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ABSTRACT
Purpose To improve the solubility and penetration of Ceram-
ide AP (CER [AP]) into the stratum corneum that potentially
restores the barrier function of aged and affected skin.
Methods CER [AP] microemulsions (MEs) were formulated
using lecithin, Miglyol® 812 (miglyol) and water-1,2 pentandiol
(PeG) mixture as amphiphilic, oily and hydrophilic components,
respectively. The nanostructure of the MEs was revealed using
electrical conductivity, differential scanning calorimeter (DSC)
and electron paramagnetic resonance (EPR) techniques. Photon
correlation spectroscopy (PCS) was used to measure the sizes
and shape of ME droplets. The release and penetration of the
CER into the stratum corneum was investigated in vitro using a
multi-layer membrane model.
Results The MEs exhibited excellent thermodynamic stability
(>2 years) and loading capacity (0.5% CER [AP]). The pseudo-
ternary phase diagrams of the MEs were obtained and PCS
results showed that the droplets are spherical in shape and
bigger in size. In vitro investigations showed that the MEs
exhibited excellent rate and extent of release and penetration.
Conclusions Stable lecithin-based CER [AP] MEs that signifi-
cantly enhance the solubility and penetration of CER [AP] into
the stratum corneum were developed. The MEs also have
better properties than the previously reported polyglycerol fatty
acid surfactant-based CER [AP] MEs.

KEY WORDS ceramide [AP] . lecithin . microemulsions .
release and penetration . stratum corneum

ABBREVIATIONS
ABC area between the curves
aN hyperfine splitting constant/isotropic

hyperfine coupling constant
AUC area under the curve
BC bicontinuous
CER [AP] Ceramide AP
Co-SAA co-surfactant
DMSO dimethyl sulfoxide
DSC differential scanning calorimetry
EPR electron paramagnetic resonance
HD-PMI 14 N HD-PMI (2-heptadecyl-2, 3, 4, 5,

5-pentamethyl-imidazoline-1-oxyl)
IF line shape factor
LC liquid crystalline
LW line width factor
MDT mean dissolution time
ME microemulsion
Miglyol Miglyol® 812
Mo total percentage of dose released and penetrated
PCS photon correlation spectroscopy
PeG 1, 2 pentandiol
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Phosal Phosal® 75 SA
SAA surfactant (surface active agent)
Ʈc rotational correlation time

INTRODUCTION

The stratum corneum contains about 15 layers of corneocytes
embedded in a stratum corneum lipid matrix: a complex lipid
mixture that is organised uniquely into a highly orderedmulti-
lamellar lipid sheets (1,2), which form the only continuous,
tortuous path across the stratum corneum (2,3). The barrier
function of the skin primarily lies on these lipid sheets, which
are formed mainly fromCERs, free fatty acids and cholesterol
(4). Maintaining the right proportion and organisation of these
lipids in the lipid matrix is of paramount importance for the
skin to retain its barrier function. Any disturbance to the
stratum corneum lipid composition might lead to altered
and porous stratum corneum lipid lamellae (5,6) that allow
the passage of exogenous substances into the stratum cor-
neum. This, in turn, could induce inflammatory reactions that
further result in perturbation of the barrier function, poten-
tially establishing a vicious cycle that may severely damage the
skin barrier (4). Conversely, studies have shown that several
skin diseases such as psoriasis (7), atopic dermatitis and irri-
tant/allergic contact dermatitis (8) are associated with deple-
tion or disturbance of stratum corneum lipids.

CERs are sphingolipid metabolites that contain a sphin-
goid moiety (which can be sphingosine (S), dihydrosphingo-
sine (D), phytosphingosine (P) or 6-hydroxy-sphingosine (H))
joined with a long chain free fatty acid moiety (which can be
nonhydroxy (N), α-hydroxy (A), or ester-linked ω-hydroxy
(EO)) through an amide bond (9). The different combinations
of these sphingoid and free fatty acid moieties give rise to 12
different classes of CERs, which all have been identified in
human stratum corneum (10). Owing to their inherent nature,
CERs play a major role in the water-retaining properties of
the epidermis and are claimed to dramatically increase skin’s
hydration level, repair the cutaneous barrier, prevent vital
moisture loss, and contribute to reducing dry flaky skin and
aged appearance (11). They can also be used against some skin
diseases such as atopic dermatitis (11) and psoriasis (9) and in
some other skin conditions like erythema, pruritus, and fissur-
ing (12). Apart from their structural role, CERs also play an
important role in intracellular signalling and regulation of
several biological processes, such as proliferation, differentia-
tion, apoptosis, inflammation and immune responses (13).

Schröter et al. (2009) reported that CER [AP], a short-
chain CER containing a phytosphingosine moiety attached
with α-hydroxy free fatty acid induces the formation of super-
stable lamellae (14). CER [AP] has also been shown to have
some antiproliferative and proapoptotic activities in numerous
cancer cell types in vitro (15). Hence, CERs, like CER [AP],

have drawn attention as active compounds in both pharma-
ceutical and cosmetic industries (11). However, these lipids, to
be mingled into the stratum corneum, should cross the
stratum corneum and reach the stratum corneum-stratum
granulosum interface, where the lipids are arranged into
meaningful lamellae (1,16). Alternatively, they should pene-
trate into the deeper layers of the epidermis, whereby the
uptake of lipids by nucleated epidermal cell layers takes place
followed by release of the lipid mixture into nascent lamellar
bilayers in the stratum corneum interstices (12). Nonetheless,
the effectiveness of these lipids is limited due to their inherent
hydrophobicity and potential precipitation as fine lipid sus-
pensions when administered in hydrophilic formulations.
Moreover, from conventional dosage forms, they cannot pen-
etrate the stratum corneum to reach the site where they exert
their biological activity (15,17). Thus, their administration
demands designing of appropriate dosage forms, like MEs,
that can enhance their solubility and permeation into the
stratum corneum to a greater degree.

MEs are transparent, low viscous, optically isotropic and
thermodynamically stable colloidal dispersions of oil and wa-
ter, which are stabilised by an interfacial film of a surfactant
(SAA), in most cases in combination with a co-surfactant (co-
SAA) (18,19). In comparison to many other colloidal systems
they possess large solubilisation capacity, associated with their
immense interfacial area and availability of various micro-
domains of different polarity within the same single-phase
system (20). They can also tremendously enhance permeabil-
ity of actives into and through biological membranes (21): the
small droplets have increased chance of adhering to bio-
membranes and to transport bioactive molecules in a more
controlled fashion (22).

In recent years,MEs have emerged as promising vehicles for
dermal and transdermal delivery of drugs (21,23). This might
be attributed to the interaction of their components with the
stratum corneum to reduce its diffusion barrier, their ability to
increase concentration and thermodynamic activity of drugs at
the site of application, and their hydration effect on the stratum
corneum (23). To this effect, Sahle et al. (24) have developed
polyglycerol fatty acid ester SAA-based MEs for the delivery of
CER [AP] into the stratum corneum. However, the MEs
developed were bigger in size and non spherical in shape.
Therefore, the objective of this work was to develop CER
[AP] MEs with better stability, loading capacity and other
characteristics, based on another safe but natural SAA, lecithin.

MATERIALS AND METHODS

Materials

CER [AP] was generously donated by Evonik-Goldschmidt
GmbH, Essen, Germany. PeG was a gift from Symrise
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GmbH & Co KG, Holzminden, Germany. Miglyol and 4%
collodion were purchased from Caesar & Loretz GmbH,
Hilden,Germany. Phosal® 75 SA (phosal) was kindly donated
by Phospholipid GmbH, Köln, Germany. 14 N HD-PMI (2-
heptadecyl-2, 3, 4, 5, 5-pentamethyl-imidazoline-1-oxyl: HD-
PMI) was obtained from the Institute of Chemical Kinetics
and Combustion, Novosibirsk, Russia. Acetic acid was bought
from Grüssing GmbH, Filsum, Germany. n-hexane and
chloroform were procured from NeoLab Migge GmbH,
Heidlberg, Germany and Merck, Darmstadt, Germany, re-
spectively. Diethyl ether and HPLC grade methanol were
purchased from Overlake GmbH, Leipzig, Germany and
VWR international, Darmstadt, Germany, respectively. Ab-
solute ethanol was supplied by the Bundesmonopolverwal-
tung für Branntwein, Offenbach, Germany. Non-ionic
emulsifying alcohol and glycerol (85%) were obtained from
Bombastus-Werke AG, Freital, Germany. Liquid paraffin was
obtained from Hansen & Rosenthal KG, Hamburg, Ger-
many. Dimethyl sulfoxide (DMSO) and anhydrous citric acid
were bought from Carl Roth GmbH, Karlsruhe, Germany.
Potassium sorbate was supplied by Fluka, Buchs, Switzerland.
Octanol and dodecanol were obtained from Sasol Germany
GmbH, Brunsbüttel, Germany. Double distilled water was
used throughout the experiment.

Methods

Preparation of MEs

Since CER [AP] was poorly soluble in all the ingredients
used for ME preparation, during ME preparation, the ME
mixture was sonicated for about 1 h at 50°C. Alternatively,
the MEs could be prepared at 80°C without sonication in
less than 5 min.

Construction of Pseudo-Ternary Phase Diagram

Pseudo-ternary phase diagrams were constructed at room
temperature through titration of 2 g of oil-SAA mixtures
(10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20 and
90:10, w/w) using increasing amount of 10 μl of the hydro-
philic phase. Appearance of turbidity was taken as end point
detector.

Cross-Polarised Light Microscopy

Determination of the isotropic nature of the MEs was
conducted using a cross-polarised light microscope (Zeiss
Axiolab Pol, Carl Zeiss MicroImaging GmbH, Jena,
Germany). The same method was also employed to
observe hazy systems within the pseudo-ternary phase
diagram to identify whether they are stable emulsions or
LC phases.

Electrical Conductivity

The electrical conductivity of the MEs, as a function of
percent hydrophilic phase, was measured at 25±0.2°C us-
ing a conductivity meter (Cyberscan con 11 conductivity/
TDS/°C meter, EUTECH Instruments, Singapore) at var-
ious SAA-oil dilution lines. Following each addition of the
hydrophilic phase, the system was subjected to magnetic
stirring for about 1 min and was allowed until the temper-
ature equilibrated and the conductivity readings stabilized.
Conductivity readings were carried out in triplicates and the
average and SD were calculated.

Differential Scanning Calorimetry

The DSC thermogram of MEs was obtained from −60 to
25°C using a DSC (DSC 200, Netzsch-Gerätebau GmbH,
Selb, Germany), which was equipped with an automatic liq-
uid N2 cooling unit. Prior to DSC measurements, about
10 mg of the sample was filled in an aluminium pan and
was pressure sealed. Another empty pressure sealed alumini-
um pan was also used as a reference. During the experiment
the temperature was increased at a rate of 5°Cmin−1 and N2

gas was used as a purging gas, at a flow rate of 10 ml/min.

Refractive Index

The refractive indexes of selected stable MEs were obtained
using an Abbe refractometer (Carl-Zeiss, Jena, Germany) at
25±2°C. The readings were made in triplicate and the
average and the RSD were calculated.

Viscosity

The viscosity of selected MEs was measured at 25±0.2°C,
at 16 different shear rates (0.1–100 s−1) by using a rotational
viscometer (Anton Paar GmbH, Graz, Austria). Since all the
MEs exhibited Newtonian flow, the average of the viscosity
results and RSD values were obtained.

Dynamic Light Scattering

Determination of MEs diameter was conducted at 25°C
using a PCS hardware setup (ALV-Laser, Langen, Ger-
many). A green Nd: YAG DPSS-200 laser (532 nm, Coher-
ent, Auburn, USA) with an output of 200 mW was used as a
light source. The sample cell was placed on a motor-driven
precision goniometer (± 0.01°), which allows the photomul-
tiplier detector to rotate from 20° to 150° scattering angles,
and was allowed to stand for 10 min to equilibrate the
temperature. The second order intensity time correlation
functions (g2) was recorded with an ALV-5000E Multiple
Tau Digital Correlator (ALV-Laser Vertriebsgesellschaft
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M-B.H., Langen, Germany) with fast option, with a sam-
pling time of 60 s. Cylindrical sample cells made of Supra-
sil® quartz glass (10 mmdm: Hellma, Mühlheim, Germany)
were used as sample holders. The measurements were con-
ducted at different angles (30, 50, 70, 90, 110 and 130°) and
the results were analysed employing appropriate equations
and principles.

Electron Paramagnetic Resonance (EPR)

EPR spectra were recorded at constant temperatures using a
Miniscope MS 200 X-Band spectrometer (Magnettech Ber-
lin, Germany) operating at X band (9.4 GHz). Pyrex capil-
lary tubes (∼0.5 mm internal dm) were used as sample
holders and the sample temperature was controlled using
N2 gas flow through the dewar vessel (± 0.1°C). The spectra
were recorded for 24 h after sample preparation. HD-PMI
was used as a spin probe at a concentration of 0.5 mM. The
EPR setup include modulation amplitude of 0.02 mT, mi-
crowave frequency of 9.4 GHz/microwave power of
20 mW, centre magnetic field of 334.9 mT, sweep width
of 4.95 mT and time constant of 40.96 ms. Fitting of the
ESR spectra was performed using a Nitroxide spectra sim-
ulation software V. 4.99 (Biophysical laboratory EPR cen-
tre, Josef Stefan Institute, Ljubljana, Slovenia) and the
rotational correlation time ( c), hyperfine splitting constant/
isotropic hyperfine coupling constant (aN), the line shape
factor (IF) and the line width factor (LW) were determined
and the results were analysed.

Assessment of Thermodynamic Stability

The physical stability of the MEs was routinely determined at
ambient conditions, through visual inspection of the samples
over 2 years. The MEs were also challenged through centri-
fugation (MLW T62, VEB MLW Medizintechnik, Leipzig,
Germany) at 3,500 rpm for 30 min after 1 week of prepara-
tion. Physical changes, such as, turbidity, phase separation,
flocculation of ME droplets and/or precipitation of the dis-
persed lipid were taken as indicators of physical instability.

Preparation of Model Membrane

Preparation of a model membrane was preceded by prepa-
ration of a 100 g membrane solution, which contains 50 g
4% (m/m) collodion solution and 50 g 8% (m/m) dodecanol
mixture (dodecanol-octanol-DMSO, 80:10:10, v/v/v) in
ethanol-diethyl ether, 1.5:8.5, v/v. Membrane films were
prepared by evenly spreading the membrane solution over a
glass surface of about (500 mm×300 mm), which was
mounted on a film applicator with adjustable clearance
(Workshop, Institute of Pharmacy, Martin Luther Universi-
ty Halle-Wittenberg), and allowing the solvent to slowly

evaporate under a fume hood for about 12 h. Finally, the
film was carefully removed from the surface of the film
applicator and was cut into 40 mm diameter discs before
fitting it into a multi-layer membrane model apparatus.

In Vitro Release and Penetration Study

The rate and extent of release and penetration of CER [AP]
from various dosage forms was investigated in-vitro using a
multi-layer membrane model described by Neubert et al.
(1991) (25). Briefly describing the model, it contains pene-
tration cells arranged one over the other on a penetration
cell stand. Each penetration cell had a circular base plate,
on which a stencil and an upper cover plate were put. Four
layers of the 40 mm membrane discs were arranged one
over the other and were sandwiched in-between the circular
base plate and the stencil. To prevent adhesion of the
bottom membrane to the base plate, a nitrocellulose film
was put between the bottom membrane and the circular
base plate. The stencil had 4 cm2 square opening at the
centre, through which the formulations were applied. In our
case an equivalent mass of the formulation that contain
50 μg CER [AP] was evenly spread through the stencil over
the upper membrane and the cells were kept at 32°C in a
thermostatic chamber for predetermined time intervals (15,
30, 60,120 and 180 min), allowing release and penetration
of CER [AP]. Then the formulation remained unabsorbed
on the surface of the first layer was removed using a tissue
paper (except those cells used to calculate the percentage
recovery), and the amount of CER [AP] released and pen-
etrated into each layer was extracted through sonication of
the membranes in 1 ml n-Hexane-ethanol (2:1, v/v) at 50°C
for 30 min. The amount of CER [AP] extracted was, finally,
quantified using AMD-HPTLC. During the experiment five
test and three recovery replicates were studied. To investi-
gate any possible interaction of the formulation components
with CER [AP] peak, blank experiment was also conducted
at 180 min. One-way ANOVA (p<0.05), followed by
Tukey’s test as post hoc analysis, was used to indicate the
existence of significant differences between sets of data.

Automated Multiple Development (AMD)-HPTLC

Quantification of CER [AP] was conducted by a Camag
HPTLC with a CAMAGwin CATS planer chromatographic
manager (Camag, Muttenz, Switzerland). During the experi-
ment, 5 μl of the test and standard samples were applied as
3 mm bands at 6 mm intervals, under N2 stream on a TLC
plate (TLC silica gel 60 F254, 20 cm×10 cm, Merck KGaA,
Darmstadt, Germany) using CAMAG Automatic TLC sam-
pler 4. Chromatographic developments were conducted twice
in CAMAG AMD 2 using chloroform-methanol-acetic acid
(94.5:5:0.5, v/v/v) as a mobile phase over a distance of
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70 mm. After chromatographic development, the HPTLC
plate was dipped in an aqueous CuSO4 solution (10%
CuSO4 (w/v), 8% phosphoric acid (w/v) and 5% methanol
(v/v)) for 20 s. and was charred in an oven for 20 min, at 160°
C. Finally, the plate was scanned by a CAMAGTLC Scanner
3 in absorbance mode (358 nm) and the results were analyzed.

RESULTS

Formulation of Lecithin-Based CER [AP] MEs

Stable lecithin based CER [AP] MEs were formulated and
optimised using phosal, miglyol and water-PeG mixture as
amphiphilic, oil and hydrophilic components, respectively.
The obtained stable ME regions are shown in Fig. 1d–f and
ten stable MEs from these regions were selected for further
characterization (Table I). As can be seen in the figures and
table, the stability and loading capacity of the MEs increased
as the percentage of water in the hydrophilic phase decreased.

Construction of Pseudo-Ternary Phase Diagrams

The pseudo-ternary phase diagrams of the MEs constructed
using titration techniques is shown in Fig. 1. The LC regions
that exhibited birefringence when examined under a cross-
polarised light microscope are also depicted.

Electrical Conductivity

As has been depicted in Fig. 2, the electrical conductivity of
lecithin-based MEs, obtained at various dilution lines for
various ME systems, exhibited abrupt changes, which was
attributed to the change in ME nanostructure.

Differential Scanning Calorimetry

The DSC thermograms of lecithin based MEs were obtained
at 40% SAA dilution line using water-PeG (3.5:6.5, v/v) as a
titrating phase (Fig. 3). As can be seen in the figure, the oil
peak appeared at around −5°C, which was moved to lower
temperatures until it vanished at 50% of the hydrophilic
component. In addition, an exothermic peak was obtained
at lower temperatures (≈ −48°C) for MEs containing 35 to
45% of the hydrophilic component.

Electron Paramagnetic Resonance

The plot of the four EPR parameters, Ʈc, IF, LW and aN, as a
function of percent hydrophilic component, which were
obtained on the 40% SAA dilution line, at 25°C and 40°C
are shown in Fig. 4. The results in the figure showed abrupt
changes in the EPR parameters along the dilution line as a

function of wt % of the hydrophilic phase, which is associated
with changes in ME nanostructure.

Viscosity, Refractive Index and Droplet Size

The viscosity, refractive index, droplet diameter and the
nanostructures of the 10 optimized lecithin-based CER
[AP] MEs (Table I) are given in Table II. The results
showed that, those MEs with higher percentage of the
SAA exhibited higher viscosities and, generally, the MEs
have relatively bigger droplet sizes.

Micropolarity and Microviscosity

The micropolarity and microviscosity of selected lecithin-
based CER [AP] MEs, determined using EPR technique
and HD-PMI as a spin probe (24), are shown in Table III. In
addition, as has been depicted in Fig. 5, ME microviscosity
decreases logarithmically as the temperature increased.

In Vitro Release and Penetration Study

Figure 6 a–c depict the release and penetration of CER [AP]
from selected lecithin based CER [AP]MEs. During the study
a hydrophilic cream (DAC) containing 0.5% CER [AP] was
used as a reference formulation. As can be seen in the figures,
within 15 min, a higher percentage of CER [AP] was released
from the MEs and penetrated into deeper membrane layers
unlike the hydrophilic cream which was released to a lesser
extent and penetrated only to the second membrane.

In addition, the total amount of CER [AP] released and
penetrated as a function of time into the four membrane layers
is shown in Fig. 7. Moreover, the key in vitro pharmacokinetic
parameters describing the rate and extent of release and pene-
tration process, which include area under the curve (AUC), area
between the curves (ABC); total percent CER [AP] released
and penetrated (Mo) and mean dissolution time (MDT) were
obtained (Table IV). As can clearly be seen in the figure and the
table, the rate and extent of release and penetration of CER
[AP] from the MEs was by far better than the conventional
hydrophilic cream. Nonetheless, the difference in the rate and
extent of CER [AP] released and penetrated from PAPOME2
and PAPOME8 was statistically insignificant (P<0.05).

DISCUSSION

Formulation of Stable Lecithin-Based CER [AP] MEs

Although there are some conventional preparations containing
CERs in the market (e.g. TriCeram, Atopiclair and Mimyx
Cream), it was reported that larger and extremely lipophilic
molecules like CERs can hardly permeate the skin from such
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dosage forms. Thus, to effect the penetration of CER [AP] deep
into the stratum corneum-stratum granulosum interface or the
upper layers of the epidermis, we had developed polyglycerol
fatty acid ester SAA-based MEs (24). However, the MEs were
formulated using synthetic SAAs and the obtained droplets
were irregular in shape and bigger in size, which might affect
their penetration into the target site. Hence, other class of CER

[AP] MEs that are spherical in shape, smaller in size and with
superior stability and loading capacity were developed using the
biological and safe SAA, lecithin. These classes of MEs were
referred as lecithin-based CER [AP] MEs.

During the development of lecithin based CER [AP]
MEs, various oils and co-solvents were screened and the
most stable lecithin-based CER [AP] MEs were obtained

a b

c d

e f

Fig. 1 Pseudo-ternary phase diagrams of lecithin-based MEs at different water-PeG ratios: (a) 1:1; (b) 2:3; (c) 3.5:6.5; (d) 1:3; (e) 1.5:8.5 and (f) 1:9. II0 2
phase region; ME0 ME region; O/W0 O/W ME region; W/O0W/O ME region; BC0 bicontinuous (BC) ME region; LC0 LC ME region, the dark band on
the ME region0region of stable CER [AP] MEs.
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using miglyol and water-PeG mixture as oil and hydrophilic
components, respectively. In addition, the effect of the per-
centage of each ME component on the stability of the MEs
was assessed in order to obtain MEs with optimum charac-
terstics (Fig. 1d–f). During optimization, the levels of the oil
and SAA components were maintained at 5–15% and
≤45%, in order to insure formation of O/W MEs and
safety, respectively. As can be seen in Fig. 1d–f and
Table I, the stability and loading capacity of the MEs
increased as the percentage of water in the hydrophilic

phase decreased, which can highly be attributed to the
hydrophobic nature of the lipid.

Characterization of Lecithin-Based CER [AP] MEs

Construction of Pseudo-Ternary Phase Diagrams

During construction of the pseudo-ternary phase diagrams,
Fig. 1, titration technique was employed to separate one
phase and two phase regions. The clear single phase region

Table I Compositions and Stabilities of Optimised Lecithin-Based CER [AP] MEs

No. ME Miglyol % Phosal % Water-PeG
(1:9) %

Water-PeG
(1.5:8.5) %

Water-PeG
(1:3) %

CER [AP]a % Stability (SD)
(Mon)

1 PAPOME1 10 40 – – 50 0.3 > 24

2 PAPOME2 10 45 – – 45 0.3 > 24

3 PAPOME3 5 35 – 60 – 0.5 > 24

4 PAPOME4 10 45 – 45 – 0.5 > 24

5 PAPOME5 15 45 – 40 – 0.5 16 (1)

6 PAPOME6 10 30 60 – – 0.5 15 (1)

7 PAPOME7 15 35 50 – – 0.5 > 24

8 PAPOME8 10 40 50 – – 0.5 > 24

9 PAPOME9 5 35 60 – – 0.5 > 24

10 PAPOME10 15 45 40 – – 0.5 > 24

a percent per total mass of the MEs
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Fig. 2 Electrical conductivity of
lecithin-based MEs as a function
of wt% of the hydrophilic phase
(water-PeG 1:9 to 3.5:6.5).
R0 phosal-miglyol (% m/m)
(N03).
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was further examined under a cross-polarised light micro-
scope and those systems that exhibited birefringence were
classified as LCs (26–28).

As can be seen in the figure, at water-PeG (1:1, v/v) only
LCs were obtained, which most likely represents a lamellar
liquid crystalline phase formed due to less amount of the co-
solvent that provides the desired flexibility for the interfacial
film to form MEs (29). It was also shown that lecithin, unlike
most twin tailed SAAs, cannot form MEs on its own without
addition of a co-SAA or a co-solvent, which disrupts lamellar
structures that they form (30). Moreover, studies have shown
that, unlike alcohols, alkanediols need to be used at high
concentrations in order to obtain stable MEs (31). Thus, the
two-phase and LC regions contracted tremendously as the
percentage of PeG in the hydrophilic phase increases and at
water-PeG≤1:3 the LC region vanished completely.

Determination of ME Nanostructure

Since, in most cases, determination of ME nanostructures
needs the use of combination of different techniques, the

nanostructures of lecithin-based CER [AP] MEs were deter-
mined using electrical conductivity experiments in combina-
tion with DSC and EPR techniques.

Electrical conductivity is the simplest and most im-
portant technique by which valuable information re-
garding MEs nanostructure is obtained. Hence, the
electrical conductivity of lecithin-based MEs was
obtained at various dilution lines for various ME sys-
tems, Fig. 2. As can be seen in the figure, initially the
electrical conductivity was zero followed by a slow in-
crease, which can be attributed to percolation of hydro-
philic droplets into clusters (32). Then an abrupt
increase in electrical conductivity was observed that
could arise through formation of channels of the hydro-
philic component, which is a characteristic of BC MEs.
Finally, the electrical conductivity increased slowly, suggesting
formation of O/W MEs. Accordingly, the W/O, BC and
O/W ME regions for most of the pseudo-ternary phase dia-
grams were obtained (Fig. 1).

Corroborating the electrical conductivity experiments,
in the DSC thermograms of the MEs (Fig. 3), the oil
peak moved to lower temperatures as the percentage of
hydrophilic phase increases and finally vanished at 50%
of the hydrophilic component. The exothermic peak
obtained at lower temperatures (≈ −48°C) for MEs
containing 35 to 45% of the hydrophilic component,
was also attributed to the bound water to the head
group of the SAA. Same DSC peaks, representing BC
MEs, were observed by Hathout et al. (2010) (27) and
Sahle et al. (24). However, due to the low percentage of
water in the hydrophilic phase, strong unbound water
peaks of the O/W MEs were not seen. Hence, the results
obtained suggest that theMEs are 0–35%W/O, 40–45% BC
and above 50% O/W types, at the 40% SAA dilution line,
where the result is in agreement with that of electrical con-
ductivity results.

Moreover, the results of EPR experiments, as has
been discussed in detail in our previous work (24), was
used to supplement the results of conductivity and DSC
results. In this experiment, the same principle applied in
(24) was used to analyse the plot of the four EPR
parameters, Ʈc, IF, LW and aN, as a function of percent
hydrophilic component, which were obtained on the
40% SAA dilution line, at 25°C and 40°C (Fig. 4). Thus,
the abrupt changes in the EPR parameters along the
dilution line as a function of wt % of the hydrophilic
phase were associated with changes in ME nanostruc-
ture. Accordingly, at 25°C, a system with 0–30% of the
hydrophilic phase (water-PeG 1.5:8.5 w/w) was classified
as W/O ME, 35–40% was classified as BC ME and
above 45% the region was classified as O/W ME region.
However, as the ratio of PeG in the hydrophilic phase
decreases (water-PeG 3.5:6.5) the BC region moved to
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Fig. 3 The DSC thermograms of lecithin-based MEs obtained along the 40%
SAA dilution line at various wt% of the hydrophilic phase (water-PeG 3.5:6.5).
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40–45% of the hydrophilic phase, by expanding the
W/O ME region to 0–35% and contracting the O/W
ME region to >50%. Besides, as can be seen in the
figure, the increase in temperature did not significantly
affect the MEs nanostructure, except in those MEs
obtained using water-PeG 3.5:6.5 w/w, where the dif-
ferent ME regions shifted slightly to the left. This,

however, can justify the slight shift of the BC region
towards the right in the case of DSC results. The EPR results
obtained are also in agreement with the results of conductivity
and DSC experiments. Therefore, the different regions of ME
nanostructures were revealed using a combination of electrical
conductivity, DSC and EPR results as has been depicted in
Fig. 1c–f.
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Fig. 4 Change in EPR parameters of lecithin-based MEs at 40% SAA dilution line at 25°C (a) and 40°C (b) as a function of percentage water-
PeG (1.5:8.5, v/v) (left) and (1:1, v/v) (right).
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Determination of ME Viscosity, Refractive Index and Droplet
Size

As has been shown in Table II, all the formulations
had relatively low viscosity and underwent Newtonian
type of flow, which is typical characteristic of MEs
(33).

Since the results of electrical conductivity, DSC and
EPR data showed change in nanostructure upon dilu-
tion of the MEs, measurement of droplets diameter was
carried out without diluting the MEs. During the mea-
surement, the second order intensity autocorrelation
function of the MEs (g2 (q; Ƭ): q is wave vector (mo-
mentum transfer) and Ƭ is delay time) was obtained at
various angles (30, 50, 70, 90, 110, 130°) and the first
order (field) autocorrelation function (g1 (q; Ƭ)) was
calculated using Siegert Eqn., Eq. 1 (34,35).

ð1Þ
where; β is the coherence factor of the experiment.

Assuming a mono-dispersed population, g1 (q; Ƭ) can be
treated as a single exponential decay, Eq. 2 (36).

ð2Þ
where Γ is the decay rate.

The g1 (q; Ƭ) vs. Ʈ curve fitting was made to determine
the decay half time (t1/2) and Γ was calculated as 1/(t1/2).

The apparent diffusion coefficient of the droplets was then
calculated at a given angle using Eq. 3 (35).

* ¼ q2D ð3Þ
where, q is the absolute value of the scattering vector and is
given by Eq. 4 (37):

q ¼ 4pn
l

sin
θ
2

� �
ð4Þ

where, λ is the incident laser wavelength, n is the refractive
index of the sample and θ is angle at which the detector is
located with respect to the sample cell.

Then, the droplet diameter was calculated using Stokes-
Einstein Eqn., Eq. 5 (35,38).

D ¼ KBT
6pηr

ð5Þ

where KB is Boltzmann’s constant, T is the absolute tem-
perature, η is viscosity of the medium and r is the radius of
the droplet.

The results obtained showed that there was no significant
difference observed between the apparent diffusion coeffi-
cient of the droplets obtained at various angles, suggesting
that the dispersed droplets are spherical in shape (24,37).
However, in PAPOME10, the apparent diffusion coefficient
of the droplets values were angle dependent and Γ/q2 vs. q2

was non linear, suggesting that it is a BC type ME (24). It
was shown that BC MEs can scatter light due to the dynam-
ics and structural alterations of the BC channels (24). The
nanostructures suggested by the PCS results were in line
with the nanostructures depicted on the pseudo-ternary
phase diagram, Fig. 1, except in case of PAPOME2 and 5,
which were identified as BC type MEs. This shift in nano-
structure can be attributed to the incorporation of CER
[AP], which possibly altered the nanostructure of the MEs
at the BC-O/W boarder owing to its amphiphilic nature.
Thus, as was also supported by our previous work (24), apart

Table II Viscosity, Refractive
Index, Droplet Diameter and
Nanostructure of the Optimised
Lecithin-Based CER [AP] MEs

aexhibited Newtonian type of flow

No. ME Viscosity (RSD)a (mPa.s) Refractive
index (RSD)

Droplet diameter
(RSD) (nm)

Nanostructure

1 PAPOME1 52.3 (0.57) 1.442 (0.042) 204.2 (5.9) O/W

2 PAPOME2 60.3 (1.23) 1.441 (0.042) 176.9 (7.5) O/W

3 PAPOME3 49.6 (0.99) 1.440 (0.042) 194.7 (22.9) O/W

4 PAPOME4 66.6 (0.98) 1.440 (0.000) 163.4 (12.2) O/W

5 PAPOME5 66.4 (0.48) 1.442 (0.069) 214.6 (7.5) O/W

6 PAPOME6 45.7 (0.24) 1.446 (0.042) 223.2 (7.0) O/W

7 PAPOME7 58.6 (1.13) 1.441 (0.042) 167.9 (5.7) O/W

8 PAPOME8 61.4 (1.73) 1.442 (0.042) 197.1 (5.5) O/W

9 PAPOME9 52.6 (0.26) 1.440 (0.083) 196.9 (6.4) O/W

10 PAPOME10 59.2 (0.79) 1.442 (0.042) 1848.8 (69.7) BC

Table III Relative aN Values, Microviscosities and Viscosities of Selected
Lecithin-Based MEs at 25°C Along with their Proposed Nanostructures

No. MEa aN Microviscosity
(mPa.s)

Viscosity
(RSD) (mPa.s)

Nanostructure

1 PAPOME2 0.945 24.22 60.3 (1.227) BC

2 PAPOME8 0.940 34.55 61.4 (1.726) O/W

aMEs were prepared without addition of CER [AP]
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from measuring droplet size, PCS results can also be used as
a means of identifying MEs nanostructures.

As can be seen in Table II, the hydrodynamic radius
of the MEs is relatively bigger than the commonly
reported MEs droplet diameter (10–100 nm (39,40)).
However, stable MEs with bigger diameters were also
previously reported (24,41,42). Besides, droplets of
lecithin-based MEs containing higher concentration of
the SAA and low level of oil were relatively smaller and
similar results were obtained with lecithin based MEs
(43,44).

Determination of ME Micropolarity and Microviscosity

Determination of ME micropolarity and microviscosity was
carried out using EPR. During the measurement, aN of the
nitroxide free radicals (a parameter that is dependent on the
polarity of the medium surrounding the spin probe, which
affects the electron density around the N nuclei (45)) and Ʈc

were used as measures of micropolarity and microviscosity,
respectively. In the absence of spin-spin interactions, an
increase in Ʈc indicates a decrease in the spin probe mobil-
ity, which is related to high microviscosity of the media
surrounding the spin probe (46) and this relation can quan-
titatively be expressed by the modified Stokes-Einstein-
Debye Eqn., Eq. 6 (47).

t c ¼ ηV
KBT

� �
k þ to ð6Þ

where kB is Boltzmann’s constant, T is absolute tem-
perature, μ is viscosity of the medium, V is the molec-
ular volume of the spin probe, and K is probe media
interaction factor.

The absolute values of microviscosity can, therefore, be
obtained following calibration of the ESR spectra of the spin

probe in a solvent system with known viscosity (48), where in
our case PeG (the co-solvent with known viscosities over a
range of temperature (49) and is one of the major constituents
of the ME) was used. Consequently, the Ʈc (ns) vs. (ƞ/T)
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graph obtained was linear (R200.9995), for Ʈc≤1.2 ns, and
the equation describing the relationship between Ʈc and ƞ in
PeG is given by Eq. 7.

t c ¼ 9:2907
η
T

� �
þ 0:0021 ð7Þ

Equation 7 can be used to obtain ƞ values whenever
HD-PMI is used as a spin probe, provided that the K
value of the system (Eq. 6), that depends on the nature
of the vehicle in which HD-PMI is dissolved, is deter-
mined. Hence, the K values (KV/KB) in different
vehicles with known viscosity (50) were calculated at
specific temperatures, (Table V).

As can be seen in the table, given V and KB are
constants, the K values are different in different
vehicles. The highest K was exhibited by PeG and
the lowest by the miglyol. Thus, despite viscosity is
not an additive behavior (50), for the purpose of esti-
mation of the microviscosity of MEs, the average of the
K values of miglyol and PeG was taken. This was done
considering the fact that the lipophilic phase in which
the spin probe is dissolved is formed mainly from
miglyol-PeG mixture. Therefore, the equation that
describes the relationship between Ʈc and ƞ was obtained,
Eq. 8, and the micropolarity and microviscosity of the two

selected lecithin-based CER [AP] MEs was calculated,
Table III.

t c ¼ 7:41
η

T

� �
þ 0:0021 ð8Þ

aN reflects the polarity of the immediate environment of
the spin probe, irrespective of the degree of spin probe
entrapment (51,52). PAPOME2 had higher micropolarity
than PAPOME8 due to the higher percentage of water in
the hydrophilic phase that, in turn, reduces the extent of
partitioning of PeG into the oily phase. Although the higher
SAA concentration in PAPOME2, which has more or less
similar viscosity as that of PAPOME8, it has lower micro-
viscosity than PAPOME8. The decrease in microviscosity
can partially be attributed to the reduced partitioning of
PeG into the oily phase. However, compared to alteration in
aN value, the decrease in microviscosity in PAPOME2 was
quite significant and this can be accounted to the higher
level of entrapment of the spin probe in the O/W droplets
of PAPOME8 (51). The converse provides further informa-
tion on the nanostructures of the MEs.

During investigation of the effect of temperature on ME
microviscosity, the temperature was maintained above 25°C
because bellow 5°C the MEs underwent anisotropic motion
(Ʈc>3 ns) (53,54) and the relationship between viscosity and
Ʈc remained linear for Ʈc<1.2 ns, which was attained above
15°C.

In Vitro Release and Penetration Study

The process of drug absorption through the skin involves
liberation of actives from dosage forms, penetration through
the stratum corneum, permeation through the epidermis
and absorption into the blood vessels and lymphatic system.
However, since the objective of this work was to strengthen
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Fig. 7 Overall release and penetration profile of CER [AP] from various
formulations into membranes of a multi-layer membrane model (N05).

Table IV In Vitro Pharmacokinetic Parameters Obtained from Release and
Penetration Study of CER [AP] from Selected Dosage Forms (n05)

No. Formulation AUC (SD)
(% . min)

Mo

(SD) (%)
ABC (SD)
(% . min)

MDT
(SD) (min)

3 PAPOME2 13521 (183) 84.8 (2.8) 1745 (407) 20.4 (4.2)

4 PAPOME8 13592 (234) 82.8 (1.6) 1331 (361) 16.0 (4.1)

5 Hydrophilic
cream

9185 (283) 73.3 (3.3) 4127 (561) 55.6 (5.5)

Table V KV/KB Values of HD-PMI Calculated in Selected ME
Components

No. Component Temp (K) Viscosity (mPa.s) Ʈc K.V/KB

2 miglyol 293.15 30.0 0.571 5.559

3 PeG 298.15 45.6 1.482 9.684

303.15 33.5 1.034 9.337

308.15 25.0 0.754 9.286

313.15 18.8 0.554 9.188

4 H2O-PeG (1:9) 303.15 30.0 0.685 6.901

293.15 55.0 1.332 7.088

298.15 41.0 0.948 6.879

308.15 24.0 0.507 6.483

313.15 18.0 0.384 6.644

5 H2O-PeG (1:3) 303.15 25.6 0.459 5.411

6 H2O-PeG (1:1) 303.15 14.6 0.328 6.767
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the barrier function of diseased, affected and/or aged skin
by administering CER [AP] into the stratum corneum lipid
lamella, particularly to the stratum corneum-stratum gran-
ulosum interface where integration of the CER into the lipid
lamellae takes place, the primary focus was to investigate the
release and penetration of the CER into the stratum cor-
neum. Thus, the release and penetration of CER [AP] into
the upper layers of the epidermis was investigated in vitro
using a multi-layer membrane model described by Neubert
et al. (25).

For the study a collodion-dodecanol membrane was cho-
sen, where the collodion forms a mesh in which the dodecanol
mixture was embedded in, simulating the stratum corneum
lipid matrix by virtue of its lipophilicity (25). The dodecanol
mixture (dodecanol-octanol-DMSO (8:1:1, v/v/v)) contained
low percentages of octanol and DMSO to provide the mem-
brane thermodynamic stability and to enhance the solubility
of CER [AP] in the membrane, respectively. In addition, to
maintain the sink condition fourmembranes were used during
the experiment: where the membranes contain equivalent
amount of the dodecanol mixture in which the maximum
amount of CER [AP] dissolved remains below 15% of its
saturation solubility, assuming 100% of the lipid is released
and penetrated. The results of the study (Figs. 6a–c and 7)
showed that release and penetration of the CER from the
MEs is by far better than the hydrophilic cream.

Moreover, pharmaceutical formulations which exhibit low-
er MDT and higher AUC have better rate and extent of
release and penetration, respectively. Hence the key in vitro
pharmacokinetic parameters obtained (Table IV) showed that
the MEs have tremendously improved the rate and extent of
CER [AP] release and penetration in comparison to the
hydrophilic cream. Therefore, release and penetration from
MEs was much better than a conventional cream.

CONCLUSIONS

Stable lecithin based CER [AP] MEs were formulated and
characterised. The pseudo-ternary phase diagrams designat-
ing the various phases as well as the nanostructures of MEs
were also prepared. In vitro study showed that the MEs could
tremendously improve the release and penetration of the
CER in comparison to a hydrophilic cream. Compared to
the previously developed polyglycerol fatty acid ester-based
CER [AP] MEs (24), lecithin based CER [AP] MEs were
smaller in size and spherical in shape, which may favour their
penetration deep into the stratum corneum. They also have
better stability, lipid loading capacity and other physicochem-
ical characteristics than the previously developed MEs. Fol-
lowing toxicity and in vivo permeability investigation, these
formulations may be of great significance in treating aged
and affected skin.
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