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Potential of Non-aqueous Microemulsions to Improve the Delivery of Lipophilic
Drugs to the Skin

Vanessa F. Carvalho,1 Debora P. de Lemos,1 Camila S. Vieira,1 Amanda Migotto,1 and Luciana B. Lopes1,2,3

Received 19 July 2016; accepted 22 September 2016; published online 18 October 2016

Abstract. In this study, non-aqueous microemulsions were developed because of the
challenges associated with finding pharmaceutically acceptable solvents for topical delivery of
drugs sparingly soluble in water. The formulation irritation potential and ability to modulate
the penetration of lipophilic compounds (progesterone, α-tocopherol, and lycopene) of
interest for topical treatment/prevention of skin disorders were evaluated and compared to
solutions and aqueous microemulsions of similar composition. The microemulsions (ME)
were developed with BRIJ, vitamin E-TPGS, and ethanol as surfactant-co-surfactant blend
and tributyrin, isopropyl myristate, and oleic acid as oil phase. As polar phase, propylene
glycol (MEPG) or water (MEW) was used (26% w/w). The microemulsions were isotropic
and based on viscosity and conductivity assessment, bicontinuous. Compared to drug
solutions in lipophilic vehicles, MEPG improved drug delivery into viable skin layers by 2.5–
38-fold; the magnitude of penetration enhancement mediated by MEPG into viable skin
increased with drug lipophilicity, even though the absolute amount of drug delivered
decreased. Delivery of progesterone and tocopherol, but not lycopene (the most lipophilic
compound), increased up to 2.5-fold with MEW, and higher amounts of these two drugs were
released from MEW (2–2.5-fold). Both microemulsions were considered safe for topical
application, but MEPG-mediated decrease in the viability of reconstructed epidermis was
more pronounced, suggesting its higher potential for irritation. We conclude that MEPG is a
safe and suitable nanocarrier to deliver a variety of lipophilic drugs into viable skin layers,
but the use of MEW might be more advantageous for drugs in the lower range of
lipophilicity.
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INTRODUCTION

Design of topical formulations for drugs considered sparingly
soluble or degradable in water is challenging due to difficulties in
finding pharmaceutically acceptable excipients that dissolve the
drug and provide an efficient delivery without causing irritation
(1,2). The influence of lipophilicity (most often expressed as logP)
on skin penetration has been largely studied, and it is generally
accepted that drugswith logPhigher than 4 aremore challenging to
deliver to viable skin layers, being prone to remain retained in the
vehicle and/or stratum corneum (3,4). However, a large number of

compounds useful to treat skin diseases, to improvewound healing
and to reduce UV-induced skin damage display logP≥ 4. Exam-
ples of these compounds include α-tocopherol, progesterone,
vitamin K, lycopene, and β-carotene. Thus, it is essential to
develop formulations capable of incorporating such drugs while
maximizing their delivery to viable skin layers.

Several types of nanocarriers have been used to dissolve
and deliver lipophilic drugs into viable skin, and among them,
microemulsions are very interesting due to their thermodynamic
stability, ease of preparation, and skin penetration-enhancing
ability (5,6). However, topical microemulsions generally contain
significant amounts of water, as improvements in the skin
penetration of lipophilic drugs are often observed as the
aqueous content increases (4,7). Obviously, large contents of
water may compromise the amount of a lipophilic drug that can
be dissolved in the formulation, leading to drug precipitation
(8–10). Based on these considerations, the first goal of this study
was to obtain non-aqueous microemulsions in which propylene
glycol replaces water as polar phase.

Non-aqueous dispersions were first investigated in the
1960s, when olive oil-in-polyol emulsions stabilized by various
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surfactants were described (11,12). Since then, other non-
aqueous emulsions and microemulsions were obtained using
solvents of various polarity to replace water, including other
oils (oil-in-oil emulsions) (13). Solvents often used to replace
water include glycerol, polyethylene glycol, propylene glycol,
and ionic liquids (1,2,14–16). Even though these formulations
are not strictly anhydrous since rigorous protocols of solvent
dehydration are rarely used, they are nonetheless referred to
as non-aqueous systems (15). This terminology was also
adopted here. Although the interest in non-aqueous dis-
persed systems for drug delivery has increased lately, very few
studies designed them for topical and transdermal delivery
(1,14,17), and, to the best of our knowledge, only one
attempted to assess skin penetration in comparison to
aqueous systems; however, the model drug was more
hydrophilic (logP∼ −1.6) and mostly suspended in the
aqueous formulation, which limit the amount capable to
penetrate the skin (1,18).

In this study, non-aqueous microemulsions were obtained
and characterized for their structure and rheological behavior,
and subsequently evaluated for their ability to improve drug
delivery into viable skin layers in comparison to simple solutions
in pharmaceutically acceptable solvents. We focused on the
delivery of progesterone (MW= 315 g/mol, logP = 4.04), α-
tocopherol (MW= 431 g/mol, logP = 7.8), and lycopene (MW=
537, clogP = 17) as these compounds are of interest for
treatment/prevention of skin diseases, and thus, should reach
viable skin layers (19–24). Tocopherol and lycopene are
antioxidants, helping to reduce the damage caused by reactive
oxygen species formed in response to UV radiation (25–27).
Topical progesterone contributes to wound healing by increas-
ing the number of alternatively activated macrophages (28).
Considering the ability of aqueous microemulsions to improve
skin penetration of lipophilic drugs, the second goal of this study
was to compare the penetration-enhancing effect and irritation
potential of the non-aqueous formulation to aqueous
microemulsions of similar composition.

MATERIAL AND METHODS

Materials

BRIJ 97 (polyoxyethylene 10 oleoyl ether), polysorbate
80 (Tween 80), sodium lauryl sulfate, propylene glycol,
tributyrin, oleic acid, isopropyl myristate, progesterone, and
α-tocopherol were obtained from Sigma (St. Louis, MO,
USA). Lycopene was obtained from Wako Chemicals (Rich-
mond, VA). Acetonitrile, ethanol, and methanol were pur-
chased from J.T. Baker (Center Valley, PA, USA).
Phosphate-buffered saline (PBS) was provided by MatTek
Ashland, MA, USA. Vitamin E TPGS was kindly provided by
Isochem (Vert Le Petit, France).

Methods

Obtainment of Ternary phase Diagrams and Microemulsion
Selection

Design consideration: this study was designed with two
goals in mind: (i) obtain non-aqueous microemulsions in
which propylene glycol replaces water as polar phase and (ii)

compare the penetration-enhancing effect and irritation
potent ial of selected non-aqueous and aqueous
microemulsions of similar composition. This is because,
unlike aqueous microemulsions, their non-aqueous counter-
parts have not been largely studied for topical delivery, and
thus, information about possible advantages are lacking. For
this comparison, two requisites were set: first, the components
and contents of the surfactant-co-surfactant blend, oil phase,
and polar phase should be the same in aqueous and non-
aqueous formulations; second, the amount of polar phase in
the microemulsions should be maximized, since increases in
the polar phase content generally provide higher release and
skin penetration of drugs with logP > 3 (7,8,29,30). Thus, our
initial challenge was to maximize both propylene glycol and
water incorporation while keeping the same components/
ratios. We started the study evaluating the ability of various
surfactant-co-surfactant combinations to maximize the
microemulsion formation area.

Non-aqueous Mic roemu l s i ons . Non-aqueous
microemulsions were obtained using BRIJ, polysorbate 80
(which will be referred to as Tween here), vitamin E TPGS
(VitETPGS), and ethanol at various combinations: BRIJ/
VitETPGS (3:1, w/w), BRIJ/VitETPGS/ethanol (2.8:1:0.2, w/
w/w), and Tween/VitETPGS/ethanol (2.8:1:0.2). These
mixtures will be referred to as surfactant-co-surfactant blend
(S-coS blend). Because of the lack of data on the action of
surfactants in non-aqueous media, BRIJ, Tween, and vitamin
E TPGS were selected based on their previously demon-
strated ability to form aqueous microemulsions (13,31–33).
As oil phase, a mixture of isopropyl myristate, tributyrin, and
oleic acid (1:1:2, w/w/w) was used. These compounds were
combined to render the oil phase immiscible with propylene
glycol (condition for microemulsion formation) while still
allowing incorporation of water in the aqueous formulation.
Our preliminary results demonstrated that tributyrin and
oleic acid produced very small areas of microemulsion
formation using water as polar phase; addition of isopropyl
myristate improved it. Oleic acid was included due to its
penetration-enhancing effect (34), while tributyrin selection
was based on its ability to form large one-phase regions of
non-aqueous microemulsions (35).

To study the relationship between composition and
phase formed, pseudo-ternary phase diagrams were created.
The S-coS blends and the oil phase were mixed at various
ratios (1:9–9:1, w/w), which were subsequently titrated with
propylene glycol (in increments of 5–10 μL) under vortexing
at room temperature. The resulting systems were inspected
visually to determine phase separation, fluidity, and transpar-
ency and differentiate microemulsions from other systems
than can be formed; while microemulsions are fluid and
transparent, emulsions are milky, and hexagonal, cubic, and
lamellar phases are gels (35–40). Formulations displaying
only one fluid and clear phase were classified as
microemulsions and depicted in a gray-shaded area
(6,7,35,41). To avoid misclassifications, the isotropy of formu-
lations in 10% increments of propylene glycol or water was
confirmed by polarized light microscopy (Leica, Wetzlar,
Germany). Based on the ability to maximize the area of
microemulsion formation, the S-coS blend composed of
BRIJ/ViTETPGS/ethanol was selected (see Results section).
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Aqueous Microemulsions. Since one of our goals was to
compare the penetration-enhancing effect of non-aqueous
and aqueous formulations, it was necessary to obtain a
microemulsion of similar composition but containing water
as polar phase. The S-coS blend selected for the non-aqueous
microemulsion was also employed for the aqueous formula-
tion, but propylene glycol was included to increase water
incorporation, as amounts below 13% were incorporated in
its absence. The final S-coS blend was BRIJ/VitETPGS/
ethanol/PG at 2.8:1:0.2:0.25 (w/w/w/w). We acknowledge that
part of propylene glycol is incorporated at the surfactant
interface, while another part partitions into the aqueous
compartment given propylene glycol solubility (42). Although
not ideal (as we wanted less similarity between the polar
phases), this was necessary to maximize water incorporation
since skin penetration from microemulsions generally in-
creases with the polar phase content (4,7). Obtainment of
the phase diagram and formulation classification was per-
formed as stated for non-aqueous systems.

Formulation Selection and Drug Incorporation. Based on
the phase diagrams obtained, an S-coS/oil ratio of 6:4 (w/w) was
selected, and the polar phase (water or propylene glycol) was
added at 26% to obtain microemulsions. The polar phase
content was limited by the maximum amount of water that
could be incorporated. From now on, the aqueous and non-
aqueous microemulsions will be referred to as MEW and
MEPG, respectively. These formulations contain the same oil
phase (29.6% of isopropyl myristate, tributyrin, and oleic acid
mixed at 1:1:2, w/w/w), S-coS/oil phase ratio (6:4, w/w), content
of S-coS (44.4%), and content of polar phase (26%). The main
difference was the presence of water only in MEW.

Progesterone and tocopherol were dissolved in the S-
CoS/oil phase mixtures prior to polar phase addition to give a
final concentration of 0.8% (w/w). This concentration was at
least twice smaller than the maximum amount that could be
dissolved. Lycopene was also added to the surfactant-oil
phase mixture, which was bath sonicated for 15 min to
facilitate drug solubilization, to give a final concentration in
the microemulsion of 0.06% (w/w). Lycopene solubility was
smaller compared to the other two compounds, and drug
crystals denoting precipitation were observed in both MEW
and MEPG at drug concentrations above 0.08%.

Characterization of the Selected Microemulsions

Isotropicity of the MEPG and MEW was confirmed by
polarized light microscopy (Leica, Wetzlar, Germany). Dif-
ferent types of microemulsions may exist depending on the
components and their ratios: oil-in-water (O/W), in which oil
droplets are dispersed in water, water-in-oil (W/O), in which
water droplets are dispersed in oil, and bicontinuous systems,
in which aqueous- and oil-continuous domains are
intertwined and stabilized by sheet-like surfactant regions
(6,43–47). Thus, bicontinuous microemulsions are not struc-
tured as spherical aggregates and are often observed when
the content of water and oil is similar (6). Various methods
can be used to evaluate the internal structure (whether O/W,
bicontinuous, or W/O) of microemulsions; here, the internal

structure was studied by assessing changes on the electrical
conductivity and viscosity of microemulsions as a function of
polar phase content (water and propylene glycol) (6,8,44,48).

Mixtures of surfactant/oil (6:4, w/w) were obtained, and
conductivity was measured after addition of increasing
amounts of water or propylene glycol (41); the latter
contained sodium chloride at 0.1 μM to obtain stable readings
as previously described (49). Higher concentrations of the salt
have been used without interfering with microemulsion
formation (49).

To assess changes on viscosity, four microemulsions were
selected: MEPG, MEW, and two additional microemulsions
obtained with the same S-coS/oil phase ratio as in MEW and
MEPG (6:4 w/w) but 5% polar phase (one with water and
one with propylene glycol). First, rheological behavior was
assessed with a R/S Plus controlled stress rheometer with
RC75-1 cone (Brookfield Engineering laboratories,
Middleboro, MA), and a bath circulator for temperature
control, set at 25°C. The experiments were performed in
duplicate, with shear rates up to 3000 s−1. The relationship
between the shear stress and the shear rate of each
formulation was evaluated using the Power law equation:

τ ¼ Kγn

where τ is the shear stress, γ is the rate of shear, K is the
consistency index, and n is the flow index (36,50). All
formulations displayed Newtonian behavior, and since this type
of system has constant viscosity (at the same temperature), the
final viscosity of each formulation was determined by averaging
viscosity values at individual rates of shear.

In Vitro Skin Penetration

Skin penetration assays were conducted in Franz diffu-
sion cells (diffusion area of 1.77 cm2; Hanson, Chatsworth,
USA) using porcine ear skin as the model tissue. Skin from
the outer surface of a freshly excised porcine ear was
carefully dissected and stored at −80°C until the day of the
experiment. The receptor phase, consisting of phosphate
buffer with 20 or 30% (for lycopene) ethanol, was
maintained at 37 ± 0.5°C with magnetic stirring at 350 rpm
throughout the experiment.

Skin tissues were assembled in the diffusion cells and
treated for 8 h with 100 mg of the aqueous and non-aqueous
microemulsions loaded with the compounds. This time point
was chosen because previous studies from our group demon-
strated that at 8 h, significant differences among
microemulsions with varying composition could be observed
(31,51). As control vehicle, solutions in isopropyl myristate or
myvacet oil (lycopene) were used. After treatment, skin
sections were rinsed, and tape stripping was performed to
separate the stratum corneum (SC) and viable skin layers
(viable epidermis and dermis, ED), which were subsequently
cut in small pieces. The compounds were extracted from the
SC-containing tapes and from ED with methanol or
acetonitrile/methanol (52:48, v/v, for lycopene). The receptor
phase was concentrated four times using a vacuum concen-
trator. Recovery of drugs from the skin layers varied from 80
to 92%, as previously described (31,51). Samples of ED were
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also concentrated when the control solution of lycopene was
used to treat the skin. The enhancement ratio was calculated
as the ratio between amounts of each compound delivered by
the microemulsions and control solution.

Transepidermal Water Loss

To investigate whether the aqueous and non-aqueous
microemulsions affect the skin barrier differently, assessment
of transepidermal water loss was conducted after removal of
the microemulsions from the skin. Skin sections (full thick-
ness) were mounted in Franz diffusion cells and treated with
the microemulsions or water (as a control) for 5 min or 8 h.
Subsequently, they were carefully wiped with tissue paper to
remove the formulations, reassembled in the diffusion cells,
left to equilibrate for 20 min to limit the influence of skin
hydration by formulation before transepidermal water loss
was measured with a closed chamber evaporimeter
(Vapometer, Delfin Technologies Ltd., Kuopio, Finland)
equipped with an adaptor to fit the diffusion cell (Hanson
Research, Chatsworth, CA, diffusion area of 1.7 cm2) opening
(52,53). This is because, when the test formulations are
removed from the hydrated skin, accumulated water evapo-
rates until steady state is reached (54). Previous studies
suggest a rapid decrease in transepidermal water loss during
the initial 5 min followed by an extended decrease (54);
depending on the level of disturbance, equilibrium is ob-
served after 15 min.

Considering that alterations in the skin barrier might
result from tissue wiping, the measurement of transepidermal
water loss at 5 min was performed to take into consideration
any impact of the wiping. Results were expressed as Δ
transepidermal water loss, calculated as the difference be-
tween transepidermal water loss values after treatment for 8 h
and 5 min.

In Vitro Drug Release

Considering that the nature of vehicles might hinder the
release and consequently, skin penetration of lipophilic drugs
(30), we compared drug release differences from aqueous and
non-aqueous formulations. Drug release was assessed using
Franz diffusion cells as described in item 3, except that a
cellulose membrane was used instead of the skin, and ethanol
at 40% was used in the receptor phase for lycopene release
(or no drug could be quantified due to poor solubility).
Samples of the receptor phase were collected at 1, 2, 4, 6, and
8 h post-application, filtered through 0.45 μm pore mem-
branes, and assayed for the drugs. The release rates were
calculated from the slope of the linear portion of the plots of
cumulative drug released against time (55).

Quantification of the Compounds

Drug quantification in the homogenates of skin layers
and in the receptor phase was performed by high-
performance liquid chromatography (HPLC) using an equip-
ment consisting of a pump model LC-10AD, a controller
model SIL-10ADVP and a UV detector model SPD-10AVP.
Separation was performed on a Prevail C18 column
(150 × 4.6 mm, Alltech, Deerfield, IL), using mobile

phases composed of acetonitrile (100% at 1.2 mL/min,
detection at 285 nm) for α-tocopherol, acetonitrile/water at
8:2 (v/v, flow rate of 1 mL/min, detection at 240 nm) for
progesterone, and acetonitrile/methanol at 52:48 (v/v, 1.5 mL/
min, detection at 470 nm) for lycopene as previously
described (4,31,41,56).

Comparison of the Irritation Potential

The irritation potential of the aqueous and non-aqueous
microemulsions was compared using reconstructed epidermis
according to the method recommended by MatTek (57),
which supplied the tissues (EpiDerm, MatTek, Ashland,
MA), following The Organisation for Economic Co-
operation and Development (OECD) guidelines. This model
has been widely used as it mimics better the structure of the
skin compared to cell monolayers and does not require
formulation dilution, which can alter the formulation internal
structure and consequently, its irritation potential (58,59).
Tissues were topically treated with the microemulsions, a
positive control (sodium lauryl sulfate at 5%), and a negative
control (PBS) for 60 min; for the first 35 min, incubation was
performed at 5% CO2 and 37°C followed by incubation for
the remaining time at room temperature. Tissues were then
thoroughly rinsed and transferred to fresh medium for 42 h.
Subsequently, the MTT assay was performed by transferring
the tissues to 24-well plates containing MTT solution (1 mg/
mL, provided by MatTek) followed by incubation for 3 h. The
blue formazan salt formed was then extracted with 2 mL of
isopropanol, and the optical density of the extracted
formazan was determined using a spectrophotometer at
570 nm. The formulation is considered irritant if tissue
viability is below 50%.

Because the formulations contain a surfactant based on
the antioxidant vitamin E, we evaluated whether the amount
of formulation retained in the tissue was sufficient to reduce
MTT by subjecting frozen, metabolically inactive tissues to
the same treatment protocol. According to the manufacturer,
if interference of the test formulation is below 30% of the
negative control value, viability values can be corrected by
subtracting the reading of the frozen tissues from that of
viable tissues. Since interference was below 10%, tissue
viability after formulation treatment was corrected.

Statistical Analyses

The results are reported as means ± SD. Data were
statistically analyzed using the ANOVA test followed by
Tukey post hoc test (GraphPad Prism software). Values were
considered significantly different when p < 0.05.

RESULTS

Obtainment of Ternary Phase Diagrams and Microemulsion
Selection

The pseudo-ternary phase diagrams of the various S-coS
and polar phases used are depicted in Fig. 1. All formulations
in the gray-shaded area were fluid and transparent, consistent
with microemulsions. In a general manner, the area of
microemulsion formation (gray-shaded area) increased from
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74 (Fig. 1a) to 84% (Fig. 1b) when ethanol was added into the
BRIJ-VitETPGS blend, but decreased to 68% (Fig. 1c) when
BRIJ was replaced by Tween 80 as the main surfactant. Since
it maximized the area of microemulsion formation, the blend
composed of BRIJ/VitEPGS/ethanol (2.8:1:0.2, w/w/w) was
selected. To obtain aqueous systems, propylene glycol was
included in the S-coS blend as described in the BMethods^
session. Even though this is not ideal, only very small
amounts of water (<13%) could be incorporated if propylene
glycol was not included in the S-coS blend. Using water as
polar phase decreased the microemulsion formation area by
approximately two-fold (Fig. 1d).

MEW and MEPG were prepared by mixing the selected
S-coS and oil phase at a 6:4 (w/w) ratio, followed by addition
of water or propylene glycol at 26%. This amount of polar
phase was dictated by the maximum content of water that
could be incorporated, since it was lower than that of
propylene glycol. The maximum amount of water incorpo-
rated was actually 30%, but to avoid being too close to the
borderline of microemulsion formation, 26% was used.

Characterization of the Selected Microemulsions

MEPG andMEWwere isotropic, as no specific texture was
visualized under the polarized light microscope.Microemulsions
may exhibit percolation phenomena at certain volume fractions
of water (6), and transformation from W/O to O/W systems
through the emergence of bicontinuous structures may occur as
the content of the polar phase increases. This transformation is
accompanied by an increase in the electrical conductivity
(43,60). Additionally, it is generally accepted that interlinking

of droplets at percolation (and formation of bicontinuous
structures) also leads to an increase in viscosity, while transfor-
mation into water-continuous systems decreases viscosity (8,61).
Based on these points, the internal structure was studied by
assessing changes on the electrical conductivity and viscosity of
microemulsions as a function of polar phase content (water and
propylene glycol).

To assess viscosity changes, microemulsions containing
polar phase at 5 and 26% (four in total, as each was prepared
with propylene glycol and with water) were used. Linear
relationships between rate of shear and shear stress were
obtained, demonstrating the Newtonian behavior of these
microemulsions. To illustrate this behavior, flow curves of
MEPG and MEW are depicted in Fig. 2a. This flow behavior
has been previously reported for W/O, O/W and bicontinuous
systems, although few studies have also observed non-
Newtonian behavior for more viscous bicontinuous systems
(60,62,63). The type of polar phase influenced the viscosity,
with MEPG displaying values approximately 2.2-fold higher
(Fig. 2a), even though it did not affect the type of rheological
behavior. Since Newtonian systems have constant viscosity (at
the same temperature), the final viscosity of each formulation
was determined by averaging the viscosity values obtained at
individual rates of shear, which is depicted in Fig. 2b. As can
be observed, viscosity of formulations containing 26% of
polar phase was higher compared to those containing 5%
regardless of the type of polar phase. This result suggests that
interlinking of droplets and structural change to a
bicontinuous system occurs with polar phase increase to 26%.

Changes on the electrical conductivity as a function of
polar phase content confirmed these results. Similar to the

Fig. 1. Pseudo-ternary phase diagrams obtained with various S-coS blends using propylene glycol (a–c) or
water (d) as polar phases. The gray-shaded area denotes fluid, transparent, and single-phase systems
characterized as microemulsions
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viscosity, conductivity increased with polar phase content.
The shape of the curve and the regions observed when
propylene glycol was used as polar phase were very similar to
that described by Krauel et al., during the development of
non-aqueous microemulsions as templates for nanoparticle
production, by Harrar et al., who developed microemulsions
containing ionic liquid and limonene, and also to other curves
titrated with water (17,49,51). Lower conductivity values were
observed at water and propylene glycol contents below 14
and 17%, respectively; the values displayed for propylene
glycol-containing systems were lower compared to those with
water, which is in agreement with previous observations (49).
More pronounced increases in conductivity were observed
when the content of water or propylene glycol was increased
to 15–30 or 17–44%, respectively, as demonstrated by
differences in the slope at different portions of the curve.
Curves in the regions of low (0–14%) and medium (15–30 or
17–44%) polar phase content could be approximated by
linear fitting (yielding r2 > 0.96), and the slope of the curve in
the medium region was 2.7- (for propylene glycol) and 2.5-
fold (for water) higher. This suggests the interlinking of water
droplets and formation of bicontinuous structures in this
region (41,64). System destabilization was observed with
water content over 30%, while addition of propylene glycol
over 45% led to the formation of a plateau-like region, in

which little reductions in conductivity were observed, until
system destabilization occurred at 63% of the solvent.
Considering that the polar phase content of MEW and
MEPG is 26%, their internal phase is more compatible with
a bicontinuous phase. Because bicontinuous microemulsions
are not structured as spherical aggregates, determination of
diameter is not applicable (7,47).

In Vitro Skin Penetration

Penetration of the lipophilic compounds in the stratum
corneum (SC), viable skin layers (ED), as well as permeation
across the tissue is depicted in Fig. 3. The penetration of all
compounds into the SC was significantly (p < 0.05) increased
by 2.3- to 3.8-fold using the non-aqueous microemulsion
compared to the control solutions, supporting the advantage
of the nanocarrier if we consider that drug in the SC might
function as a depot for delivery into viable skin (65). When it
comes to delivery into viable skin layers, penetration of
progesterone and tocopherol was increased by 2.5- and 26-
fold (p < 0.05), respectively, while penetration of lycopene
increased approximately 38-fold. These results indicate that,
even though the absolute amount of drug delivered into
viable skin decreased with increases in lipophilicity, the
magnitude of penetration enhancement mediated by MEPG
increased, most likely because it becomes more difficult to
deliver drugs into viable skin without employing penetration-
enhancing strategies as they become more lipophilic.

Fig. 2. Characterization of microemulsions. a Relationship between
rate of sheer and sheer stress of MEW and MEPG to illustrate their
Newtonian behavior. b Changes on the electrical conductivity and
viscosity as a function of the content of the polar phase for
characterization of the internal structure. For viscosity measurements,
four microemulsions were selected: MEPG, MEW, and two addi-
tional microemulsions obtained with S-coS/oil at 6:4 (w/w, as in MEW
and MEPG) and 5% water or propylene glycol. For conductivity
measurements, the S-coS blend and oil phase were mixed at 6:4 (w/
w), and conductivity was measured after addition of increasing
amounts of water or propylene glycol

Fig. 3. Skin penetration and permeation across the tissue of the
lipophilic compounds comparing a control solution, MEPG and
MEW. Data shown as average ± standard deviation of 4–7 replicates.
*p < 0.05, **p < 0.01, and *** p < 0.001 compared to control; +p < 0.05,
++p < 0.01 compared to MEPG
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Delivery of progesterone and tocopherol was signifi-
cantly enhanced (p < 0.05) by MEW both into the stratum
corneum and viable skin layers compared to MEPG. Accord-
ingly, MEW-mediated delivery of progesterone into the
stratum corneum and viable skin increased by 1.5- and 2-
fold, respectively. Enhancement of tocopherol penetration
was slightly more pronounced, and 2- and 2.5-fold larger
amounts of the compound were delivered in the stratum
corneum and viable skin, respectively, by MEW. On the other
hand, delivery of lycopene was not increased by MEW.

Lycopene and tocopherol were not quantified in the
receptor phase most likely because their concentrations were
below the quantification limit of the analytical method (which
was 35 and 100 ng/mL for lycopene and tocopherol,
respectively), even after the receptor phase was concentrated
(4,66). This suggests very low percutaneous permeation of
these compounds. As expected, progesterone permeation
across the skin was significantly (p < 0.05) increased by the
microemulsions compared to the propylene glycol solution,
but no difference between MEW and MEPG was observed.

Transepidermal Water Loss

To evaluate whether the aqueous and non-aqueous
microemulsions affected differently the barrier function of
the skin, we assessed changes in transepidermal water loss.
As can be observed in Fig. 4, both formulations increased the
transepidermal water loss at the end of the experiment
compared to water (2- and 2.3-fold for MEW and MEPG,
respectively), most likely due to the presence of surfactants,
co-surfactants, and other components that may act as
penetration enhancers (67). MEPG displayed a slightly
stronger, but non-significant effect, compared to water. Since
treatment with both formulations resulted in similar increases
in this parameter, it is reasonable to assume an ability of
similar magnitude to disrupt the stratum corneum.

In Vitro Drug Release

We next investigated the relationship between drug skin
penetration and release rates. Linear relationships in the
curves of cumulative release as a function of time were
observed for progesterone and tocopherol from both

microemulsions (coefficient of determination superior to
0.98), suggesting that release follows zero-order kinetics and
was not affected by the type of polar phase used (Fig. 5). The
kinetics of lycopene release could not be determined since the
drug could be quantified in the receptor phase only after 6 h.

The cumulative amount of progesterone released from
MEW after 8 h was approximately 1.5-fold higher (p < 0.05)
compared to MEPG. A similar difference was observed in the
release rates (Table I), with MEW providing a 1.5-fold higher
rate. There was also a difference in the cumulative release of
α-tocopherol from the two microemulsions, with MEW
releasing approximately 2-fold more drug after 8 h than
MEPG. The release rate provided by MEW was approxi-
mately 1.9-fold higher (Table I). As for lycopene, no
difference in the cumulative amount released at 8 h was
observed comparing MEW and MEPG.

Comparison of the Irritation Potential

Evaluation of the irritation potential of the formulations
was conducted using reconstructed epidermis. The method
allows classification of compounds as irritant or non-irritant
based on the tissue viability at the end of the incubation
period. As expected, PBS-treated tissues displayed viability of
96.5 ± 8.8%, while treatment with sodium lauryl sulfate
significantly (p < 0.001) reduced viability to 19.6 ± 6.1%
(Fig. 6). This value is within the limits described in the
acceptance criteria of the model used. Compared to the PBS-
treated control, MEW and MEPG significantly reduced tissue
viability to 68.4 ± 7.8 and 57.0 ± 5.8%, respectively, but this
effect was less pronounced than that induced by sodium

Fig. 4. Changes in transepidermal water loss mediated by treatment
of skin sections with water (control) or the microemulsions. Data
shown as average ± standard deviation of 5–9 replicates. **p < 0.01
compared to water

Fig. 5. Cumulative release of progesterone, tocopherol, and lycopene
from MEWand MEPG as a function of time. Data shown as average
± standard deviation of 3–5 replicates
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lauryl sulfate. None of the formulations were considered
irritants since tissue viability was above 50%; nevertheless,
the effect of MEPG was more pronounced and closer to the
threshold, suggesting its stronger irritation potential.

DISCUSSION

Selection of surfactants and co-surfactants for non-aqueous
systems is considered challenging due to the lack of data on their
action in non-aqueous media (13). Thus, we started the study
assessing the effects of adding ethanol as co-surfactant, as well as
changing themain surfactant (BRIJ or Tween) onmicroemulsion
formation. Similarly to aqueous-based systems, inclusion of
ethanol in the S-coS blend increased the area of formation of
microemulsions. Ethanol has been reported to increase oil
solubilization in microemulsions as it penetrates into the
interfacial film, affecting the spontaneous curvature of the
interface and the elasticity of the amphiphilic film (8,42). Next,
BRIJ was replaced by Tween, since the latter has been reported
to form large areas of microemulsions in combination with
lecithin as surfactant and propylene glycol as polar phase (35).
However, this replacement promoted a decrease in the
microemulsion area of formation, an effect previously attributed
to less favored interactions between the oil phase and more
hydrophilic surfactants (the HLB of Tween is higher) (42). Based
on these results, the S-coS blend composed of BRIJ/VitETPGS/
ethanol (2.8:1:0.2, w/w/w) was selected, but aqueous
microemulsions containing water over 13% could only be
obtained after addition of propylene glycol to this blend. This
might be explained by the fact that part of propylene glycol
partitions into the aqueous compartment, decreasing its polarity,
and increasing the area of microemulsion formation (42).

Having obtained aqueous and non-aqueous microemulsions
with similar compositions, we proceeded to compare their ability
to alter the skin barrier and improve penetration of lipophilic
compounds. Themicroemulsions induced similar levels of barrier
disruption, as demonstrated by similar changes in transepidermal
water loss. This similarity might result from the balance between
the effects of individual components on the skin and formulation
water activity (54). Even though propylene glycol, present in
larger amounts in MEPG, is a solvent capable of entering the
stratum corneum and increasing the solubility of co-administered
compounds (including surfactants and penetration enhancers,
which can decrease barrier function and increase transepidermal
water loss), polyols have been described to decrease the water
activity of formulations, which generally reduces transepidermal
water loss (54,68,69).

Results from skin penetration studies clearly demonstrated
the advantage of non-aqueous microemulsions over simple
solutions to increase the delivery of nonpolar compounds to
viable skin layers, with enhancements of a minimum of 2.5-fold.
The magnitude of penetration enhancement mediated byMEPG
increased with the lipophilicity of the compound, most likely
because delivery of drugs into viable skin layers becomes more
difficult as lipophilicity increases, and thus, the contribution of
enhancement strategies becomes more valuable. Comparing the
two microemulsions, the penetration enhancement promoted by
the aqueous formulation was greater for progesterone and
tocopherol, but not for lycopene, suggesting that MEW superi-
ority was limited by drug lipophilicity: as logP approached ∼17,
the penetration-enhancing ability of the two microemulsions
became similar. These observations differ from those reported by
Moniruzzaman et al., who demonstrated that a non-aqueous ionic
liquid-in-oil microemulsion was more efficacious at increasing
acyclovir cutaneous (2.4-fold) and transdermal (from undetected
to 1.95 μg/cm2) delivery compared to a water-in-oil formulation
(1). However, ours and the previous study differ in several aspects
known to influence drug penetration: acyclovir is more hydro-
philic (logP∼−1.6), was mostly suspended in the aqueous
microemulsion, and the formulations contained approximately
7-fold less polar phase than ours.

A similar trend was observed for drug release; progester-
one and tocopherol cumulative release from MEW was more
pronounced, whereas lycopene release from MEWand MEPG
was very similar. Considering the similarity of the magnitude of
barrier disruption mediated by the two microemulsions and the
importance of drug release for penetration, the more pro-
nounced penetration of progesterone and tocopherol mediated
by MEW might result from the higher amount released. This
effect, in turn, might be explained by an increase in MEW
polarity. In support of this hypothesis, an increase in paclitaxel
(another lipophilic drug, logP = 3.5 (70)) release from micelles
was observed after incorporation of more hydrophilic surfac-
tants in the system (71). Increases in the water content of other
microemulsions also resulted in higher release rates and
penetration of drugs with logP > 3 (4,7,72). As formulation
polarity increases, drug solubility decreases, resulting in less
drug entrapped in the microemulsion and larger amounts
released (73,74). This is consistent with the facts that progester-
one solubility increased approximately 10 times (to approxi-
mately 0.17 mg/mL) with addition of only 14% propylene glycol
in an aqueous-based vehicle, whereas over 200-fold more α-

Table I. Release Rates of Progesterone and α-Tocopherol from the
Aqueous and Non-aqueous Microemulsions

Formulation Release rates (%/h)

Progesterone α-Tocopherol

MEPG 0.92 ± 0.07 0.71 ± 0.10
MEW 1.40 ± 0.10 1.36 ± 0.15

Fig. 6. Viability of reconstructed epidermis after exposure to the
microemulsions, PBS (negative control), and sodium lauryl sulfate
(SDS, positive control) for 60 min. Data shown as average ± standard
deviation of 3–4 replicates. *p < 0.05, **p < 0.01, and *** p < 0.001
compared to PBS; ##p < 0.01 compared to sodium lauryl sulfate
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tocopherol could be dissolved in propylene glycol compared to
water (4,75–77). As for lycopene, its solubility has been
described as very low (below 10 ppm) both in water and
propylene glycol (23); the microemulsion polar phase seemed to
affect neither lycopene release nor its skin penetration. It is also
worth mentioning that the lower viscosity of MEW might have
facilitated drug diffusion (78).

In spite of the significant amount of surfactant-co-
surfactant blend present in the selected microemulsions, they
were considered safe as demonstrated in reconstructed skin
equivalents following the OECD-recommended guidelines
for assessing topical irritation. Ours results are supported by
previous studies demonstrating no signs of in vivo inflamma-
tion or irritation and less pronounced reductions on cell
viability compared to sodium lauryl sulfate (an irritant)
caused by microemulsions containing surfactant-co-
surfactant concentrations higher than 40% (62,78–84). Con-
sidering that MEW increased the penetration of tocopherol
and progesterone in a more pronounced manner, its use
might become more advantageous if we take into consider-
ation the less pronounced effect on the viability of recon-
structed epidermis after exposure to this formulation.

In conclusion, we were able to obtain suitable, safe non-
aqueous microemulsions capable of improving skin penetra-
tion of lipophilic compounds with the components selected
and demonstrated that, considering the logP range studied,
the aqueous formulation was more effective at improving
delivery of less lipophilic drugs while displaying a lower
potential for irritation. Based on these results, the use of
MEW might be more advantageous for cutaneous delivery of
drugs in the lower range of lipophilicity provided that
clinically relevant concentrations can be incorporated. We
believe that this information could be used for selection of
topical microemulsions based on drug lipophilicity.
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