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Table 1 Hydrodynamic diameter and ζ -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) ζ—potential (mV)
pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 178.1 ± 5.2 220.9 ± 4.2 -1.2 ± 0.8 1.1 ± 0.4
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 -28.4 ± 1.0

∗ 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 (φw) and water channel radius (rw) of MO cubosomes w/wo polymer as a function of

pH

Sample a** (Å) a*** (Å) φw (%) rw (Å)
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 44.5 ± 0.1 42.5 ± 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 Å (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 Å 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 Å (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 c,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 c and
Table 2). From the FFT analysis of a number of selected particles,
a mean lattice parameter of 160 Å 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

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 Å) 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 Φl

to the cell size a, and lipid length l in the parallel surface approx-
imation:

Φl = 2A0(
l

a
)+

4πχ

3
(

l

a
)3 (1)

where A0 and χ are respectively the ratio of the area of the min-
imal surface in the unit cell to the quantity (unit cell volume)2/3,
and the Euler-Poincare characteristic, which depends on the sym-
metry of the cubic phase.38,39 In the case of the Im3m struc-
ture, the values are A0=2.3451,and χ=-4. Using the standard
monoolein value l = 18 Å in the absence of PP50 at pH 7.5 (con-
sistent with the bilayer thickness of 36 Å seen in Cryo-TEM), one
gets Φl= 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
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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 Å. 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 Å 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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