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A B S T R A C T

The electron paramagnetic resonance (EPR) spin labeling methodology was used to analyze the interactions of
phosphatidylcholine (PC) liposomal formulations that are commonly used as transepidermal drug delivery
systems with stratum corneum (SC) membranes. The lipid dynamics of five liposome formulations were eval-
uated to study the influences of sorbitan monooleate (Span80), cholesterol, and cholesterol with the charged
lipids 2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-gly-
cerol) (DSPG) on the molecular dynamics of PC vesicles. The EPR spectra of 5-doxyl-stearic acid (5-DSA) showed
that the addition of Span80 to the liposomes increased the lipid fluidity, whereas cholesterol had the opposite
effect, and the combination of charged lipids and cholesterol did not additionally influence the lipid bilayer
dynamics. Fatty acid spin-labeled SC membranes were treated with the liposome formulations, leading to mi-
gration of the spin label to the molecular environment of the formulation and the presence of two spectral
components representing distinct mobility states. In terms of molecular dynamics, these environments corre-
spond to the lipid domains of the untreated SC and the liposome, indicating a poor interaction between the
liposome and SC membranes. However, the contact was sufficient to allow a pronounced exchange of the spin-
labeled fatty acid. Our data suggest that flexible liposomes may access the inner intercellular membranes of the
SC and facilitate mutual lipid exchange without losing their relative liposomal integrity.

1. Introduction

Many skin drug delivery systems have been used to explore different
routes to release drugs in a controlled and directed manner (Pilcer and
Amighi, 2010; Sahoo et al., 2013; Malik et al., 2007). In particular, the
transepidermal route has become popular since the skin, in addition to
presenting a large application surface, has a low drug metabolism
(Prausnitz et al., 2004; Prausnitz and Langer, 2008). However, to use
the transepidermal route efficiently, the skin barrier function must be
altered (in a controlled and reversible manner). This barrier function is
conferred by the outermost skin layer, termed the stratum corneum
(SC).

Various alternatives have been used to circumvent the SC barrier
function. The so-called second-generation transdermal delivery systems
use chemical enhancers, noncavitational ultrasounds, and/or ionto-
phoresis to control delivery rates and provide extra functionality to the
first-generation systems, which were mainly used to deliver small

lipophilic low-dose drugs (Prausnitz and Langer, 2008). Specifically,
chemical permeation enhancers have the principal characteristic ability
to alter the fluidity of SC lipid bilayers, thus promoting increased drug
penetration of the skin (Karande et al., 2005). For example, Narishetty
and Panchagnula demonstrated that the use of enhancers, such as
oxygen-containing monoterpenes cineole, menthol, a-terpineol, men-
thone, pulegone, and carvone, increased the ex vivo permeation of zi-
dovudine (AZT) through rat skin at concentrations large enough for the
drug to reach the bloodstream at therapeutic concentrations (Narishetty
and Panchagnula, 2004).

A more complex approach for the use of permeation enhancers is the
use of specialized liposomes. The main advantage of this strategy is that
liposomes may act as a reservoir for a drug within the skin and, de-
pending on their composition, may also increase the diffusivity of the
drug in the skin, cause SC lipid fluidization, increase drug thermo-
dynamic activity or affect the drug partition coefficient, thus increasing
drug release into the upper layers of the skin (Sharma et al. 2014).
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Among the liposomal formulations used for transepidermal permeation
of drugs, so-called flexible liposomes have been highlighted, and sev-
eral applications of these liposomes have been reported (Duangjit et al.,
2014; Benson, 2017; Touitou et al., 2000, Cevc, 2004). This class of
liposome has high fluidity and flexibility of its bilayer, and several
authors claim that the flexibility of this specialized liposome allows it to
reach the lower layers of the skin while essentially intact, thus in-
creasing transepidermal drug penetration (Cevc, 1996; Cevc et al.,
1998; Cevc and Vierl, 2010). On the other hand, other authors assert
that the constituents of flexible liposomes may act as permeation en-
hancers, thereby enabling increased drug permeation (Elsayed et al.,
2007; Sharma et al. 2014 and references therein). A consensus re-
garding the actual mechanism of flexible liposome permeation has not
been reached in the literature (El Maghraby et al., 2006; El Maghraby
et al., 2008).

The electron paramagnetic resonance (EPR) spectroscopy associated
with the spin label technique has been used to evaluate the effects of
permeation enhancers in the SC. For instance, our group used lipid,
proteic and amphiphilic spin labels to quantify the effects of enhancers,
such as monoterpenes (Camargos et al., 2010; Anjos et al., 2007; dos
Anjos and Alonso, 2008; Camargos et al., 2014; Mendanha et al., 2013,
2017; Moreira et al., 2014), oleic acid (de Queirós et al., 2005), and
ethanol (dos Anjos et al., 2007) on the lipid lamellae and SC proteins.
SC lipid membranes are very rigid, whereas the lipid bilayer of flexible
liposomes containing phosphatidylcholine (PC) and surfactant is very
fluid. In this work, we examined whether the mix of flexible liposome
components with the lipids of SC membranes to increase their fluidity
or if they remain intact in separate structures with mobility states dis-
tinct from those of the SC membranes. Thus, we used spin-label EPR
spectroscopy combined with spectral simulations to assess the interac-
tions of flexible liposomes and other soybean PCs with SC intercellular
membranes. Our results supported the second hypothesis, i.e., the EPR
spectra indicated the presence of two lipid environments with different
molecular dynamics even though the contact was sufficient to promote
spin label transfers between the two types of membrane.

2. Materials and methods

2.1. Chemicals

Soybean PC was purchased from Lipoid (Ludwigshafen, Germany)
and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-
distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DSPG) were pur-
chased from Avanti Polar Lipids Inc. (Alabaster, USA). The spin label 5-
doxyl-stearic acid (5-DSA), sorbitan monooleate (Span80), cholesterol
(chol) and sucrose were purchased from Sigma-Aldrich (St. Louis, USA).
The other reagents were purchased from Sigma-Aldrich or Merck SA
(Rio de Janeiro, Brazil) at the highest available purities.

2.2. Preparation and spin labeling of freeze-dried PC liposomes

The liposomal formulations used in this work were as follows: pure
PC, PC:chol at a (4:1) molar ratio, PC:chol:DOTAP (4:1:0.5),
PC:chol:DSPG (4:1:0.5) and PC:Span80 (4:1.7). Each formulation was
prepared by dissolving PC and other constituents (DSPG, DOTAP,
cholesterol and Span80) in chloroform to prepare a film of lipids on the
bottom of a glass tube. The organic solvent was evaporated by a stream
of gaseous nitrogen, and the films were kept in a vacuum for 12 h.
Subsequently, the film containing Span80 was hydrated with a 5.25%
ethanolic solution to form multilamellar liposomal suspensions. The
other PC films were hydrated with sodium succinate buffer (0.1M pH
3.0). Sucrose (used as a cryoprotectant) was added to the hydration
solution for all formulations at the ratio 1:2.5 (PC:sucrose).

Unilamellar liposomes were obtained after rigorous extrusion using
polycarbonate filters with 0.2-µm diameter pores. Subsequently, each
sample was frozen at approximately – 20 °C for 24 h and freeze-dried for

24 h (MicroModulyo, Thermo Scientific, USA). The PC:Span80 sample
was resuspended in the same 5.25% ethanolic solution, and the other
samples were resuspended in succinate buffer. These procedures gen-
erated PC liposomes with a diameter of 97.13 ± 0.09 nm, PdI of
0.09 ± 0.01, and elasticity of 4.17 ± 0.14mg·s−1·cm−2; PC:Span80
liposomes with a diameter of 90.41 ± 3.46 nm, PdI of 0.10 ± 0.01,
and elasticity of 23.88 ± 4.16mg·s−1·cm−2; PC:chol liposomes with a
diameter of 170.40 ± 3.58 nm, PdI of 0.13 ± 0.01, and zeta potential
of+ 4.77 ± 0.15mV; PC:chol:DOTAP liposomes with a diameter of
190.10 ± 3.55 nm, PdI of 0.18 ± 0.03, and zeta potential
of+ 50.17 ± 0.59mV; and PC:chol:DSPG liposomes with a diameter
of 173.60 ± 3.11 nm, PdI of 0.10 ± 0.04, and zeta potential of
-44.41 ± 4.16mV. Next, 1 μL of the 5-DSA spin label (previously dis-
solved in ethanol at 5 μg/mL) was added to each resuspended for-
mulation to obtain spin-labeled liposomes. Finally, 50 μL of the labeled
sample was transferred into capillary tubes with an internal diameter of
1mm, which were flame-sealed for EPR spectroscopy.

2.3. Preparation, spin labeling and treatment of SC membranes

The SC membranes used in this study were obtained from Wistar
rats that were less than 24 h old and were prepared according to a
protocol that was approved by the Ethics Committee for the use of
animals in research at the Universidade Federal de Goiás (protocol
number: 022/16) and described by Alonso et al. (de Queirós et al.,
2005; Alonso et al., 2003). Neonatal rat and human SC lipid composi-
tions are similar, and an important advantage of using newborn rat skin
is that pilosebaceous lipids cannot contaminate the newborn rat epi-
dermis since developing hair structures do not penetrate the SC until
the second postnatal day (Elias et al., 1979). In addition, we have been
able to prepare rat SC membranes with higher qualities than human
membranes; newborn SC membranes are more homogenous and free of
contamination from epidermal lipids such as triglycerides, resulting in
better-quality EPR spectra and providing more accurate and re-
producible results.

To perform the EPR experiments in which the SC must be spin-la-
beled, the intact SC samples (∼2mg) were first incubated for 30min at
room temperature in an acetate-buffered saline solution (10mM acetate
and 150mM NaCl, pH 5.1). Then, the hydrated SC membranes were
repeatedly rubbed in glass plates containing an aliquot (2 μL) of the 5-
DSA probe (dissolved in ethanol at 5mg/mL). Subsequently, the SC
membranes were incubated for 1 h at room temperature in 50 μL of the
desired liposomal dispersions. Then, excess liposomal formulations
were removed, and the SC membranes were transferred into glass ca-
pillary tubes, which were then flame-sealed. Inside the capillary tube,
the treated SC was moderately compacted, minimizing the amount of
free liposomes incorporated in the EPR samples. All data are presented
as the means ± S.D. from at least three independent experiments.

2.4. EPR spectroscopy and spectral simulation

EPR measurements were performed using a Bruker EMX Plus spec-
trometer (Rheinstetten, Germany) operating in the X-band (approxi-
mately 9.4 GHz) with a 4119-HS resonant cavity and the following in-
strumental parameters: microwave power, 2 mW; modulation
frequency, 100 kHz; amplitude of modulation, 1 G; magnetic field scan,
100 G; scan time, 168 s, and detection time constant, 41ms. All mea-
surements were performed at 25 °C. The best-fit EPR spectra were ob-
tained using the nonlinear least-squares (NLLS) software developed by
Freed JH and co-workers (Budil et al., 1996). As in other studies
(Mendanha and Alonso, 2015; Alonso et al., 2012), the motion para-
meter τc, i.e., the rotational correlation time, was obtained via the
following equation (Berliner, 1976):

=τ
Rbar

1
6

,c (1)
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where the rate of rotational Brownian diffusion, Rbar, was given as an
output from the NLLS program after the best-fit process. In this study,
the best-fit spectra were calculated using models containing one or two
spectral components. To simulate the spectra of the intact SC mem-
branes, we used the following input parameters for the magnetic ten-
sors g and A: gxx= 2.0088, gyy= 2.0058, gzz= 2.0028, Axx= 6.6,
Ayy= 6.5 and Azz= 33.0. Conversely, the input parameters used to
determine the best-fit of the liposomal formulations were gxx= 2.0080,
gyy= 2.0060, gzz= 2.0022, Axx= 6.6, Ayy= 6.5 and Azz= 29.0.

3. Results

3.1. EPR analysis of SC-flexible liposome interactions

Fig. 1 shows the EPR spectra of the spin label 5-DSA incorporated
into intercellular membranes of intact SCs (a) and the Span80-lipo-
somal formulation (b). To obtain spectra (c) and (d), the SC membranes

were spin labeled with 5-DSA and were subsequently treated for 1 h
with Span80 (c) or the Span80-liposomal formulation (d). Notably,
spectrum 1d clearly comprises two distinct mobility components that
could be roughly described as a combination of the 1a and 1b spectra.
Thus, the application of Span80 liposomes to the SC membranes caused
the liposome formulation to remain relatively stable, indicating that the
interaction of the formulation with the SC membranes was small.
However, the interaction was sufficient for the spin label to migrate
from the SC lipids to the formulation. In contrast, when SC membranes
were treated with Span80, only one spectral component was clearly
resolved (spectrum 1c), indicating that Span80 was mixed with SC li-
pids, which increased their mobility. Thus, to evaluate the interactions
between the Span80-liposomal formulation and the SC membranes, we
performed spectral simulations using models of one or two spectral
components to determine the spin label distribution between the two
systems (SC lipid matrix and liposome formulation) to assess lipid dy-
namic changes in each of these two systems.

The spectral simulations using the NLLS software allowed us to fit
the experimental spectra using one or two spectral components, with
each component representing a spin label population with a char-
acteristic line shape, rotational motion and magnetic parameters. Thus,
we used the one-component model to fit the spectra of the intact SC
membranes and flexible liposomes, as shown in Fig. 2a and b, respec-
tively. Moreover, the two-component model was applied to fit the
spectra of the SC membranes treated with the flexible-liposomal for-
mulation (Fig. 2c). Hereafter, the term spectral component S (CS) will
be used to represent the fraction of the spin labels that are structured in
an environment similar to that of the intercellular membranes of the
intact SC membranes. Thus, to simulate CS in the composed spectrum,
we used the parameters obtained for the best-fit spectrum of the intact
SC membranes as input parameters, including the rotational correlation
time, τc, and the eigenvalues of the magnetic tensors g and A for intact
SC membranes, as described in the previous section. Similarly, the
spectral component L (CL) was denoted by the fraction of spin labels
located in an environment similar to those of the liposome bilayers, and
the input parameters used to simulate this component in the composed
spectrum were those obtained from the best-fit spectrum for the lipo-
some formulation (τc and the eigenvalues of the magnetic tensors g and
A for the liposomal formulations). The motion parameter τc and the
fractions of the spin labels in each component (NS and NL) were ob-
tained from the two-component spectral simulations as output data.
The best-fit parameters are those that lead to the best convergence
between the experimental and theoretical spectra, and the quality of
convergence was monitored by the correlation coefficient provided by
the fitting program (Budil et al., 1996).

Fig. 3 shows five different combinations of CS and CL and their
respective best-fit line shape outputs, along with the relative CS probe
population (NS) and the motion parameter of the spin label 5-DSA
structured in the SC intercellular membranes treated with the PC-
Span80-liposomal formulation. The best-fit spectrum from Fig. 3a was
obtained using the one-component model, and only the CS or CL
parameters were employed as the inputs for the spectral simulation.
The simulation parameters were set as free to vary during the best-fit
process. thus, a completely different line shape profile was obtained
with an associated motion parameter τc representing neither the CS nor
the CL component. This result suggests that the best-fit of the
SC+ flexible-liposomal formulation experimental spectrum will be
obtained from a combination of CS and CL or from a mixture of two
other different components. The best-fit spectrum shown in Fig. 3b was
obtained with the CS and CL component parameters as inputs, but these
parameters were set to remain fixed during the spectral simulation. This
type of simulation allows variations of only the relative spin probe
populations of the two components. This process resulted in an un-
satisfactory best-fit spectrum with a high contribution of the CS relative
spin label population (NS), reaching ∼75%. The best-fit spectrum of
Fig. 3c was obtained using the CS and CL input parameters, but the

Fig. 1. EPR spectra of the spin label 5-DSA incorporated into intact SC mem-
branes (a) and PC+ Span80 liposomes (b). Spectra (c) and (d) are from spin-
labeled SC membranes treated with unlabeled Span80 (c) or flexible liposomes
(d). Arrows indicate the magnetic field positions where the resonance lines of
the components S, P and L are clearly resolved. The intensities of all spectra,
represented on the y-axis, are normalized (maximum value equal to 1 in a.u.).
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parameters were free to vary during the fitting process. For this com-
bination, an acceptable best-fit spectrum was found, but the parameter
τc of the less mobile component (CS-like) was approximately 12 ns
greater than the initial value of this component. However, the τc
parameter associated with CL was found to be the same as that of the
isolated liposomes. In the CS/CL combination used to obtain the best-fit
spectrum of Fig. 3d, CS remained fixed and CL was set as free to vary.
This combination resulted in the best convergence of the experimental
and theoretical spectra. The NS population was found to be approxi-
mately 60%, and the τc of CL varied by 0.5 ns from that found for the

isolated liposomes. Finally, for the best-fit spectrum of Fig. 3e, a CS/CL
combination was used with CS set as free to vary and CL set as fixed.
The convergence between the theoretical and experimental spectra was
not good in the region with a low magnetic field, and the τc value was
also greater than that obtained for the SC membranes (13.5 ns, Fig. 2).

The above analysis using five simulation approaches clearly showed
that the SC+Span80 liposome spectrum should be fit by a combination
of fixed CS and free CL spectral components. In our analysis, we con-
sidered not only the general convergence between the theoretical and
experimental spectra but also the details of the line profile in the region
with a high magnetic field, wherein the resonance lines from the SC
membranes and flexible liposomes have better resolutions, as shown in
Fig. 1. Moreover, the line profile in the high magnetic field region is
strongly associated with the value of the motion parameter τc (Berliner,
1976).

3.2. Molecular dynamics of liposomal formulations

To further examine the detailed interactions of the flexible liposomes
with SC membranes, we also analyzed the effects of variations on the for-
mulation compositions. In addition to the Span80-PC formulation, we also
studied pure PC, chol-PC, chol-DOTAP-PC, and chol-DSPG-PC liposomes.
Fig. 4 shows the most representative experimental spectra and the re-
spective best-fit theoretical lines of the spin label 5-DSA incorporated into
the five liposomal formulations. For each experimental spectrum, the outer
hyperfine splitting parameter 2A||, that is, the separation in magnetic field
units between the outer hyperfine resonance lines from the spectrum, could
be defined (Fig. 4a). As in previous studies (de Queirós et al., 2005; Alonso
et al., 2012), the 2A|| parameter was used to assess the molecular dynamics
of the 5-DSA spin labels. Similar to the rotational correlation time τc, large
2A|| values indicate a less restricted molecular motion of the spin probe.
Although the measured 2A|| and τc values of the 5-DSA probe structured in
the rigid and ordered SC intercellular membranes were of 62.1 G and
13.5 ns (the spectrum from Fig. 2a), respectively, the values of 44.6G for
2A|| and 3.2 ns for τc were found for the liposome formulation
(PC+Span80) (Fig. 4b). The values of the rotational correlation time τc
(Fig. 4) indicated that the degree of molecular dynamics of the 5-DSA spin
probe incorporated into the studied liposome formulations follows the re-
lationship (PC+Span80) > (pure PC) > (PC+chol)= (PC+chol
+DOTAP)=(PC+chol+DSPG). This relationship suggests that the ad-
dition of Span80 (spectrum 4b) to the PC bilayers increased the lipid
fluidity, while the addition of cholesterol (spectrum 4c) reduced the lipid
fluidity (increase of 1.5 G in 2A|| and ∼0.5 ns in τc) when compared with
that of the pure PC liposomes (spectrum 4a). Moreover, the addition of
charged lipids (positive for DOTAP and negative for DSPG) and cholesterol
did not cause significant changes in the values of 2A|| and τc.

3.3. Liposome-SC membrane interactions

Based on the results described above and the analysis of the mag-
netic and motion parameters for SC membranes and liposome bilayers,
the best combinations of the CS and CL components for fitting the
spectra of the 5-DSA spin probe incorporated into the SC lipids treated
with the five liposomal formulations used in this study are shown in
Fig. 5. Surprisingly, in all cases, the simulation strategy of keeping CS
fixed and CL free generated the best-fit spectra. Specifically, discrete
variations were observed in both the CS and CL motion parameter va-
lues, indicating that during treatment, some lipid exchange occurred
between the SC membranes and liposomes, but the exchange was not
sufficient for a significant change in the environment of the spin label.
In fact, the spin labels that were previously structured into the inter-
cellular SC membranes were transferred to the lipid bilayers of each
liposomal formulation. The overview of Fig. 5 indicates that the parti-
tion of CS and CL was slightly imbalanced in favor of the CS component
for PC-Span80 liposomes.

To further examine the lipid exchange between the SC membranes

Fig. 2. Illustration of how the components CS and CL were obtained. The black
lines represent the experimental EPR spectra of the 5-DSA spin label structured
into the SC membranes (a), flexible liposomes (b) and SC+ flexible liposomes
(c). The red lines represent each best-fit spectrum obtained with the NLLS
software. Spectra 2a and 2b were fitted using the one-component model, and
the best fits were denoted by CS and CL, respectively. Spectrum 2c was fitted
using the two-component model, and the red line is a combination of the CS
(green) and CL (blue) lines. The EPR parameter τc is the rotational correlation
time, which is indicated for each component and is used here as a measure of
the microenvironment molecular dynamics. NS represents the fraction of spin
probes that are structured into the SC intercellular membranes. The intensities
of the experimental spectra a, b and c, represented on the y-axis, are normal-
ized. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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and the formulations, we performed experiments with an inverse la-
beling process. Fig. 6 shows the experimental spectra and their re-
spective best-fit curves for the 5-DSA spin probe incorporated into the

liposomal formulations, which were subsequently applied to the un-
labeled SC membranes. After 1 h of incubation, excess formulations
were removed, and the SC-formulation samples were transferred into

Fig. 3. EPR experimental spectrum (black lines) of the 5-DSA spin label previously structured into SC intercellular membranes treated with unlabeled flexible
liposomes. The experimental 5-DSA spectrum was fitted using the same inputs (red lines). Spectrum 3a was fitted using the one-component model, and spectra 3b to
3f were fitted using the two-component model with different combinations of CS and CL. The input parameters were kept fixed or left free to vary in the spectral
simulation depending on the CS/CL combination. The green and blue lines represent the spectral components S (spin labels that are structured into the SC mem-
branes) and L (spin labels that are structured into the liposomal formulations bilayers), respectively. NS indicates the fraction of the spin labels incorporated into the
SC, and τc is the rotational correlation time of each component. The total magnetic field range used for all spectra was 100 G. The intensities of the experimental
spectra a–e, represented on the y-axis, are normalized. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Experimental (black line) and best-fit (red line) EPR spectra of the 5-DSA spin label structured into pure PC (a), PC+Span80 (b), PC+ chol (c), PC+ chol
+DOTAP (d) and PC+ chol+DSPG liposomes (e). All spectra were fitted using the one-component model. The values of the rotational correlation time (τc) and the
maximum hyperfine splitting parameter (2A||) are indicated for each spectrum. Spectrum 4e illustrates how the 2A|| parameter is calculated from the experimental
line. The intensities of all spectra, represented on the y-axis, are normalized. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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capillary tubes for EPR measurements. To simulate the EPR spectra for
these samples, the CS and CL combinations were applied as previously
described, and the most acceptable output theoretical spectra are
shown (Fig. 6) with their respective motion parameters. Again, the si-
mulation strategy of keeping CS fixed and CL free generated the best-fit
spectra. As is shown, except for spectrum 6b, all spectra could be fit
with a very low percentage of the CS component, suggesting that the
addition of Span80 to the PC liposomes maintains the relative stability
of the structure while also stimulating lipid exchange with the SC
membrane, whereas the other formulations retain more of the spin label
since the spin label was already incorporated into their bilayers. It is
expected that after a long period of incubation, the distribution of spin

labels between the two environments (SC membranes and liposomes)
reaches an equilibrium. The EPR spectra shown in Figs. 5 and 6 suggest
that in the case of flexible liposomes, this equilibrium is displaced, i.e.,
a greater amount of probe is allocated to the SC membranes, and that
the kinetics of the spin probe distribution are faster than in the case of
the other liposomes. Analysis of the molecular dynamics of the CL
shows a discreet increase in τc values for all studied liposomes.

4. Discussion

The EPR spectral best-fit method has been widely used to char-
acterize and evaluate changes in the fluidity of the SC lipid lamellae

Fig. 5. Experimental (black line) and best-fit (red line) EPR spectra of the 5-DSA spin label previously structured into SC intercellular membranes treated with several
unlabeled liposomal formulations: pure PC (a), PC+ Span80 (b), PC+ chol (c), PC+ chol+DOTAP (d), and PC+ chol+DSPG (e). All experimental spectra were
fitted using the two-component model with the CS input parameters fixed and the CL parameters free to vary during the spectral simulations. The green lines
represent the spectral component S, and the blue lines represent the spectral component L. NS indicates the fraction of the spin labels incorporated into SC
membranes, and τc represents the rotational correlation time of each component. The total magnetic field range used for all spectra was 100 G, and the intensities of
the experimental spectra a–e (on the y-axis) are normalized. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. Experimental (black line) and best-fit (red line) EPR spectra of unlabeled SC membranes treated with the following 5-DSA-labeled liposomes: pure PC (a),
PC+ Span80 (b), PC+ chol (c), PC+ chol+DOTAP (d) and PC+ chol+DSPG (e). All experimental spectra were fitted using the two-component model with the CS
input parameters fixed and the CL parameters free to vary during the spectral simulations. The green lines represent the spectral component S, and the blue lines
represent the spectral component L. NS indicates the fraction of the spin labels incorporated into the SC membranes, and τc represents the rotational correlation time
of each component. The magnetic field range used in each EPR spectrum was 100 G, and the intensities of the experimental spectra a–e (on the y-axis) are normalized.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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caused by permeation enhancers applied to the SC tissue (Anjos et al.,
2007; dos Anjos and Alonso, 2008; de Queirós et al., 2005; dos Anjos
et al., 2007; Alonso et al., 2012). In these cases, a marked increase in
the molecular dynamics of the SC lipid matrix was observed. Alter-
natively, with the application of flexible liposomes and the other for-
mulations used in the present study to the SC membranes, only mod-
erate alterations in SC fluidity were observed. However, unlike the
results for permeation enhancers, the EPR experimental spectrum of the
SC membranes treated with flexible liposomes was characterized by the
presence of two environments with very different lipid fluidities
(Fig. 1).

Recently, Moraes et al. (2017) used EPR spectroscopy to investigate
the interaction profile of an emulsified system with SC lipids that were
spin-labeled with 5-DSA. The authors found an increase in the dynamics
of the SC lipids (evidenced by a decrease of 5.3 G in the 2A|| parameter)
when they were mixed with the emulsion. Moreover, the authors ob-
served two completely distinct spectra for the spin label incorporated
into a lamellar gel phase emulsion or the SC membranes. However,
when the lipid emulsion was applied to the SC membranes, the re-
sulting spectrum could not be described as a combination of two dis-
tinct mobility components, indicating that the spectrum was not the
result of spin probes in two distinct microenvironments (SC and
emulsion) but rather an interaction (fusion) between the formulation
and SC lipids. Although our results showed different spectra for spin
label 5-DSA incorporated into the intact SC intercellular membranes
and the Span80-liposomal formulation, the application of Span80 li-
posomes to the SC membranes caused the resulting spectrum (Fig. 1d)
to be a combination of the spectra of 5-DSA incorporated into both
systems (combination of the 1a and 1b spectra). This result confirmed
the interpretation that the liposome formulation remained relatively
stable after mixing due to poor interactions with the SC membranes.

Spin label EPR data indicated that flexible liposomes are more fluid
than pure PC liposomes. This increase in the dynamics of the flexible
liposomes should be due to the presence of Span80 molecules as pre-
viously demonstrated using differential scanning calorimetry to ex-
amine the interactions of edge activators with DPPC membranes (El
Maghraby et al., 2004). The authors concluded that in the presence of
surfactants (including Span80), the packing of the liposome lipid bi-
layer changes in favor of the more fluid liposomes. On the other hand,
the addition of cholesterol apparently induces a lateral and transverse
order of the lipid chain segments, which leads to decreased spin label
mobility (Kurad et al., 2004). In this study, cholesterol caused an in-
crease of 1.5 G in the 2A|| (or ∼0.5 ns for τc) values compared with
those of pure PC liposomes (the spectrum of Fig. 4c). The SC lipids
consist of an approximately equimolar ratio of fatty acids, ceramides
and cholesterol (Weerheim and Ponec, 2001). In general, ceramides
possess a sphingoid base combined with a (fatty acid) acyl chain, while
fatty acids are predominantly saturated with a wide distribution of the
chain lengths of both lipids (Van Smeden et al., 2014). Thus, the
moderate decrease in the liposome bilayer fluidity could be ascribed to
an exchange between the unsaturated PC lipids and the saturated SC
lipids.

As reviewed by Sharma et al., the permeation efficiency of lipo-
somes is intimately related to membrane fluidity (Sharma et al., 2014).
In fact, in vitro skin permeability studies have demonstrated that the
liquid-crystalline membrane phase confers better penetration to lipo-
somes than does the gel phase (Ogiso et al.,1997). These results are
consistent with our data, demonstrating that flexible liposomes, which
have liquid-crystalline phase membranes, had more interactions with
the SC membranes than the cholesterol formulations, which have liquid
ordered phase membranes.

Several studies argue that the physicochemical features of liposomes
modulate their efficiencies as drug carriers and that the addition of
membrane-softening components, such as surfactants, ethanol or ter-
penes, can enhance vesicle elasticity and improve drug delivery (Cevc
et al. 2002; Sharma et al., 2014). In this context, the incorporation of

edge activators into liposome constituents led to enhanced flexibility
and consequently increased skin penetration (Cevc and Vierl, 2010;
Cevc, 2004; El Zaafarany et al., 2010). To date, two main penetration
mechanisms for flexible liposome skin permeability have been proposed
(Honeywell-Nguyen and Bouwstra, 2005). One claims that liposomes
can act as drug carrier systems and that intact vesicles can penetrate SC
membranes and deliver the entrapped drugs through the skin. The other
mechanism proposes that due to their composition, flexible liposomes
act as penetration enhancers, modifying the SC intercellular membrane
fluidity and facilitating the penetration of the drug molecules into and
across the membrane (Sharma et al., 2014). For instance, El Zaafarany
and co-workers claim that Tween 80-PC flexible liposomes could fa-
cilitate in vitro permeation of diclofenac sodium (DS) in rabbit skin at
twice the amount delivered by the marketed product Olfen® gel and
that the residual amount of drug in the skin was nearly 5-times greater
for flexible liposomes (El Zaafarany et al., 2010). The authors attributed
the enhanced DS delivery to the ability of the flexible liposomes to act
as both drug carriers and permeation enhancers. On the other hand, a
very recent study using a combination of transmission electron micro-
scopy and chromatographic and mass spectrometry demonstrated a
relationship between the depth of human skin penetration and liposome
flexibility in addition to observing intact liposomes in the epidermal
layers, supporting the hypothesis of the whole vesicle penetration me-
chanism (Franzé et al., 2017). In fact, our results indicate the presence
of two lipid environments with very distinct molecular dynamics in the
flexible liposome-treated SC membranes and an important exchange of
the spin probe. Thus, the alleged flexibility of the PC-Span80 for-
mulation could improve the access of this type of liposome to the inner
intercellular membranes of the SC and facilitate mutual lipid exchange.

5. Conclusions

An EPR spin labeling approach combined with a simulation meth-
odology was used to demonstrate the coexistence of two distinct lipid
domains with very different molecular dynamics in SC tissues treated
with PC-Span80 flexible liposomes and other PC formulations (pure PC,
PC+ chol, PC+ chol+DOTAP and PC+ chol+DSPG). In terms of
lipid fluidity, the flexible liposomes exhibited the highest fluidities and
the liposomes containing cholesterol exhibited the lowest fluidities.
None of the formulations significantly altered the SC membrane
fluidity. Our results support the hypothesis of the whole vesicle skin
penetration mechanism for the studied PC liposomes but showed that
during the penetration process, an important exchange of a fatty acid
spin label occurs between SC membranes and liposome lipids. When
spin-labeled stearic acid was incorporated into the formulation prior to
SC treatment, the amount of spin probe transferred to SC membranes
was considerably higher for the flexible liposomes (PC+ Span80), with
an∼50% transference. However, when the SC was spin labeled prior to
treatment, transfer of the probe from SC membranes to PC liposomes
was lower with flexible liposomes (∼40% transference). This exchange
of lipids could be explored to modulate liposome integrity or SC lipid
phase fluidity to decrease barrier function (in a reversible manner) and
develop new and more effective liposomal carriers.
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