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Summary

Human skin permeation of naloxone was examined in vitro using various vehicles and penetration enhancers. To screen various
chemicals as penetration enhancers propylene glycol containing 10% adjuvant was used. Fatty acids and fatty alcohols were very
effective promoters of naloxone flux. In both the acid and alcohol series, maximum flux was with C;, adjuvants, and for C; acids
and alcohols unsaturated adjuvants were more effective than saturated ones. Other effective skin penetration enhancers included
some non-ionic and cationic surfactants, decylmethylsulfoxide, Azone, and N-alkylpyrrolidones. Lauric acid and lauryl alcohol in
isopropanol, polyethylene glycol 400, and mineral oil vehicles were not as effective in promoting naloxone skin penetration as when
dissolved in propylene glycol. Sodium lauryl sulfate in propylene glycol slightly increased flux, but a much greater effect was
observed using a mineral oil vehicle. Concentration /enhancement profiles were determined for lauric acid and lauryl alcohol. Skin
penetration enhancing effects are, to some extent, specific and dependent on the drug, vehicle, enhancer concentration and probably
other factors. Possible mechanisms of altering skin permeability are discussed.

Introduction

The major advantages that transdermal drug
delivery can offer are: (1) avoidance of first-pass
metabolism often associated with oral dosing; and
(2) sustained and more constant plasma con-
centrations of the drug. The 3-hydroxymorphinan
and hydroxybenzomorphan opioid analgesics and
antagonists as a class have poor oral bioavailabil-
ity, due to a high first-pass metabolism effect.
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These drugs also generally have short elimination
half-lives and 4-5 h durations of action. Because
of these problems, they are logical candidates for
transdermal delivery.

Naloxone-HCl (Narcan, DuPont Pharmaceuti-
cals) is a potent opicid antagonist. It is presently
available in 0.4 mg unit doses for injection, and is
used for reversal of narcosis. The terminal half-life
of naloxone after i.v. injection in normal volun-
teers was reported to be 64 min (Ngai et al., 1976)
and 151 min (Aitkenhead et al, 1984) in two
separate studies. Because of this short half-life, it
has been suggested that infusion may be preferred
in some cases of narcosis (Bradberry and Raebel,
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1981; Gourlay and Coulthard, 1983). In addition,
recently naloxone has been shown to have other
potential applications. Naloxone has shown be-
neficial effects in treatment of cardiovascular
shock (McNicholas and Martin, 1984), chronic
idiopathic constipation (Kreek et al., 1983), senile
dementia of the Alzheimer’s type (Reisberg et al.,
1983a and b), and for appetite suppression (Atkin-
son, 1982). A regimen of frequent injections would
not be acceptable for these uses, and transdermal
delivery might be more appropriate. In addition, it
has been reported that topical naloxone has anti-
pruritic effects (Bernstein et al., 1982).

Human skin permeability of naloxone was ex-
amined. In order to maximize naloxone delivery
through skin, penetration enhancers were evalu-
ated. The agents studied include various types of
chemicals, some of which are known to enhance
skin penetration of other drugs. The primary ob-
jective of the work presented here was to identify
agents which increase naloxone skin permeability.
In addition, however, the data that were obtained
provide some insight on the selectivity of certain
penetration enhancers, and to some extent rela-
tionships between structure and penetration en-
hancing effect were developed. Although there are
many papers reporting the effects of one or several
penetration enhancers, relative comparisons of
various classes of enhancers and within a homolo-
gous series, as we have done, are much less fre-
quent. The more practical aspects of developing a
transdermal delivery system, including the toxicol-
ogy of these adjuvants, will be given separate
consideration.

Materials and Methods

Skin penetration

Naloxone diffusion rates through human ca-
daver skin were measured using Franz diffusion
cells (Crown Glass). The reservoir volume was 7-9
ml and was maintained at 37°C with a water
jacket or dry block heater. The reservoir contained
saline (0.9%) and was stirred with a bar magnet.
Sink conditions were maintained by removing the
entire reservoir volume and replacing with drug-

free saline. The skin surface area available for
diffusion was 1.8 cm?. The volume of vehicle
applied was generally 0.5 ml, except for semisolid
drug donors, for which an unmeasured amount
was spread onto the skin. The donor chamber was
closed to the atmosphere with parafilm or a rubber
stopper.

Human cadaver skin was obtained from a local
hospital. The thickness of these specimens was 0.4
mm, which based on average skin layer thickness
includes the stratum corneum, the epidermis, and
part of the dermis. Skin was stored at —20°C
indefinitely. The average age of the donors was 43
years with a standard deviation of 19 years and a
range of 16 to 72 years. 18% of the donors were
female and 15% were black. Vehicles and skin
specimens were randomly matched, with the ex-
ception that any vehicle-specimen combination
was used only once. Prior to use, each skin speci-
men was visually inspected for integrity.

Naloxone concentrations in the reservoir were
determined by HPLC, using UV detection at 284
nm, and a 25 cm X 4.5 mm octylsilane column
(Zorbax C,;, DuPont). The mobile phase was
acetonitrile /tetrahydrofuran /0.05 M phosphate
buffer (10:0.8:89.2). The amount of drug
penetrating through skin during any time interval
was calculated as the sample concentration multi-
plied by the reservoir volume. Individual plots of
cumulative amount penetrating versus time were
made, and from the slope of the linear portion of
such plots naloxone steady-state flux was calcu-
lated. There were at least 3 experiments per group.
All data are expressed as mean + S.E.

Vehicles

In the initial experiments, the effects of various
agents on naloxone skin penetration were exam-
ined. For these experiments, vehicles were pre-
pared by dissolving the adjuvants in propylene
glycol (Fisher Scientific). Propylene glycol was
selected so that both hydrophilic and hydrophobic
adjuvants could be dissolved. The arbitrary con-
centration of adjuvant was 10% (w/v or v/v),
however, not every adjuvant was completely dis-
solved at this concentration. The adjuvants and
their sources are presented in the Results section.
Naloxone base was added to the adjuvant/pro



pylene glycol vehicle in amounts in excess of its
solubility. This maximized the thermodynamic ac-
tivity of naloxone in the vehicle, since the objec-
tive was to maximize naloxone flux through skin.
Lauric acid, lauryl alcohol, and sodium lauryl
sulfate were also tested in isopropanol (Fisher),
polyethylene glycol 400 (Fisher), and mineral oil
(Nujol, Plough) vehicles. In addition, lauric acid /
isopropyl myristate vehicles were examined. The
concentration of adjuvant was 10% (w/v) and
naloxone was added as a suspension. Propylene
glycol vehicles containing various concentrations
of lauric acid or lauryl alcohol were also prepared
and naloxone added in excess of its solubility.

Solubility determinations

Naloxone base solubility was determined for
some of the vehicles tested. Vehicles were pre-
pared and naloxone was added and the suspen-
sions stirred for at least 20 h at room temperature
(22-24°). Suspensions were centrifuged and the
supernatant removed and filtered through glass
wool packed into a transfer pipette. These solu-
tions were diluted with 0.1 N HCI and assayed by
HPLC as previously described.

Partition coefficient

Naloxone partitioning between propylene gly-
col or 10% lauric acid in propylene glycol and
1sopropyl myristate was determined. Lauric acid
was dissolved in propylene glycol and naloxone
was added in excess of its solubility. The suspen-
sion was then mixed with an equal volume of
isopropyl myristate (Eastman Kodak) and tum-
bled at room temperature for 24 h. After centrifu-
gation both phases were filtered and aliquots di-
luted with 0.1 N HCI and assayed by HPLC.

Results

Effects of various adjuvants

Naloxone skin penetration rates were deter-
mined using propylene glycol vehicles containing
various potential absorption promoters at a con-
centration of 10% (w/v or v/v). An example of
the effects of enhanced skin penetration is il-
lustrated in Fig. 1, which shows average data using
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Fig. 1. Representative averaged profiles for naloxone diffusion
through human skin using propylene glycol (@) or myristic
acid/propylene glycol (O) vehicles.
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Fig. 2. Dependence of naloxone flux on chain length of fatty
acid (A) or fatty alcohol (B) adjuvants (10% in propylene
glycol).
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TABLE 1

EFFECTS OF VARIOUS ADJUVANTS (10% IN PROPYLENE GLYCOL) ON NALOXONE FLUX THROUGH HUMAN
CADAVER SKIN

Adjuvant * Supplier Naloxone flux ° Number of
(pg/cm® - h) experiments
None - 1.6+ 04 10
(A) Non-ionics
Caprylic alcohol Fisher 248 + 26 3
Decyl alcohol Sigma 453+169 3
Lauryl alcohol Pfaltz and Bauer 458+ 2.4 3
2-Lauryl alcohol Pfaltz and Bauver 439+ 94 3
Myristyl alcohol Sigma 177+ 1.8 3
Cetyl alcohol © Sigma 75+ 1.2 3
Stearyl alcohol © Sigma 52+ 1.7 3
Oleyl alcohol Sigma 250+ 85 3
Linoleyl alcohol Sigma 69.9 +28.0 4
Linolenyl alcohol Sigma 116.3 + 64.2 4
Propylene glycol laurate Pfaltz and Bauer 438+ 55 3
Sorbitan laurate ¢ Span 20, Sigma 2794+ 4.6 3
Polysorbate 20 Tween 20, Sigma 1.5+ 04 3
Laureth 4 Brij 30, Sigma 345+ 83 3
Laureth 23 Brij 35, Sigma 1.5+ 06 3
PEG-4 laurate ¢ PEG 200 Monolaurate, Emery 11.8 + 1.8 3
PEG-4 dilaurate ¢ PEG 200 Dilaurate, Emery 11.0+ 12 3
Glyceryl laurate Sigma 234+ 36 3
Glyceryl dilaurate ¢ Stepan 187+ 18 3
Dilauroyl lecithin Avanti 82+ 21 3
Sorbitan oleate ¢ Span 80, Sigma 99+ 1.1 3
Sorbitan trioleate ¢ Span 85, Sigma 1434+ 46 3
Oleth-20 Brij 99. Sigma 16+ 0.7 3
Glyceryl oleate ¢ Stepan 207+ 20 3
Dilauroyl lecithin Avanti 141 + 4.5 3
Poloxamer 188 ¢ Pluronic F68, Ruger 42+ 23 4
Poloxamer 401 © Pluronic L121, BASF 58+ 09 3
Cocomorpholine Lonza 320+ 39 3
(B} Anionics
Heptanoic acid (7:0) Celanese 462 +17.8 4
Caprylic acid (8:0) Sigma 343 +10.0 3
Pelargonic acid (9:0) Celanese 2019+ 654 3
Capric acid (10:0) Sigma 187.9 + 67.5 4
Undecylenic acid (11 :14'9) Fluka 1151+ 45 3
Lauric acid (12:0) Sigma 2352 +299 3
Myristic acid (14:0) Emery 781+ 24 3
Palmitic acid (16:0) © Sigma 278+ 94 3
Stearic acid (18:0) © Ruger 218+ 5.6 3
Oleic acid (18:14%) Emery 356+ 9.8 3
Linolenic acid (18 : 24%'?) Sigma 103.0 + 14.1 3
Linolenic acid (18 : 34%1%1%) Sigma 93.8 + 14.7 3
Arachidonic acid (20 : 42381114y Gioma 478 +12.0 3
Sodium laurate Sigma 73+ 08 3
Sodium lauryl sulfate Sigma 46+ 09 3
Sodium oleate Aldrich 38+ 0.5 3
Dodecanedioic acid ¢ DuPont 20+ 04 3
Trans-dodecenedioic acid ¢ Traumatic acid, Sigma 74+ 24 3
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Adjuvant ° Supplier Naloxone flux ® Number of
(pg/cm®-h) experiments

Retanoic acid 9 Sigma 74+ 29 4
Lauroyl sarcosine Hampshire 72+ 30 3
(C) Cationics
Dodecylamine Fluka 2514+ 0.9 3
Stearylamine Fluka 194+ 70 4
(D) Amphoterics
Lauroamphoglycinate Mona 524 02 3
Lauroamidopropylbetaine Mona 58+ 1.5 3
(E) Sulfoxides
Dimethylsulfoxide Sigma 1.7+ 09 3
Decylmethylsulfoxide Wateree 492 +19.8 5
(F) Amides
Urea Fisher 04+ 0.1 3
Dimethylacetamide Fisher 20+ 03 3
Diethyltoluamide Sigma 86+ 29 3
1-Dodecylazocyloheptan-2-one Azone, Nelson 252+ 54 3
N-Methylpyrrolidone GAF 1.8+ 03 3
N-Hydroxyethylpyrrolidone GAF 1.8+ 01 3
N-Cyclohexylpyrrolidone GAF 34+ 14 3
N-Dimethylaminopropylpyrrolidone GAF 39+ 20 3
N-Cocoalkylpyrrolidone GAF 55.2+12.2 4
N-Tallowalkylpyrrolidone GAF 3844+ 29 3
* CTFA adopted name if applicable.
® Mean + S.E.
¢ Semisolid vehicle.
4 Adjuvant not completely soluble /miscible at 10% concentration.
propylene glycol and propylene glycol/myristic
acid vehicles. In this example, naloxone flux was
increased 48-fold in the presence of myristic acid. 180

Fatty acids and fatty alcohols were amonyg wic 1607
most potent agents in increasing naloxone skin 140}
penetration. Within both the acid and alcohol 120l

series, the magnitude of enhancement was related
to the chain length of the hydrophobic group (Fig.
2). The maximum naloxone flux was with the C,,
acid and alcohol. The enhancing effects of
unsaturated C,; acids and alcohols were also
examined. Increasing the number of double bonds
generally resulted in greater enhancement of
naloxone skin penetration (Fig. 3). Based on these
results, the other adjuvants selected for evaluation
were predominantly those containing laurate or
oleate hydrophobic groups.

Table 1 summarizes the effects of the various
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Fig. 3. Effects of saturated and cis-unsaturated C,4 fatty
alcohols (closed bars) and fatty acids (open bars) on naloxone
skin penetration. The adjuvants were dissolved in propylene
glycol at a concentration of 10%.
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adjuvants tested. Although fatty acids were very
effective penetration enhancers, the sodium salts,
sodium laurate, sodium oleate, and sodium lauryl
sulfate had minimal effects on naloxone skin
penetration. The C,, diacids, dodecanedioic acid
(saturated) and trans-dodecenedioic acid (un-
saturated), also did not appreciably increase
naloxone flux.

The ester and ether non-ionic surfactants were
generally less effective than fatty acids in enhanc-
ing naloxone skin penetration. Naloxone flux was
plotted versus the hydrophil-lipophil balance
(HLB) value for the non-ionic and anionic surfac-
tants with laurate hydrophobic groups (Fig. 4). A
trend was clearly apparent for surfactants with
low HLB values (e.g. more hydrophobic) to have
greater effects on naloxone skin penetration. How-
ever, there was not a general relationship for all
surfactants between HLB value and naloxone flux.
For example, Poloxamer 188 (HLB = 29.0) and
Poloxamer 401 (HLB = 0.5) had similar effects on
naloxone flux.

The two amphoteric surfactants tested only
slightly increased naloxone flux. The two cationic
surfactants examined, both of which are known
skin irritants, increased flux significantly.

240 51 —— 7= 1

220

50+
a5t °
407
351 °
30-
25!

20+

NALOXONE FLUX {ug/cm2hr)
o

L 4;0 i 1 L
¢ 10 20 30
ADJUVANT HLB VALUE

o
}
|

J

Fig. 4. Naloxone flux as a function of the hydrophil-lipophil
balance (HLB) value of the adjuvant, for adjuvants with laurate
hydrophobic groups. The adjuvant concentration in propylene
glycol was 10%.

A number of sulfoxides and amides known to
act as skin penetration enhancers were also
evaluated. Decylmethylsulfoxide was a very effec-
tive skin penetration enhancer for naloxone,
whereas dimethylsulfoxide was not. Urea and di-
methylacetamide had no effects on naloxone flux.
Diethyltoluamide increased flux slightly. Gener-
ally, solvents like DMSO and DMA must be at
higher concentrations to influence skin permeabil-
ity. Azone increased flux approximately 15-fold.
The effects of the pyrrolidones were dependent on
the substituent group on the nitrogen atom. Al-
though N-methylpyrrolidone (NMP) has been fre-
quently used as a skin penetration enhancer (e.g.
Akhter and Barry, 1985), naloxone flux was unaf-
fected by 10% NMP. Higher concentrations of
NMP did, however, increase naloxone penetration
(data not shown). The most effective pyrrolidone
skin penetration enhancers tested had cocoalkyl !
and tallowalkyl 2 hydrophobic groups. To the best
of our knowledge, these agents have not been
previously used to promote percutaneous absorp-
tion. The relationship between flux and the hydro-
phobic group of the enhancer is consistent with
results for the other classes of compounds. That is
that C,, and C,; unsaturated hydrophobic tails
maximize penetration enhancement.

Influence of vehicle

The penetration enhancing effects of lauric acid,
lauryl alcohol, and sodium lauryl sulfate were also
examined using vehicles other than propylene gly-
col. Results are summarized in Table 2. In the
absence of a penetration enhancer, naloxone flux
was similar using propylene glycol, PEG400, or
mineral oil as the vehicle. This would be expected
when: (1) the thermodynamic activity of the drug
is the same in each vehicle (saturated solution);
and (2) the vehicles do not alter the barrier prop-
erties of skin (Higuchi, 1960). Naloxone flux val-
ues from saturated solutions of isopropanol and
isopropyl myristate were significantly higher than
with the other vehicles. It could thus be inferred

! Approximate composition: Cy = 5%, C,, =10%, C;, = 59%,
Ci4=17%, Ci¢ = 9% (GAF product literature).

2 Approximate composition: Ciy sar s unsar. = 62%, Cresar = 34%.
lower alkyl = 4% (GAF product literature).
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EFFECTS OF LAURIC ACID, LAURYL ALCOHOL, AND SODIUM LAURYL SULFATE ON NALOXONE SKIN
PENETRATION USING VARIOUS VEHICLES CONTAINING 10% ADJUVANT AND NALOXONE IN EXCESS OF

SATURATED SOLUBILITY

Vehicle Naloxone flux (pg/cm’ - h)

Adjuvant: None Lauric acid Lauryl alcohol Na lauryl sulfate
Propylene glycol 1.6 +04 2352 +299 458 + 24 46+ 09
Isopropanol 16.6 + 4.7 160.6 + 60.0 284 +11.8 31.5+£19.8
PEG 400 1.8+06 46.1 +£ 253 122+ 54 1.6+ 05
Mineral oil 13+03 188+ 64 111+ 27 4244323
Isopropyl myristate 7.7+01 200+ 3.0

that isopropanol and isopropyl myristate increased
skin permeability. Isopropanol (Coldman et al,
1969) and isopropyl myristate (Bronaugh et al,
1981) were previously shown to increase skin per-
meability to other solutes.

The addition of 10% lauric acid or lauryl al-
cohol to each of the four vehicles increased nalo-
xone flux, but the greatest increases were with
propylene glycol. In propylene glycol and isopro-
panol, sodium lauryl sulfate approximately dou-
bled naloxone flux, and had no effect when dis-
solved in PEG400. However, in a mineral oil
vehicle, sodium lauryl sulfate had a more signifi-
cant effect on naloxone flux. From these results, it
1s apparent that the effects of penetration
enhancers are dependent on the vehicle.
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Fig. 5. Concentration dependence of the effects of lauric acid
(0) and lauryl alcohol (O) on naloxone skin penetration, using
propylene glycol as the solvent.

Concentration / effect relationships

Naloxone skin penetration was evaluated as a
function of lauric acid or lauryl alcohol concentra-
tion, using various penetration enhancer/pro-
pylene glycol concentrations. These results are
illustrated in Fig. 5. 1% lauric acid only slightly
increased naloxone flux, relative to the propylene
glycol control, but with further increases to 2.5%
and 5% concentrations, flux increased tremen-
dously. Maximum flux was observed using 20%
lauric acid. The most effective lauryl alcohol con-
centration was 5%. Higher adjuvant concentra-
tions decreased flux, possibly due to a reduction
of the skin /vehicle partition coefficient of nalo-
xone.

Partition coefficients
The solubility of naloxone base in lauric acid/
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Fig. 6. Effect of lauric acid concentration in propylene glycol
on naloxone base solubility.
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propylene glycol vehicles was proportional to the
concentration of lauric acid (Fig. 6). It seemed
possible that naloxone base solubilization by lauric
acid could be due to the formation of a charge
transfer complex. This could contribute to the
increased naloxone skin penetration if the com-
plex had a higher skin/vehicle partition coeffi-
cient (K ) than free naloxone. Increased naloxone
solubility could have also been due to micelle
formation. Fatty alcohols had only minor effects
on naloxone solubility. To examine whether in-
creased naloxone flux might have been due to
formation of a complex with a higher K. the
effect of lauric acid on naloxone K was de-
termined. The K for isopropyl myristate/pro-
pylene glycol was 0.17, and that for isopropyl
myristate /10% lauric acid in propylene glycol was
0.15.

Discussion

Naloxone skin penetration rates were de-
termined using various vehicles, and in the pres-
ence of numerous adjuvants which were consid-
ered potential skin penetration enhancers. Some
of these agents markedly increased naloxone flux,
while others had little or no effects. This prompts
questioning: (a) the mechanisms of enhancement;
and (b) whether skin penetration promoting ef-
fects are selective for certain drugs.

Specificity can be addressed by examining the
literature on these skin penetration enhancers,
where different diffusing solutes were studied.
Maximum naloxone flux was observed using fatty
acid or fatty alcohol /propylene glycol vehicles. In
the saturated fatty acid and alcohol series, the
most effective penetration enhancers had 12
carbon atoms. Unsaturated C,; acids and alcohols
were more effective enhancers than the corre-
sponding saturated acid or alcohol. Oleic acid and
oleyl alcohol (0.1 M in propylene glycol) have
been used previously to increase the human skin
penetration of salicylic acid (Cooper, 1984) and
acyclovir (Cooper et al.,, 1985). Similarly, oleic
acid (5% in propylene glycol) increased the
penetration of both mannitol and hydrocortisone
(Bennett and Barry, 1985). However, neither lauric

acid or capric acid (0.1 M in propylene glycol) had
much effect on salicylic acid skin penetration (Co-
oper, 1984). Metronidazole and estradiol penetra-
tion from vehicles containing equal parts of pro-
pylene glycol and a C,,, fatty alcohol was de-
termined in another study (Mollgaard and Hoel-
gaard, 1983). Metronidazole penetration was not
significantly affected by any of the fatty alcohols,
but estradiol penetration was promoted by palmi-
tyl and stearyl alcohols. Cy , alcohols did not
increase estradiol penetration. Collectively, these
reports suggest some measure of selectivity for
fatty acid and fatty alcohol skin penetration
enhancers.

Several agents known to be skin penetration
enhancers had minor or no effect on naloxone
skin permeability when dissolved in propylene
glycol. These include sodium lauryl sulfate, sodium
laurate, N-methylpyrrolidone and dimethylacet-
amide. Cooper (1982) reported that sodium lauryl
sulfate increased the skin penetration of urea and
pentanol 8300-fold and 7-fold, respectively. The
effects of other enhancers, including, for example,
PEGI10 laurate (Walters et al., 1984) and 2-pyr-
rolidone (Southwell and Barry, 1983) are also ap-
parently greater for polar solutes than for non-
polar solutes. Additional confounding variables in
comparing these studies, however, are differences
in the vehicle and adjuvant concentrations, both
of which can significantly influence the effective-
ness of a skin penetration enhancer, as we have
demonstrated.

A number of mechanisms for promotion of
skin permeability can be proposed. These include:
increasing drug solubility in skin; dissolving skin
lipids; altering the conformation or denaturing
skin proteins, e.g. keratin; disruption of water
structure in skin; and increasing membrane fluid-
ity.

These are not necessarily separate actions, since
several of these effects may be operative in con-
cert. For example, Scheuplein (1970) has proposed
that organic solvents extract lipids, thus creating
holes; but that this also results in a loss of water
binding capacity. He further suggested that hydro-
gen-bonding solvents, like dimethylsulfoxide, dis-
place structured water in the membrane, and that
anionic surfactants disrupt protein structure, which



also results in a loss of water binding capacity.
Akerman et al. (1979) also proposed that aliphatic
and cyclic amides, including dimethylacetamide
and N-methylpyrrolidone, displace bound stratum
corneum water and thus increased the penetration
of lidocaine. Cyclic amides with a hydrophobic
tail (e.g. N-alkylpyrrolidones and Azone) probably
have additional effects on other membrane com-
ponents, acting as surfactants as well as solvents.
It was recently reported that Azone treatment of
human stratum corneum was associated with re-
moval of lipids, as indicated by differential scan-
ning calorimetry (Goodman and Barry, 1985).

Initially we suspected that rauy acids might
promote naloxone skin penetration by increasing
its solubility in skin (partitioning into skin). Fatty
acids increased naloxone solubility in propylene
glycol, possibly by complexation. However, the
isopropyl muyristate /propylene glycol partition
coefficient of naloxone was not increased in the
presence of lauric acid. Fatty acids and fatty
alcohols apparently increase flux by altering the
diffusion coefficient rather than K . The mecha-
nisms of effect of fatty acids and fatty alcohols on
skin permeability is not known.

One intriguing aspect of this study is that maxi-
mum skin penetration enhancement was observed
with C,, saturated hydrophobic groups, and that
agents with unsaturated groups were more effec-
tive than saturated ones. This relationship had not
been previously described for fatty acids and al-
cohols affecting skin. However, similar phenom-
ena have been described for other enhancers or
membranes. In the alkyl methyl sulfoxide series,
C,,MSO was a more effective enhancer of nico-
tinic acid skin penetration than DMSO, C,MSO,
C,,MS0, or C,,MSO (Sekura and Scala, 1972).
For a series of polyethylene alkyl ethers, maxi-
mum effects were seen with dodecyl hydrophobic
groups for hemolysis of red blood cells (Zaslavsky
et al., 1978), absorption of paraquat through the
gastric mucosal membrane (Walters et al., 1981),
and methyl nicotinate flux through hairless mouse
skin (Walters and Olejnik, 1983). Oleyl ethers
were more effective than stearyl ethers. N-al-
kylpyrrolidones also appeared to exhibit this rela-
tionship in promoting naloxone skin permeation.

At least two hypotheses have been proposed to
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explain why C,, hydrophobic groups have maxi-
mum effects on membranes. Florence et al. (1984)
suggested that increasing the carbon chain length
within a homologous series increases the lipo-
philicity, but decreases the critical micelle con-
centration. C,, hydrophobic groups have the
greatest membrane penetration because of an opti-
mal balance of partition coefficient and monomer
concentration. Another theory was proposed by
Dominguez et al. (1977). They suggested that
surfactants do not necessarily adopt a linear struc-
ture in skin, but rather form a coiled, “open-
cyclohexane” structure. The molecular size of the
surfactants forming these “open-cyclohexane”
structures was postulated to be minimum when
the hydrophobic chain is C,,. Minimizing molecu-
lar size favors increased membrane penetration.

It 1s also known that lipids of like structures
pack tightly together, but mixtures of long and
short chain lipids, or saturated and unsaturated
lipids, form loosely organized structures (Small,
1984). The most abundant stratum corneum lipids
are free fatty acids, triglycerides, cholesterol, and
ceramides. The majority of these lipids, including
the free fatty acids, have 16 or more carbon atom
hydrophobic groups (Elias, 1983). One could hy-
pothesize, therefore, that the introduction of
shorter fatty acid chains disrupts the crystalline
lipid packing and results in a more fluid and
permeable membrane.

In conclusion, agents to increase naloxone
penetration through human skin have been identi-
fied. Generally, penetration enhancing effects are
via alteration of the normal skin structure and
could be expected to be associated with an in-
flammatory response. The next step in applying
this information to practice, for transdermal or
topical naloxone administration, is to optimize the
penetration enhancement while minimizing skin
irritation.
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