin,
and C, is the initial concentration of drug (mg/ml)
in the donor phase. On the other hand, Kedem
and Katchalsky (Kedem and Katchalsky, 1958)
reported that the driving force of drug permeation
through the pore pathway was both a concentra-
tion differential of the drug (diffusion) and an
imbalance in hydrostatic and osmotic pressure
(convection) across the biomembrane. We as-
sumed the Jp by referencing their theory as fol-
lows:

Jp = CLPCO + (1 - 6)JSolventC0 (3)

where Jg jen: 18 the solvent flux (ul/h). The
reflection coefficient, J, is an index of the ability
of the barrier to discriminate between solute and
solvent.

From Egs. (1)-(3), the following equation can
be obtained:

J = CLL Co + CLP Co + (1 - é)‘]SolventCO
4)

If a parameter, CLp,,, (cm’/min.), is assumed
to be J/C,, Eq. (4) becomes
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Fig. 3. Effect of solvent flow on the ANP permeation through excised hairless rat skin from different ratios of ethanol-water mixed
systems. Each line was obtained by linear regression analysis. @, 0.272 Osmol/l; &, 0 Osmol/l; B, — 0.272 Osmol/l.

CLDrug = CLL + CLP + (1 - 6)JSolvent (5)

Eq. (5) indicates that CLy,,, increases with
increase in Jg en 0 value can be obtained by the
slope of CLp,ye/Jsoivent CUTVE.

Pore size of the pore pathway in skin can be
estimated by the following Levitt equation (Levitt,
1975a; Levitt, 1975b; Granger and Taylor, 1987):

6 = 16/3(a/R)* — 20/3(a/R)* + 7/3(a/R)*

— 0.345(a/R)’ (6)

where a and R are radius of penetrant and pore,
respectively.

3. Materials and methods
3.1. Materials

ANP was purchased from Tokyo Chemical In-
dustry Co. (Tokyo, Japan). ISDN was geneously
supplied by Toko Pharmaceutical Industries Co.
(Tokyo). Deuterium oxide (D,0) and deuterium
ethanol (CH,CH,OD, EtOD) were obtained from
Merck Co. (Darmstadt, Germany) and Aldrich
Chemical Co. (Milwaukee, WI, USA), respec-
tively, and FITC-dextran (MW 71 200) was from
Sigma Chemical Co. (St. Louis, MO, USA). All
these drugs and chemicals were used without fur-
ther purification. Other chemicals and solvents
were of reagent grade and obtained commercially.
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3.2. Skin permeation procedure

(Hatanaka et al., 1990)

Abdominal skin was freshly excised from male
WBN/ILA-Ht hairless rats at 6 to 7 weeks
(Ishikawa Laboratory Animals, Saitama, Japan),
and was mounted between two half diffusion cells
having 2.5 ml volume and 0.966 cm? effective
diffusion area, with a water jacket connected to
water at 37°C. The donor compartment was filled
with different ratios of D,0 and EtOD (EtOD
conc.: 20, 40, 60, 70, 80 and 100%) containing
ISDN or ANP and FITC-dextran and the receiver
compartment with distilled water. Drug concen-
tration was adjusted to 0.5 and 1.0 mg/ml for
ISDN and ANP, respectively. FITC-dextran was
used as a volume marker at 50 pg/ml. The os-
motic pressure differential was adjusted to 0.272,
0, or —0.272 osmol/l by addition of NaCl to
donor or receiver compartment. The donor and
receiver solutions were stirred with star-head bars
driven in each compartment by a constant-speed
synchronous motor throughout these permeation
experiments. To evaluate the skin permeability of
drugs and solvents at a steady state, the time
dependence of the permeation was preliminarily
investigated: Jgopens and CLyp,,, were constant
from 60 to 80 h. The permeation experiments
were then made between 60 and 63 h (Those were
constant from 12 to 80 h for without ethanol).
One ml samples were withdrawn every half an
hour from both compartments to measure skin
permeation of drug and solvent.

Permeations of ISDN, ANP and EtOD from
100% EtOD through skin which was pretreated
with pure water for 60 h were also measured. For
simultaneous skin permeation experiment of
ISDN and ANP, the donor compartment was
filled with ethanol containing the two drugs. De-
tails of these permeation experiments were the
same as above.

3.3. Delipidization and deproteinization
experiments

After pretreatment of skin for over 60 h in a
2-chamber diffusion cell as described in the skin
permeation procedure, 1.0 ml samples were with-

drawn from both compartments to determine the
lipid (sterol) leached from skin.

3.4. Fourier transformation-infrared (FTIR)
measurement

The abdominal skin excised from hairless rat
was soaked for 60 h in various concentrations of
ethanol. The resulting skin samples were dried
and measured by FTIR spectrometer (JIR-MI-
CRO 6000, Nihon Denshi Co., Tokyo) equipped
with a triglycine sulfate detector.

3.5. Analytical methods

ISDN and ANP were determined by HPLC as
described previously (Hatanaka et al., 1994).
Ethanol was assayed by GC-FID (GC-14A, Shi-
madzu, Kyoto, Japan). D,O and EtOD concen-
trations were measured by the obtained ethanol
concentration and absorbance of O-D stretching
vibration at 2512 cm ~! by IR spectroscopic spec-
tra (JIR-3510, Nihon Denshi Co.). Fluorescence
intensity of FITC-dextran was measured by a
spectrofluorometer (RF-5000, Shimadzu) at an
excitation wavelength of 495 nm and an emission
wavelength of 515 nm. The amounts of sterol and
protein leached were determined by the method of
Zak-Henly and BCA protein assay (Pierce, IL,
USA) using bovine serum albumin as a standard.
Each assay method was sensitive enough for the
present experiments.

4. Results and discussion

4.1. Effect of ethanol-water mixed systems on the
skin permeation of ISDN

Jsowent a0d CLign were evaluated using vari-
ous ethanol concentrations in water. Fig. 1 shows
the effect of Jgovene 0N the CLgp among different
ethanol concentrations (20, 40, 60, 70, 80 and
100% EtOD). CLigpn was almost constant (100
120 ul/h) independent of Jg jyen: at 20% ethanol.
CLgpn Was also independent of Jg jvene When pure
water was used (15-35 ul/h, Hatanaka et al.,
1994). We earlier reported that ISDN permeated



216 E. Manabe et al. | International Journal of Pharmaceutics 129 (1996) 211-221

400
— a
£ e
w - °
2 e
3 °
8 200 | /
o0 o
£
£ ,/
N
LI
[ ]
l L i L [l
0 20 40 60 80 100

EtOH Concentration (%)

2000 -

Leaching protein (ug/cn?)

] I L

L
0 20 40 60 80 100
EtOH Concentration (%)

Fig. 4. Effect of ethanol concentration of ethanol-water mixed systems on the sterol (a) and protein (b) leaching from hairless rat

skin. Each point represents the mean + S.E. of six experiments.

primarily via the lipid pathway of skin (Hatanaka
et al, 1994). The ratio of ISDN permeated
through the pathway was so large that no contri-
bution could be recognized of the convective flow
of ISDN with these solvents. In contrast, a linear
relationship was found between Jg ... and
CLspn from 40-100% ethanol in water.

Fig. 2a shows the relation between CLgpn and

100

: Non-Treatment

Treatment

50

Clearance (ul/il)

ANP

0 Solvent ISDN

Fig. 5. Effect of pretreatment by water on the solvent and drug
clearances through excised hairless rat skin. Each column
represents the mean + S.E. of 18 experiments.

ethanol concentration. Increase in the ethanol
concentration from 20 to 100% decreased CLgpn
(1-3.5 ul/h for 100% EtOD, for example), al-
though the mean CLgny from 20% ethanol was
about four times higher than that from 0%
ethanol. These results can be explained as follows:
ratio of lipid pathway was lowered and that of
pore pathway (solvent filled domain) was in-
creased by delipidization with a higher concentra-
tion of ethanol. The pore pathway can be
assumed as a domain filled with D,O-EtOD
mixed solvent. If this assumption is right, the
solubility of ISDN in skin is dependent on that is
this mixed solvent. The drug solubility in skin
would thus be changed by the concentration of
ethanol used as a donor solvent (Silvieri and
DeAngelis, 1975).

4.2. Effect of ethanol-water mixed systems on the
skin permeation of ANP

Fig. 3 shows a linear relation between the
Jsotvent a0d CL o yp from 20—100% ethanol in water.
All relations were significant (at least P < 0.05).
Almost no enhancing effect was found at 20-40%
ethanol in water compared to pure water (about 3
ul/h, Hatanaka et al., 1994). Fig. 2b and ¢ show
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Fig. 6. FTIR spectra of skin surface pretreatment with different ratios of ethanol-water mixed systems.

relations between CL,np Or Jpyo and ethanol
concentration, respectively. The relation for ANP
(Fig. 2b) was similar to that for D,O (Fig. 2c): the
permeation clearances of both were maximum at
60% and increased at higher ethanol concentration
(see following discussion for the effect of ethanol
concentration on the water permeation). The great
enhancement effect by higher ethanol is probably
due to new pore formation.

4.3. Effect of ethanol-water mixed systems on the
pore radius in skin and the skin permeation of
water

Table 1 summarizes skin pore size calculated
from results in Fig. 3 by the Levitt equation (Eq.
(3)) and Jp,o as an index of porous regions
(porosity). The pore size of skin treated by pure
water was calculated to be about 0.98 + 0.60 nm
(mean + S.E., the variation was due to the range
of reflection coefficient and the minimum and
maximum radii of solute). The pore size obtained
by 20% ethanol was 0.50 + 0.29 nm, and this
value was about half that for pure water. The
value was not significantly different from 40-80%
ethanol. Pore size of the skin barrier with pure

ethanol, however, was markedly higher (1.89 +
1.24 nm). In contrast, apparent water influx, Jp,0,
with pure water was 6.99 + 1.3 ul/h, and that
with 20% EtOD was about five times greater. This
result shows that ethanol fluidizes lipid domain of
skin and forms new pores in skin. The maximum
Jpzo was 1568.8 + 223.8 ul/h from 60% ethanol
in water, which was 200 times larger than pure
water. Jp,o from 70-80% ethanol in water was
smaller than from 60%.

4.4. Effect of ethanol-water mixed systems on the
skin barrier

Ethanol-water mixed systems have an effect on
the skin permeation of drugs, probably due to
increase in lipid fluidization by low concentration
of ethanol or new pore formation by high concen-
tration. No clear reason was found for decrease in
skin permeability by high ethanol concentration.
Several experiments evaluated the mechanism of
cthanol-water mixed system on the stratum
corneum, the main barrier membrane filled with
lipid among keratinized cells (White et al., 1988).
Ethanol was thought to have an effect on the lipid
or protein in the stratum corneum, and the follow-
ing experiments were done.
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Table 1

Effect of EtOD concentration on the morphological parameter of hairless rat skin
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EtOD concentration Fprug Pore radius (nm) Jpao (ul/h)

0% 0.606 + 0.221 0.98 + 0.60 699 + 1.3
20% 0.925 4+ 0.076 0.50 + 0.29 36.3 + 9.5
40% 0.947 + 0.032 0.50 1 0.21 494 + 179
60% 0.948 + 0.007 045 + 0.16 1568.8 + 223.1
70% 0.975 + 0.013 047 + 0.17 1116.3 + 1245
80% 0.893 + 0.015 042 + 0.21 318.1 + 464
100% 0.303 + 0.184 189 + 1.24 —

Mean + S.E. of at least 18 experiments.

First, sterol and protein leaching from skin was
measured for 60h using diffusion cells. Fig. 4a and
b show the effect of ethanol concentration in
water on the amount of sterol and protein
leached, respectively, for 60 h. Although pore
formation would be maximum at 60% ethanol,
the amount of sterol and protein leached evenly
increased and decreased, respectively, with in-
crease in ethanol concentration. Thus both leach-
ings may be complicatedly related to new pore
formation.

To determine whether the low permeability of
solute by high concentration of ethanol could be
due to alteration of the protein structure, skin
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Fig. 7. Relationship between permeation clearances of ANP
(CLanp) and ISDN (CLgpy) through excised hairless rat skin
pretreatment with pure water. The line was obtained by linear
regression analysis. ®, 0.272 Osmol/l; A, 0 Osmol/l; B,
—0.272 Osmol/l.

permeation was tested using pure ethanol after
deproteinization with pure water. Fig. 5 shows
clearances of ethanol, ANP and ISDN. All values
were significantly high compared to non-treat-
ment. These data suggest the low permeation by
pure ethanol is related to the amount and struc-
ture of protein in skin.

Third, structure change in skin pretreated with
different concentrations of ethanol aqueous sys-
tems was evaluated by FTIR. Fig. 6 illustrates the
obtained spectra, and Table 2 summarizes change
in stretching bands coming from skin lipid and
protein. The stratum corneum has absorption
spectra of about 2920 cm ~! for C~H asymmetric
stretching, about 2850 ¢cm ~! for C—H symmetric
stretching and about 1740 cm ~! for C=0 stretch-
ing from lipid domain, and about 1645 cm ~} for
C=0 stretching from amide (Park and Baddiel,
1972). C—H and C=0 frequencies for the stratum
corneum lipid pretreated with 20-60% EtOD in-
creased more than 4 cm ™' of resolution. This
effect may be due to lipid fluidization, and is
similar to the reported data for the stratum
corneum lipid treated with oleic acid (Bomman-
nan et al., 1991) or high temperature (Knutson et
al.,, 1985). C=0O frequency from the stratum
corneum protein was increased with 40% ethanol,
and was decreased with 80 and 100% ethanol.
This showed that the protein bond was loosened
by 40% ethanol, perhaps due to hydration effect
as suggested by Oertel (1977). Frequency increase
was proportional to ethanol concentration, and
may be related to protein denaturation. This po-
tential mechanism is consistent with the maximum
Jpao flux at 60% ethanol.
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4.5. Simultaneous permeation of ISDN and ANP
through skin

Simultaneous permeation of ISDN and ANP
through skin treated by pure ethanol was mea-
sured. Fig. 7 shows the relationship between ob-
tained CL;spn and CL,np. A linear relationship
existed between the CLgpy and CLanp (7 =
0.887, P < 0.05). The slope and intercept were
0.881 and 0.173, respectively, which were not
significantly different from 1.00 and 0.00, respec-
tively. ISDN and ANP, having similar molecule
size, show similar reflection coefficient indepen-
dent of the lipophilicity, which suggests that both
drugs permeated through the same skin pathway,
and skin lost the ability for selective permeation.
In other words, skin is not able to distinguish
drug polarity.

5. Conclusion

In the present study, we evaluated ethanol-wa-
ter (20-100%) mixed systems as vehicles that
enhance skin permeation of drugs. The enhancing
effect was evaluated based on the hydrodynamic

pore theory. Fig. 8 illustrates a schematic model
of skin. In the neat water system (without
ethanol), lipophilic and hydrophilic drugs perme-
ate mainly via lipid and pore pathway, respec-
tively (Hatanaka et al, 1990). A Ilow
concentration of ethanol (20-60%) extracts lipids
from skin and promotes the permeation of a drug
through the pore pathway independent of the
drug polarity. Contribution of convective flow
with solvents on the skin permeation of lipophilic
drugs may be also increased. FTIR experiment
showed increase in lipid fluidity, which may en-
hance the permeation of lipophilic drugs, espe-
cially through the lipid pathway. A high
concentration of ethanol caused protein denatura-
tion in skin, so that it behaved like a porous
membrane which is unable to distinguish drug
polarity.

The pore pathway is relatively impermeable to
drugs. The ethanol-water mixed system, however,
increased contribution of the convective flow
through the pathway to the total skin permeabil-
ity. Potts and Guy (1992) reported that prediction
of skin permeation of drugs could be done using a
simple one-layer model. In case of a high contri-
bution of solvent flow (convective flow), however,
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Table 2

Transmission FTIR spectra of skin pertreated with EtOH-H,O systems

EtOD concentration C-H? (em™") C-H® (cm™ ) C=0°¢ (cm~!) C=0¢ (cm™")
0% 2917.81 2850.31 1737.57 1643.07

20% 2923.59 2852.24 1743.36 1641.15

40% 2925.52 2854.17 1743.36 1648.86

60% 2927.45 2854.17 1743.36 1641.15

80% 2917.81 2850.31 1737.57 1631.51
100% 2921.66 2852.24 1739.50 1635.36

2C—H asymmetric stretching band.
bC—H symmetric stretching band.
°C=0 stretching band from lipid.

4C=0 stretching band from amide.

a two-layered model of skin was preferable to
analyze the permeation profiles of ISDN and
ANP when wusing the penetration enhancer,
ethanol.
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