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ABSTRACT: The lipid liquid crystalline sponge phase (L3)
has the advantages that it is a nanoscopically bicontinuous
bilayer network able to accommodate large amounts of water
and it is easy to manipulate due to its fluidity. This paper
reports on the detailed characterization of L3 phases with water
channels large enough to encapsulate bioactive macromolecules
such as proteins. The aqueous phase behavior of a novel lipid
mixture system, consisting of diglycerol monooleate (DGMO),
and a mixture of mono-, di- and triglycerides (Capmul GMO-
50) was studied. In addition, sponge-like nanoparticles (NPs)
stabilized by Polysorbate 80 (P80) were prepared based on the
DGMO/GMO-50 system, and their structure was correlated
with the phase behavior of the corresponding bulk system.
These NPs were characterized by dynamic light scattering (DLS), cryo-transmission electron microscopy (Cryo-TEM) and small
angle X-ray scattering (SAXS) to determine their size, shape, and inner structure as a function of the DGMO/GMO-50 ratio. In
addition, the effect of P80 as stabilizer was investigated. We found that the NPs have aqueous pores with diameters up to 13 nm,
similar to the ones in the bulk phase.

■ INTRODUCTION
The aqueous phase behavior of unsaturated mono- and
diacylglycerols has importance for applications in a variety of
fields such as the food industry, biotechnology, and drug
delivery.1−3 Inverted lipid structures are of great interest as they
form spontaneously in excess aqueous solutions, which also
occur in living organisms.4−6 Several types of inverted liquid
crystalline (LC) phases can exist depending on the lipid
composition, including bicontinuous cubic (V2), hexagonal
(H2), cubic micellar (I2), sponge phases (L3), and a variety of
intermediate structures with other nonlamellar arrangements.7

The most studied unsaturated monoglyceride is glycerol
monooleate (GMO), which, depending on temperature, in
excess water self-assembles into a reversed bicontinuous Q224

cubic or a reverse hexagonal phase.8,9 However, the possibility
to form different LC phases from a single component mono- or
diacylglycerol is very limited. Therefore, mixtures of two or
more lipids, each of which separately forms different LC phases,
can be employed in order to tune the phase behavior.10−13 The
use of a two or multicomponent system can be used to

compensate unwanted phase changes caused by guest active
compounds that are encapsulated or by external factors, simply
by adjusting the ratio of the lipid building blocks, as it was
shown in recent studies.10,14

In principal, all of these reversed mesophases in excess
aqueous solutions can be dispersed into colloidal particles that
can be used as drug vehicles for therapeutically active
substances.15−17 Many bulk LC phases and their nanoparticles
with reversed cubic and hexagonal nanostructure have been
thoroughly investigated.14,18 However, in certain applications,
such as drug delivery,17,19−21 protein encapsulation or
crystallization22−24 or electrochemical biosensors,25 where less
rigid micro- and nanostructure with large aqueous pores are
preferred, there is a lack of knowledge on the structure and size
of the pores that limits the use of V2, L3, and H2 bulk phases
and dispersions.
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Here, the use of a sponge phase that possesses flexible three-
dimensional nanostructure with relatively large aqueous pores is
particularly favorable. In the phase diagrams, the L3 phase is
usually found in a narrow region between Lα and V2 phases and
represents “melted” cubic phase structure without long-range
order.26 In monoglyceride-based systems it is usually formed by
adding organic solvents such as propylene glycol,27,28 poly-
ethylene glycol,27,28 ethanol28 or chloroform.29 Other examples
include mixtures with polymeric compounds, for example in the
glycerol monoolein/pluronic F12730 and glycerol diolein/
diglycerol monoolein/polysorbate 80 (P80) systems.31 The
latter system is an interesting example of spontaneous colloidal
dispersion formation in a phase region where two liquid phases,
L2 and L3, coexist with water. However, to our best knowledge
the formation of the L3 phase in simple mixtures of mono- and
diglycerides without additional organic solvents has not been
previously demonstrated.
As mentioned above, the sponge phase is of great interest

due to its ability to form large water pores. The search for
highly swollen reverse bicontinuous cubic phase has received
more attention recently, especially for the crystallization and
immobilization of proteins. Sun et al.32 achieved cubic water
channel diameters up to 7.2 nm by mixing monoglyceride and
sucrose stearate. This system was used to immobilize
horseradish peroxidase (∼6 nm) for biosensing purposes.
Another interesting lipid system is the one reported by Tyler et
al.29 Their system consists of a mixture of monoolein, 5 mol %
of dioleoylphosphatidylserine (DOPS), and 30 mol % of
cholesterol, which forms cubic phases with aqueous pores up to
24.9 nm of diameter at 35 °C.
In this study we demonstrate that a highly swollen L3 phase

can be formed by adding a nonionic polymer, P80, to a mono-
and diglyceride-based system without the use of any organic
solvent at room temperature (≈ 25 °C). To achieve this,
DGMO and Capmul GMO-50 were chosen as the Lα and H2
phase forming lipid, respectively. In addition, we show that the
addition of P80 allows the formation of colloidal stable L3
phase nanoparticles with narrow and controllable size
distribution. Furthermore, these dispersions can be easily

prepared without high-energy input, making them easily
scalable and promising from the cost-effective point of view.

■ EXPERIMENTAL SECTION
Materials. A mixture of glycerides denoted as Capmul GMO-50

(Lot No. 100616-8) was provided by Abitec (Janesville, WI). Its
composition was 54.7% monoglycerides, 15−35% diglycerides, and 2−
10% triglycerides with the following fatty acid composition: 84.6%
oleic (C18:1), 6.8% linoleic, 0.8% linolenic, and 6.2% saturated acids.
Diglycerol monooleate (DGMO) with 88% of diglycerol monoester
and 4.9% free glycerol and polyglycerols was received from Danisco A/
S (Brabrand, Denmark). The main fatty acid component was oleic acid
constituting 90.7%, followed by linoleic (4.2%), saturated (2.9%),
eicosenoic (1.2%), and linolenic (0.8%). Polyoxyethylene (20)
sorbitan monooleate (P80) was supplied by Sigma-Aldrich and
Croda (Chocques, France) (see Figure 1 for structures). Milli-Q
purified water (18 MΩ·cm) was used for all experiments.

Sample Preparation. Lipid mixtures with and without P80 were
prepared by weighing appropriate amounts of the compounds into
glass vials, which were then left to mix on a roller table for 24 h at
room temperature. LC bulk phases were prepared by mixing
appropriate amounts of these lipid mixtures with water. The vials
were sealed, several times centrifuged up-and-down at 371g and left to
equilibrate at room temperature for at least 2 weeks before
measurements. During equilibration time samples were repeatedly
centrifuged up-and-down in order to ensure homogeneity.

Dispersion Preparation. Coarse sponge nanoparticle dispersions
were prepared by adding the lipid mixture with P80 to water at a
concentration of 5 wt % (lipids+P80) in a 100 mL glass bottle. The
total volume of dispersion was 50 mL. The samples were immediately
sealed, vigorously hand-shaken and left for 24 h on a mechanical
shaking table at 350 rpm and room temperature. To reduce the
amount of metastable vesicular aggregates, a heat-treatment procedure
was performed at 121 °C and 1.4 bar for 36 min (Prestige Medical
Classic 2100 Autoclave, TG-Instrument AB, Helsingborg, Sweden).

Small Angle X-ray Scattering (SAXS). SAXS measurements were
performed at the I911-4 SAXS beamline at MAX-Lab (Lund
University, Sweden). The scattered intensity was recorded at room
temperature (25 °C ± 0.1 °C) using a wavelength of 0.91 Å and a
Pilatus 1 M 2D detector at a sample-to-detector distance of 1913 mm.
Bulk LC samples were mounted between kapton windows in a steel
sample holder, whereas dispersions were filled into quartz capillaries.
The exposure time for LC phases and their dispersions was 60 and

Figure 1. Most predominant molecular structures of (a) diglycerolmonooleate (DGMO); (b) Capmul GMO-50 composed by 54.7%
monoglycerides (R = R′ = H); 15−35% diglycerides (R= oleic acid; R′= H); and 2−10% triglycerides (R = R′ = oleic acid); and (c) polysorbate 80
(P80).
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60−300 s, respectively. The two-dimensional SAXS patterns were
analyzed using the Fit2D software. Silver behenate was used as a
reference to calibrate sample-to-detector distance and detector
positions.
Bulk LC phases were also measured using the SAXSLab Ganesha

300XL instrument (SAXSLAB ApS, Skovlunde, Denmark). The
instrument was equipped with a 2D 300 K Pilatus detector from
Dectris and a Genix 3D X-ray source. The X-ray wavelength was 1.54
Å and the data were collected in the q range of 0.013−0.76 Å−1.
Samples with low water content were sealed at room temperature
between two thin mica windows in a metallic block, whereas the other
ones (60−70% water) were filled into quartz disposable capillaries
(Hilgenberg GmbH, Malsfeld, Germany). Exposure times varied from
30 to 60 min. In all cases, the temperature was kept at 24 ± 0.2 °C by
an external recirculating water bath. The two-dimensional scattering
pattern was radially averaged using SAXSGui software to obtain I(q).
Some experiments were also performed on a Kratky compact SAXS
system (OED 50 M from MBraun, Graz, Austria) as described in the
literature.31

Estimation of Water Channel Dimensions. The obtained X-ray
diffraction data were applied to estimate the water channel radius (rw)
of reverse cubic phases in the DGMO/GMO-50/P80/water system.
The d-spacing (d = 2π/q) obtained from SAXS and the volume
fraction of the nonpolar part (see SI for equation and density values)
were used to calculate the monolayer thickness. For this purpose, it
was considered that reverse cubic phases are curved lipid bilayers
draped onto an infinite periodic minimal surface (IPMS), located at
the middle of the bilayer. According to this model, the monolayer on
each side of the midplane has a constant thickness, l, which can be
calculated by solving33,34

πχΦ = ++
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where A0 is the ratio of the IPMS area to (unit cell volume)2/3 and χ is
the Euler−Poincare ́ characteristics. These parameters are defined by
the cubic space group (see values in Table S1). The inverse of the
experimentally obtained lattice parameters (acub) were plotted as a

Figure 2. Investigated samples used to construct the ternary DGMO/GMO-50/water (a) and pseudoternary DGMO/GMO-50/P80/water phase
diagram (c), and the resulting schematic phase diagram (b and d, respectively). Symbols denote Lα (open squares), Q230 (filled squares), Q224 (filled
triangles), L3 (filled circles), H2 (filled diamonds), L2 (open circles), and multiple phase mixtures (crosses). Gray areas indicate the observed and
predicted water excess regions. Solid lines show determined one phase region, and dashed lines show the expected phases. Note that DGMO and
GMO-50 compositions were adjusted for sake of clarity, as the lipid/P80 ratio was kept constant for all the samples. Phases were determined by
SAXS and/or visual inspection under cross polarizers (see Figure S1).
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function of lipid volume fraction for the cubic phases in order to find
from the slope the monolayer thickness value.
Then, the molecular cross-sectional area at a distance ξ from the

IPMS and integrated over one of the two monolayers within the unit
cell A(ξ), was calculated as follows:34,35

ξ πχξ= +A A a( ) 20 cub
2 2 (2)

With eq 2 the radius of the water channel (rw) for the cubic phases was
estimated, as A(ξ) reduces to zero at the center of the water channel
and then, ξ is the sum of l and rw. By making appropriate substitutions,
eq 2 reduces to35
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To estimate the rw of the sponge phase, the quotient (yL3/cub) between

the d-spacing of the sponge phase (dL3) and the previous cubic phase
(dcub) was calculated as follows:

=y d d/L /cub L cub3 3 (4)

The values of the first peak for both phases and the same DGMO/
GMO-50 ratio were used, and then, the water channel radius of the
cubic phase was multiplied by yL3/cub to obtain the sponge phase rw.
Dynamic Light Scattering (DLS). The particle size and size

distribution were measured by dynamic light scattering (Zetasizer
Nano ZS, Malvern Instruments Ltd., Worcestershire, UK), using
disposable cuvettes filled with 1 mL of 0.5 wt % nanoparticle
dispersion at 25 °C. Data were collected after 2 min equilibration time
and averaged over three measurements. The refractive indexes used for
lipid particles and water were 1.48 and 1.33, respectively. The apparent
hydrodynamic radius was thereafter calculated using the Stokes−
Einstein relation assuming spherical particles. The particle size
distributions were characterized by intensity averaged mean and
polydispersity index, PdI.
Cryogenic-Transmission Electron Microscope (Cryo-TEM).

Cryo-TEM samples were prepared in the controlled environment
vitrification system (CEVS) or the Vitrobot (FEI, The Netherlands) at
25 °C, and at 100% relative humidity to prevent evaporation from the
specimen. Prior to specimen preparation, the grids were plasma etched
in a PELCO EasiGlow glow-discharger (Ted Pella Inc., Redding, CA)
to increase their hydrophilicity. In the specimen preparation chamber,
a carbon-coated perforated polymer film, supported on a 200 mesh
TEM grid was held by tweezers. A drop of the sample was placed on
the film, and blotted to form a thin film of liquid. The specimen was
then vitrified by quickly plunging into liquid ethane at its freezing
point. After vitrification the sample was kept in liquid nitrogen until
transfer into the TEM for imaging. Imaging was performed using an
FEI Tecnai T12 G2 transmission electron microscope. The microscope
is equipped with LaB6 electron gun and operates at 120 kV.
Specimens were equilibrated in the microscope below −178 °C in
Gatan 626 cryo-holders, and imaged using a low-dose imaging
procedure to minimize electron-beam radiation-damage. Images were
recorded on a Gatan US1000 high-resolution cooled-CCD camera,
using the DigitalMicrograph software package, as previously
described.36,37

Cryogenic-Scanning Electron Microscope (Cryo-SEM). Speci-
mens were prepared in a controlled environment vitrification system
(CEVS) at 25 °C and 100% humidity. A drop of the solution was
sandwiched between two gold planchettes, held by special tweezers.
The tweezers were then rapidly plunged into liquid nitrogen at its
boiling point, and the sandwich was inserted into a “sample-table” also
cooled in liquid nitrogen. The sample-table was then transferred into a
BAF060 freeze−fracture−replication system, a high vacuum system,
where it was set on a cooled stage at −175 °C. The sandwiches were
split open to fracture the frozen specimen. The specimens were then
transferred under vacuum and cryogenic temperature by a BalTec
VCT100 shuttle, precooled with liquid nitrogen, to the precooled
cryo-stage of the HR-SEM for imaging. The sample was also prepared

with liquid ethane in order to rule out artifacts and check that the same
nanostructure was obtained (images not shown).

■ RESULTS AND DISCUSSION

Phase Behavior of DGMO/GMO-50/Water System. The
phase behavior of the ternary system DGMO/GMO/water has
been previously studied by Pitzalis et al.11 This system exhibits
lamellar phase up to 20 wt % of water content in the GMO/
water axis, followed by the cubic phases with space group Ia3d
and Pn3m, which swell up to around 50 wt % of aqueous
solvent. Adding DGMO to the GMO/water system increases
the swelling limit because of the enlarged polar headgroup
volume caused by a second glycerol group in the DGMO
structure. Here we used Capmul GMO-50 (GMO-50) instead
of pure GMO to promote the formation of swollen reverse
structures. The phase behavior of the DGMO/GMO-50/water
system was mapped by preparing samples with different fixed
lipid ratios and diluted with different amounts of water to cover
the entire phase diagram. GMO-50/water mixtures with
increasing DGMO content have been formulated with
DGMO/GMO-50 ratios from 10/90 to 80/20.
Five different phases surrounded by mixed phase areas were

identified by X-ray diffraction and visual inspection under
polarized light, as indicated in Figure 2a,b. In the GMO-50/
water axis the reversed hexagonal phase (H2) is distinguished in
the range of 6−18 wt % of water. This is based on the observed
birefringence between crossed polarizers and Bragg peaks
following the ratio of 1:√3:√4:√7:3. The H2 phase is
extended in the ternary DGMO/GMO-50/water system up to
a DGMO/GMO-50 ratio of 30/70. With increasing DGMO
concentration the swelling limit for the H2 increases from 16 wt
% to around 36 wt % water.
As DGMO content is increased, a narrow region of a rigid

isotropic phase is observed from the DGMO/GMO-50 ratio of
50/50. SAXS diffraction patterns obtained from these samples
indicate that there are two reverse bicontinuous cubic
structures in this region. Between 20 and 35 wt % of water,
eight Bragg reflections at the spacing ratios √6:√8:
√14:√16:√20:√22:√24:√26 are observed, which corre-
spond to a cubic phase with Ia3d space group (Q230). At a
higher degree of hydration, the Q230 phase transforms into
another cubic phase. This phase expands from 35 wt % up to 45
wt % of water in the dilution line of 55/45 DGMO/GMO-50
and shows eight Bragg peaks with relative position in ratios
√2:√3:√4:√6:√8:√9:√10:√11, which are the reflections
of the Pn3m space group (Q224).
A narrow and well-defined area of an isotropic and fluid

phase is found when moving from Pn3m phase toward higher
DGMO and water content (Supporting Information, Figure
S1c). The diffractogram features two diffuse Bragg peaks that
correspond to the L3 sponge phase, which seems to be strongly
linked to the previous cubic phase (Figure S2). In fact, a
multiphase region exists between the cubic and sponge phase,
where the cubic Q224 is predominant (Figure S1b). Further
increasing of water content shows the coexistence of the sponge
phase with excess water (Figure S1d,e), whereas coexistence
with Lα is found at higher DGMO contents. Thus, the location
of the L3 phase in the phase diagram as explained above, its
fluidity, and its SAXS profile enable us to unambiguously
identify it as an L3 phase and not an L2.
If we move from the region of cubic phases and increase the

DGMO content, we discover the lamellar phase (Lα). This
phase shows three strong Bragg peaks with the spacing ratio of
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1:2:3 and exhibits birefringent behavior when observed through
crossed polarized light. The swelling limit of this phase is higher
than 40 wt % of water when the DGMO/GMO-50 ratio was
70/30, as this phase is coexisting with a bicontinuous cubic
phase at 50 wt % water (Figure S1a), and up to 40 wt % for the
other compositions studied with high DGMO content. This
behavior agrees with the literature11,38 in which Lα is formed
with the swelling limit of around 40 wt % of water at high
DGMO concentrations.
A comparison of the investigated system with the one

described by Pitzalis et al.11 makes it easy to notice the
difference in the phase behavior. The above-mentioned
dissimilarities between DGMO/GMO/water and DGMO/
GMO-50/water systems are related mainly to the GMO-50
composition, which although comprises mostly glycerol
monooleate contains noticeable amounts of di- and triglycer-
ides. These compounds entail the lower degree of hydration
compared to the binary pure GMO/water system and enhance
the formation of phases with more negative spontaneous
curvature, such as the reverse hexagonal phase.
Phase Behavior of DGMO/GMO-50/P80/Water Sys-

tem. Samples with P80 have been studied in order to swell the
sponge and bicontinuous cubic phase region, as well as enlarge
their unit cell dimensions. In addition, P80 is a stabilizer used to
disperse the DGMO/GMO-50 nonlamellar phases into liquid
crystalline nanoparticles. In the present work, the DGMO/
GMO-50 ratio has been varied from 25/75 to 50/50, to which
P80 has been added at a fixed lipid/P80 ratio of 70/30, and
then different amounts of water have been added to cover the
whole range of hydrations. All samples were analyzed by SAXS
and visual inspection under polarized light. In addition, samples
with a 40/60 DGMO/GMO-50 ratio at 60% hydration were
observed by Cryo-EM techniques.
Figure 2c,d shows the detailed and schematic phase diagram,

respectively, of the DGMO/GMO-50/P80/water system. Note
that DGMO and GMO-50 compositions have been adjusted to
be able to directly compare the DGMO/GMO-50/P80/water
system in terms of the water content, as the lipid/P80 ratio was
kept constant for all the samples. For that, the P80 was taken
into account in the lipid fraction. At low hydration, lamellar
phase (Lα) and reverse micelles (L2) are present at intermediate
and low DGMO content, respectively. Lα exists in samples
above the DGMO/GMO-50 ratio of 35/65, showing
birefringence under crossed polarizers and two Bragg
reflections at the spacing ratios 1:2. L2 presents a broad peak
in the X-ray diffractogram and no birefringence is observed.
Two isotropic cubic phases are found when the water

content is increased. A body-centered cubic phase with Ia3d
space group is identified at high DGMO content. Up to eight
Bragg peaks are established by X-ray diffraction with the
spacing group relat ionship of √6:√8:√14:√16:
√20:√22:√24:√26, which corresponds to the Bragg
reflections (211), (220), (321), (400), (420), (332), (422),
and (431). This phase swells up to 50 wt % of water in the
samples with higher DGMO concentration and transforms into
the Pn3m space group at lower DGMO content (around the
dilution line of 37.5/62.5 DGMO/GMO-50). The reverse
bicontinuous cubic phase with Pn3m space group extends from
25/75 to 40/60 DGMO/GMO-50 ratio and up to 50 wt %
water. At least four Bragg peaks are identified with the relative
positions of √2:√3:√4:√6, which can be indexed as (110),
(111), (200), and (211). This phase is predominant at the
lower DGMO and water contents studied, although it coexists

with the reverse hexagonal phase (H2). The characteristic Bragg
peaks and stiffness of the Q224 phase and the observed
birefringence confirm the coexistence of Q224 and H2 phases.
At even higher water content, an isotropic fluid phase is

distinguished at DGMO/GMO-50 ratios of 40/60 to 45/55 (as
detailed in Figure 2c). Two diffuse peaks are observed in the X-
ray scattering pattern, which are characteristic of the L3 sponge
phase. The first maximum corresponds to the L3 cell−cell
correlation distance, whereas the second one is related to lipid
bilayer distances.39−41 Samples surrounding this region also
show similar diffuse peaks, although they are in equilibrium
with another phase or exist in excess of water. For instance, at
55 wt % water the L3 phase coexists with inverse bicontinuous
cubic phases, mainly Pn3m. The addition of 5 wt % solvent
produces “pure” sponge phases at higher DGMO concen-
trations and coexistence with excess water at lower DGMO
content. The coexistence of the L3 phase with excess of water
was identified using crossed polarizers but also from SAXS data,
which showed no shift toward lower q-values. An exception of
this behavior is the dilution line with 50/50 DGMO/GMO-50,
in which Lα is always present and exists with L3 and water at
higher hydrations.
To discard the presence of inverse micelles (L2) and obtain

more detailed characterization of the sponge phase, this phase
was studied by cryo-EM techniques as will be discussed later. In
addition, a detailed analysis of the scattering data was carried
out.
Figure 3 displays the SAXS patterns of the samples with a

40/60 DGMO/GMO-50 ratio as a function of water content.

At this lipid composition, the system is transformed from a
lamellar phase to sponge phase, passing through the cubic
phases with Ia3d and Pn3m space group. Several phase
transitions are produced when increasing the amount of
water and the peak is shifted toward lower q-values. This is
the result of increasing the radius of the water channels due to
increase uptake of water as will be discussed further below. It is
worth noting that the L3 sponge phase bilayer structure is
closely related to the cubic phase that occurs at lower water
content, as the main diffuse peak of the sponge phase appears at
the same position as the strongest peaks from the Q224 (see
Figure S3). Therefore, the two diffuse peaks of the L3 phase are
associated with some periodic repeat distances present in this

Figure 3. SAXS data of 40/60 DGMO/GMO-50 samples at different
degrees of hydrations (wt % water indicated), with constant lipid/P80
ratio of 70/30. Phase transitions from Lα to L3, through cubic phases,
can be noticed.
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phase, as for the cubic phases, which can be related to the
aqueous pores radius as will be described below.
To further confirm the presence and morphology of the L3

phase, we used cryo-TEM and cryo-SEM to image a
representative sample (40/60 DGMO/GMO-50 with 60 wt
% of water). A highly dense and homogeneous structure is
observed in the cryo-TEM images (Figure 4a,b). An important
feature of these micrographs is the diffuse order characteristic of
the L3 phase, which has been confirmed by the broad ring on
the fast Fourier transformation (FFT) image. FFT analysis of
several cryo-TEM micrograph (only two are shown) give a d-
spacing of about 11.2 ± 2 nm, which corresponds to the d-
spacing extracted from Figure 3 of 12.7 nm. Here we note that
the FFT analysis for this type of flexible structures gives a rather
broad distribution of d-spacing. Since cryo-TEM micrographs
are images of three-dimensional structures projected into a two-
dimensional image, topographical features can be challenging to
interpret. This type of information can be more clearly
provided by cryo-SEM. However, together with the phase
behavior of the system and SAXS data, these cryo-EM
micrographs support the existence of the sponge phase. In
Figure S4 a cryo-SEM micrograph of the freeze-fractured of the
corresponding sample is shown. It should be noted that in
contrast to cryo-TEM images, this is taken at a 10 times lower
magnification and represents the surface topography of a
fracture plane of the phase. Even on this length scale the image
could be interpreted as some kind of continuous lipid although
the resolution does not allow an unambiguous determination of
the structure.
A comparison of this system to the DGMO/GMO-50/water

system shows that the influence of P80 on the formation of
liquid crystalline phases can be easily observed (Figure 2). P80
is a nonionic polymer with an oleic acid chain and a larger polar
headgroup compared to DGMO and GMO-50. As a result of its
molecular structure (Figure 1c), the packing parameter (Ns =
v/al) is lower than for the other components thanks to the
larger effective size of the headgroup. Thus, this component
promotes the formation of structures with lower curvature
when mixing with DGMO and GMO-50. This behavior can be
clearly noticed by the increase of water uptake for cubic and

sponge phases. They can therefore be formed in a higher range
of compositions due to the improvement of the swelling
properties conferred by the addition of P80.
The enhancement of swelling abilities will be reflected as the

increase in the water channel dimensions. SAXS data have here
been used for this purpose as described in the Experimental
Section. First, the monolayer thickness has been estimated (eq
1) and then, used to calculate the water pore radius, rw (eq 3).
Fitting of the theoretical swelling law agrees with

experimental data (Figure S5) and results in a monolayer
thickness value of 2.2 and 2.3 nm for Ia3d and Pn3m,
respectively. Because of the addition of P80 and the presence of
di/triglycerides in GMO-50, monolayer thickness values differ
slightly from those reported for the DGMO/GMO/water
system, in which distances from the midplane of the bilayer to
the neutral surfaces are 1.2 and 1.5 nm for Ia3d and Pn3m,
respectively.9

Figure 5 summarizes the estimated water channel diameter
(Dw) as a function of water content for both cubic phases and
the sponge phase. As can be seen, Dw increases with addition of
water, even though it is rather independent of the DGMO/
GMO-50 ratio within the investigated range. In fact, it varies for
the cubic phase from 2.8 to 8.4 nm at low and high hydrations,
respectively, and reaches values of 12 nm for the L3 phase (see
Table S2). These results support the idea that by adding a
nonionic polymer, such as P80, in the DGMO/GMO-50/water
system large water channels could be obtained. They also
confirm that P80 enters into the LC phase. These results are
promising for the entrapment of large molecules, such as
proteins or peptides, as the dimensions of the aqueous pores
are large enough. Therefore, DGMO/GMO-50/P80/water
system is suitable for the encapsulation of molecules up to 12
nm in size and even more if those molecules are able to
penetrate into the bilayer.

Dispersions of DGMO/GMO-50/P80/Water System.
Nanoparticle dispersions have been prepared with the aim to
produce particles with large unit cell dimensions. As reported
above, this is possible by adding P80 to the DGMO/GMO-50/
water system. Spontaneous dispersions have been formulated at
a concentration of lipid and P80 mixtures of 5 wt %, by simply

Figure 4. Cryo-TEM images at different magnifications of the 60% hydration bulk phase sample with 40/60 DGMO/GMO-50 and lipids/P80 ratio
of 70/30. These images are of different areas of the sample with slightly different magnification. Fast Fourier transformations of images a and b are
shown, and analysis represents a d-spacing of 11.2 ± 2 nm. The corresponding cryo-SEM image is shown in Figure S4.
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shaking the solutions 24 h at 350 rpm. Samples were analyzed
by dynamic light scattering, synchrotron X-ray scattering and
cryo-TEM.
The average size of nanoparticle dispersions at different

DGMO/GMO-50 ratio was determined by DLS before and
after the heat treatment. As previously reported,14,31 this heat
process reduces the vesicles present in the dispersion. Indeed,
the vesicular structures were found to have fused after heat
treatment and the nanoparticles became larger and less
polydisperse (Table S3). It is noteworthy that even without
the heat treatment the nanoparticles stabilized by P80 have a
narrow size distribution. For coarse dispersions, the size grows
up to a relative DGMO content of 40 wt %. Further increase in
the DGMO concentration on the other hand results in a
decrease of the average size although the data are scattered.
Such behavior can be explained by the proximity of the sponge-
to-lamellar phase transition. At higher DGMO contents the
system is close to the lamellar phase and more vesicles and
liposomes might be formed. In contrast, after the heat
treatment the nanoparticles’ tendency is to increase in size
with the addition of DGMO. More of these vesicular structures

Figure 5. Estimated water channel radius as a function of wt % water
for bicontinuous cubic phases Q224 and Q230 (filled squares and open
triangles, respectively) and sponge phase L3 (filled circles).

Figure 6. Cryo-TEM images of nanoparticles dispersions with lipid/P80 = 70/30 and DGMO/GMO-50 = 50/50 (a,b) and 40/60 (c,d) at different
magnifications. Black and white arrows indicate some interlamellar attachments (ILAs) and aqueous channels formed, respectively.
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are expected to have fused with the particles after the heat
treatment, which in turn lead to an increase in size.
Two representative dispersions have been chosen to illustrate

by cryo-TEM the changes in particle structure by varying the
DGMO/GMO-50 ratio. Figure 6 displays well-defined nano-
particles with 50/50 and 40/60 DGMO/GMO-50, respectively.
However, they present a very distinct structure. The first one
with higher content of DGMO results in nanostructures
without apparent inner order mixed with some vesicles (Figure
6a,b). Those nanoparticles feature signs of forming inter-
lamellar attachments (ILAs),42 which will develop to the pores
of sponge-like structure, as can be seen in the larger particles
and in the particle dispersion with higher GMO-50 content
(Figure 6c,d). This fact agrees with previous work,43,44 in which
it was suggested that inverted bicontinuous cubic phases can be
formed from ILAs between opposed bilayers. Therefore, we
propose that the L3 phase is an intermediate between ILAs and
the inverse bicontinuous phase. Here the large number of
connections between bilayers as well as the curvature promoted
by the chosen lipid composition allows the system to form
water channels arrays without long-range order (also stated by
Efrat et al.45).
As the GMO-50 content is increased, more sponge-like

nanostructures appear, in agreement with the bulk phase
behavior. The micrographs of 40/60 DGMO/GMO-50 nano-
particle dispersion illustrate this feature. As can be seen in
Figure 6c,d, these nanostructures show a sponge-like arrange-
ment through the whole particle. This arrangement can be
distinguished by the circular features present on the particles,
which correspond to the aqueous pores of the L3 phase.
As can be noticed, the nanostructure of these particles

includes more inner and surface defects not present in the bulk
phase state, where the L3 phase structure is homogeneous and
infinite through the whole sample. As a result, some structural
defects can be noticed by the diversity in size of the water
channels (circular features) and the difference in compactness
of the L3 structure. This structure is slightly less dense on the
surface region due to the swelling of the bilayer interface
structure, where some ILAs can be also observed. This behavior
can be attributed to the flexibility of the L3 bicontinuous
bilayer, which in contact with excess water adapts to a more
swollen structure. P80 may play an important role here, which
due to its large headgroup favors these structures and confers
higher stability to the particles by being more concentrated on
the surface. These changes might lead to a difference in
composition distribution in the inner region of the particle
compared to the outer or surface region. This has been
previously reported by Wadsaẗer et al.,46 who found that P80
stabilizes soy phosphatidylcoline and glycerol dioleate NPs by
being more concentrated to the particle surface. However,
further studies should be carried out to confirm that P80
behaves in the same way in the system investigated here. If
more GMO-50 is added (up to 75 wt % compared to DGMO),
nanoparticles with cubic inner structure start to form (data not
shown).
In addition to the cryo-TEM, all dispersions have been

analyzed by SAXS. Figure 7 illustrates typical scattering data for
the above mention dispersions, where the two diffuse peaks
characteristic of the L3 phase could be identified. As can be
perceived, the first diffuse peak, which is related to the L3 cell−
cell correlation distance, has a less well-defined maximum
compared to the bulk sponge phase due to the distribution in
the repeat distances mentioned above. Therefore, the second

diffuse peak associated with the lipid bilayer distances becomes
more visible, as the bilayer thickness remains better defined
through the entire sample. As for the bulk phases, the first peak
has been used to estimate the water channel diameter, which
was found to be up to 13 nm for the 45/55 DGMO/GMO-50
nanoparticles dispersion (see Table S2). It is important to
mention that no significant changes in particle size and size
distribution have been detected during storage for about three
months at room temperature.

■ CONCLUSIONS
Aqueous phase behavior of a mixture of mono- and diglycerides
was studied in the absence and presence of P80. This nonionic
polymer enables a change in the spontaneous curvature of the
DGMO/GMO-50 lipid bilayer, making it more flexible, more
suitable for forming bicontinuous cubic and L3 phases, and
better able to accommodate larger amounts of water. In fact,
highly swollen sponge phases have been achieved by simply
mixing the components and without the use of any organic
solvent.
In addition, we have demonstrated that colloidal stable and

well-defined sponge-like nanoparticle can be prepared by a low-
energy mechanical method, thanks to the stabilization provided
by P80. These nanoparticles have a size of about 100−250 nm
with disordered inner structure and large water pores, which
can be identified by cryo-TEM and reach up to 13 nm in
diameter. The fact that these nanoparticle dispersions have the
same large water channels as the corresponding bulk phase;
their high stability, and the fact that they are formed of food
ingredients, make them promising vehicles for large molecules
in a range of applications. This includes (membrane) protein
crystallization, enzyme immobilization, or delivery of nutrients
and drugs.
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The Supporting Information is available free of charge on the
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Equation nonpolar volume fraction; photograph taken of
samples between crossed polarizers depicting the dilution
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Figure 7. SAXS profiles of nanoparticles dispersions with a DGMO/
GMO-50 ratio of 50/50 (straight line) and 40/60 (dot line). Arrows
indicate the q-values used for estimating the aqueous pore size.
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diffractograms of DGMO/GMO-50/water system; over-
lapped SAXS profiles from Figure 3 with 50 and 60 wt %
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Fitting swelling laws figures for both cubic phases;
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results (PDF)
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