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Abstract The effect of erythrodiol, a natural pentacyclic
triterpene to which humans are exposed through nutrients,
on the lipid membranes is studied using liposomes as a
membrane model. Empty and erythrodiol-loaded liposomes
were prepared by the reverse phase evaporation method
followed by the extrusion and by the thin film hydration
method. Liposomes were characterized in terms of size and
zeta potential and were imaged by transmission electron
microscopy (TEM) and atomic force microscopy (AFM).
The effect of erythrodiol on thermotropic behavior of
DPPC bilayers is also examined by differential scanning
calorimetry (DSC). The DSC thermograms suggested that
erythrodiol interacted with the polar head groups of phos-
pholipids and may produce a disruption of the ordering of
the alkyl chains. The diffraction light scattering analysis
showed that erythrodiol-loaded liposomes presented a
decrease in the vesicle size when compared to blank lipo-
somes. Images obtained by TEM confirmed the formation
of unilamellar and spherical liposomes. AFM images
showed spherical vesicles and single lipid bilayers. The
latter were more abundant in the preparations containing
erythrodiol than in the blank ones. Moreover, erythrodiol-
loaded liposomes tended to rupture into single lipid
bilayers during scanning. The study may provide a better
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Introduction

Erythrodiol (18f-olean-12-ene-3/,28diol) (Fig. 1), is a
pentacyclic triterpenic compound. It is a precursor of
oleanolic acid and its isomer maslinic acid in plants (Stiti
et al. 2007). Oleanolic acid derivatives were used for
medicinal purposes in many Asian countries (Setzer and
Setzer 2003; Ovesna et al. 2004). A special source of these
secondary metabolites is “orujo” olive oil, which is
obtained from the waste of olives, skin, and seeds after
cold-press extraction of virgin olive oil. This product is
rich in pentacyclic triterpenoids and contains erythrodiol in
concentrations up to 690 mg/kg (Perez-Camino and Cert
1999; Albi et al. 1986). Numerous studies described the
wide range of erythrodiol biological activities (Sanchez-
Quesada et al. 2013). Erythrodiol has proven to be effective
in skin chronic inflammation (Manez et al. 1997). It has an
inhibitory action against tumor promoter (Nishino et al.
1988) and shows remarkable suppressive effects on skin
tumor formation in mice (Nishino et al. 1988). Erythrodiol
exerted high cytotoxicity against human HO-8910 ovarian
carcinoma and human SMMC-7721 hepatocarcinoma cell
lines (Yang et al. 2009), and demonstrated antiproliferative
and apoptotic activity toward HT-29 human colon adeno-
carcinoma cells (Juan et al. 2008), human MCF-7 breast
cancer cell line (Allouche et al. 2011), and human 1321N1
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Fig. 1 Chemical structure of erythrodiol

astrocytoma cell line (Martin et al. 2009). It was recently
reported that erythrodiol has antioxidant and cytotoxic
activities against HEPG2 liver cancer cell line (Gedara and
Galala 2014).

The vasorelaxant and cardioprotective activities of
erythrodiol have been reported in many studies (Rodri-
guez-Rodriguez et al. 2004; Rodriguez-Rodriguez et al.
2006; Allouche et al. 2010; Lou-Bonafonte et al. 2012).
Erythrodiol is able to relax, in a concentration-dependent
manner, the contractions induced by phenylephrine in rat
aortic rings with functional endothelium (Rodriguez-
Rodriguez et al. 2004). Moreover, diol triterpenes, ery-
throdiol, and uvaol, block profibrotic effects of angio-
tensin I and protect the cardio-vascular system from
cardiac hypertrophy (Martin et al. 2012a). Besides, ery-
throdiol and oleanolic acid protect against experimental
autoimmune encephalomyelitis, which is an animal model
for brain inflammation, by restricting infiltration of
inflammatory cells into the central nervous system
(Martin et al. 2012b).

It is well established that natural triterpenes interact with
the lipid membrane and affect its properties. Cholesterol,
ergosterol, and stigmasterol are membrane constituents;
they insert deeply in the membrane structures and affect
their dynamic properties (Dufourc 2008). The structure of a
triterpenic compound (Dufourc 2008; Prades et al. 2011;
Rodriguez et al. 1997), the number of oxidized groups
(Massey and Pownall 2005, 2006), and the conjugation to a
sugar structure (Lorent et al. 2013; Hu et al. 1996) are the
factors that control the interaction and consequently the
effects of triterpenic molecules on the membrane proper-
ties. Among the natural pentacyclic triterpenes, many
reports have been published concerning the interaction
with lipid membrane of lupeol (Rodriguez et al. 1997,
Broniatowski et al. 2012a, b), betulinic acid (Broniatowski
et al. 2012a, b), betulin (Broniatowski et al. 2012a),
oleanolic, maslinic, ursolic acids (Prades et al. 2011; Han
et al. 1997), alpha-amyrin, and taraxerol (Rodriguez et al.
1997).
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In this study we examine the effect of a pentacyclic
triterpenic diol, erythrodiol, on the physicochemical prop-
erties of the lipid bilayer using liposomes as artificial
model membrane. Thus, large unilamellar vesicles (LUV)
were prepared in the absence and presence of erythrodiol at
different concentrations using the reverse phase evapora-
tion technique. Different techniques such as dynamic light
scattering (DLS), transmission electron microscopy
(TEM), and atomic force microscopy (AFM) were per-
formed in order to investigate the effects of erythrodiol on
the size and morphology of lipid vesicles. Moreover, dif-
ferential scanning calorimetry (DSC) was used to deter-
mine the thermodynamic parameters of DPPC-blank and
erythrodiol-loaded multilamellar vesicles prepared by the
thin film hydration technique.

Materials and Methods
Chemicals

Cholesterol (Cho) (purity 99 %), phosphotungstic acid
hydrate, trizma base, and the organic solvents: chloroform,
methanol, diethyl ether, and hydrochloric acid were purchased
from Sigma-Aldrich, France. Dipalmitoylphosphatidylcholine
(DPPC), dipalmitoyl phosphatidylethanolamine (DPPE),
and dipalmitoyphosphatidylglycerol (DPPG) were pur-
chased from Lipoid AG, Switzerland. Erythrodiol (purity
97 %) was obtained from Extrasynthése, Genay, France.

Liposomes Preparation by Reverse Phase
Evaporation Method

The reverse phase evaporation method was used to prepare
liposomes. A lipid mixture, 50 pmol, of DPPC/DPPG/
DPPE/Cho (5/0.5/0.25/5 molar ratio) (batch 1) was dis-
solved in 5 ml of a solvent mixture of chloroform, diethyl
ether, and methanol (6/6/1, v/v/v) (Habib et al. 2013,
2014). The solution was sonicated (Bandelin Sonorex) for
1 min at 60 °C under nitrogen to avoid lipid oxidation.
Then 0.75 ml of 0.1 M Tris—HCI buffer (pH 7.4) was
added, followed by sonication for 6 min at 60 °C under
nitrogen. The organic solvents were removed at 45 °C, by a
rotary vacuum evaporator (BUCHI Rotavapor R-124). In
the last step, 0.1 M Tris—HCI buffer (pH 7.4) (1.5 ml) was
added and the mixture was sonicated for 5 min at 60 °C
under nitrogen.

The prepared liposomes were then incubated in a water
bath at 60 °C for 35 min and underwent extrusion through
polycarbonate filters using a mini extruder (Avanti Polar
Lipids, Switzerland). Thereby, liposomes were forced to
pass through polycarbonate membranes (Avanti Polar
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Lipids, Switzerland) of decreasing pore size (ten times
through a 1-pm pore size membrane followed by ten times
through a 0.4-um pore size membrane). The solution was
ultracentrifuged (Beckman Coulter, Optima™ MAX-XP
ultracentrifuge) at 50,000xg for 30 min at 4 °C and the
obtained pellet was finally suspended in 2 ml of 0.1 M
Tris—HCI buffer (pH 7.4).

Using the previous protocol, liposomes were prepared in
the presence of 1.0 mg and 2.5 mg of erythrodiol (batches
2 and 3 respectively). The total molar ratio of phospho-
lipids was maintained constant and erythrodiol was added
to the lipid mixture at the expense of cholesterol. The
corresponding molar ratios of phospholipids/Cho/erythro-
diol were, respectively, 5.75/4.5/0.5 and 5.75/3.8/1.2 for
batches 2 and 3. Every batch was prepared three times.

Liposome Characterization
Liposome Size

Dynamic light scattering (DLS), also known as photon
correlation spectroscopy, was used to determine the size
and the size distribution of liposomes. In this study, a
Malvern Zetasizer Nano-series (Malvern Instruments Zen
600, Malvern, UK) was used. The data on particle size
distribution were collected using the DTS (nano) software
provided with the instrument. Aliquots from resuspended
pellets of various batches were diluted 10-fold with the
buffer Tris—HCI (0.1 M, pH 7.4). All measurements were
performed in triplicate at 25 °C. The results were calcu-
lated as mean = standard deviation. The polydispersity
index (PdI), which is an indicator of the particle size dis-
tribution of a sample, was also determined. It ranges from O
(monodispersed) to 1 (broad distribution).

Zeta Potential

The zeta potential was determined using the Malvern
Zetasizer Nano-series and was calculated from the elec-
trophoretic mobility by the Helmholtz—Smoluchowski
equation (Hunter et al. 2001). Measurements on resus-
pended pellet for all batches of liposomes were performed
in triplicate. The samples were diluted 10 times with the
Tris—HCI buffer. The results were reported as mean £
standard deviation.

Transmission Electron Microscopy

Liposome suspensions (batches 1, 2, and 3) were imaged
using a transmission electron microscope (TEM) (Philips
CM120; Eindhoven, Netherlands). A drop of ten times
buffer-diluted liposome suspension was placed onto a
200-mesh formvar carbon-coated copper grid, forming a

thin liquid film. The films were negatively stained with a
2 % phosphotungstic acid solution left in contact with the
sample for 2 min. The excess of the phosphotungstic acid
solution was then removed with a filter paper and the
samples were dried at room conditions before the vesicles
were imaged at an electron acceleration voltage of 80 kV.

Atomic Force Microscopy

Atomic force microscopy (AFM) experiments were carried
out with a commercial AFM (Multimode Nanoscope,
Bruker). Mica sheets were freshly cleaved to obtain a flat
and uniform surface and were used as the substrate for
AFM observation. Before the deposition of the sample on
the substrate, mica sheets were treated with a solution of
nickel chloride 10 mM to compensate the negative charges
of the mica in order to promote the adsorption of the
negatively charged liposomes. Thus, 100 pl of the nickel
chloride solution was deposited on the mica surface and
incubated for 10 min at room temperature. Then the sub-
strate was washed three times with ultrapure water to
eliminate the excess of the solution. After that, an aliquot
of 100 pl of the resuspended pellet from each batch was
immediately placed on the mica surface and incubated for
30 min at room temperature. The sample was thereafter
washed three times with ultrapure water to eliminate non-
adsorbed vesicles. AFM contact mode images were cap-
tured in ultrapure water with a biolever Olympus (spring
constant 0.006 N/m) over a selected area in the dimension
of 5 um x 5 pum. Images were acquired at 90° scan angle
with a scan rate of 2 Hz. The tip velocity was set at 20 pm/
s and the applied force was maintained as low as possible.
The height and the size of the liposomes were measured
using the Nanoscope V613r1 software.

Lipid Bilayer Thermodynamic Parameters
Preparation of Multilamellar Vesicles (MLV)

Erythrodiol-loaded MLV were prepared by the thin film
hydration technique (Bangham et al. 1965). DPPC (50 mg)
was mixed with erythrodiol at molar ratios DPPC:ery-
throdiol of 100:10, 100:17, and 100:34. The components
were dissolved in a 2:1 (v/v) solvent mixture of chloro-
form/methanol (10 mL). The solvent was evaporated using
a rotary evaporator at 55 °C to obtain a thin film of dried
lipid. The film was then hydrated with 2 ml of 0.1 M Tris—
HCI (pH 7.4). The final DPPC concentration was 25 mg/
mL. The preparations were alternatively vortexed for 5 min
and warmed in a water bath at 55 °C for 5 min. The cycle
was repeated three times. Unloaded DPPC liposomes were
prepared as control.
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Differential Scanning Calorimetry (DSC)

Thermal scans were carried out using a DSC Q200 scan-
ning calorimeter (TA instruments). An empty hermetically
sealed aluminum pan was used as reference. 10 pl of MLV
liposome suspension was carefully set in the aluminum
hermetic pan, which was then sealed. Samples were run at
a scan rate of 5°C/min in a temperature range of
20-50 °C. Samples were scanned at least ten times until
obtaining identical and reproducible thermograms. DSC
data were analyzed with the instrument software package.
The measured parameters were the transition temperature
(T, determined from the maximum of the recorded heat
capacity, transition enthalpy (AH,) obtained from the area
under the peak, and the respective parameters for the pre-
transition (7}, and AH,,).

Results
Determination of Liposome Size and Zeta Potential

The DLS technique was used to measure the size, size
distribution, and zeta potential of empty and erythrodiol-
loaded liposomes. The obtained values revealed that the
empty liposomes have a mean diameter equal to
364 £ 17 nm, which is close to the pore size of the last
membrane they were extruded through (Table 1). How-
ever, liposomes incorporating erythrodiol were smaller and
had a mean diameter around 213 =4 42 and 186 £ 7 nm for
batches 2 and 3, respectively (Table 1). The polydispersity
index (PdI) for all batches was around 0.2 indicating that
the liposome populations were homogeneous and had a
narrow size distribution (Table 1). The obtained zeta
potential measurements showed that there is no important
difference between zeta potential values of empty and
erythrodiol-loaded liposomes (Table 1).

TEM Images of Liposomes

TEM was performed to visualize liposomes prepared in the
absence (batch 1) and presence (batches 2 and 3) of

erythrodiol. Clear transmission electron micrographs of the
vesicles were obtained using the phosphotungstic acid as
contrastant (Fig. 2).

The negative-stain TEM images revealed nanometric-
sized liposomes in accordance with the DLS measurements
(Fig. 2). They confirmed the presence of well-identified
unilamellar spherical vesicles with a large internal space
for all batches (Fig. 2). Figure 2a— are the transmission
electron micrographs of vesicles from batches 1, 2, and 3,
respectively.

AFM Images of Liposomes

AFM was used to investigate the effect of erythrodiol on
the morphology of DPPC/DPPG/DPPE/Cho lipid vesicles.
In accordance with TEM images, the AFM images of
liposomes from batches 1, 2, and 3 showed that empty and
erythrodiol-loaded liposomes had spherical shapes (black
arrows, Fig. 3). In addition to the spherical vesicles, AFM
images of each batch revealed the presence of single lipid
bilayers of 5 nm in height on the modified mica (white
arrows, Fig. 3). These single lipid bilayers became more
frequent during scanning. They were formed by the rupture
of the soft vesicles under the tip effect and/or by the fusion
of two closed single lipid bilayers to form a bigger patch of
5 nm in height (data not shown).

Figure 3a—c show respectively, the AFM images of
batches 1, 2, and 3. For empty liposomes (batch 1), Fig. 3a
revealed the presence of spherical vesicles and some single
lipid bilayers of 5 nm height. It is noteworthy that the
intact vesicles of Fig. 3a were of different dimensions and
their number exceeded that of single lipid bilayers. For
erythrodiol-loaded liposomes of batch 2, Fig. 3b shows
from the beginning of the scan, an important number of big
patches of single lipid bilayers that grew during the scan.
Also in the same batch, many spherical and intact vesicles
persist on the substrate. For erythrodiol-loaded liposomes
of batch 3, single lipid bilayers were more frequent than
intact vesicles from the beginning of the scan (Fig. 3c). It is
remarkable that in the presence of erythrodiol, the forma-
tion of single lipid bilayers and their patches were much
higher. In order to confirm this effect, we prepared an

Table 1 Measurements of size, size distribution, and zeta potential by DLS for liposomes of batches 1 (phospholipids/cho/erythrodiol 5.75/5/0),
2 (phospholipids/cho/erythrodiol 5.75/4.5/0.5), and 3 (phospholipids/cho/erythrodiol 5.75/3.8/1.2)

Batches Phospholipids/Cho/erythrodiol Diameter (nm) £ SD PdI + SD Zeta potential (mV) = SD
Batch 1 5.75/5/0 364 £ 17 0.23 +£ 0.04 —149 £ 0.8
Batch 2 5.75/4.5/0.5 213 + 42 0.22 £ 0.10 —147 £ 0.7
Batch 3 5.75/3.8/1.2 186 £ 7 0.19 £+ 0.01 —164 £ 0.8

Values are expressed as mean + SD
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Fig. 2 Images obtained by transmission electron microscopy of a Batch 1 (DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/5/0), b batch 2
(DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/4.5/0.5), and ¢ batch 3 (DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/3.2/1.8)

Fig. 3 AFM contact mode images of vesicles from a Batch 1 (DPPC/
DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/5/0), b batch 2 (DPPC/
DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/4.5/0.5), and ¢ batch 3

additional batch of LUV containing a higher quantity of
erythrodiol (DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/
0.25/3/2). The AFM images showed that the mica surface
was completely covered by patches of single lipid bilayers
of 5 nm of height simultaneously with an important num-
ber of intact vesicles (Fig. 4).

The dimensions of the observed vesicles were measured.
The diameters ranged from 250 to 500 nm for liposomes of
batch 1 and from 200 to 250 nm for those of batches 2 and
3. The vesicles were smaller in the presence of erythrodiol.
Besides, the height of the vesicles was measured. For the
three batches, liposomes height varied between 25 and

(—
N
(—

(DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/0.25/3.8/1.2), taken over
an area of 5 um x 5 pum. Black and white arrows refer, respectively,
to vesicles and SLBs

150 nm and no difference was observed between empty
and erythrodiol-loaded liposomes.

Effect of Erythrodiol on the Lipid Bilayer
Thermotropic Behavior

In this study, the thermotropic behavior of DPPC bilayers
prepared in the absence and presence of erythrodiol at
various molar ratios of DPPC:erythrodiol was determined
by DSC (Fig. 5; Table 2).

DPPC bilayer showed a lamellar gel (Lg) to rippled
gel (Pp) phase transition (T, =36+1°C and
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Fig. 4 AFM contact mode images of vesicles obtained at high
erythrodiol concentration (DPPC/DPPG/DPPE/Cho/erythrodiol 5/0.5/
0.25/3/2) taken over an area of 5 pm X 5 pm
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Temperature (°C)

Fig. 5 DSC thermograms of DPPC bilayers at molar ratios of
DPPC:erythrodiol 100:0, 100:10, 100:17, and 100:34

AH, = 2.38 £ 0.98 kJ/mol) and then to lamellar liquid
crystalline (L,) phase transition (7, = 40.83 £ 0.58 °Cand
AH,, = 46.61 £ 3.59 kJ/mol) (Fig. 5; Table 2). The main
effects of erythrodiol on the DSC thermograms of the DPPC
bilayers were a disappearing of the pre-transition peak

associated to the Lg-to-Pg, and a broadening followed by a
splitting of the transition peak associated with the Pg-to-L,
phase transition (Fig. 5). The peak shape of Py-to-L, phase
transition revealed an increase in the bilayer asymmetry. At
concentrations of 17 and 34 %, erythrodiol induced the
splitting of the main transition peak into two peaks, Ty, and
T (Table 2). T, is close to the T;, of the empty DPPC
bilayers while T}, is lower.

In addition, the total transition enthalpy was decreased
in the presence of erythrodiol. The obtained values were
46.61 £ 3.59, 29.67 £3.89, 2629 +4.60, and
31.21 &£ 3.73 kJ/mol, respectively, for DPPC:erythrodiol
100:0, 100:10, 100:17, and 100:34 (Table 2). The peak
shape was highly broadened at erythrodiol concentration of
17 and 34 % rendering difficult the calculation of AH,,;
and AH,,.

Discussion

In this work, we studied the interaction of a pentacyclic
triterpenic diol structure, erythrodiol, with lipid membrane.
Erythrodiol is widely distributed in the Mediterranean diet
mainly in olive oil and exhibits numerous biological
properties. Empty and erythrodiol-loaded liposomes were
prepared and characterized in terms of size, size distribu-
tion, morphology, and thermotropic phase behavior.
Thermodynamic states and phase transition tempera-
tures of lipid bilayer membrane are considered as an
important physicochemical index in assessing the bilayer
structure (Demetzos 2008). DSC thermograms enable the
determination of the changes of the lipid bilayers phase
transitions produced by the incorporation of a molecule in
the liposomal structure (Elhissi et al. 2006; Cong et al.
2009). The obtained values of the T, and T, of the empty
DPPC liposomes were in good agreement with the litera-
ture (Biruss et al. 2007; El Maghraby et al. 2005; Zhao and
Feng 2005). In the presence of erythrodiol, the pre-transi-
tion peak disappeared. The pre-transition from the gel
phase (Lg) to the rippled phase (Pp) is related to the polar
region of the lipid bilayer; it is associated to an interaction
with the polar head groups of phospholipids or to a change
in their orientation (Heimburg 2000). Our results suggest

Table 2 Thermotropic parameters obtained by DSC for all prepared batches of DPPC:Erythrodiol 100:0, 100:10, 100:17, and 100:34

DPPC:Erythrodiol T, (°C) + SD AH, (KJ/mol) + SD T, (°C) £ SD T, (°C) £ SD AH,, (KJ/mol) + SD
100:0 36+ 1 2.38 4+ 0.98 40.83 + 0.58 46.61 + 3.59
100:10 40.29 + 0.50 29.67 =+ 3.89
100:17 40.71 £ 0.04 39.92 + 0.07 26.29 = 4.60
100:34 40.53 £ 0.06 39.85 + 0.08 31.21 £ 3.73

Values are expressed as mean + SD
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that erythrodiol interacts with the polar head groups of
membrane constituents. The variation of the calorimetric
parameters of the main transition is usually attributed to the
incorporation of the molecule into the hydrophobic core of
the lipid bilayer. At molar ratio DPPC:erythrodiol of 10 %,
the shape of the transition peak became shorter and
broader. The broadening of the peak reflects an increase in
the bilayer asymmetry. At molar ratios DPPC:erythrodiol
of 17 and 34 %, a splitting of the transition peak is pro-
duced indicating the disruption of the ordering of the alkyl
chains. The decrease of the transition enthalpy in the
presence of a drug is usually attributed to the drug inter-
action with the hydrophobic chains of the bilayer (Detoni
et al. 2009; Koukoulitsa et al. 2011; Potamitis et al. 2011;
Barenholz et al. 2011). Compared to other pentacyclic
triterpenes (Prades et al. 2011) which did not affect sig-
nificantly the melting temperature and the enthalpy of the
main phase transition, erythrodiol produced remarkable
decrease of the enthalpy values of the main peak (Table 2).
Rodriguez et al. (1997) demonstrated that cholesterol and
o-amyrin, unlike other pentacyclic monoalcohols, are
incorporated at high levels into DPPC bilayers and this was
attributed to their planarity. The chemical/structural
parameters of triterpenic molecules that control their
interaction with membranes should be defined through a
structure—activity relationship.

Size measurements obtained by DLS revealed that the
incorporation of erythrodiol in the liposomes produced a
decrease in the liposomes size. Many previous studies have
demonstrated that the size of liposomes was decreased in
the presence of diterpene structures like labdanes
(Matsingou et al. 2005) and monoterpene ones like essen-
tial oils (Detoni et al. 2009; Sinico et al. 2005; Valenti et al.
2001; Yoshida et al. 2010). The PdI values revealed the
homogeneity of the liposomal populations as it was
expected upon the extrusion step (Berger et al. 2001;
Verma et al. 2003). The incorporation of erythrodiol did
not affect the zeta potential of the liposomes since ery-
throdiol is not ionized at the pH of the medium (pH 7.4).

TEM and AFM are two independent microscopic tech-
niques that were used to visualize the effect of erythrodiol
on liposomal morphology. AFM could be used as a com-
plementary technique for the measurements of the vesicle
dimensions and it is a highly valuable tool to determine the
nanomechanical properties of membranes (Redondo-Mo-
rata et al. 2012, Tierney et al. 2001). Accordingly with the
DLS measurements, the obtained images from both
microscopical techniques confirmed the formation of
nanometric-sized and spherical-shaped vesicles in the
absence and presence of erythrodiol. Similar observations
by TEM and AFM were published for PEGylated lipo-
somes incorporating oleanolic acid (Gao et al. 2012).

Erythrodiol-loaded liposomes were smaller than the
empty liposomes. Compared to the values determined by
DLS measurements, the higher values of size obtained by
AFM measurements are due to the compression of the
vesicles by the AFM tip during contact mode scanning. In
addition to the intact spherical vesicles, AFM images of all
batches present variable sizes of single lipid bilayers pat-
ches. The single lipid bilayers or otherwise known as sin-
gle-bilayer disks (Reviakine and Brisson 2000; Jass et al.
2000) or bilayer patches (Richter et al. 2003), exhibit a
constant height of 5 nm, whereas the intact vesicles exhibit
a height variation of tens of nm (Reviakine and Brisson
2000; Richter et al. 2003). The formation of patches of
single lipid bilayers increased during scanning particularly
in the presence of erythrodiol. This increase is due to the
fusion of the vesicles with the closed single lipid bilayers
or the rupture of the vesicles under the AFM-tip effect. The
micellarization and/or immiscibility, which could be
induced by the pentacyclic triterpenes, in the bilayers may
explain the difference between the behavior of blank and
erythrodiol-loaded liposomes under AFM imaging.

Conclusion

This study is the first to elucidate the interaction of the
natural pentacyclic triterpene, erythrodiol, with the lipid
bilayer membrane. DLS, DSC, TEM, and AFM were used
to characterize blank and erythrodiol-loaded vesicles.
Compared to blank vesicles, erythrodiol-loaded liposomes
were smaller and underwent a rupture on the mica sub-
strate. The results can be considered to understand the
molecular basis underlying the erythrodiol-membrane
interaction.
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