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Abstract: The structural evolution of a diamond-type bicontinuous lipid cubic phase upon application of
thermal and chemical (hydration agent) stimuli is investigated by means of small-angle neutron (SANS)
and X-ray scattering (SAXS). The soft-matter cubic architecture responds by dramatic swelling (DLarge cubic
structure) upon incorporation of a hydration-enhancing guest component (octyl glucoside) at low and ambient
temperatures, the aqueous channel diameter increasing twice to ∼7 nm. DLarge appears to be built up from
an assembly of cubosomic domains, which may coexist with an amphiphilic lamellae domain at low
temperatures. The chemical stimulus concentration can be selected as to tune the hydration of the
nanochannels in the DLarge phase and its transformation into a DNormal phase at temperatures above the
body temperature. Two-dimensional SANS images recorded upon heating scan reveal growth of
spontaneously oriented domains of single-crystal cubic nature. Phase separation and squeezing out the
guest-hydrating agent from the higher-curvature regions of the amphiphilic bilayer suggest a possible
mechanism for the established transformations. The order-order structural transition, cubic DLarge - cubic
DNormal, is found to be reversible upon cooling. The obtained results put forward a structure-based concept
for release of encapsulated guest molecules from stimuli-responsive and self-regulated cubosomic
nanocarriers.

Introduction

Spontaneous self-assembly of amphiphiles in aqueous me-
dium may generate ordered complex fluid systems and nano-
structures based on liquid crystalline (LC) supramolecular
architectures such as lamellar, inverted hexagonal, bicontinuous
cubic, sponge, etc.1-14 Soft-matter bicontinuous cubic meso-

phases15-25 (BCP) of nonionic and nontoxic amphiphiles are
suitable for design of nanostructured carrier and delivery systems
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for pharmaceutical, cosmetics, biotechnology, and food appli-
cations.13,26-31 They could serve for nanoconfinement and
encapsulation of active ingredients as well as templates for
synthesis of nanomaterials.32-42 Their high structural stability
in excess aqueous medium is a further advantage for biomedical
applications.33c

The control of the diameter of the nanofluidic aqueous
channels that constitute the overall periodic three-dimensional
(3D) network architecture15,17-22 of BCP, is important in the
context of encapsulation and release of therapeutic substances
from cubosomic nanocarriers.33a-c Recently, we found that the
inclusion of the hydration-modulating agent octyl glucoside
(OG), as a guest component in the self-assembly monoolein
(MO)/water system, may serve for tuning of the diameters of
the aqueous nanochannels in the diamond-type BCP under
excess water conditions.25a That study has suggested the need
of further structural research on the mechanism of transition
and reversibility between swollen and normal-type BCP as a

function of the applied stimuli, namely concentration of the
nanochannel-hydration enhancing agent and temperature.

Figure 1 presents models of normal (DNormal) and swollen
(DLarge) diamond-type bicontinuous cubic lattices, providing a
periodic-nodal-surfaces presentation of the lipid bilayer. These
two models show ideal views of the BCPs, which may form
upon self-assembly of a nonlamellar amphiphile in excess
aqueous phase in the absence (a) or in the presence (b) of a
nanochannel-hydration enhancer. The two intertwined water-
channel networks are separated by a lipid bilayer with head-
groups oriented toward the aqueous phase in each supramolec-
ular organization (for molecular presentation of the nanochannels
cross-section see Figure 5 below).

The fundamental question, which motivated the present study,
is the absence of proof in the literature for the stability and
reversibility of the DLarge phase characterized by large water
channels. An explanation of the mechanism of the structural
transition to a DLargestructure is also lacking. A recent study20a

revealed that a similar highly hydrated form of BCP can appear
from a disordered sponge structure and discussed its link to the
membrane fusion intermediates in biological systems.

Here the mesoscopic structures of normal and water-swollen
diamond cubic phases are investigated by small-angle neutron
(SANS) and synchrotron X-ray (SAXS) scattering toward more
in-depth understanding of their organization and eventual
inherent coexistence with other (for instance, microemulsions43)
phases upon application of thermal and chemical (hydration)
stimuli. The paper presents systematic experimental records on
the stability and reversibility of the DLargeBCP formed by MO/
OG systems in excess water environment. The results suggest
a mechanism for the transitions, in which DLarge is involved,
when external stimuli are applied.
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Figure 1. Three-dimensional model presentation of bicontinuous diamond-
type cubic nanostructures DNormal (a) and DLarge (b). Amphiphilic bilayer
decorates a periodic minimal 3D surface of a double-diamond cubic
symmetry (space group Q224 (Pn3m)). The open aqueous nanochannels
comprise a 3D labyrinthine of two intertwined networks.
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Results

Thermo-Structural Behavior of a DLarge Bicontinuous
Cubic Phase at Full Hydration. The performed time-resolved
SAXS study characterized the modulation of the nanochannel
hydration in the self-assembly amphiphilic cubic phases as a
function of temperature (for SAXS details see the Supporting
Information [SI]). It determined the temperature-induced changes
in the diameter of the aqueous channels,Dw, and the lipid bilayer
thickness,L, at three molar ratios between the amphiphilic
components, namely MO/OG) 95:5, 90:10, and 85:15 (mol/
mol). Table 1 summarizes the temperature dependence of the
structural properties, which were revealed using the Garstecki-
Holyst (GH) analytical model22 for fitting of experimental SAXS
patterns. The cubic lattice parameter,a, of the DLarge phase
displays maximum values atT e 30 °C. The value ofDw equal
to 7.3 nm at 20°C indicates that the incorporation of OG
molecules brings a lot of hydration water in the network of nano-
channels of the diamond-type MO cubic phase. For comparison,
the BCP of pure MO displays, at full hydration, a continuous
tuning of its aqueous nanochannels diameter,Dw, from 4.0 to
2.4 nm induced by thermal stimuli in the range from 20°C to
65 °C. At variance to the nanochannel diameter (Dw), the lipid
bilayer thickness,L, does not follow a monotonic decrease with
temperature. Table 1 demonstrates the full agreement of our
results with the MO bilayer thickness valueL ) 3.2 nm
estimated by alternative techniques44 for such a system atT )
62 °C.

In SANSstudies, hydrated self-assemblies of pure MO and
of binary MO/OG mixtures (95:5, 90:10, and 85:15 mol/mol)

were subjected to thermal stimulus in the range from 15°C to
65 °C (in steps of 5°C), followed by cooling down to the initial
state. Figure 2 shows SANS results corresponding to selected
levels of nanochannels hydration as controlled by the concentra-
tion of the hydration enhancer and temperature. The intense
SANS correlation peak appears to be a diffraction peak matching
the first-order SAXS reflections of the BCP. A less pronounced
second diffraction peak was observed under conditions where
the applied stimuli were able to induce the formation of a
coexisting lamellar domain (see SI for 1D and 2D presentation
of the SANS intensities and a description of the patterns of the
liquid crystalline phases).

Effect of the Molar Composition. At a molar ratio of 90:
10 MO/OG andT < 30 °C, the cubic lattice parameter,a, of
the self-assembly phase is nearly 50% greater (a DLarge cubic
phase) than that of the DNormal cubic structure. AtT g 40 °C,
the DLargecubic structure begins to transform into a DNormal one,
owing to dehydration of the nanochannels. This is associated
with an essential decrease in the lattice spacing,a, and in the
water channel diameter,Dw (Table 1). The lipid bilayer
thickness,L, in the MO/OG 90:10 cubic assembly also decreases
with the rise in temperature, which correlates with an increase
in the interfacial curvature and squeezing out of OG molecules
from the bilayer.

The 2D SANS patterns of this system are characterized by
pronounced spots in the azimuthal intensities atT g 40 °C (see
Figure 2 (T ) 60 °C) and Figure 3S). Spot reflections are
indicative for the formation of large liquid-crystalline domains
of single-crystal cubic nature. Thus, the applied temperature
stimulus triggers the arbitrarily oriented DLarge“polycrystalline”
domains to convert into growing spontaneously oriented DNormal

domains. This structural transition of the soft-matter assembly,
related to the dehydration of nanochannels, does not change

(44) (a) Marrink, S.-J.; Tieleman, D. P.J. Am. Chem. Soc. 2001, 123, 12383-
12391 (b) Qui, H.; Caffrey, M.Biomaterials2000, 21, 223-234.

Table 1. Temperature Dependence of the Cubic Lattice
Parameter, a, Estimated from SAXS or SANS (at Indicated
Temperatures) Patterns of Self-Assembly MO/OG Systems
Generated in Excess Phosphate Buffer Medium

sample
temp
(°C) space group

lattice a
(nm)

bilayer thickness (L)/
water channel Dw (nm)a

MO 20 Pn3m 10.36 3.3/4.0
25 Pn3m 10.37 3.3/4.0
30 Pn3m 10.27 3.3/3.9
40 Pn3m 9.19 3.1/3.4
50 Pn3m 8.55 3.1/3.0
60 Pn3m 8.11 3.1/2.6
65 Pn3m 7.94 3.2/2.4
62 (ref 44) Pn3m 8.04 3.2/2.5

MO/OG 90:10 20 Pn3m
(DLarge)

15.27 3.5/7.3

20 SANS Pn3m
(DLarge)

15.95

25 (ref 25a) Pn3m
(DLarge)

15.05 3.5/7.1

30 Pn3m
(DLarge)

14.75 3.5/6.9

30 SANS Pn3m
(DLarge)

15.83

40 Pn3m 12.85 3.4/5.7
40 SANS Pn3m 11.10
50 Pn3m 9.99 3.3/3.8
60 Pn3m 9.25 3.2/3.4
65 Pn3m 8.97 3.2/3.1

MO/OG 95:5 25 Pn3m 12.55 3.4/5.5
MO/OG 85:15 40 SANS Pn3m

(DLarge)
14.28

50 SANS Pn3m 12.08

a The lipid bilayer thickness,L, and the diameter of the aqueous
nanochannels,Dw, are estimated from fitting of the experimental SAXS
intensities. The accuracy is(0.2 nm.

Figure 2. Small-angle neutron scattering (SANS) patterns of self-assembly
MO/OG systems with molar ratios MO/OG 100:0, 90:10, and 85:15 (mol/
mol) corresponding to selected stages of the nanochannels hydration atT
) 20 °C (left column) and atT ) 60 °C (right column) from the thermal
scan performed between 15°C and 65°C under excess water conditions.
The q-range is from-0.24 to 0.24 (Å-1).
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the fluid LC state of the bicontinuous lipid bilayer. The recording
of individual diffraction spots for a lyotropic cubic phase comes
from the fact that the growing cubic domains have a larger size
compared to the beam spot size.

Increasing the OG concentration, to yield a total molar ratio
MO/OG 85:15 (mol/mol), causes a shift in the phase transition
temperature from a lamellar to a cubic phase state. A lamellar
phase is dominant at MO/OG 85:15 molar ratio at temperatures
between 15 and 30°C (see Figure 2 (T ) 20 °C) and Figure
4S). Under these conditions, lipid domains rich with OG adopt
a lamellar structure owing to the induced decrease in the
monolayer curvature.33e The repeat bilayer spacing of the
lamellar phase is determined to bed ) 4.91 nm. Upon an
increase in the temperature the lamellar domain coexists with a
growing cubic phase domain. A DLarge phase is promoted atT
) 35 °C, and it becomes the major phase atT ) 40 °C,
displaying a homogeneous 2D SANS pattern (without pro-
nounced spots). At 40°C, the DLarge cubic lattice unit is
maximum,a ) 14.28 nm. Thisa value is approximately equal
to that of the DLarge phase formed in the MO/OG 90:10 system
at around 35°C. Perhaps it corresponds to the maximum
swelling degree that could be achieved in BCP self-assembled
at the investigated amphiphilic compositions.

Indexing in the Reciprocal Space.Figure 3 analyzes the
2D SANS pattern of the MO/OG 85:15 sample recorded at 60
°C. We identified reflections belonging to the same indexing
in the reciprocal lattice. The allowed first diffraction peak for
the Pn3m cubic symmetry corresponds to Miller indices110,
-110, 1-10, and-1-10. The cubic lattice vectors are orthogonal
and of equal length. The projection of a face of the cube can be
a square in the reciprocal space, depending on the sample
orientation with respect to the incident beam. This appears to
be the case shown in Figure 3: the spots, indexed as110, -110,
1-10, and -1-10, constitute the apexes of a square. This
indicates that thea, b, andc axes of the cubic lattice are parallel
to the incident beam, thus yielding the observed square
projections in the reciprocal space. By applying azimuthal
rotation of the square around the incident beam direction, we

identified the existence of at least four orientations of cubic
domains in the investigated complex fluid sample present in
the beam (see the four squares in Figure 3). Probably many
more cubic domains could be identified if the measurement cell
could be rotated with respect to the beam direction.

Reversibility of the DLarge f DNormal Structural Transition.
The SANS patterns in Figure 4 indicate that the DLarge cubic
structure is reversible in thermal cycles with MO/OG systems
of both 90:10 and 85:15 molar ratios. Starting from a DLarge

phase characterized by a mosaic spread of cubosomic domains
at low temperatures (T < 25 °C for the MO/OG 90:10 system
or T < 35 °C for the MO/OG 85:15 system), one establishes
that the cubosomic domains become correlated upon heating
to 65 °C. They stack into growing single-crystal domains as
revealed by the pronounced spots on the circular SANS patterns.
Upon cooling down to 25°C, the diffraction peak of the DLarge

phase is recovered (q ≈ 0.06 Å-1). This means that the
nanochannels of the DLargephase reversibly swell upon cooling
in the presence of the hydration enhancer OG that acts as an
interfacial curvature modulator. The DLarge cubic phase forms
as a reversible phase relatively quickly (within few hours).

At variance to the relatively rapid kinetics of the cubic DNormal

f DLargestructural transition (time scale of the order of hours),
the kinetics of nucleation and growth of lamellar domains upon
temperature quenching down to 25°C is rather slow (more than
1 day), thus preventing the reversibility of the lamellar domain
in thermal cycles. Indeed, the lamellar peak atq ≈ 0.12 Å-1 is
not recovered during the cooling scan to 25°C (see the bottom
patterns at 25°C in Figure 4 which are not identical to those in
the heating scan at 25°C, where the lamellar domain coexists
with a cubic phase). The DLargecubic phase was found to coexist
with lamellar domains exclusively when the samples were stored
for prolonged equilibration time (several days) at nearly zero

Figure 3. Two-dimensional SANS image recorded with a self-assembly
MO/OG 85/15 (mol/mol) cubic system at 60°C. The observed reflection
spots characterize the supramolecular architecture of a DNormal bicontinuous
cubic phase formed upon temperature-induced dehydration of the aqueous
nanochannels of a DLarge swollen cubic phase. The individual diffraction
spots represent cubic domain sizes larger than the beam size. These spots
are grouped on the apexes of four identical squares (denoted as 1, 2, 3, and
4). In the reciprocal space, they represent the110, -110, 1-10, and-1-10
indexes corresponding to the first allowed reflection of single-crystalPn3m
cubic domains.

Figure 4. SANS patterns demonstrating the structural transition from a
DLarge to a DNormal cubic structure on heating fromT ) 25 °C to T ) 65 °C
in MO/OG 90:10 (mol/mol) system (left column) and fromT ) 35 °C to
T ) 65 °C in MO/OG 85:15 (mol/mol) system (right column). With both
amphiphilic compositions, cooling from 65°C to 25 °C reveals the
reversibility of the DLarge phase and the irreversibility of the lamellar peak
at q ≈ 0.12 (Å-1). Only the DLarge peak atq ≈ 0.05 (Å-1) is recovered
upon cooling back toT ) 25 °C. Theq-range is from-0.24 to 0.24 (Å-1).
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temperature (i.e., under conditions favoring the formation of a
lamellar Lc monoolein phase).

Discussion

The swollen cubic DLarge phase forms at low temperatures
upon incorporation of a small molar fraction (e10 mol%) of
the amphiphilic compound OG in the fully hydrated MO cubic
phase. We found that at MO/OG 80:20 molar ratio, a cubic
structure could not form at temperatures below 50°C. This
means that an additive (OG) molar fraction higher than 15 mol
% will destabilize the DLarge cubic phase at low and body
temperatures due to the OG effect on the interfacial monolayer
curvature,33efavoring the formation of a lamellar supramolecular
assembly at such compositions.

Mechanism of the DLarge f DNormal Transition Associated
with Nanochannel Dehydration, Domain Alignment, and
Curvature-Induced Molecular Demixing. The SANS study
established spontaneous orientation of single-crystal domains
only in the self-assembled MO/OG systems (Figures 2 and 4)
but not in the pure MO/water cubic system, which lacks a
hydration-modulating agent. The spontaneous orientation of
single-crystal domains, under the applied temperature and
hydration stimuli, appears to be a feature of the MO/OG BCP,
provided that no shearing is applied in the present experiments
for alignment of the sample. The orientation seems to be caused
by the nanofluidic flow related to the diffusion of the guest
agent (OG) from the interior to the exterior of the bicontinuous
bilayer structure at temperatures above the DLarge f DNormal

transition temperature. Generally, the inherent 3D connectivity
of the BCP does not imply domain alignment7 (Figure 2).
However, with nanoparticulate systems, an external stimulus
has been needed to achieve highly ordered small-scale as-
semblies. Studies on cubosomes12b,29have shown that glyceryl
monooleate nanoparticles develop single-crystal internal struc-
tures at rather high temperatures (T ≈ 125 °C). Anchoring
effects on the walls of the measurement cell could induce
spontaneous domain orientation as well.

Thermal stimuli on cooling can lead to quenching of the
spontaneously oriented domain organization. The spots of the
crystalline domains in the SANS patterns (Figure 4) disappeared
after cooling back to 25°C. Therefore, single-crystal orientation
is not preserved upon cooling down. These orientation-
disorientation processes may be related not only to the high
temperature and higher OG concentration stimuli that provoke
the spontaneous domain alignment but also to the presence of
two water-channel networks in the supramolecular double
diamond-type cubic structure.15,17,25b One of these networks
(Figure 1) is open to the excess water, while the other can be
closed. It may be expected that the hydration/dehydration
processes occur via asymmetry in the two water-channel
networks. Nevertheless, the established reversibility of the DLarge

BCP confirms the structural stability of the water-swollen
nanostructures at ambient temperatures.

It could be suggested that phase separation between the
components at elevated temperatures associated with the growth
of DNormal cubic domains. The increase in temperature causes a
respective increase in the interfacial monolayer curvature of the
amphiphilic MO/OG bilayer. This might induce progressive
expelling of the guest OG molecules from the lipid bilayer plane.
Figure 5 presents the suggested molecular mechanism of the

nanochannel dehydration accompanying the DLarge f DNormal

structural transition. In this mechanism, the temperature increase
causes an increase in the monolayer curvature upon nanochannel
dehydration in self-assembled cubic MO/OG systems. This
results in the squeezing out of the OG molecules from the lipid
bilayer of the DLarge structure (a) to the aqueous phase on the
occasion of its transition to a DNormal structure (b).

Several arguments are in favor of the squeezing-out concept
for OG release from the lipid bilayer. (i) The established
orientation and correlation into single-crystal domains would
not occur if the guest OG molecules were not expelled from
the supramolecular structure toward the aqueous environment
at higher temperatures. (ii) The bilayer thickness becomes
smaller on heating, which suggests that the guest OG molecules
are likely squeezed out of the bilayer to the aqueous phase when
the lipid monolayer curvature increases. (iii) The obtained results
(Table 1) for the cubic lattice spacing,a, of MO/OG cubic
phases at higher temperatures are very close to the lattice spacing
of the pure MO cubic phase. Therefore, OG should be released
from the supramolecular structure.

Regarding the mechanism of the release of encapsulated guest
(globular protein) molecules upon increasing temperature, we
suggest that the protein should be released outside the cubosomic
assembly since the cubic lattice parameter determined at
temperature above 50°C approaches that of pure monoolein,
which lacks encapsulated guest protein. Respectively, the
nanochannel diameters decrease with rising temperature. At
higher temperatures, the system starts to orient into single-crystal
domains (Figure 3). This suggests that the guest molecules are
squeezed out from the cubosomic building blocks.

Perspectives for Drug Delivery Applications of Stimuli-
Responsive BCP.While taking advantage of nanoscale bicon-
tinuous LC systems for encapsulation of proteins and peptide
drugs, an important question is the stability of the resulting self-
assembled structures at low temperatures,∼4 °C (conditions
employed for storage of several biopharmaceuticals). The new
water-swollen (DLarge) BCP appears to be attractive for develop-
ment of nanoscale drug delivery systems as it forms at
temperatures below 45°C and it remains stable down to 0°C.
Furthermore, we found that it is a stable and a reversible phase.
OG was studied here as a model amphiphilic molecule serving

Figure 5. Proposed molecular mechanism of the transition cubic DLargef
cubic DNormal. (a) Cross section of a weakly curved MO/OG bilayer in a
DLarge cubic structure. (b) Cross section of a highly curved MO bilayer in
a DNormal cubic structure. The temperature-induced increase in the interfacial
monolayer curvature is suggested to lead to squeezing out the OG molecules
from the lipid bilayer and their release toward the aqueous environment.
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as a hydration enhancer of the aqueous nanochannels. In drug
delivery applications, this hydration-modulating agent could be
substituted by other injectable surfactants (e.g., polysorbate 80)
or by some amphiphilic drugs (e.g., miltefosine) provided that
these guest molecules could show a capacity to increase the
hydration of the nanochannels. On their own, proteins (trans-
ferrin, immunoglobulin, and others) may influence the hydration
of the cubic lipid systems33b,c as well.

The fundamental result that the hydration of the aqueous
channels of the MO cubosomic carrier is stimulus (chemical
and temperature) sensitive and that the structural DLarge f
DNormal transformation occurs at approximately physiological
temperatures could be explored in pharmaceutical perspectives
by putting forward stimuli-responsive local delivery mecha-
nisms. Taking into account that several pathology processes are
accompanied with local temperature increases (by 2-5 °C) in
diverse tissues and organs, one could suggest that the structural
transitions observed at temperatures above 35°C could be
explored toward stimuli-sensitive delivery strategies. Upon
administration in vivo at 37°C (or at a higher temperature in
case of a pathological event) the cubosomic carrier will fall into
a structural transformation accompanied by an increase in the
curvature of the lipid monolayer, induction of local phase
separation of the amphiphilic components, and release (squeeze
out) of the guest compound outside the lipid nanovehicle. Thus,
the local release of encapsulated guest molecules will be
triggered by the temperature change. This concept hypothesizes
a stimuli-sensitive mechanism of delivery from a cubosomic
nanocarrier.

Conclusion

The functionalization of the lipid bilayer by a proper water-
soluble amphiphile (OG in this work) provides a facile means

to control the hydration of the water nanochannels, specifically
their diameters and capacity to encapsulate guest biomolecules
(for instance globular proteins or peptides). The concentration
of OG is an important parameter permitting control of the
temperature of the DLarge f DNormal structural transformation.
The obtained results suggest that∼5-10 mol % OG would be
sufficient to swell the cubic nanochannel network to incorporate
soluble proteins. As the stability of the 3D mesoscale am-
phiphilic structure is crucial for its potential applications in drug
delivery systems, it is essential to emphasize that it can stably
persist upon storage during several months by preserving its
large aqueous nanochannels. Here we established that the
structural transition DLarge f DNormal is reversible with regards
to thermal stimuli in the presence of the hydration and
interfacial-curvature modulator OG. A thermo-response mech-
anism is suggested for the release of entrapped molecules.
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