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Cubosomes consist in submicron size particles of lipid bicontinuous cubic phases stabilized by
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surfactant polymers. They provide an appealing road towards the practical use of lipid cubic
phases for pharmaceuticals and cosmetics applications, and efforts are currently being made to

control the encapsulation and release properties of these colloidal objects. We overcome in this
work the lack of sensitivity of monoolein cubosomes to pH conditions by using a pH sensitive
polymer designed to strongly interact with the lipid structure at low pH. Our cryo-transmission
electron microscope (Cryo-TEM) and small-angle X-ray scattering (SAXS) results show that in the
presence of the polymer the cubic phase structure is preserved at neutral pH, albeit with a larger
cell size. At pH 5.5, in the presence of the polymer, the nanostructure of the cubosome particles
is significantly altered, providing a pathway to design pH-responsive cubosomes for applications

in drug delivery.

1 Introduction

Since the pioneering work of Luzzati > and Larsson®* where the
monoolein (MO)/water phase behaviour was studied for the first
time, > several studies have explored the possible use of MO-based
cubic phases as potential hosting matrices in pharmaceutical 19
and food applications.!1:12 The lipid cubic crystals have distinc-
tive structural and chemical advantages, including highly ordered
periodic structures, a large surface area of the lipid/water inter-
face ( 400 m> g~1)!3, tuneable structural parameters, and pro-
vide a biocompatible platform for entrapment of proteins, pep-
tides, and other biomolecules. A significant emphasis has been
placed on cubic phases due to their polar/apolar continuous do-
mains, which allow for the encapsulation of a broad range of
hydrophilic/hydrophobic molecules'* and for controlled release
of a cargo, thus maintaining the therapeutic concentration range
over a longer period of time.”

Cubosomes are stable nanoparticle dispersions formulated
from bulk cubic phases (Fig. 1). They have been gather-
ing increasing attention due to their potential applications in
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Fig. 1 a) Graphical picture of an inverse cubic phase with primitive type
structure Im3m, b) Cryo-TEM image of a monoolein cubosome stabilized
with 5 wt % Pluronic F127. Scale bar, 100 nm.

nanomedicine. However, pure MO systems alone do not respond
to biological or external stimuli such as temperature, light, pH or
ionic strength. Hence, significant efforts are being made towards
more accurately controlled release of target biomolecules 516
and on modulating the release properties of the host-guest lipid
cubic phases in response to specific external conditions. 17-21 This
approach recently led to the development of stimuli responsive
cubosome-based drug-delivery systems with the capacity of re-
leasing their content in response to external triggers. Several
authors have reported the effect of pH changes on mixtures of
monoolein-charged lipid bicontinuous cubic phases?2-25, These
systems were shown to reversibly change from a cubic phase to an
inverted hexagonal Hy; or lamellar L, phase in response to acidic
(pH 2) conditions. This strategy was further exploited by Negrini
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Fig. 2 The chemical structures of a) Monoolein (MO} and b) Poly(L-
lysine-iso-phthalamide) chain grafted with phenylalanine (PP50).

et al. 2! who presented a pH-responsive cubic phase, where con-
trolled release of cargo is achieved by adapted host-guest electro-
static interactions.

In this work, we describe a new MO-based pH-sensitive cubo-
some system we have developed, loaded with a pH-sensitive poly-
mer (see Fig. 2 a). This polymer, a poly (L-lysine-iso-phthalamide)
grafted with L-phenylalanine at the degree of grafting of 50%
hereafter referred as PP50, is a promising pseudopeptidic poly-
mer whose hydrophilic/hydrophobic balance depends on exter-
nal pH.26-30 It is by design capable of mimicking the activity of
membrane-penetrating peptides. The presence of carboxylic acid
side groups causes reversible conformational changes in an aque-
ous environment from extended charged polyelectrolyte chains at
neutral pH, to a globular state at acidic pH, resulting in a higher
binding affinity for the lipid membrane, causing its subsequent
disruption. Thus, PP50 is an appealing example of a stimulus-
responsive material, potentially able to minimise drug losses at
neutral pH while conversely triggering rapid intracellular drug
release from the cubic phase in an acidic environment.

In this work, we describe how the pseudopeptide PP50 can be
associated with standard MO cubosomes prepared by sonication
and stabilization with the nonionic Pluronic F127 surfactant.3!
We have studied the structure of MO cubosomes incorporating a
small amount (10 wt %) of PP50 at two distinct pH values: pH
7.5 and pH 5.5. The crystallographic structure and the cubic cell
size were determined by by SAXS, whilst the morphology and
topology of the MO-cubosomes were characterised by Cryo-TEM.

It was found that under neutral pH conditions, the presence of
polymer preserves the original Im3m cubosome structure, while
a significant amount of structural disruption, with a partial dis-
appearance of the cubic phase, is observed under acidic condi-
tions. This suggests that our novel system has a strong potential
for developing pH-responsive encapsulation vectors based on cu-
bosomes.

2 Experimental

Materials

Monoolein powder (1-Oleoyl-rac-glycerol, C18:1c9, M,, = 356.54
Da), Pluronic F127 (PEOgg-PPOg;-PEOgg, M,, = 12600 Da) and
buffer components (HEPES, Citrate buffer) were supplied by
Sigma-Aldrich, Co. (Saint-Quentin, France). All chemicals had
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purities of >98% and were used without further purification.

Polymer synthesis and characterisation

The polymer PP50 was synthesised as described previously.32
Briefly, the parent polymer PLP (poly(L-lysine-iso-phthalamide))
was synthesized by polycondensation of L-lysine methyl es-
ter dihydrochloride and iso-phthaloyl chloride followed by es-
ter hydrolysis. After purification, PLP was conjugated with L-
phenylalanine methyl ester hydrochloride by DCC-coupling reac-
tion followed by ester hydrolysis. The final PP50 was obtained
after dialysis using a Visking membrane tubing (molecular weight
cut-off, 12000-14000 Da). PP50 is a linear copolymer, composed
of a sequence of 50% unsubstituted and 50% phenylalanine sub-
stituted L-lysine iso-phthalamide monomers (see Fig. 2 b). The
polymers used in the present study had a number averaged molec-
ular weight M, = 23.0 kDa, and a mass averaged molecular
weight M,, = 45.8 kDa, as determined using an aqueous gel per-
meation chromatography (GPC) system (Viscotek, UK). The poly-
mer is a weak acid polyelectrolyte, with an estimated ionization
constant pK, ~ 6.5.

Sample preparation

Colloidal dispersions of cubosomes were prepared as described
by Landh. 33 Briefly, for each sample, 50 mg of pure lipid was
dispersed in chloroform, and the organic solvent removed under
a nitrogen stream followed by overnight vacuum pumping.

SAXS samples: The lipid deposit was hydrated with 94 wt %
buffer solution (0.707 mL), and then subjected to 10 freeze-thaw
cycles. The resulting lipid dispersion was a cubic phase in ex-
cess water (Pn3m, characterisation not shown). Following the
freeze-thaw cycles, a Pluronic F127 aqueous solution was added
(2.68 mg surfactant in 0.30 mL buffer) for the polymer free ref-
erence samples, while Pluronic F127 (2.68 mg) dispersed with
PP50 (4.84 mg) in 0.294 mL of buffer solution, was added for
polymer loaded samples, corresponding to a total volume of 1 mL
of buffer.

Cryo-TEM samples: The preparation followed similar steps to
the preparation of the X-ray samples, but using larger volumes of
buffer. The lipid deposit was first hydrated with a buffer solution
(1.288 mL), followed by 10 freeze-thaw cycles, and 2.68 mg of
Pluronic F127 and 4.84 mg of PP50 polymer dispersed in 1.288
mL of buffer (2.576 mL total volume of a buffer) were added.

Samples were probe-sonicated (Bioblock VibraCell 72412) at
30% amplitude for 5 min total time at 1 on/off cycle period to pre-
vent overheating. The two hydration solutions used in the study
were set to pH 7.5 with HEPES buffer (20 mM) and to pH 5.5
with citrate buffer (100 mM) prior to mixing with lipids. Hydra-
tion, sonication and stabilisation with the surfactants transformed
the bicontinuous cubic phase into cubosome dispersions. Samples
were then characterised by SAXS or Cryo-TEM. Cryo-TEM imag-
ing was performed with fresh samples (a couple of hours) while
SAXS samples had to be prepared a day before being placed in
the Synchrotron beam.

This journal is © The Royal Society of Chemistry [year]
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Cryo-TEM

A laboratory-built humidity-controlled vitrification system was
used to prepare the samples for Cryo-TEM. Humidity was kept
close to 80% for all experiments and the temperature was set at
22°C. A 5 uL of the sample was placed onto a grid covered by the
lacey carbon film (Ted Pella), which was rendered hydrophilic via
glow discharge (Elmo, Cordouan Technologies). Excess sample
was removed by blotting with filter paper and the sample grid
was vitrified by rapid plunging into liquid ethane (-180°C). The
grids were kept in liquid nitrogen before being transferred into a
Gatan 626 Cryo-holder. Cryo-TEM imaging was performed on an
FEI Tecnai G2 TEM (200 kV) under low dose conditions with an
Eagle slow scan CCD camera.

Cryo-TEM Image Analysis

Fast Fourier transform and sizing of the nanoparticles were per-
formed using ImageJ software (NIH, USA) software. The error in
the determination of the lattice parameter from Cryo-TEM images
analysis was estimated at + 5%.

SAXS

The cubosome structures were determined by small-angle X-ray
scattering using beamline 122 at Diamond Light Source (DLS)
with X-ray wavelengths of 0.73 A. The 2-D powder diffraction
pattern was recorded on an image-intensified Pilatus 2M detec-
tor. Silver behenate (a = 58.38 A) was used to calibrate the
small angle X-ray diffraction data for all measurements. SAXS
data were analysed using the IDL-based AXcess software pack-
age, developed at Imperial College London. Details of the use of
AXcess for data analysis can be found in ref. 34

Dynamic Light Scattering (DLS)

The size and {-potential of the lipid nanoparticles were measured
with a ZetaSizer Nano ZS (Malvern Instruments, UK) at 25°C.
Triplicate measurements with a minimum of 10 runs were per-
formed for each sample.

3 Results and discussion

Effect of the addition of polymer on the nanoparticle size

Prior to structural analysis, cubosomes with and without poly-
mer and the polymer solution (3 mg mL 1) were characterised in
terms of particle size and {-potential (Table 1). As previously re-
ported, the polymer-free cubosome particles formed stable, milky
dispersions with particle sizes ranging from 170 to 220 nm under
both pH conditions studied. Incorporation of 10 wt % PP50 into
the cubic phase at physiological pH moderately increased the size
of the nanoparticles, whilst at pH 5.5 the change was more sig-
nificant (283 nm). The polydispersity index (PDI) was estimated
to be in the approximate range of 0.2-0.3, for all systems studied,
indicating moderately heterogeneous systems. Moreover, parti-
cle dispersions stored at room temperature over a week showed
no significant changes in the size and PDI, indicating physically
stable systems.

The {-potentials of unloaded cubosomes were -1.2 and 1.1 mV

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 1-D diffraction plots of intensity vs. scattering parameter S=q/27
for MO-cubosomes doped with 10 wi % PP50 polymer. a) Cubosomes
at pH 7.5 (lattice parameter a = 143.0 & 0.1 A, Peak positions: 100.8
A, 71.4 A, 58.2 A); b) cubosomes at pH 5.5 (lattice parameter g = 137.3
+ 0.4 A, Peak positions: 96.6 A, 68.5 A, 55.8 A); ¢) cubosomes with
polymer at pH 7.5 (lattice parameter g = 163.2 + 0.1 A, Peak positions:
114.9 A, 81.6 A, 66.8 A); d) cubosomes with polymer at pH 5.5 (lattice
parameter g = 167.2 + 0.1 A, Peak positions: 116.7 A, 84.2 A, 68.5 A,
50 A). The peak indicated by * corresponds to a spacing of 50 A.

for pH 7.5 and 5.5 respectively, and only a slight decrease of these
values was observed upon polymer incorporation. This points
to a marginal surface coverage of the particles by the negatively
charged polymers.

SAXS measurements

The liquid-crystalline structure of MO cubosomes incorporated
with the polymer was investigated using SAXS. Reference sam-
ples without polymer, at pH 7.5 and 5.5 (Fig. 3a,b), showed a
sequence of three well-defined diffraction peaks with relative po-
sitions at ratios of v/2, v/4 and v/6 respectively, which corresponds
to a primitive Im3m cubic structure. For the sample without poly-
mer at pH 7.5, the next peaks of this space group symmetry (v/10
and v/12) were also visible. The corresponding lattice parame-
ters, @ = 143.0 + 0.1 A and a = 137.3 & 0.4 A for cubosomes
at pH 7.5 and pH 5.5 respectively, were in agreement with previ-
ously published data.®> The SAXS profile of the cubosomes pre-
pared with 10 wt % of polymer at pH 7.5 (Fig. 3 c) displayed the
same sequence of peaks, showing that the Im3m structure was
preserved. The positions of the peaks indicated a lattice param-
eter of @ = 163.2 & 0.1 A larger than the reference case, while
the peak intensities relative to the diffuse background appeared
slightly reduced (Fig. 3 and Table 2).

At lower pH (Fig. 3 d), the SAXS data of the cubosome solution
incubated with PP50 polymers looked significantly more diffuse.
A sequence of well visible but smaller peaks with relative posi-
tions at v/2, v/4 and v/6 respectively was observed, still consistent
with a P-type Im3m structure with a = 167.2 + 0.1 A. In addi-

Journal Name, [year], [vol.], 1-8 |3
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Table 1 Hydrodynamic diameter and {-potential of cubosomes w/wo polymer and the pure PP50 solution under different pH conditions. Values are
shown as averages over 3 samples with 10 runs each, and the standard deviation is used as an error estimate. As anticipated, the polymer was well
dispersed at pH 7.5 and aggregated at pH 5.5 (DLS sizing data column)

Sample Size (nm) {—potential (mV)

pH 7.5 pH5.5 pH 7.5 pH 5.5
Cubosomes 178.1 £5.2 220.9 + 4.2 -1.2+0.8 1.1+04
Cubosomes with PP50 212.7 + 4.7 283.3 +£ 3.6 -2.1+1.0 0.11 £ 0.7
PP50 N/A* 50.7 + 4.2 -13.1 £ 2.1 -284+ 1.0

Published on 02 October 2017. Downloaded by University of Leeds on 09/10/2017 11:50:14.

* Not enough scattering from the linear dispersed polymer chains
** Measured by SAXS
*** Obtained from Cryo-TEM images analysis of 7 cubosome nanoparticles

Table 2 Lattice parameters (a), calculated water volume fraction (¢,,) and water channel radius (r,,) of MO cubosomes w/wo polymer as a function of

pH
Sample a** (A) a*r** (A) O (%) rw (A)

pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5
Cubosomes 143.0 £ 0.1 137.3 £ 0.4 140.2 £ 0.2 139.0 £ 0.4 445 £ 0.1 425 +0.1 25.8 £0.1 24.0 £0.1
Cubosomes with PP50 163.2 £ 0.1 167.2 £ 0.1 163.0 £ 0.5 156.0 +£ 0.9 50.4 + 0.1 50.4 + 0.1 31.8+0.1 33.0+0.1

tion, a new peak at 50 A (indicated by *) appeared, which was
not related to the previous family of diffraction peaks.

Cryo-TEM observations

We used Cryo-TEM to visualize the nanostructure of the cubo-
some particles in both physiological pH 7.5 and acid pH 5.5 en-
vironments. Cryo-TEM images (Fig. 4 a,b), combined with Fast
Fourier Transform (FFT) analysis, revealed that at both pHs, the
reference samples formed stable bicontinuous cubic phases with
an Im3m symmetry and a measured lattice parameter of the order
of 140 A as commonly observed in previous preparations.36:37
This indicates that pH alone does not influence the stability of
MO cubosome particles. Moreover, the bilayer thickness, as de-
termined by image analysis, was about 36 A (Table 2) which was
in excellent agreement with values reported elsewhere. 36

The structural symmetry of the primitive Im3m cubic phase was
clearly preserved upon incorporation of the polymer at physiolog-
ical pH (Fig. 4 ¢,d). More importantly, a corresponding analysis of
the structural parameters showed that the presence of the poly-
mer expanded the unit cell size a. This increase in lattice pa-
rameter was similar to what was observed in SAXS (Fig. 3 ¢ and
Table 2). From the FFT analysis of a number of selected particles,
a mean lattice parameter of 160 A was obtained.

Remarkably, in the low pH regime (5.5), where PP50 is ex-
pected to interact strongly with the lipids, some clear disruption
of the underlying cubic phase structure was observed (Fig. 4e and
Fig. 5). A number of changes varied from particle to particle, and
within a given particle. There was in some regions a significant
collapse of the structure, with disappearance of the lattice struc-
ture. FFT analysis confirmed the absence of periodicity. In other
regions, the cubic regions were preserved as in the reference sam-
ple.

Finally, one could find regions in particles displaying some ap-
parent lamellar ordering, with an anisotropic orientation con-
firmed by FFT analysis. Whether the cubic structure disappeared
totally or only partially, our Cryo-TEM images demonstrated the
pH dependent disruptive action of the polymer on the MO-bilayer

4| Journal Name, [year], [vol.],1-8

within the cubic phase.

Measurements of cubic lipid phases, pure or with additives,
are commonly carried out in buffer solutions of various chemi-
cal compositions, ionic strengths etc. It has been reported that
such parameters, like the presence of salts of different chemical
natures, the exact pH, temperature and pressure values, might
all influence the phase behaviour of these lyotropic liquid crys-
tals. In the present study, the addition of 10 wt % polymer (with
respect to the lipid mass) was accompanied by a 12% increase in
the value of the unit cell size (from 143 to 163 A) in HEPES buffer
(pH 7.5).

Although the polymer cannot be unambiguously located within
the sample, the Cryo-TEM images and the sharp appearance of
the SAXS peaks indicate that the particles were spatially homo-
geneous and that, if present inside, the polymer was evenly dis-
tributed. From the geometry of the primitive cubic structure, one
could estimate the amount of water present in the particles com-
pared to the bulk aqueous solution. Ignoring the Pluronic F127
and PP50, it is possible to relate the volume fraction of lipid &,
to the cell size a, and lipid length [ in the parallel surface approx-
imation: I amy 0

3
)+ ?(;) (@h)]
where Ay and y are respectively the ratio of the area of the min-
imal surface in the unit cell to the quantity (unit cell volume)?/3,
and the Euler-Poincare characteristic, which depends on the sym-
metry of the cubic phase.383% In the case of the Im3m struc-
ture, the values are Ag=2.3451,and y=-4. Using the standard
monoolein value [ = 18 A in the absence of PP50 at pH 7.5 (con-
sistent with the bilayer thickness of 36 A seen in Cryo-TEM), one
gets ;= 0.555. According to this value, 50 mg of monoolein
were hydrated by about 40 mg of water. The free water (1 g or
more) was present in much larger amount, showing that the cu-
bosome structures were in equilibrium with excess water. If PP50
did not penetrate the nanoparticles and was thus present only in
the excess free aqueous solution, it could still act on the cubic
phase indirectly, in a solvent-mediated way. An obvious mecha-
nism would be depletion, with PP50 lowering the water chemical

@) = 249(~
a

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Representative Cryo-TEM images of cubosome dispersions used in this study, with the corresponding Fast Fourier Transform (FFT) of red box
areas (insets). Unloaded cubosome: a) pH 7.5; b) pH 5.5; ¢}, d) cubosome/PP50 at pH 7.5. e), f) cubosomes/PP50 at pH 5.5. FFT was used for
determination of the structure of the liquid crystalline particles, independently from SAXS. Scale bar, 100 nm.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol.], 1-8 |5
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potential in the excess solvent region. One would expect to see in
this situation a dehydration of the lipid phase, and some decrease
in the lattice size, which was contrary to our present observations.
With the PP50 being deprotonated at pH 7.5, its adsorption onto
the cubosome particles’ outer surface should confer them with
a negative surface charge, with a correspondingly negative zeta
potential. Table 1 indeed reveals that the zeta potential of cubo-
somes decreased by 0.9 mV in the presence of PP50. The change
has the expected sign but was small in magnitude. We, there-
fore, doubt that PP50 covered the particle surface extensively.
The most likely scenario was that PP50 penetrated into the cu-
bic phase water channels. The PP50 sample used in the present
study has a number average mass of M, = 23.0 kDa, while the
segment represented in Figure 2 b has a molar mass of 700 Da,
with an estimated length of 30 A for a diameter of 14 A (using a
molecular model). Taking b = 30 A as the Kuhn segment length
of the repeat units, the polymer consisting of 33 segments has a
gyration radius R, = V33 / v/6 b = 70 A. On the other hand,
the water channel radius, ry,, can be estimated using the relation
between r,, and the lattice parameter a: 0

rw = 0.305a—1 (2)

with a = 163 A and I = 18 A one finds r,= 32 A. Mobility and
penetration of PP50 chains in the cubic nanostructure therefore
seems a reasonable assumption*!. The magnitude of the cell size
variation, the uniformity of the structures, the lack of sensitivity
to particle dilution and the relative size of the polymer and the
cubic cell make of the penetration of PP50 into the cubosome
particles the most likely possibility.

We discuss now the possible mechanisms for the cell size in-
crease in the presence of the polymer. We observed first that pH
reduction only marginally decreased the measured unit cell size of
the reference samples by 6 A. By comparison, the addition of PP50
at pH 7.5 increased this value by 20 A. The change of electric
charge on the polymer backbone when decreasing pH from 7.5 to
5.5 did not seem to be a prominent factor. The measured lattice
parameter at pH 5.5 in the absence and presence of PP50 were
137 and 167 A respectively. This suggests that electrostatic repul-
sion is not a likely candidate for explaining the observed swelling.
Moreover, all experiments were done under buffered conditions,
in which electrostatic interactions were strongly screened. At pH
7.5 it is unlikely that the polymer inserts deeply into the bilayer.
Modifications are probably therefore induced by the interaction
between the water-soluble polymer and the monoolein interface.
For instance, changes in the structure and a decrease in the pa-
rameter size of cubic phases exposed to polysaccharides were re-
ported by Mezzenga et al.*2. Whether the polymer is depleted
or adsorbed by the membrane, its presence between the bicon-
tinuous channels changes the free-energy at two levels. First,
it induces direct interactions between different parts of the bi-
layer over the range of the polymer size. Secondly, the polymer-
membrane interaction changes the curvature elastic constants of
the bilayer, the bending rigidity x and the Gaussian rigidity k. For
depletion and equilibrium adsorption this is expected to decrease
k and increase k, while for inserted polymers, an increase in x

6| Journal Name, [year], [vol.],1-8

Fig. 5 Cryo-TEM images of a single cubosome at pH 5.5 with incorpo-
rated polymer. The red boxes represent the areas used for FFT calcula-
tions. Scale bar, 100 nm. (a = 156.0 A). 1) upper part of particle; 2) lower
part of particle.

and a decrease in ¥ are expected. 43

The observed swelling of the cubosomes at pH 7.5 suggests that
the presence of PP50 promoted a reduction in the magnitude of
the spontaneous monolayer curvature. Hence, the spontaneous
curvature of the lipid bilayer towards the water region decreased,
resulting in a higher water uptake capacity.

Table 2 lists the variation of the lattice parameter a, measured
by SAXS, the size of water pores r,, and the water volume frac-
tions ®,,. As can be observed, the water channel size increased
while some polymer was incorporated into the cubic phase. At
physiological pH, this suggests that the polymer behaved like a
hydration-modulating agent i.e. favoured the hydration of the
Im3m phase without changing the structure (Fig. 3 c,d). Similar
swelling behaviour of cubic phases upon addition of additives has
been reported previously by Angelov#* and Negrini et al. 2°

Polymer-induced structural changes under acidic pH condi-
tions

The well-resolved diffraction peaks obtained in SAXS (Fig. 3
a,b,c) at pH 7.5 or pH 5.5 without PP50 indicate well-ordered
cubic phases. The Cryo-TEM images of a selection of particles
show cubic ordering established across the whole particles. FFT
image analysis displays characteristic fourfold symmetric patterns
depending on the orientation of the particles with respect to the
electron beam (Fig. 4 a,b,c,d). We conclude that the reference
sample and the polymer loaded sample at pH 7.5 are composed
of crystalline pieces of Im3m bicontinuous cubic phase.

Figure 4 e,f and Figure 5 show a selection of nanoparticles with
PP50 at pH 5.5. We could see large disordered regions, with no
visible periodic ordering, confirmed by the absence of peaks in
the FFT image analysis. Disordered and cubic ordered regions co-
existed, sometimes within the same particle. Fig. 5 shows a single
particle in the same field of view: the upper part of the particle
was mostly disordered, while the bottom of the particle still pre-

This journal is © The Royal Society of Chemistry [year]
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sented a cubic ordering. The particle in Fig. 4 f displayed some
apparent lamellar order, associated with two spots in its FFT pat-
tern. Therefore, cubosomes with polymer in acidic conditions can
be seen as a collection of totally or partially disordered particles
coexisting with cubic and lamellar ordered particles. The image
analysis performed on the lamellar regions leads to a repeat dis-
tance comprised between 65 and 75 A. The TEM observations
account well for the observed SAXS patterns. Indeed, with only
a small fraction of the particles retaining their cubic order, the
Im3m diffraction peaks are faint in Fig. 4 d. The observed peak at
q* is consistent with a lamellar phase with a repeat distance d =
50 A rather different from the lamellar periodicity estimated by
Cryo-TEM. This discrepancy might be due to a slow time evolu-
tion of the cubosome structure interacting with the hydrophobic
polymer. The SAXS and the Cryo-TEM measured values could
correspond to different ageing stages of the samples. We dis-
cussed here the effect of 10 wt% PP50, a compromise between
the efficiency of the action and the required amount of polymer,
preliminary results from smaller or larger concentrations show as
expected corresponding trends.

4 Conclusions

We prepared pH-sensitive cubosomes from monoolein. Besides
the monoglyceride, cubosomes contained Pluronic F127, a stan-
dard non-ionic surfactant and PP50, a pH-sensitive pseudo-
peptide. As expected, F127 swelled the liquid crystal, introduc-
ing a primitive cubic phase while stabilizing the monoolein cubic
phase particles. Cubosomes without PP50 were not prone to dis-
ruption under acidic conditions at pH 5.5. Lipid particles with
added PP50 were successfully disrupted when exposed to acidic
conditions, paving the way for applications in drug delivery.
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Graphical Abstract: Monoolein based cubosome nanoparticles incubated with a pH sensitive polymer are
shown to be significantly altered under acidic conditions.
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