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ABSTRACT: The inherent thermodynamic instability of liposomes during production and storage has limited their widespread
applications. Therefore, a novel structure of food-grade nanoliposomes stabilized by a 3D organogel network within the bilayer shell
was developed through the extrusion process and successfully applied to encapsulate vitamin D3. A huge flocculation and a
significant reduction of zeta potential (−17 mV) were observed in control nanoliposomes (without the organogel shell) after 2
months of storage at 4 °C, while the sample with a gelled bilayer showed excellent stability with a particle diameter of 105 nm and a
high negative zeta potential (−63.4 mV), even after 3 months. The development of spherical vesicles was confirmed by TEM.
Interestingly, the gelled bilayer shell led to improved stability against osmotically active divalent salt ions. Electron paramagnetic
resonance confirmed the higher rigidity of the shell bilayer upon gelation. The novel liposome offered a dramatic increase in
encapsulation efficiency and loading of vitamin D3 compared to those of control.
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■ INTRODUCTION

Liposomes are vesicular structures composed of phospholipids
that self-assemble into one or more concentric bilayers by
dispersing in an aqueous medium.1 Among the lipid-based
delivery systems, liposomes are considered as the most efficient
carriers in the formulation of pharmaceutical and cosmetic
products to encapsulate unstable active multi-components, to
enhance the oral bioavailability of poorly water-soluble
compounds, to provide a controlled release, and to extend
the circulation lifetime of compounds.2,3 This fact can be
attributed to their structural flexibility, particle size, chemical
composition, and fluidity or permeability of the lipid bilayer
versatility. Moreover, liposomes are biodegradable and
biocompatible due to the structure and physicochemical
similarity to the cell membrane phospholipids, causing no
harmful effects on the human health.4 However, the
application of liposomes in the food industry is still limited
by their poor stability over a long storage period due to
degradation, fusion, aggregation, or sedimentation and high
tendency to lose entrapped compounds during storage as a
function of osmotic pressure in the presence of food
components or additives, such as sugars or salts.5−7 The
physical stability of liposomes strongly depends on molecular
ordering, packing, and dynamics of acyl chains in the bilayer,
charge intensity, as well as the physical state−gel or fluid−and
composition of lipids.8−10 Therefore, many efforts have been
made to overcome these challenging tasks, including liposome
coating with hydrogel networks,11 surface modification of
vesicles with polymeric matrices using an electrostatic layer-by-

layer technique,12,13 and compositional change of bilayer
membranes by sterols,14 polyethylene glycol,15 and emulsi-
fiers.16 Moreover, the same type and concentration of lipid
materials with different liposome preparation methods lead to
different properties, such as storage stability, encapsulation
efficiency, and bilayer permeability. Therefore, many disadvan-
tages still exist preventing further application and industrializa-
tion of food fortification with liposome structures. Thus,
designing alternative types of liposomes that can make them
appropriate for food formulations is still of crucial demand.
On the other hand, organogels have been considered

promising types of gel structures known as novel delivery
systems over the past few years.17,18 Organogels are self-
standing, thermoreversible, and viscoelastic 3D networks which
are developed by the self-assembly of gelator molecules that
immobilize the continuous organic phase through hydrogen
bonding, hydrophobic interactions, van der Waals forces, ionic
interactions, or covalent bonding.19,20 The most commonly
used approach for creating organogels is direct dispersion of
gelator molecules in an organic liquid at temperatures above
their melting points, followed by cooling to lower temper-
atures.21 Organogels exhibit inherent physical and chemical
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stability properties which are beneficial for longer shelf-life
requirements such as delivery of bioactive agents compared to
other polymer gels. Moreover, their lipid medium is well
suitable for improving the bioavailability of lipid-soluble
bioactive materials, and their gel network could offer a
sustained release behavior and a desirable protection for the
encapsulated compounds.22 Although there are several works
on the potential of organogels for delivery applications in
pharmaceutical and cosmetic applications,23,24 there are only a
few examples of organogel applications in bulk or emulsified
forms to increase the bioaccessibility of poorly water-soluble
bioactive components in food systems.25,26 Vitamin D is a fat-
soluble vitamin that can be produced in the skin by sunlight
exposure. Vitamin D3 (cholecalciferol), as an active form of
vitamin D, is essential to control calcium and phosphorus
absorption in the human body.27,28 The deficiency of vitamin
D3 is a worldwide concern that increases the risk of diabetes,
obesity, cardiovascular diseases, and cancers.29 Therefore, food
fortification by this micronutrient has gained increasing
attention recently. Vitamins D3 is easily susceptible to
isomerization and degradation into its inactive forms due to
light, oxygen, high temperatures, and acid exposure. This fact
leads to a significant reduction of vitamin D3 functionality and
biological properties.30 For this purpose, several colloidal
delivery systems (i.e., emulsion, solid lipid nanoparticles,
nanostructured lipid carriers, and so forth) have been proposed
for protecting vitamin D3 toward various harmful conditions,
improving the oral bioavailability and delivery efficiency of
vitamin D3, and making it soluble in aqueous systems.31−36

However, many disadvantages still exist, which inhibits further
application and industrialization of food fortification using
encapsulated vitamin D3. These limitations may include low-
loading capacity, poor long-term stability, and loss of stability
under certain ionic compositions and ingredient interactions.37

We hypothesized that the incorporation of an organogel
network in the liposome structure would offer a highly stable
delivery system of hydrophobic bioactive components. To the
best of our knowledge, there are no published data on the
build-up of gel structures inside bilayers for enhancing the
liposome stability and encapsulation efficiency. Therefore, the
aim of this work was to assess the effect of oleogelation within
the lipid bilayer shell of liposomes looking for high
encapsulation efficiency and improved physical stability to
apply in the food formulations. In this work, nanoliposomes
were prepared by an extrusion process combined with the thin-
film hydration method. Vitamin D3 was used as a model
hydrophobic bioactive agent and 3-palmitoyl-sn-glycerol was
used as a low molecular weight organogelator due to its limited
solubility in water and its manufacturing considerations.

■ MATERIALS AND METHODS
Materials. L-α-Phosphatidylcholine (PC) from soybean (≥90%)

was provided by Alfa Aesar (Ward Hill, Massachusetts, USA).
Cholesterol (CHO) (≥99%), 3-palmitoyl-sn-glycerol (≥99%),
vitamin D3 (cholecalciferol) (≥98%), sucrose (≥99.5%), glucose
(≥99.5%), sodium chloride, and calcium chloride (≥99.5%) were
purchased from Sigma-Aldrich (St. Louis, MI, USA) as dried powders
and used without further purification. 4-Palmitamido-2,2,6,6-tetrame-
thylpiperidine-1-oxyl (4-palmitamido-TEMPO) was also obtained
from Sigma-Aldrich (St. Louis, MI, USA). All the other chemicals and
reagents such as chloroform, ethanol, and methanol used were of
analytical grade.
Nanoliposome Production. Nanoliposomes were produced by a

thin-film hydration method modified from Lopes et al.38 In brief,

control liposomes were prepared by dissolving PC (300 mg) and
CHO (7.5 mg) in 10 mL of chloroform. For encapsulation efficiency
and in vitro digestion experiments, vitamin D3 (0.6 mg/L) was added
to the mixture. For EPR experiments, a spin probe was added to the
solution at a concentration of 1%. Then, the organic solvent was
removed using a rotary evaporator at a temperature of 60 °C until a
thin lipid film was formed. This process was followed by 10 min of
vacuum treatment at controlled reduced pressure and under a
nitrogen stream for 2 min to make sure that no trace of organic
solvent remained. For the development of an organogel network
within the bilayer shell of nanoliposomes, soybean oil (8.5 mg) and 3-
palmitoyl-sn-glycerol (1.5 mg) were added to the mixture, and the
other processes were the same as the preparation of control
liposomes. To keep the properties of the liposome intact and prevent
the oxidation of phospholipids until their use, they were stored in a
freezer at a temperature of −80 °C. Subsequently, the lipid bilayers
were hydrated by adding 10 mL of Milli-Q water and then a rotary
evaporator (without vacuum) was used to form multilamellar large
vesicles (MLVs). To obtain homogeneous small unilamellar vesicles
(SUVs), the sample was subjected to extrusion by passing the
suspension through the 400, 200, and 100 nm polycarbonate
membranes sequentially. After enough extrusion steps through the
membrane with the help of a Thermobarrel Extruder (Northern
Lipids, Vancouver, Canada) under nitrogen pressures up to 55 bar at
60 °C, a normal unimodal distribution was obtained. The obtained
nanoliposomes were stored at 4 °C prior to further use.

Physical Properties of the Bulk Organogel. To determine the
mechanical and viscoelastic properties of the organogel developed in
the lipid bilayer of nanoliposomes, a sample of organogel was
prepared by dissolving 3-palmitoyl-sn-glycerol (15% w/w) in soybean
oil at 60 °C, followed by cooling to room temperature. A texture
analyzer (Texture Analyzer, TA Plus, Stable Microsystems, Surrey,
UK) with a load cell of 30 kg and a cylindrical probe was used to
determine the mechanical properties of the organogel after 24 h of
storage at 25 °C, as described by Giacomozzi et al.39 with some
modifications. Viscosity and dynamic rheological measurements were
also performed using an MCR 302 controlled stress/strain rheometer
(Anton Paar, Graz, Austria) equipped with a parallel plate geometry.26

The strain sweep test from 0.002 to 1% at a constant frequency of 1
Hz was performed to determine the linear viscoelastic region (LVR)
of the organogel. Then, the frequency sweep (0.01−10 Hz) and the
temperature ramp from 5 to 80 °C at the rate of 2 °C/min and 1 Hz
frequency were carried out inside the LVR region.

Particle Size. The particle size and polydispersity index (PDI)
were obtained by means of a dynamic light scattering (DLS) device
(Zeta Sizer Nano, ZS-90 Malvern Instruments Ltd., UK). The
experiments were performed at 25 °C in quasi-backscattering
configuration (scattering angle, θ = 173°) using the radiation from
the red line of a He−Ne laser (wavelength, λ = 632 nm), using a
refractive index of 1.459. Samples were diluted at 1:50 ratio in Milli-Q
water, and the obtained results were reported as intensity-weighted.

Zeta Potential Measurement. The zeta potential (ZP) experi-
ment was carried out using the laser Doppler velocimetry (LDV)
technique in a Zetasizer Nano device (ZS-90 Malvern Instruments
Ltd., UK) that measures the electrophoretic mobility of the sample
from the speed of the particles. A DTS 1060 cuvette with a
polycarbonate capillary was used, and the measurements were made at
a constant temperature of 25 °C after dilution of the liposomes in
Milli-Q water (ratio, 1:50).

Stability Measurement. Storage Stability. The mean vesicle
size, PDI, and ZP of empty nanoliposomes were determined at
scheduled time intervals (day 1, 6, 18, 36, 48, 60, and 90) during a 3
month storage period at 4 °C.40−42 Their physical stability was also
monitored through observation for any visual instabilities, such as
fusion and aggregation.

Salt and Sugar Stability. The stability of nanoliposomes against
food ingredients or additives, such as salts and sugars, is a crucial
aspect for their food applications as delivery systems. For this reason,
0−20% (w/v) sucrose and glucose, as well as 0−5% chloride salts of
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sodium, potassium, and calcium ions, were explored for their effects
on vesicle size and macroscopic stability.5

Lipid Bilayer Fluidity. In order to study the membrane fluidity,
nanoliposome samples were labeled using the spin label 4-
palmitamido-TEMPO, which is located in the middle part of the
bilayer. EPR spectra were recorded in the temperature range interval
from 15 to 60 °C and at the X-band microwave frequency of 9.85
GHz using a Bruker EMX-Plus spectrometer (Germany) with
temperature control by nitrogen circulation. W0, in Gauss (G), and
heights of the mid- and high-field lines, h0 and h−1, respectively, were
obtained from each absorption spectrum. The rotational correlation
time (ΤR) was calculated according to43

Τ = × × [ − ]−
−W h h(s) 6.5 10 ( / )0.5 1R

10
0 0 1

Morphological Studies. Transmission electron microscopy (TEM)
was used for determining the nanoliposome microstructure. One drop
(10 μL) of each sample was deposited on a carbon-coated copper grid
and allowed to dry for 60 s. Then, the grids were stained with a drop
of 2% uranyl acetate solution for 50 s and the excess stain was wicked
away with a piece of filter paper. The air-dried samples were observed
using a TEM (Jeol JEM-1400, Jeol Ltd., Tokyo, Japan) at an
acceleration voltage of 120 kV.
Encapsulation Efficiency and Loading Capacity. Vitamin D3 is a

hydrophobic molecule, hence the concept was that during
encapsulation in nanoliposomes, it would be deposited within the
lipid bilayer. To measure the encapsulation efficiency (EE, %), a
certain amount of each kind of loaded nanoliposomes was washed
three times with phosphate-buffered saline (PBS) to make sure that
free vitamin D3 was not detected in the supernatant. The remaining
pellets (loaded liposomes) were dissolved in ethanol to promote
liposomal membrane lysis and then the suspension was studied by UV
spectrophotometry using an UV−vis spectrophotometer (Jasco, V-
630, Japan) at 264 nm. Unloaded nanoliposomes were also
investigated as controls.33 The respective EE and loading capacity
(%) were calculated using the following equations

=EE encapsulated vitamin D (mg)/initial vitamin D mass (mg)3 3

=

×

Theoretical load capacity

initial vitamin D mass(mg)/total mass of liposome (mg)

100
3

=

×

Effective load capacity

encapsulated vitamin D (mg)/total mass of liposome (mg)

100
3

Statistical Analysis. Each experiment was performed at least in
triplicate. Statistical analysis was conducted using SAS software (ver.
9.1.3, SAS Institute Inc., Cary, NC, US). Analysis of variance was
performed using one-way analysis of variance (ANOVA). The results
are expressed as mean values ± SD. The significance level was set at P
≤ 0.05.

■ RESULTS AND DISCUSSION
Mechanical and Viscoelastic Properties of the Bulk

Organogel. According to the texture studies, hardness,
adhesiveness, and cohesiveness of the organogel network
were 141.32 ± 2.83 g, 684.99 g.s, and 0.38, respectively. As
shown in Figure 1a, G′ values were always higher than the G″
values in the whole frequency range applied, and the plateau
region of the mechanical spectrum is always noticed in the
LVR region, indicating the predominant elastic gel-like
behavior of the organogel. This finding was in accordance
with the result reported by Rocha et al.,44 who found such
elastic behavior for the organogel developed from sugarcane or
candelilla wax in soybean oil. According to the temperature

ramp test, at temperatures lower than 60 °C, G′ was greater
than G″, which confirmed the presence of a strong gel network.
Increasing the temperature led to noticeably changed
viscoelastic properties as the loss modulus was higher than
the storage modulus, indicating the predominant viscous
behavior of the sample due to the melting of the three-
dimensional network organogel. Moreover, the evolution of
viscosity with shear rate (Figure 1c) showed the pronounced
non-Newtonian shear-thinning nature.45 The high values of
viscosity confirmed the successful development of a stable gel
structure as a consequence of the intermolecular junction
zones through non-covalent interactions.

Build-Up of the Supramolecular 3-D Gel Structure
within the Lipid Bilayer Shell of Nanoliposomes. The
aim of this work was to build-up a 3-D supramolecular gel
structure within the lipid bilayers, generating a nanoliposome
with a gelled shell, which can likely improve the loading and
prolonged stability of loaded liposomes. It is generally accepted
that the exposure of liposomes to detergents, close to the
critical micellar concentration (CMC), leads to disruption,
instantaneous destabilization of liposomes, and subsequent
leakage and loss of encapsulated materials into the water
phase.46 Our expectation was that the organogel structure
developed within the bilayers remained stable upon detergent
treatment, leading to a complete or partial stability of the lipid
membranes. In order to determine this hypothesis, we added

Figure 1. (a) Evaluation of the apparent viscosity with the shear rate
and (b,c) changes in the storage modulus (G′) and loss modulus (G″)
as a function of frequency sweep and temperature ramp test,
respectively, for the organogel at 25 °C.
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Triton X-100 at the concentrations of 20 and 30 mM into the
nanoliposome dispersions and then monitored the following
changes in particle size immediately and about 3 days after
exposure. Regardless of the Triton concentration and exposure
time (Figure 2), the control nanoliposome dispersion was not
able to withstand the intercalation of detergent into the lipid
bilayer, resulting in a complete disturbance of the lipid bilayers
and a noticeable decrease in the vesicle diameter from the
initial size (102.5 nm). Therefore, upon destabilization of
control liposomes, only one particle size population around 7−
8 nm, which corresponded to Triton X-100 micelles filled with
phospholipids, was observed at both Triton concentration and
exposure time studied, as shown in Figure 2. These changes
imply that the addition of detergent promotes opening up and
fragmentation of the vesicles, leading to the formation of
Triton−phospholipid micelles and finally the complete
solubilization of the bilayers by the detergent micelles.47 By
addition of 20 mM Triton X-100 to the nanoliposome sample
with a gelled shell structure, both small (∼10−20 nm) and
intermediate (60−100 nm) particles were observed (Figure
2a). The small particles related to the mixed lipid−detergent
micelles and the intermediate size represented unsolubilized
membrane vesicles. This trend was also observed at a higher
concentration (30 mM) of Triton X-100 (Figure 2b).
Regardless of the Triton X-100 concentration, the intermediate
vesicle population still remained stable after 3 days of exposure
in the liposome sample stabilized by the organogel structure
within the bilayer, as shown in Figure 2c,d. These results
confirmed the higher prolonged stability of liposomes in the
presence of a gelled lipid shell. This effect can be explained by
the fact that the organogel network makes a strong scaffold in
the lipid bilayer, which provides more stability to nano-
liposomes against fragmentation compared to the control ones
toward detergent digestion.
Characterization and Storage Stability of Nano-

liposomes. The DLS technique evaluates the apparent
hydrodynamic diameter of particles in a colloidal system.
Figure 3 shows the intensity-weighted diameter and the PDI of
empty nanoliposomes. Fresh control samples and those
stabilized with a gelled lipid shell showed mean diameters

around 102 nm. Thus, the presence of the organogel network
within the bilayer shell did not significantly (P ≥ 0.05) affect
the mean hydrodynamic diameter of fresh samples. The PDI
values, which determine the degree of size homogeneity, were
0.085 and 0.084 for the control sample and the sample with a
gelled lipid bilayer shell, respectively. These small values of
PDI (<0.3) indicate a very narrow size population of
nanoliposomes48 in both fresh samples. These results are
similar to those previously reported by Kakami et al.49 and
Yusuf and Casey,50 who reported 128 and 140 nm for
nanoliposomes obtained by the extrusion process, respectively.
According to Figure 3, the storage time did not significantly

affect the size and PDI values for the control sample up to 2
months of storage. However, the clear evidence of agglom-
erated and flocculated particles was observed from day 64 in
control liposomes (Figure 4), which made sampling afterward
impossible as the measurement of such samples by DLS does
not provide reliable results due to the high level of
inhomogeneity. This visual instability was in good agreement
with zeta potential results that were studied in detail below. In
the case of nanoliposomes with a gelled bilayer shell, the
particle size and PDI did not change during the first month of
storage. Although the particle size and PDI exhibited slight

Figure 2. Particle size distribution of the control liposome and that stabilized with the 3D organogel network within the bilayer shell as affected by
(a) 20 and (b) 30 mM Triton X-100 immediately after exposure and by (c) 20 and (d) 30 mM Triton X-100 3 days after exposure.

Figure 3. Z-average (nm) and PDI of the control liposome and that
stabilized with the 3D organogel network within the bilayer shell
stored for 90 days at 4 °C.
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increases from the beginning after 38 days, this sample
remained physically stable for more than 3 months with no
color change and any obvious agglomeration or flocculation.
The small value of PDI at the end of storage time (0.114) also
represented a monodispersed distribution and high level of
homogeneity, hence excellent liposome stability (Figure 3).
Zeta potential is a significant indicator to predict the

physical stability of colloidal suspensions.10 In this regard, the
range of −30 to +30 mV shows the instability of a colloid, and
the degree of instability rises when the zeta potential
approaches zero.8 The potential values of fresh control samples
and those with the gelled shell structure were −52 and −65
mV, respectively (Figure 5). This can be explained considering

that the PC used in this work was negatively charged in its
original state. Moreover, the possible presence of FFAs in the
organogelator and soybean oil might contribute to the
observed more negative charge in nanoliposomes stabilized
by the organogel network within the lipid bilayer shell.26 These
high negative surface charges were indicative of high strong
stability of freshly prepared liposomes. As clearly seen from
Figure 5, the electronegative zeta potential values remained
relatively constant for the control sample up to 60 days.
However, during the next 10 days, the zeta potential showed a
sharp decrease to −17 mV and then reached −9 mV at the end
of storage (90 days). This trend to neutralization led to the
agglomeration of large particles, followed by breakdown of the
system as discussed previously. On the contrary, the zeta
potential of liposomes stabilized with the gel structure within
the lipid bilayer remained highly negative (−63 mV) during
the entire storage time (Figure 5), suggesting high electrostatic
repulsion and excellent stability of vesicle structures. Our
findings proved that the development of a supramolecular
organogel structure between lipid bilayers can improve the

long-term stability of liposomes, which was also in line with
visual observation and particle size measurement.

Salt and Sugar Stability of Nanoliposomes. One of the
main limitations of liposomes as a carrier in food applications
is their poor stability and relatively high semi-permeability of
membranes due to osmotic pressure toward food components
or additives such as sugars or salt. Thus, the effect of different
salts and sugars on nanoliposome suspension stability was
examined by incubating them at room temperature for 120
min, as shown in Figure 6a,b. In control liposomes, the
presence of 0.1% monovalent potassium and sodium cation
salts already led to small alterations in liposomal sizes (<10%),
which increased up to 1.5% salt concentration (Figure 6a). A
similar trend was observed in the sample containing an
organogel structure between the bilayer shell but with a lower
size reduction. This small decrease in vesicle size by addition of
NaCl or KCl is in agreement with the findings of Frenzel and
Steffen-Heins.5 There are two hypotheses to explain the salt
effect. First, the mechanism of cation adsorption onto the
surface of bilayer, which creates a change in the head group
charge, leading to a change in the curvature of bilayer due to
the electrostatic interactions and therefore the reduction of
liposome size.5,51 Second, due to the increase of osmotic force
gradient across liposome membranes, some of the water
molecules are transferred from the inner aqueous phase to the
outer aqueous phase to adjust the external excess ion
concentration, resulting in liposome shrinkage and hence a
decrease in their size.9,52 In addition, the head group
dehydration in the presence of low concentration of salt ions
resulted in an imbalance of hydrophobic and electrostatic
attractions and interfacial tension, which were responsible for
system membrane stability, leading to the squeeze of alkyl
chains and a decrease of liposome size.5 For salt concentrations
higher than 2%, there was an increase in the particle diameter
(Figure 6a), indicating some liposome aggregation due to
screening of the electrostatic repulsion between them by the
cations.53 Other researchers have also observed a similar
phenomenon with other types of liposomes.51,54 It should be
noted that there was no significant size increase and
aggregation to produce visible clusters. Therefore, both
liposomes remained stable in all ranges of monovalent salt
concentrations. However, after 1 day of storage at 4 °C, a white
sediment at the bottom of control samples and a slight increase
in turbidity of the sample stabilized with an organogel structure
between the bilayer were observed. These effects may indicate
relatively better stability of the latter sample due to the lower
permeability of ions through the membrane stabilized with an
organogel network. As shown in Figure 6a, even small
concentrations of magnesium cations resulted in immediate
breakdown of control liposomes. In contrast, the liposome
sample stabilized with an organogel network between the
bilayer shell remained completely stable in the presence of
magnesium salts up to 5%, which clearly indicated that the gel
network avoided divalent cation interaction with phosphate
residues within bilayers. This property permits the application
of this novel structure of liposomes in dairy products
containing high divalent ion concentrations.
In the presence of sugars, the changes in liposome size were

similar for both samples. Sucrose and glucose reduced the
particle size around 10%, which remained constant up to 20%
sugar concentration. This phenomenon was related to the
osmotic activity of sugars, as previously discussed for salts.

Figure 4. Observation of physical stability of (a) the control liposome
and (b) that stabilized with the 3D organogel network within the
bilayer shell stored for 90 days at 4 °C. Black arrows indicate
agglomerated and flocculated vesicles.

Figure 5. Zeta potential of the control liposome and that stabilized
with the 3D organogel network within the bilayer shell stored for 90
days at 4 °C.
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Lipid Bilayer Fluidity. The lipid bilayer fluidity of
liposomes describes the molecular ordering and dynamics of
phospholipid alkyl chains in the membrane, which are
generally dependent on its composition.55 EPR is a useful
spectroscopic technique for detecting changes in the
membrane fluidity of liposomes.56,57 In EPR, there is a direct
connection between the spin label mobility and the viscosity of
its surrounded area to explain the gel (less mobility) or liquid−
crystalline (high mobility) phases.58 The solubilization of the
spin probe did not change the zeta potential and the particle
size of liposomes (data not shown). The experimental ESR
spectra of 4-palmitamido-TEMPO at different temperatures,
ranging between 15 and 60 °C, are shown in Figure 7a. In the
presence of a gelled bilayer shell in nanoliposomes (Figure 7a
right side), much broader and anisotropic ESR spectra were
obtained, demonstrating a large reduction in the rotational
motion of the probe. Moreover, the differences between two
extreme positions increased in a similar way as the temperature
decreased, implying that the presence of the organogel network

in the bilayers restricted the phospholipid chain mobility in
membranes.
Figure 7b presents the rotational correlation time which is

sensitive to the rotational motional freedom close to the polar
head groups and hence the viscosity of the hydrophobic region
of the bilayer. Since TR is inversely related to the fluidity, a
significant decrease in this parameter was reported for both
samples by increasing the temperature (Figure 7b). As
previously reported, the membrane fluidity of liposomes
similarly increased when the temperature rises.5,59 In addition,
control samples showed a significant increase in the mobility at
temperatures above phase transitions of PC (35 °C). As shown
in Figure 7b (right side), liposome samples stabilized with the
organogel network between bilayers had a higher TR,
suggesting the higher rigidity and a slower rotational motion
of the alkyl chains in the hydrophobic part of the bilayer than
the control sample. This effect is related to the formation of a
3D gel network within the bilayer shell by hydrogen bonding
between the free hydroxyl groups of 3-palmitoyl-sn-glycerol

Figure 6. Alteration in the particle size of the control liposome and that stabilized with the 3D organogel network within the bilayer shell in the
presence of increasing concentrations of different (a) salts and (b) sugars.
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with the ester carbonyl group of soybean oil, leading to the
tight packing of phospholipid chains in the gel phase.
Morphological Studies. As TEM observations need very

low sampling capacity, the general trend cannot be easily
obtained, but it can provide useful evidence about the
morphology, size, integrity, and homogeneity of liposomes
which are important for manipulating the liposome character-
istics for delivery applications.60 The microstructures of the
nanoliposome suspensions are presented in Figure 8. In fresh
control samples, spherical- to elliptical-shaped particles with a
rather low size distribution were seen. However, there was
evidence of vesicles’ tendency to aggregate (Figure 8a). The
spherical structure and well-separated unilamellar vesicles were
also visually observed in fresh samples stabilized with the
organogel network between the lipid bilayer (Figure 8b). It
seems that the presence of a gel structure may have altered the
optimum curvature of the lipid bilayer, thereby favoring the
formation of equally stable vesicles. According to TEM images
before staining (date not shown), the bilayer thickness values
of liposomes were 3.2 and 3.6 nm for the control sample and
the stabilized one with an organogel structure between the
lipid bilayer shell, respectively. Therefore, the development of a
3D supramolecular gel network within the bilayer can increase
the membrane thickness while keeping the vesicle size
constant. In TEM micrographs of control liposomes after 3
months of storage (Figure 8c), the formation of agglomerated
particles and the evidence of membrane fusion were observed
which are likely be attributed to the high fluidity of the
membranes. As clearly seen from Figure 8d, no significant
differences were observed over time in the microstructure of
liposomes stabilized with an organogel network between the
lipid bilayer, suggesting its longer storage stability than control
liposomes.

In brief, TEM results confirmed the results of particle size
measurements conducted by DLS. However, there were some
differences in the liposome size determined by TEM and DLS,
which can be attributed to the differences in the sample
preparation methods (e.g., staining and drying), as well as to
different physical principles of the two techniques,26,61 but the
overall trends were similar.

Encapsulation Efficiency and Loading Capacity. The
results of nanoliposome EE and LC are reported in Table 1.

Figure 7. (a) Temperature dependence of the ESR spectra of 4-palmitamido-TEMPO reconstituted in bilayers and (b) rotational correlation time
(TR) as a function of temperature of (left) the control liposome and (right) that stabilized with the 3D organogel network within the bilayer shell.
Total spectral width = 60 Gauss.

Figure 8. TEM morphology of the control liposome (a) after
preparation and (b) after storage and that stabilized with the 3D
organogel network within the bilayer shell (c) after preparation and
(d) after storage.
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The EE of vitamin D3 was 36 and 71% for the control sample
and those incorporated with the gel network between the
bilayer, respectively. These effects may have been a result of
higher fluidity of membranes in the control sample which led
to easier membrane fusion and vitamin D3 leakage. In contrast,
the more ordered structures of lipid membranes with higher
rigidity in the presence of an organogel network between the
bilayer shell contributed to an improved encapsulation of
vitamin D3 within the hydrophobic area of liposomes. The high
efficiency of the lipid gelled structure to encapsulate the
bioactive component was also reported previously in colloidal
dispersion.26 Compared to the previous report on vitamin D3
encapsulation in liposomes using a thin-film hydration−
sonication method at the same concentrations of PC and
CHO, which reported an EE around 57%,33 the obtained EE in
the present work for the novel structure of liposomes stabilized
with the organogel network was 1.25-fold greater. Although
Mohammadi et al.62 reported more than 93% EE for vitamin
D3 in nanoliposomes by the thin-film hydration−sonication
method, which is comparable to that obtained in this study,
their fabrication method included three stages including thin-
film hydration, homogenization, and sonication, and the
obtained nanoliposomes had lower physical stability during
storage.
Moreover, the high effective load (0.68%) of vitamin D3 in

liposomes stabilized with the organogel structure between the
bilayer (Table 1) also confirmed the significant potential of the
3D organogel network to protect and embed the hydrophobic
molecules. In fact, the presence of a gel network between the
bilayer shell resulted in less fluid membranes and higher
molecular packing density, leading to an increase in membrane
thickness and loading capacity. These results showed the
promising potential of stabilized nanoliposomes with an
organogel shell structure to encapsulate hydrophobic bioactive
materials with high encapsulation efficiency, which was
obtained by complex interactions including hydrogen bonding
and hydrophobic interactions.63 Consequently, this approach
of formulating food-grade phospholipid nanostructures could
be potentially valuable for a wide range of applications in the
efficient delivery of food and pharmaceutical bioactive
compounds.
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