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The sesquiterpene nerolidol and the monoterpene limonene are potent skin-permeation enhancers that have also
been shown to have antitumor, antibacterial, antifungal and antiparasitic activities. Because terpenes are
membrane-active compounds, we used electron paramagnetic resonance (EPR) spectroscopy of three membrane
spin labels combined with the ﬂuorescence spectroscopy of three lipid probes to study the interactions of these
terpenes with stratum corneum (SC) intercellular membranes. An experimental apparatus was developed to
assess the lipid ﬂuidity of hydrated SC membranes via the ﬂuorescence anisotropy of extrinsic membrane probes.
Both EPR and ﬂuorescence probes indicated that the intercellular membranes of neonatal SC rats undergo a main
phase transition at approximately 50 °C. Taken together, the results indicated that treatment with 1% nerolidol
(v/v) caused large ﬂuidity increases in the more ordered phases of SC membranes and that these eﬀects gradually decreased with increasing temperature. Additionally, compared with (+)-limonene, nerolidol was better
able to change the SC membrane dynamics. EPR and ﬂuorescence data suggest that these terpenes act as spacers
in lipid packaging and create increased lipid disorder in the more ordered regions and phases of SC membranes,
notably leading to a population of probes with less restricted motion.

1. Introduction
Drug-delivery systems have emerged as a good alternative for drugs
that must be administered in high doses and may therefore cause
harmful side eﬀects to patients. From this standpoint, drug delivery
through the skin has received increasing attention because of its wide
application area and low metabolism. However, this route of administration is highly dependent on the ability of the drug to diﬀuse through
the skin, which is generally very low. This low drug diﬀusion is associated with the skin barrier function, which is conferred by the most
superﬁcial layer of the skin: the stratum corneum (SC). Several molecules have been developed to reversibly alter the barrier function of the
SC to allow drugs to reach therapeutic concentrations in the bloodstream (Santos et al., 2011, 2012), especially terpenes (Herman and
Herman, 2015; Jain et al., 2002; Narishetty and Panchagnula, 2004).
For example, Narishetty and Panchagnula demonstrated that the permeation of zidovudine (AZT), the ﬁrst anti-HIV compound approved for
clinical use, across rat skin was signiﬁcantly increased by the terpenes
cineole, menthol, α-terpineol, menthone, pulegone and carvone (Narishetty and Panchagnula, 2004).

⁎

Terpenes are molecules extracted from natural oils that are widely
used by the pharmaceutical industry and are classiﬁed as safe by the
USA Food and Drug Administration (FDA). Recently, studies using a
variety of dietary monoterpenes have shown that these molecules, in
addition to being good permeation enhancers, also have antitumor
(Crowell, 1999), antibacterial (Cantrell et al., 2001), antifungal (Oliva
et al., 2003), antiparasitic (Arruda et al., 2005, 2009), antiviral (Cragg
and Newman, 2003) and anti-inﬂammatory activities (Yamada et al.,
2013). For example, the monoterpene limonene has been shown to have
promising protective activities against established skin squamous cell
carcinomas (Hakim et al., 2000). Additionally, the sesquiterpene nerolidol has been shown to exert a toxic eﬀect against a human hepatoma
cell line (HepG2), inhibiting cell proliferation at 10 μM after 24 or 48 h
of incubation (Ferreira et al., 2012). Nerolidol has also demonstrated
antibacterial and antifungal activities (Tao et al., 2013). Regarding the
antiparasitic activity of these two terpenes, Arruda and co-workers
showed that nerolidol and limonene were eﬀective at inhibiting the
growth of diﬀerent Leishmania species. The researchers also reported
that treatment with the terpenes limonene and nerolidol reduced the
infection rates of Leishmania amazonensis-infected macrophages by 78%
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and 95%, respectively. Finally, they showed that Leishmania amazonensis-infected mice treated with limonene (intrarectally or topically)
displayed a signiﬁcant reduction in lesion size and parasite load
(Arruda et al., 2005, 2009).
Spin-label electron paramagnetic resonance (EPR) spectroscopy has
been used to analyze thermally induced changes in the dynamics of SC
membranes, as well as the eﬀects of several monoterpenes on these
changes (Camargos et al., 2010; dos Anjos et al., 2007a,b; dos Anjos and
Alonso, 2008). The spin labels used in these studies were some stearic
acid derivatives (dos Anjos et al., 2007a,b) and the small probes TEMPO
(dos Anjos and Alonso, 2008) and DTBN (Camargos et al., 2010). In this
work, we also used two spin-labeled phosphatidylcholines; in one of
them, the paramagnetic group doxyl is attached to the 5th carbon atom
of the sn-2 stearoyl chain of the phospholipid (5-PC), and in the other,
the choline of the headgroup bears the nitroxide moiety (PC-TEMPO).
These two spin labels might reﬂect the phosphatidylcholine (the lipid
base of several nanocarriers designed for topical application) behavior
when it is structured in the SC lipid lamellae. In parallel, a detailed
analysis was also conducted with the appropriate spin-labeled stearic
acid having the nitroxide radical moiety (doxyl) at the 5th carbon atom
of the acyl chain (5-DSA) and three additional ﬂuorescence probes. The
use of lipophilic extrinsic ﬂuorescent probes is presented as an alternative to the use of autoﬂuorescence to evaluate the interaction of SC
with molecules of interest and allows a study directed to the SC lipid
matrix. Previous studies demonstrated that the sesquiterpene nerolidol
was more cytotoxic to cultured ﬁbroblasts than seven monoterpenes
(Mendanha et al., 2013) and showed a much higher leishmanicidal
activity than the monoterpenes (+)-limonene, α-terpineol and 1,8-cineole (Camargos et al., 2014); thus, in the present study, we focused on
comparing the eﬀects of nerolidol on the lipid dynamics of SC membranes to those of (+)-limonene based on information provided by EPR
and ﬂuorescence spectroscopy.

the SC membranes, the skins were placed in contact with ammonium
hydroxide vapor for 5 min and then with distilled water for 2 h. Next,
the skins were placed on ﬁlter papers, and the SC membranes were
carefully separated from the epidermis. Then, the SC membranes were
washed with distilled water and dried at room temperature. Finally, the
membranes were stored in a desiccator under moderate vacuum with
silica gel until use.

2. Materials and methods

DPPC lipid ﬁlms (dissolved in 1-mg/mL chloroform) containing the
desired ﬂuorescent probe (initially dissolved in ethanol) at a probe:lipid
molar ratio of 1:100 were formed in glass tubes by evaporation of the
solvent with a nitrogen gas ﬂow. To remove residual organic solvent,
the ﬁlms were kept under vacuum for 12 h. Then, the lipid ﬁlms were
hydrated with 200 μL of saline phosphate buﬀer (5-mM phosphate and
150-mM NaCl, pH 7.4) to form a suspension of multilamellar DPPC
vesicles. Unilamellar vesicles were prepared with a mini-extruder purchased from Avanti Polar Lipids Inc. equipped with a polycarbonate
ﬁlter (pore diameter of 0.1 μm). Subsequently, the DPPC vesicles were
cooled and concentrated by centrifugation (1000 × g at 4 °C, 10 min).
The required aliquots of a stock solution containing terpenes diluted in
ethanol to a terpene:ethanol ratio of 1:2 (v/v) were added to this suspension. To avoid light scattering eﬀects, the ﬁnal DPPC concentration
was ﬁxed at 0.2 mM.

2.3. SC membrane labeling and treatment
Intact SC samples (∼2 mg) were incubated for 30 min at room
temperature in an acetate-buﬀered saline solution (10-mM acetate and
150-mM NaCl, pH 5.1). Then, the hydrated SC membranes were repeatedly rubbed in glass plates containing an aliquot (2 μL) of the desired ﬂuorescent or spin probes (dissolved in ethanol at 5 mg/mL).
Subsequently, the SC membranes were incubated for 90 min at room
temperature in solutions containing terpene-ethanol/buﬀer (0.25–1%
v/v; terpene-ethanol 1:2 v/v). The terpenes were ﬁrst solubilized in
ethanol at a 1:2 v/v (terpene:ethanol) ratio, and the desired volume of
this terpene-ethanol solution was then added to the buﬀer to obtain
(0.25–1% v/v) terpene-ethanol/buﬀer solutions. For EPR spectroscopy,
the SC membranes were added to glass capillaries, which were sealed
by ﬂame; for ﬂuorescence spectroscopy, the SC samples were placed
between quartz plates and added to a quartz cuvette containing buffered solution. Under these conditions, the SC can be considered to be
in its fully hydrated state during all of the measurements. This methodology has been used recently to study SC autoﬂuorescence ex vivo, as
well as the eﬀects of nerolidol on the ﬂuorescence photobleaching and
quantum yield of exogenous and endogenous SC porphyrins (Alonso
et al., 2016).
2.4. DPPC vesicle preparation and treatment

2.1. Chemicals
The phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), the ﬂuorescent probe 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino] hexanoyl}-sn-glycero-3-phosphocholine (6NBD-PC), and the spin labels 1,2-dipalmitoyl-sn-glycero-3-phospho
(tempo)choline (PC-TEMPO) and 1-palmitoyl-2-stearoyl-(5-doxyl)-snglycero-3-phosphocholine (5-PC) were purchased from Avanti Polar
Lipids Inc. (Alabaster, USA). The ﬂuorescent probe 1,6-diphenyl-1,3,5hexatriene (DPH) was acquired from Life Technologies of Brazil Ltd.
(São Paulo, Brazil), and the ﬂuorescent probe 2-amino-N-hexadecyl
benzamide (AHBA) was prepared as previously described by Marquezin
et al. (2006). The spin label 5-doxyl-stearic acid (5-DSA) was acquired
from Sigma Aldrich (St. Louis, USA). The terpenes nerolidol and
(+)-limonene were purchased from Acros Organics (Geel, Belgium)
(Fig. 1). Nerolidol was used as a mixture of cis and trans isomers,
whereas limonene was used in its (R)-(+)-limonene isomer form. The
purity of the terpenes nerolidol and limonene was ≥97.0% and 96%,
respectively. All other reagents were purchased from Sigma Aldrich (St.
Louis, MO, USA) or Merck SA (Rio de Janeiro, Brazil) at the highest
available purity, and all of the solutions were prepared with MilliQ
water.

2.5. Fluorescence anisotropy measurements
Steady-state ﬂuorescence anisotropy measurements were performed
using a Horiba Fluorolog® FL-3221 spectroﬂuorometer (Kyoto, Japan)
equipped with polarizers in the excitation and emission channels and a
type-L measuring system. The temperature of the samples was controlled using a Cientec heat pump (Charlton, Brazil). The excitation
wavelengths were 330 nm, 460 nm and 360 nm for the AHBA, 6-NBDPC and DPH probes, respectively. The ﬂuorescence anisotropy was
calculated according to the following equation (Weber et al., 1971):

2.2. SC membrane preparation
SC membranes were obtained from Wistar rats that were less than
24 h old and prepared according to the protocol described by Alonso
et al. (1995, 2001), which was approved by the Ethics Committee for
the use of animals in research at the Universidade Federal de Goiás
(protocol number: 022/16). Brieﬂy, after the animals were sacriﬁced,
their skins were removed and separated from the residual fat. To isolate

r=

I − I⊥
I + 2I⊥

(1)

where r is the steady-state ﬂuorescence anisotropy, and I|| and I┴ are the
ﬂuorescence intensities in the parallel and perpendicular directions,
respectively, to the polarization plane of the excitation light for each
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Fig. 1. Chemical structures of the terpenes, ﬂuorescent probes and spin labels used in this work. AHBA and PC-TEMPO are presumed to monitor the polar interface of SC intercellular
membranes. 6-NBD-PC, 5-PC and 5-DSA were used to monitor intermediate lipid regions, while DPH should monitor the deeper regions of the hydrophobic core. (a) 5-PC; (b) 5-DSA; (c)
PC-TEMPO; (d) AHBA; (e) DPH; (f) 6-NBD-PC; (g) nerolidol (represented as its cis isomer) and (h) (R)-(+)-limonene.

intercellular membranes, control experiments were performed to
identify the best angles between the quartz plates and the sides of the
cuvette that could ensure reproducibility of the ﬂuorescence measurements. We note that this angle of orientation of the sample relative to
the cuvette is not critical and can vary between 40 and 55° without
essentially aﬀecting the anisotropy values. In addition, parallel experiments with DPPC vesicles were also conducted to determine the
standard behavior of the probes structured into lipid bilayers. This
standardization allows us to determine whether the terpenes could alter
the default behavior of the ﬂuorescent probes and conﬁrm that they had
been correctly incorporated into the SC lipid phase.
The ﬂuorescence emission spectra (at 25 °C) of the DPH probe incorporated into DPPC vesicles treated with nerolidol are shown in
Fig. 2A. Because the addition of nerolidol did not signiﬁcantly alter the
band structure or the position of the emission spectra peaks for any of
the three probes used in this work, the emission wavelengths used in
the ﬂuorescence anisotropy experiments were ﬁxed at 400 nm, 527 nm
and 427 nm for AHBA, 6-NBD-PC and DPH, respectively. In Fig. 2B,
note that the DPH in DPPC vesicles showed the typical thermal

wavelength used.
2.6. EPR spectroscopy measurements and spectral simulation
EPR measurements were performed using a Bruker EMX Plus spectrometer (Rheinstetten, Germany) operating in the X band (approximately 9.4 GHz) with a 4119 HS resonant cavity equipped with an
Oxford MercuryiTC temperature controller (Abingdon, United
Kingdom) and operating with the following instrumental 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, 41 ms. The best ﬁts to the EPR spectra were
obtained using the nonlinear least-squares (NLLS) software developed
by Freed JH and co-workers (Budil et al., 1996). As in other works
(Mendanha and Alonso, 2015; Mendanha et al., 2013), the rate of rotational Brownian diﬀusion, Rbar, obtained from the NLLS program was
converted to the rotational correlation time, τc, through the following
relationship (Budil et al., 1996):

τc =

1
6Rbar

(2)

The best-ﬁt spectra were calculated using models containing one or
two spectral components (depending on the spin probe and the temperature range). All of the spectra were simulated using the same input
parameters for the magnetic tensors g and A: gxx(1) = 2.0088; gyy(1)
= 2.0058; gzz(1) = 2.0028; Axx(1) = 6.6; Ayy(1) = 6.5; Azz(1) = 33.0;
gxx(2) = 2.0088; gyy(2) = 2.0058; gzz(2) = 2.0026; Axx(2) = 5.5;
Ayy(2) = 5.5; and Azz(2) = 30.8; where the numbers (1) and (2) refer
to the ﬁrst and second spectral components, respectively. For the
spectra ﬁtted using the two-component model, the mean rotational
correlation time was calculated as τc = (N1*τc1 + N2*τc2)/(N1 + N2),
where N1 and N2 are the relative populations of spin labels present in
components 1 and 2, respectively, provided by the NLLS software.
3. Results
3.1. Fluorescence spectroscopy of labeled SC and DPPC membranes

Fig. 2. Fluorescence emission spectra at 25 °C (Panel A) and ﬂuorescence anisotropy
proﬁle as function of the temperature (Panel B) of DPH incorporated into DPPC vesicles
treated with nerolidol at a 0.8:1 (terpene:lipid) ratio. The excitation wavelength used in
both experiments was 360 nm.

To validate the experimental apparatus used for the ﬂuorescence
anisotropy measurements of lipophilic probes embedded in the SC
549
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Fig. 3. Fluorescence emission spectra at 25 °C (Panel A) and
ﬂuorescence anisotropy proﬁle as function of the temperature
(Panel B) of diﬀerent probes incorporated into SC membranes
treated with 0.25, 0.5 and 1% nerolidol (v/v). The excitation
wavelengths used in both experiments were 330 nm, 460 nm
and 360 nm for AHBA, 6-NBD-PC and DPH, respectively.
Inner panels: (a) and (d) AHBA; (b) and (e) 6-NBD-PC; and (c)
and (f) DPH.

transition from the gel to lipid ﬂuid phase occurring at 41 °C, as reported in the literature [see, e.g., Ito et al., 2015]. With the addition of
nerolidol, the DPH showed small increases in lipid ﬂuidity below the
major phase transition and no increase above the transition. Furthermore, the probe detected the reduction in the DPPC bilayer main phase
transition temperature (by approximately 6 °C) upon nerolidol addition.
Fluorescence spectroscopy measurements of probes incorporated
into the SC were performed with the SC membrane between quartz
plates and added to a quartz cuvette (at an angle slightly less than 45°
relative to the sides of the cuvette) containing a buﬀered solution. Fig. 3
shows that nerolidol essentially does not aﬀect the emission spectra of
probes incorporated into SC membranes (panel A) but signiﬁcantly
increases the molecular mobility (panel B). The addition of 0.25–0.5%
(v/v) nerolidol was suﬃcient to suppress the SC phase transition
monitored by the AHBA and DPH probes. For the samples labeled with
6-NBD-PC, the gradual increase in nerolidol concentration allowed
better visualization of the phase transition, which was not well resolved
in the control sample (without nerolidol treatment).
In Fig. 4, the DPH ﬂuorescence anisotropy for SC samples treated
with 1% (+)-limonene and nerolidol are compared. Treatment with the
monoterpene leads to a decrease in the ﬂuorescence anisotropy values
compared with those of the control sample, although the phase transition starting from 45 to 50 °C remains unaltered. Note that the phase
transition is completely suppressed by the nerolidol treatment, indicating that nerolidol has a greater ability to increase the dynamics of
SC intercellular membranes than (+)-limonene.

Fig. 4. Fluorescence anisotropy of the DPH probe incorporated into SC intercellular
membranes as a function of temperature. Samples were treated with 1% (v/v) (+)-limonene or nerolidol for 90 min at 25 °C. The dotted vertical line indicates the ﬁrst phase
transition temperature (Tm ∼55 °C) of the control sample (without terpene).
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τc, obtained from the best-ﬁt spectra of SC membranes labeled with the
5-DSA, 5-PC and PC-TEMPO spin probes in the form of Arrhenius plots
of the natural logarithmic of τc as a function of the absolute temperature. The τc parameter reﬂects the molecular motion of the spin labels
and has been used as a measurement of membrane ﬂuidity (Alonso
et al., 1995, 2012; Mendanha and Alonso, 2015). As shown, the addition of 1% (v/v) nerolidol to the SC membranes increases the lipid
dynamics, leading to a decrease in the ln(τc) values relative to those of
the control samples from 0 to 50 °C. This decrease in the ln(τc) values is
related to the reduction in the temperature of the main phase transition
of the SC membranes (also observed with the ﬂuorescent probes) and to
the increase in membrane ﬂuidity. However, for temperatures above
the main phase transition, the changes in the ln(τc) values were small,
indicating lower terpene eﬀects, as monitored by the spin labels.
The Arrhenius plots shown in Fig. 7 allow the calculation of the
activation energy, Ea, from the slopes of the curves of ln(τc) versus 1/T
using the equation (Alonso et al., 1995)

3.2. EPR spectroscopy of labeled SC membranes
The spectral proﬁle of some spin labels incorporated in SC intercellular membranes can be ﬁtted as the superposition of two spectral
components with distinct line shapes and motion parameters (de
Queirós et al., 2005; dos Anjos et al., 2007a,b). As discussed in previous
works (Camargos and Alonso, 2013; Mendanha and Alonso, 2015),
these two spectral components are associated with spin labels that assume one of two major localizations when incorporated into lipid bilayers. The principal component, namely, spectral component 1 (C1), is
related to the fraction of the spin labels that strongly interact with the
polar groups of the bilayer. This interaction leads to a broad line-shape
proﬁle, indicating slower and anisotropic molecular motion. In contrast, component 2 (C2) is related to the fraction of the spin labels that
are more deeply inserted in the membrane hydrophobic core and
therefore interact weakly with the polar interface. Spectral component
2 possesses narrower and less anisotropic lines as result of the higher
degree of molecular movement. It has been demonstrated (Camargos
and Alonso, 2013; Mendanha and Alonso, 2015) that the C1 and C2
spectral components can be assumed to be in a thermodynamic equilibrium and that the C2 resolution in the experimental spectrum is
dependent on the temperature and ﬂuidity of the system.
These two spectral components are illustrated in Fig. 5 for the spin
label 5-DSA incorporated into intact and treated SC membranes. The
spectrum of the control sample (without nerolidol treatment) can be
ﬁtted using just one spectral component. Note that as observed for
several monoterpenes (dos Anjos et al., 2007a,b; Mendanha and Alonso,
2015), the treatment with 1% (v/v) nerolidol also alters the spin label
distribution in favor of the C2 conﬁguration and causes a distinct
spectral line for this conﬁguration in the experimental spectrum. Fig. 6
shows the spectra of the 5-DSA, 5-PC and PC-TEMPO spin labels incorporated into SC membranes. When 1% (v/v) nerolidol is added to
the system, the spectral line shape of 5-DSA and 5-PC presents a resolved C2 feature over the entire temperature range. In contrast, the
line shape of the PC-TEMPO spin label presents very smooth diﬀerences, and its spectra could be ﬁtted using just one spectral component
for 0–64 °C.
Fig. 7 shows the thermal behavior of the rotational correlation time,

ln (τc ) =

Ea
RT

(3)

where R is the gas constant, and T the absolute temperature. The values
of Ea calculated using Eq. (3) are presented in Table 1. For the control
samples, three distinct slopes are identiﬁed (with exception of the 5-PC
spin label) over the measured temperature range, indicating that the
spin probes experience three major energy barriers in their rotational
motions. In contrast, when nerolidol was added to the SC membranes,
the slope veriﬁed to occur from 20 to 30 °C is suppressed, and only two
slopes could be identiﬁed. Note that for the 5-DSA and 5-PC spin
probes, the addition of nerolidol to the bilayers decreases the values of
Ea, suggesting that these two probes ﬁnd more ﬂuid environments.
However, the addition of nerolidol does not signiﬁcantly change Ea for
PC-TEMPO. Interestingly, for PC-TEMPO that has the nitroxide moiety
located outside the hydrophobic core of the membrane and close to the
polar interface, an unexpected reduction in the rotational motion was
observed in the temperature range of 50–64 °C (Fig. 7), suggesting that
the more ﬂuid phase favors a greater interaction of the nitroxide radical
with the polar groups of SC membranes, thus reducing its movement.
4. Discussion
The SC has a distinct lipid composition from that of other cell
membranes and has a complex lipid arrangement with three reported
phase transitions. The ﬁrst phase transition occurs from 55 to 65 °C
(Gay et al., 1994) and is related to the loss of the orthorhombic crystalline structure of the lipids that are covalently bound to the exterior of
the corneocyte envelope. The other two phase transitions occur at 72 °C
and 83 °C (Bouwstra et al., 1991, 1992; Cornwell et al., 1996) and are
associated with the scrambling of the lamellar phase (transition from
the gel phase to the liquid crystalline phase). The latter two transitions
disappear when the SC is delipidated (Cornwell et al., 1996), suggesting
that these transitions are related to free lipids in the SC intercellular
membrane that are not covalently bound to corneocytes (see the model
described by Hill and Wertz, 2003). For the neonatal rat SC, the
ﬂuorescence anisotropy behaviors of the AHBA, 6-NBD-PC and DPH
probes inserted into SC membranes as a function of temperature reﬂect
the phase transition at approximately 50 °C. Above this temperature,
the lipid dynamics are more temperature sensitive, and this behavior
seems to decrease above 72 °C (Alonso et al., 1995; Camargos et al.,
2010; dos Anjos and Alonso, 2008). Interestingly, this phase transition
is well resolved for the AHBA and DPH probes but appears as only a
slight change in slope for the 6-NBD-PC probe. Furthermore, the addition of nerolidol broadens the thermal phase transition observed with
AHBA and DPH and increases the transition resolution of 6-NBD-PC.
The 6-NBD-PC probe, in which the ﬂuorescent group is introduced
in an intermediate position in the acyl chain, should be able to monitor
the hydrophobic core of the membranes. However, the NBD polar group

Fig. 5. Experimental (black lines) and best-ﬁt (red lines) EPR spectrum of the spin label 5DSA incorporated into SC membranes at 36 °C. The spin labels with more restricted
molecular movement are generally attributed to component 1 (C1-green line), whereas
the spin labels that are free to execute faster molecular movements are generally attributed to component 2 (C2-blue line). The arrows indicate the line-shape features of these
components separated using the NLLS software. The addition of nerolidol mainly induces
the spin label migration from C1 to C2. The total magnetic ﬁeld range in each spectrum is
100 G (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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Fig. 6. Experimental (black lines) and best-ﬁt (red
lines) EPR spectra of the spin labels 5-DSA, 5-PC and
PC-TEMPO incorporated into SC membranes at different temperatures. When SC membranes were
treated with 1% (v/v) nerolidol, the population of
spin labels that experience greater molecular movement (component 2) increased, and its contribution
to the composite experimental line became more
evident in the spectra of the 5-DSA and 5-PC spin
labels. The total magnetic ﬁeld range in each spectrum is 100 G (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

PC-TEMPO, which has the nitroxide located at the outer polar surface of
the membrane, showed a diﬀerent thermal behavior in the temperature
range of 50–64 °C (Fig. 7 and Table 1). This behavior suggests an interaction of the nitroxide with the polar groups of the membrane; this
interaction increases with temperature between 50 and 64 °C.
The ability of terpenes to change the relative positions of the extrinsic probes inserted into SC membranes was demonstrated in previous work (dos Anjos et al., 2007b), where the addition of the
monoterpene 1,8-cineole facilitated the transfer of fatty acid spin labels
from being in contact with bilayer polar groups to being more deeply
inserted in the membrane. A more recent study (Mendanha and Alonso,
2015) demonstrated that some terpenes, including nerolidol and
(+)-limonene, not only anticipate the DPPC phase transition temperature but also facilitate the transfer of the spin labels 16- and 5doxyl-stearic acid methyl ester between two locations within the DPPC
bilayers. Moreover, terpenes can extract the spin labels from the
membrane and transfer them to the solvent at higher concentrations.
Above the DPPC main phase transition, nerolidol at a 0.8:1

tends to move toward the water-lipid interface, as demonstrated by
studies using molecular dynamics (Loura and Ramalho, 2007), ﬂuorescence quenching (Abrams and London, 1993; Chattopadhyay and
London, 1987) and steady-state and time-resolved ﬂuorescence anisotropy techniques (Loura and Ramalho, 2007; Raghuraman et al., 2007).
This behavior appears to be responsible for this probe’s weak ability to
reﬂect the ﬁrst SC phase transition. Moreover, the presence of nerolidol
appears to facilitate the entry of the NBD group into the membrane
hydrophobic region, thereby increasing its sensitivity to phase transitions.
Similar to ﬂuorescence anisotropy, the thermal behavior of the rotational correlation time associated with the 5-DSA, 5-PC and PCTEMPO spin labels incorporated into SC membranes also reﬂects the
ﬁrst phase transition. The molecular structure of the probe and its location within the membrane also seem to be critical for the resolution of
the phase transition. While 5-DSA and 5-PC, which have the nitroxide
group positioned at the 5th carbon of their acyl chains, exhibited only
slight phase transitions over the entire measured temperature range,

Fig. 7. Thermal behavior of the natural logarithmic of the rotational correlation time, τc, obtained through the NLLS best-ﬁt of the 5-DSA, 5-PC (Panel A) and PC-TEMPO (Panel B) spectra
of SC membranes at 0–64 °C. Arrhenius plots were used to calculate the activation energy (Ea) that the spin labels must overcome to have higher levels of molecular movement.
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Table 1
Activation energies (calculated with eq. (3) and data showed into Fig. 7) of spin labels 5-DSA, 5-PC and PC-TEMPO structured into SC intercellular membranes.

control
nerolidol
limonene

5-DSA

5-PC

PC-TEMPO

Ea (kcal/mol)

Ea (kcal/mol)

Ea (kcal/mol)

56–64 °C

28–52 °C

0–24 °C

48–64 °C

0–44 °C

52–64 °C

28–56 °C

0–24 °C

11.4
16–64 °C
5.4
16–64 °C
7.7

8.0

4.5
0–12 °C
2.8
0–12 °C
6.7

5.9
40–64 °C
4.9

8.0
0–36 °C
4.7

−1.6
44–64 °C
−1.2

1.1
28–40 °C
1.0

3.4
8–24 °C
3.9

Leishmania parasites or leakage of K+ ions in Staphylococcus aureus
(Inoue et al., 2004). Thus, we suggest that this sesquiterpene could be
used as an active compound for the treatment of cutaneous leishmaniosis, with an additional role as a skin-permeation enhancer in combination therapies with other antileishmanial agents.

terpene:DPPC molar ratio showed no signiﬁcant eﬀect on the lipid
dynamics, which is in agreement with the results obtained for several
monoterpenes using EPR spectroscopy (Camargos et al., 2010; dos
Anjos and Alonso, 2008). However, in the case of the SC, the eﬀects of
the terpenes decreased with temperature but persisted up to high
temperatures, in agreement with previous works using the small spin
labels TEMPO (dos Anjos and Alonso, 2008) and DTBN (Camargos
et al., 2010).
The addition of 0.25–0.5% nerolidol (v/v) makes the phase transition visualized by AHBA (which has its ﬂuorescent group positioned
near the polar groups of the bilayers) and DPH (which has non-polar
characteristics) unobservable. Additionally, when incorporated into SC
membranes, the ﬂuorescence anisotropy of the AHBA probe is approximately 3 times lower than that observed in DPPC vesicles. As
discussed by Marquezin et al. (2006), two rotational correlation times
were identiﬁed for this probe when AHBA was incorporated into DMPC
membranes. The larger of these times was associated with the rotation
of the probe as a whole, while the shorter time was associated with the
movement of its ﬂuorescent aromatic ring. Recently, the emission anisotropy of ﬂuorescent probes in lipid bilayers was examined, tracing a
parallel between steady-state anisotropy and its time-averaged values,
which are calculated from time-resolved anisotropy data (Ito et al.,
2015). The steady-state anisotropy contains contributions from the rotational kinetics of the ﬂuorophore, which reﬂect the environment
ﬂuidity, and from the residual anisotropy resulting from the structural
restrictions imposed by the bilayer; the thermal phase transition observed in DPPC and DMPG vesicles using NBD probes reveal both aspects of the lipid organization (Ito et al., 2015). In contrast, the values
of the limiting anisotropy of AHBA in DMPC vesicles are relatively low
(Marquezin et al., 2006), implying their minor contribution to the
steady-state anisotropy value, which is then mainly determined by the
rotational correlation times. The results of this work suggest that AHBA
is localized to a relatively ﬂuid environment in SC membranes, leading
to low rotational correlation times, and that the potential barrier that
restricts the rotation of the probe is not so pronounced that it is experienced by the other probes. As a result, the AHBA probe displays
lower anisotropy values than the other two probes in SC intercellular
membranes.
Previous studies demonstrated that the sesquiterpene nerolidol is
more cytotoxic to ﬁbroblasts in culture than seven monoterpenes and
showed a higher hemolytic potential (Mendanha et al., 2013). Furthermore, EPR spectroscopy has also been used to show that both
nerolidol and (+)-limonene dramatically increase the molecular dynamics in Leishmania amazonensis promastigote plasma membranes at
concentrations similar to their respective IC50 values (Camargos et al.,
2014). This study also demonstrated that the sesquiterpene nerolidol
induces more parasite lysis and is therefore more cytotoxic than
(+)-limonene (IC50 value of 0.008 mM for nerolidol and 0.549 mM for
(+)-limonene, Camargos et al., 2014). Overall, these data agree with
the results obtained in this work and indicate that the in vitro cytotoxicity of terpenes is associated with their capacity to enhance membrane ﬂuidity. These changes in cell membranes can lead to lysis of

5. Conclusions
The results of this work demonstrated that the ﬂuorescence spectroscopy of lipophilic probes is sensitive enough to detect the eﬀects of
terpenes on the molecular order and mobility of SC lipids, similar to
EPR spectroscopy, a more established technique for studying SC
membranes. EPR and ﬂuorescence data from several lipophilic probes
indicated that neonatal rat SC membranes undergo a transition at approximately 50 °C. Other possible transitions were less clearly deﬁned
by these two techniques. In DPPC model membranes treated with
nerolidol at a nerolidol:DPPC molar ratio of 0.8:1, the ﬂuorescence
probe DPH showed results consistent with spin-label EPR data from
previous work. With both techniques, the probes showed that nerolidol
increases the lipid dynamics of the DPPC bilayer at temperatures below
the main phase transition and has no eﬀect at temperatures above the
transition. In contrast, treatment of the SC with 1% nerolidol caused an
increase in membrane ﬂuidity that was much more pronounced at low
temperatures; however, the eﬀect persisted throughout the measured
temperature range. The eﬀect of (+)-limonene at the same concentration was markedly less pronounced than that of nerolidol at temperatures below 30 °C. Based on the dynamics of the lipophilic probes, the
action of the terpenes was always more pronounced in the more ordered membrane phases, and the EPR spectroscopy detected the formation of a population of probes with higher molecular dynamics. This
behavior is consistent with the idea that nerolidol and (+)-limonene
act as spacers for the membrane lipid chains and, particularly at higher
temperatures, could have a higher concentration in the deeper regions
of SC membranes.
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