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The permeation of estradiol from vesicular formulations through
human stratum corneum was studied ir vitro. The vesicles were
composed of nonionic n-alky! polyoxyethylene ether surfactants
(C,EO,,). The thermodynamic activity of estradiol present in each
formulation was kept constant by saturating all formulations with
estradiol. The effects of both the particle size and the composition of
the formulation on estradiol permeation across excised human stra-
tum corneum were investigated. Stratum corneum that was pre-
treated with empty surfactant carriers allowed for significantly
higher estradiol fluxes compared with untreated stratum corneum.
However, estradiol fluxes obtained in these pretreatment experi-
ments appeared to be significantly lower than those obtained by the
direct application of the estradiol-saturated carrier formulation on
top of the stratum corneum. Furthermore, in the case of pretreat-
ment of the stratum corneum, an increase in carrier size resulted in
a decrease in estradiol flux. For direct application the opposite was
found. Two mechanisms are proposed to play an important role in
vesicle—skin interactions, i.e., the penetration enhancing effect of
surfactant molecules and the effect of the vesicular structures that
are most likely caused by adsorption of the vesicles at the stratum
corneum-suspension interface.

KEY WORDS: niosomes; nonionic surfactant vesicles; estradiol;
transdermal delivery; stratum corneum.

INTRODUCTION

To study the physical barrier of the skin for transdermal
drug delivery, a varicty of formulations has been tested (1).
Drugs incorporated in vesicles are promising formulations to
control transdermal drug delivery (2). Vesicular drug formu-
lations are also useful for investigating the limits of drug
transport, permeability, and integrity of the skin (3-5). Al-
though the use of vesicles in dermal or transdermal drug
delivery has been studied (6-9), little is known about the
mechanisms of the interactions between drug-loaded vesicle
bilayers and human stratum corneum, and the influence of
this interaction on penetration of lipophilic compounds
through human stratum corneum in vitro and in vivo.

Nonionic surfactant vesicles (NSVs) were introduced in
1978 by Vanlerberghe ef al. (10). NSVs were found to en-
hance the penetration of sodium pyrrolidone-carboxylate
through stratum corneum. NSVs offer the advantage of a
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high chemical stability and intrinsic penetration enhancing
properties concerning skin permeation of drugs. Nonionic
surfactants are reported to be less irritating to the skin than
ionic surfactants (1). Furthermore, nonionic surfactants can
be tailor-made according to certain desired characteristics.

This report analyzes the mechanisms of estradiol per-
meation from NSVs through human stratum corneum in
vitro. Estradiol was chosen as a model drug because of its
high lipophilicity and therapeutic potency. The vesicles were
composed of n-alkyl polyoxyethylene ether surfactants
(C,EO,,) and were characterized in previous studies (11). All
formulations were saturated with estradiol to keep the ther-
modynamic activity of the estradiol present in each donor
formulation identical. Therefore, differences in estradiol
fluxes were caused by differences in interaction between the
drug carrier system and the skin, and not by differences in
the solubility of estradiol in the donor formulation. To sep-
arate vehicle—drug interactions from vehicle—skin interac-
tions as possible causes of changes in drug flux, experiments
were carried out according to two essentially different pro-
tocols: first, direct application, implying immediate applica-
tion of a drug-loaded formulation to untreated stratum cor-
neum, followed by flux measurements; and second, pretreat-
ment experiments, implying a 6-hr pretreatment of stratum
corneum with drug-free formulations, followed by a rinse,
application of a saturated solution of the drug, and subse-
quent flux measurements. Using these two protocols the ef-
fects of particle size and composition of the formulation on
estradiol permeation across excised human stratum corneum
were investigated.

MATERIALS AND METHODS

Materials

Polyoxyethylene monoalkyl ether-type surfactants,
C,EO,,, were used in this study. The number of oxyethylene
units, m, was 3 and 10, and the number of carbon atoms, n,
was 12 and 18. Both C,,EO; and C,3;EO, were purchased
from Servo (Delden, The Netherlands). Cy_oEO,, (Brij96)
was a gift from Atlas Chemie (Essen, Germany). Cholesterol
was purchased from J. T. Baker Chemicals B.V. (Deventer,
The Netherlands). Estradiol was a generous gift from Orga-
non International BV (Oss, The Netherlands).

Preparation of Surfactant Formulations

The effects of particle size and composition on estradiol
permeation across excised human stratum corneum were in-
vestigated. For studying size effects a number of prepara-
tions were made of virtually equal compositions but varying
in size. The formulations were based on C,_4EQ,, and con-
tained either micelles (<10 nm), small unilamellar vesicles
(SUVs; 100-200 nm), or multilamellar vesicles (MLVs; >1
pwm). Composition effects were studied using a series of
MLV formulations based on either C;,EO;, C;;EO;, or
Cy_oEO . To be able to prepare vesicles from these surfac-
tants, 15 mol% cholesterol was added (11). The composition
and size of the carriers are given in Table I. The carrier size
was determined using dynamic light scattering (11).
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Table I. Composition of the Various Surfactant Formulations After Saturation
with Estradiol®

Surfactant Cholesterol Estradiol

Formulation Size (j.m) (mM) (mM) (mM)
PBS — — — 0.007
Cy_oEO,, micelles  <0.01 24 — 0.75
Co_,EO,, SUVs 0.3 (0.2) 24 45 1.5
Co-4EO,, MLVs >1 24 45 1.5
C,EO; MLVs >1 24 4.5 1.5
C,:EO; MLVs >1 24 45 0.3

@ Sizes were determined by dynamic light scattering (12). The numbers in paren-
theses indicate the polydispersity index.

Both NSVs and micelles were prepared using the soni-
cation method as described by Baillie et al. (12). The aque-
ous phase consisted of a phosphate-buffered saline (PBS)
solution: 139 mM NaCl, 2.5 mM KCl, 8 mM Na,HPO,, and
1.5 mM KH,PO,; with the pH adjusted to 7.4. The prepara-
tions were carried out at 80°C, which was above the gel-
liquid transition temperature of the surfactants. A mixture of
24 mM surfactant and 4.5 mM cholesterol was sonicated for
45 sec in 5 mL PBS, using a Branson Sonifier 250 (Danbury,
UK), with an Y-in. microtip at a 60-W energy output. In the
micelle formulation, cholesterol was omitted. SUVs (vesi-
cles consisting of only one bilayer) were obtained after
resonication of the formulation at room temperature (11).
MLVs (vesicles consisting of more than one concentric bi-
layers) were prepared by heating the SUV suspension at
80°C for 5 min (11). Vesicle formation and the presence of
cholesterol crystals were checked using polarization micros-
copy. Multilamellar vesicles were easily identified by the
presence of so-called Maltese crosses.

The formulations were saturated with estradiol. Satura-
tion of the formulations with estradiol was carried out at
28°C, overnight. A volume of 15 mL of PBS or surfactant
formulation was dialyzed (Visking cellulose dialysis tubing,
Visking Co., Chicago, IL) against 1 mL of saturated estra-
diol solution, containing an excess amount of estradiol,
while shaking gently. The exchange of estradiol between the
inner and the outer phase of the dialysis tubing was moni-
tored to check the saturation process. The saturated formu-
lations were checked for the presence of estradiol crystals
with polarization microscopy. When crystals were found the
sample was excluded from the experiment.

Skin Preparation

Within 24 hr after surgery, the human stratum corneum
was isolated from the excised abdominal skin, obtained from
two donors (A and B), using the following protocol: The
subcutaneous fat was removed and the skin was dermatomed
to a thickness of approximately 200 pm (Padgett Der-
matome, Kansas City Ass. Co., Kansas City). The der-
matomed skin was placed on filter paper soaked in 0.1%
trypsin solution in PBS at 37°C, overnight. The stratum cor-
neum was separated from the epidermis, washed with a 1.0%
antitrypsin solution to block trypsin activity, and rinsed
twice with distilled water. The stratum corneum was dried
and stored in a desiccator over silica gel at room tempera-

ture. Before use, the stratum corneum was rehydrated by
placing it carefully on the surface of a PBS solution in a petri
dish and allowing it to equilibrate for approximately 10 min.
Then 355 medical silicon adhesive (Dow Corning, Midland,
MI) was used to attach the stratum corneum to a 0.127-mm
supporting Silastic membrane (Dow Corning 500-1, nonster-
ile, nonreinforced) according to Tiemessen ef al. (13).

Design of the Diffusion Experiments

Experimental Setup

The stratum corneum/Silastic sheeting membrane com-
bination was mounted in a Franz-type diffusion cell. The
effective diffusion area was 0.8 cm?. The acceptor medium
was kept at 32°C. The flow rate of the acceptor medium was
2.5 mL/hr and the effluent was collected in glass tubes at 1-hr
intervals. Before starting the experiment the system was al-
lowed to equilibrate for 1 hr.

Skin Incubation Protocols

Two essentially different skin incubation protocols were
carried out to separate effects caused by vesicle—drug inter-
actions from those caused by vesicle—skin interactions.

Direct Application

Estradiol flux was measured immediately after placing 3
mL of a saturated estradiol formulation in the donor cham-
ber of the diffusion cell. As a control an estradiol saturated
PBS solution was used.

Control experiments were performed to check the
equivalence of the thermodynamic activities of estradiol,
and hence the driving force for transport across the mem-
brane, in two different donor formulations. These control
experiments were performed using a reversed membrane:
Silastic sheeting/medical adhesive/stratum corneum, i.e., the
Silastic sheeting was facing the donor compartment.

Pretreatment

Three milliliters of an estradiol-free formulation was
placed in the donor compartment of the diffusion cell. After
6 hr of incubation with this formulation, the stratum cor-
neum was carefully rinsed twice with 3 mL PBS. The drug
was applied to the pretreated stratum corneum only as a
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saturated solution in PBS. Subsequently the estradiol flux
was measured. The controls were pretreated with PBS.

Estradiol Analysis

The total amount of estradiol present in the saturated
surfactant formulations was determined using reversed-
phase HPLC according to Dohji et al. (14). The presence of
the micelles or vesicles, containing surfactants and choles-
terol, did not interfere with the HPLC analysis of estradiol.
Hence, 100 pL of the intact formulation was simply injected
into the reversed-phase column.

After the diffusion experiments estradiol was analyzed
by radioimmunoassay (Coat a Count, DPC, Apeldoorn, The
Netherlands). The data were analyzed using a logit-log trans-
formation procedure according to Dudley et al. (15).

Calculations

Steady-state fluxes were determined from graphs in
which the cumulative amount of penetrated estradiol was
plotted against time. Fluxes were calculated from the slope
of the steady-state portion of these curves. Whether steady-
state fluxes were significantly different or not was tested
using a one-way ANOVA.

The permeability of the stratum corneum was calculated
using Eq. (1). The stratum corneum permeability can be de-
termined only from results obtained after pretreatment ex-
periments, since the drug distribution in the formulation is
not homogeneous (either encapsulated or not) and the exact
donor concentrations at the stratum corneum-—formulation
interface can not be determined accurately due to adsorption
phenomena of the vesicles on the stratum corneum. The
steady-state values were corrected for the resistance of the
Silastic sheeting and medical adhesive, using Egs. (2) and (3)
(16).

P = JiC, 0))
R =1P )
Ttot = R, + R, 3)

R is the resistance; subscript ss, Silastic sheeting with med-
ical adhesive; subscript sc, stratum corneum; J, the flux of
the drug through the membranes at steady state; P, the per-
meability; and C,4, the drug concentration in the donor com-
partment. The membrane permeability, P, is expressed as

Pm = (Dm . Km/d)/hm (4)

where D is the diffusion coefficient of the drug in the mem-
brane, A, the path length of the drug in the membrane, and
K /4 the partition coefficient of the drug between the mem-
brane and the donor solution. The enhancement factor (EF)
of a formulation based on the permeability coefficient is de-
fined as

EF = (pr)/(PpPBS) (5)

where P indicates the permeability of the stratum corneum
after pretreatment with the drug-free surfactant formulation,
and P, pps the permeability after PBS pretreatment.
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Preparation of the Surfactant Formulations

A steady-state concentration of 2 mg/L (7.34 uM) in
PBS was reached for estradiol after saturation, overnight (16
hr). The surfactant formulations also reached a steady state
(i.e., saturation) after 16 hr of dialysis. The final composi-
tions of the surfactant formulations that were used for the
diffusion experiments are given in Table 1. Both the C,,EQ,
and the Cy_4EO,, vesicle formulations appeared to have the
highest estradiol concentration: 1.5 mM estradiol. Using the
Cy_oEO,, micellar solution 0.75 mM estradiol was incorpo-
rated, whereas the C,;EO; MLVs could incorporate 0.3 mM
estradiol.

Diffusion Experiments

The steady-state fluxes obtained using the two applica-
tion protocols for the various formulations are summarized
in Table II.

Direct Application

It appeared that MLV's have a significantly greater effect
(P < 0.05) on estradiol permeation, resulting in a flux of 64
= 16.9 ng/cm®+hr, compared with the SUV and micellar for-
mulations, giving fluxes of 45 = 15.1 and 41 + 2.0 ng/cm?+hr,
respectively. The steady-state fluxes obtained with the
SUVs and the micelles were not significantly different (P >
0.05).

Fluxes obtained with C4_4EO,4and C,,EO; MLVs—64
+ 17 and 55 = 3 ng/cm?+hr, respectively—were not signifi-
cantly different (P > 0.05). The results obtained with the
C,,EO; MLVs were reproducible. C,;EQ, MLVs appeared

Table II. Average Estradiol Fluxes, from Triplicate Experiments,
Through Stratum Corneum Plus or Minus the Data Range®

Jlol Rsc
(ng/cm? - hr) (hr/cm) EF

ScA 0.9 0.6 2127 1
SCB 3.1 0.6 628 1
Pretreatment

Cy_sEO;, MLV 23+ 09 834 2.5

Cy-_oEO,, SUVA 45= 1.0 426 5.0

C,_4EOQ,, Mic” 5.6 = 0.1 331 6.4

C,,EOQ; MLVA 83+ 09 228 9.3

C,sEO; MLVE 1.0+ 0.2 1859 0.3
Reverse membrane

Cy_oEO,;, MLVB 3.6+ 04

Cy_oEOQ,, Mic® 41= 03
Direct application

Cy_oEOQ,, MLVA 64 =169

C,_oEOQ,, SUVA 45 = 15.1

Cy_oEOQ,, Mic? 41 = 2.0

C,,EOQ; MLV4 55 = 3.0

C,sEO; MLVE 28+ 1.2

4 8C = the flux through stratum corneum that is supported by Si-
lastic sheeting and medical adhesive. Experiments performed us-
ing stratum corneum obtained from either donor A or donor B are
indicated by the superscripts.



662

to have no significant effect on the estradiol penetration (P >
0.05) compared to the control.

Control experiments involving estradiol diffusion from
both a saturated C,_,EQ,, micellar solution and a MLV
suspension through a reversed-membrane were performed.
There was no significant difference in the fluxes obtained
from the Cy_4EOQ,, formulations and the saturated PBS so-
lution (P > 0.05) through this reversed membrane.

Pretreatment Experiments

After pretreatment of the stratum corneum with the
Cy_5EO,, formulations, an inverse relation was found be-
tween the size of the particles and the penetration enhance-
ment. Pretreatment with MLVs resulted in the lowest estra-
diol fluxes compared with both SUV and micelle pretreat-
ment. Differences after pretreatment with either SUVs or
micelles were not significant (P > 0.05). The reproducibility
of results obtained after micelle pretreatment was good,
compared to that of results obtained using vesicles.

The C,,EO; MLV pretreatment increased the flux by a
factor of 9.3; pretreatment with C,_gEQO,, MLVs resulted in
an enhancement of the estradiol flux by a factor of 2.5. These
differences appeared to be significant (P < 0.001). An im-
pairment of the estradiol transport by a factor of 0.3 (signif-
icant: P < 0.001) was found after pretreatment with C,3EO,
MLVs.

DISCUSSION

Incorporation Characteristics

The ability to incorporate estradiol appeared to be de-
pendent both on the formulation type (i.e., micelles, SUVs,
or MLVs) and on the formulation composition (i.e.,
Cy_gEO,y, C,EO;, or C,;4EQ;). The total amount of estra-
diol in the Cy_4,EO,, micellar formulation (being 0.75 mM)
was different from the total amount of estradiol in the
Cy_oEO,, vesicular formulations (both being 1.5 mM). Fur-
thermore, the amount of estradiol in saturated MLV formu-
lations consisting of liquid-state bilayers C,_,EQ,, and
C,,EO; (both being 1.5 mM), on the one hand, and gel-state
bilayers C,3EO; (0.3 mM), on the other, appeared to be quite
different. It appeared that the incorporation of estradiol in
gel-state MLV formulations was impaired by a factor of 5.
Based on the lipophilic nature of the estradiol, it is expected
that most of the estradiol is intercalated in the bilayers of the
NSVs.

Validation of the Design of the Diffusion Experiments

Estradiol fluxes from saturated estradiol solutions
through Silastic sheeting/medical adhesive without stratum
corneum were at least two orders of magnitude higher than
fluxes through Silastic/medical adhesive with stratum cor-
neum. Thus it can be concluded that the stratum corneum,
and not the supporting membrane, was rate limiting for es-
tradiol diffusion in the experiments.

The fact that the driving force for estradiol transport
was kept constant was demonstrated with the reverse mem-
brane experiments. Since the Silastic sheeting, which is fac-
ing the donor compartment, is almost impermeable to sur-
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factants (13), penetration enhancement across this mem-
brane cannot take place. Hence, using this reversed
membrane setup, only differences in fluxes caused by differ-
ences in estradiol solubility would be revealed. It was dem-
onstrated that the permeation rates of estradiol from three
different saturated formulations through this reversed mem-
brane were not significantly different (P > 0.05). Therefore,
the estradiol activities of these formulations were considered
identical.

During pretreatment the stratum corneum was allowed
to equilibrate for 6 hr. Flux data obtained with the direct
application protocol showed that the estradiol diffusion at-
tained steady state after 6 hr. Longer pretreatment periods
were not tested since no additional effect of the surfactants
was expected to occur after reaching steady state, and ex-
tended hydration damages the stratum corneum.

The differences found in estradiol fluxes obtained with
MLVs and SUVs or micelles cannot be explained by differ-
ences in NSV density in the bulk suspension, caused by
pelleting or by creaming effects. Spectrophotometric mea-
surements were performed to check the homogeneity of
NSV formulations during the experiment. It appeared that
the NSV suspensions were stable during the diffusion exper-
iments. Neither pellet formation nor creaming of the vesicles
occurred during the diffusion experiments.

Formulation—-Skin Interaction

Direct Application

The estradiol fluxes after direct application were very
high compared with those obtained with pretreatment or
control experiments. Freeze-fracture electron microscopy
revealed that NSVs tend to adsorb on the outermost layers
of the stratum corneum (20,21). Vesicles fuse at the adsorp-
tion site, thus forming stacks of bilayers on top of the stra-
tum corneum (Fig. 1). However, since all formulations es-
tablish the same initial activity gradients across the mem-
brane (equal thermodynamic activity of the formulations),
no differences in estradiol fluxes are expected. The high
fluxes that were found after direct application may be ex-
plained by differences in skin—formulation interactions, i.e.,
not a mere adsorption of bilayers, but an exchange of mate-
rial between the formulation and the skin may take place.
Previous studies (20,21), in which skin—NSV formulation
interactions were studied using freeze-fracture electron mi-

SUVs Mic.

MLVs

© .

_— @_
| SC
Fig. 1. Schematic representation of size-dependent interactions at

the formulation—skin interface. Formulations containing MLVs,
SUVs, or micelles applied on stratum corneum.
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croscopy, revealed that the lipid bilayer structure of the stra-
tum corneum can be disrupted by the NSV formulations.
Other studies (24) showed that liposomes (phospholipid ves-
icles) are able to disrupt the bilayers of the stratum corneum
in a similar manner. In addition, small-angle X-ray scattering
studies (24) revealed that a mixing of liposomal components
(phospholipids) and skin lipids occurs. Analogous to these
skin-liposome interactions, it is very likely that a mixing of
skin lipids and nonionic surfactants also occurs after appli-
cation of NSVs. A mixing of gel-state lipids (from the stra-
tum corneum) with liquid-state NSV formulations (saturated
with estradiol) will result in a decrease in solubility of estra-
diol. Thus, the thermodynamic activity of the estradiol at the
skin—formulation interface will increase, which causes the
high fluxes that were observed.

Estradiol fluxes after direct application of estradiol-
saturated C,_,EO,, formulations suggest a positive relation
between particle size and estradiol permeation throigh hu-
man skin in vitro. This phenomenon, although not yet fully
understood, may also be caused by differences in skin—
formulation interactions.

Differences in effect on drug transport between the lig-
uid-state C,,EO; and C,_o,EO;, MLVs and the gel-state
C,sEO; MLV formulation are thought to be either due to the
lack of interaction between the rigid gel-state vesicle bilayers
and the stratum corneum or due to the partition kinetics of
the estradiol between the gel-state vesicles and the stratum
corneum. This explains the fact that the estradiol permeation
from the C,3sEOQ, MLV formulation was not significantly dif-
ferent from that of the control.

Pretreatment Experiments

The surfactant molecules are thought to permeate into
the intercellular lipid bilayers (where the barrier function of
the skin is located), thereby reducing the crystallinity of the
intercellular lipid bilayers and thus increasing the permeabil-
ity of these bilayers. Kadir ef al. (22) called this the ‘‘pull”
effect of the membrane. This pull effect is observed after
pretreatment with liquid-state formulations. The surfactant
molecules in the rigid gel-state C,3EO, bilayers can neither
be readily exchanged with the environment nor penetrate
into the stratum corneum. Therefore, this surfactant will not
be able to induce a penetration enhancing effect. Although
this pull effect seems to be present in case of the liquid-state
surfactant formulations, it does not account for the total pen-
etration enhancement found for the saturated formulations,
which is an order of magnitude higher. This indicates that a
direct contact between the vesicles and the skin is necessary
to obtain a maximal effect.

Since an inverse effect of particle size on the estradiol
flux was observed in the pretreatment experiments, the
stacks of empty bilayers deposited on top of the stratum
corneum may introduce an additional diffusion barrier (Fig.
1). This is most apparent in the case of the C,3EO, formu-
lations, where the rigid gel-state bilayers of the vesicles form
an additional diffusion barrier for the estradiol diffusing from
the saturated solution, resulting in an impaired estradiol
transport.

CONCLUSION
Effects of pretreatment with MLVs based on C,,EO,
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surfactants were significantly higher and better reproducible
compared with C,_oEQ,, surfactants. This may be ex-
plained by the fact that the C,,EO, formulations are better
defined; since this surfactant does not form micelles, virtu-
ally all surfactant molecules are present in bilayers.

Electron microscopy studies have demonstrated that
neither Cy_oEQ,, nor C,gEO; NSVs have a detectable in-
fluence on the ultrastructure of the stratum corneum. This in
contrast to C,,EO; NSVs (20,21), which induced ultrastruc-
tural changes of the intercellular lipid regions of the stratum
corneum down to a depth of 10 pm. These changes in ultra-
structure may account for the very fast and high penetration
enhancement found after pretreatment with C,,EQ; MLVs.
Walters et al. (23) found a relation between methyl nicotinate
transport through hairless mouse skin and both the alkyl
chain and the polyoxyethylene headgroup length of the sur-
factants. For both EQ,, and EO,4 an optimum alkyl chain
length of C,, was found.

In conclusion, it may be stated that direct contact be-
tween liquid-state MLV formulations and skin is imperative
to exert the highest effect on drug transport. To maximize the
effect of the formulation the driving force of drug transport
across the stratum corneum should be maximized, hence the
formulation should be saturated with the drug.

Since the effect of NSVs on drug transport through the
skin can be either impairment (gel-state vesicles) or enhance-
ment (liquid-state vesicles), NSVs appear to have potential
as a novel drug carrier system for both dermal (gel-state
vesicles) and transdermal (liquid-state vesicles) delivery of
drugs.

REFERENCES

1. B. W. Barry. Dermatological Formulations, Marcel Dekker,
New York, 1983.

2. M. Mezei. Liposomes in the topical application of drugs: A
review. In G. Gregoriadis (ed.), Liposomes as Drug Carriers,
Wiley, Chichester, 1988, pp. 663—-678.

3. H. E. J. Hofland, J. A. Bouwstra, M. Ponec, H, E. Bodde, F.
Spies, J. C. Verhoef, and H. E. Junginger. Interactions of non-
ionic surfactant vesicles with cultured keratinocytes and human
skin in vitro: A survey of toxicological aspects and ultrastruc-
tural changes in stratum corneum. J. Control. Rel. 16:155-168
(1991).

4. V. M. Knepp, R. S. Hinz, F. C. Szoka, and R. H. Guy. Con-
trolled drug release form a novel liposomal delivery system. 1.
Investigation of transdermal potential. J. Control. Rel. 5:211—
221 (1988).

S. N. F. H. Ho, M. G. Ganesan, N. D. Weiner, and G. L. Flynn.
Mechanisms of topical delivery of liposomally entrapped drugs.
J. Control. Rel. 2:61-65 (1985).

6. M. Mezei and V. Gulasekharam. Liposomes, a selective drug
delivery system for the topical route of administration: Gel dos-
age form. J. Pharm. Pharmacol. 34:473-474 (1982).

7. M. Mezei and V. Gulasekharam. Liposomes—a selective drug
delivery system for the topical route of administration. I. Lotion
dosage form. Life Sci. 26:1473-1477 (1980).

8. W. Wohlrab and J. Lasch. Penetration kinetics of liposomal hy-
drocortisone in human skin. Dermatologica 174:18-22 (1987).

9. J. Lasch and W. Wohlrab. Liposome bound cortisol: A new

approach to cutaneous therapy. Biomed. Biochem. Acta
45:1295-1299 (1986).

. G. Vanlerberghe, R. M. Handjani-Vila, and A. Ribier. Les ‘‘nio-

somes’’ une nouvelle famille de vesicules a base d’amphiphiles

non ioniques. Coll. Nat. CRNS 938 (1978).

H. E. J. Hofland, J. A. Bouwstra, J. C. Verhoef, G. Buckton,

B. Z. Chowdry, M. Ponec, and H. E. Junginger. Safety aspects

11.



12.

13.

14.

15.

16.

17.

of non-ionic surfactant vesicles: A toxicity sturdy related to the
physicochemical characteristics of non-ionic surfactants. J.
Pharm. Pharmacol. 44:287-294 (1992).

A. J. Baillie, A. T. Florence, L. R. Hume, G. T. Muirhead, and A.
Rogerson. The preparation and properties of niosomes—non-
ionic surfactant vesicles. J. Pharm. Pharmacol. 37:863-868 (1985).

H. L. G. M. Tiemessen, H. E. Bodde, H. Mollee, and H. E.
Junginger. A human stratum corneum-silicone membrane sand-
wich to simulate drug transport under occlusion. Int. J. Pharm.
53:119-127 (1989).

T. Dohji, M. Fushimi, T. Kawabe, F. Kamiyama, M. Mori, N.
Sugita, and O. Tanizawa. Rapid measurement of oestradiol and
oestriol by high performance liquid chromatography after auto-
matic pretreatment. J. Chromatogr. 311:249-255 (1984).

R. A. Dudley, P. Edwards, R. P. Ekins, D. J. Finney, 1. G. M.
McKenzie, G. M. Raab, D. Rodbard, and R. P. C. Rodgers.
Guidelines for immunoassay data processing. Clin. Chem.
31:1264-1271 (1985).

G. L. Flynn, S. H. Yalkowsky, and T. J. Roseman. Mass trans-
port phenomena and models: Theoretical concepts. J. Pharm.
Sci. 63:479-510 (1974).

H. E. J. Hofland, J. A. Bouwstra, R. van der Geest, and H. E.
Junginger. Personal communications. Center for Bio-
Pharmaceutical Sciences, Division of Pharmaceutical Technol-
ogy, Leiden University, P.O. Box 9502, 2300 RA, Leiden, The
Netherlands (1992).

18.

19.

20.

21.

22.

23.

24.

Hofland, van der Geest, Bodde, Junginger, and Bouwstra

M. Windholz, S. Budavari, R. F. Blumetti, and E. S. Otterbein.
The Merck Index, Merck & Co, Rahway, NJ, 1983, p. 536.

S. S. Kurtz and A. Sankin. In A. Farkas (ed.), Physical Chem-
istry of Hydrocarbons II, Academic Press, New York, 1963, p.
169.

H. E. J. Hofland, J. A. Bouwstra, H. E. Bodde, F. Spies, and
H. E. Junginger. The interactions between non-ionic surfactant
vesicles and human skin in vitro. Proc. Int. Symp. Control. Rel.
Bioact. Mater. 17 (1990).

H. E. J. Hofland, J. A. Bouwstra, H. E. Bodde, F Spies, R.
van der Geest, and H. E. Junginger. Transdermal delivery of
estradiol from non-ionic surfactant vesicles and visualisation of
effects these vesicles have on human skin in vitro. Proc. Int.
Symp. Control. Rel. Bioact. Mater. 18:(1991).

R. Kadir, D. Stempler, and S. J. Cohen. Delivery of theophyl-
line into excised human skin from alkanoic acid solutions: A
‘‘push-pull’’ mechanism. J. Pharm. Sci. 76:774-779 (1987).

K. A. Walters, M. Walker, and O. Olejnik. Non-ionic surfac-
tants effects on hairless mouse skin permeability characteris-
tics. J. Pharm. Pharmacol. 40:525-529 (1988).

H. E. J. Hofland, J. A. Bouwstra, H. E. Bodde, F. Spies, and
H. E. Junginger. Interactions between liposomes and human
stratum corneum in vitro: Freeze fracture electron microscopi-
cal visualization and small angle X-ray scattering studies. Br. J.
Dermatol. (in press).



