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Abstract

Self-assembled amphiphile nanostructures of colloidal dimensions such as cubosomes and
hexosomes are of interest as delivery vectors in pharmaceutical and nanomedicine
applications. Translation would be assisted through a better of understanding of the effects of
drug loading on the internal nanostructure, and the relationship between this nanostructure
and drug release profile. Positron Annihilation Lifetime Spectroscopy (PALS) is sensitive to
local microviscosity and is used as an in-situ molecular probe to examine the Q, (cubosome)
— H, (hexosome)—L, phase transitions of the pharmaceutically relevant phytantriol/ water
system in the presence of a model hydrophobic drug, vitamin E acetate (VitEA). It is shown
that the orthopositronium lifetime (T) is sensitive to molecular packing and mobility and this
has been correlated with the rheological properties of individual lyotropic liquid crystalline
mesophases. Characteristic PALS lifetimes for L, (T4 ~ 4 ns) ~ H, (T4 ~ 4 ns) > Q2 pp3m (T4 ~
2.2 ns) are observed for the phytantriol/water system, with the addition of VitEA yielding a
gradual increase in T from T ~2.2 ns for cubosomes to T ~3.5 ns for hexosomes. The dynamic
chain packing at higher temperatures and in the L, and H, phases is qualitatively less
“viscous,” consistent with rheological measurements. This information offers increased

understanding of the relationship between internal nanostructure and species permeability.

Keywords: Positron annihilation lifetime spectroscopy, phytantriol, cubosome, hexosome,

hydrophobic drug, vitamin E acetate
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Introduction

There has been a burgeoning of potential drug candidates in recent years resulting from
advances in automated synthesis and combinatorial chemistry. However successful drug
development relies on efficient delivery to targeted sites and this requires a thorough
understanding of the structure and characteristics of cellular barriers and the mechanisms of

drug diffusion and permeability through encapsulation materials.

The spontaneous self-assembly of amphiphilic molecules in water to create
thermodynamically stable complex nanostructures has been used for this purpose, [1-3] [4]
with colloidal dispersions of self-assembled liquid crystals with two- and three- dimensional
order such as cubosomes and hexosomes used for solubilisation[5, 6] and as delivery vectors
in pharmaceutical[4, 7-9] [10-13] and food applications.| 14-18] The internal nanostructure of
these lyotropic liquid crystalline dispersions of particles closely resembles that of the non-
dispersed lyotropic liquid crystal mesophases from which they are derived, namely the
inverse bicontinuous cubic phase (Q;) and inverse hexagonal phase (H;). These colloidal
dispersions are analogous to liposomes and afford a flowable precursor with high surface area

for in vivo application.

The utility of such matrices as encapsulants lies in their inherent nanostructure with
differences between Q, and H, morphology used to underpin strategies for controlling the
molecular mobility and availability of the drug. The morphology of the self-assembled
structures is therefore important for their final application. [19, 20] [11, 21, 22] The tortuosity
and high surface area (400 m?/g)[4] of the Q, phase arises from a continuous amphiphile
bilayer draped over a surface which subdivides space into two non-interpenetrating,
congruent water networks; whereas the H, phase comprises a hexagonally close packed
arrangement of infinitely long rod-like micelles.[1] High tortuosity and surface area are two
criteria often cited as important in the use of the Q, phase for controlled release applications,
[4, 20] whereas the end-capped cylindrical aqueous micelles of the H, provide a significantly

hindered path for diffusion, resulting in slower release kinetics.

Given the interest in these matrices as drug delivery vectors, there is an increasing desire for
a detailed molecular understanding of how the void spaces and nanostructure may assist in

elucidating the specific relationship between permeability and diffusion-dependent transport
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from these matrices. Of particular interest is how the total amount and size distribution of the
void volume is governed by the molecular composition of the host matrix; and further how
these impact diffusion of the encapsulate as a function of phase transitions arising from

changes to the external environment.

The unique nature of the positronium probe and its specific interaction with matter can
provide information in this domain that is otherwise unattainable with conventional methods.
In recent years, positron annihilation lifetime spectroscopy (PALS) has demonstrated its
utility as a molecular probe in soft condensed matter systems. PALS has been used to
determine the critical micelle concentration (CMC) of surfactants;[23-26] to distinguish
transformations in micellar geometry[27-32] as well as phase transitions in lyotropic liquid
crystalline systems[33-36] [37, 38] and lipid bilayers. [37, 39-45] The decay of radioactive
nuclei such as **Na leads to the generation of orthopositroniums (oPs); where oPs lifetime
(tops) may be considered an active probe of both intrinsic packing and chain mobility.[42, 46]
PALS techniques however, have not been broadly utilised by the amphiphile self-assembly
community as the structural diversity displayed by amphiphiles, inherent heterogeneity and
dynamic fluidity of these systems add complexity to the positron decay paths and data

analysis.

We have previously established that the oPs lifetimes of some phospholipid bilayer structures
distinguishes the effects of morphology and nanostructure. [37] In the current work therefore
we extend this hypothesis to include other structures and lipids of biophysical and/or
pharmaceutical relevance. Specifically we have systematically examined the PALS response
across the Q, — H, — L, phase transition boundaries of cubosome dispersions prepared from
phytantriol (3,7,11,15-tetramethyl-1,2,3-hexadecane-triol, Figure 1a). This lipid is of interest
in the cosmetics industry to improve moisture retention and promote skin penetration,[9, 47,
48] and has potential in transdermal drug delivery.[49] The phase behaviour of this lipid is
well characterised [50, 51] (Figure S1) and we have previously examined the PALS response
in the non-dispersed lyotropic liquid crystalline system.[33] To investigate the sensitivity of
the PALS parameters to encapsulated compounds we have further examined the ternary
phytantriol-vitamin E acetate (VitEA)-water system wherein VitEA has been used as a model

(hydrophobic) drug (Figure 1b).
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Materials and Methods

Materials

Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) (>95 % purity) was a gift from
DSM (Basel, Switzerland) and was used without further purification. Vitamin E acetate
(VitEA) was purchased from Sigma Aldrich Chemie (Steinhiem, Germany). Pluronic® F127
was purchased from BASF (Florham Park, NJ). Water was purified for this study using a
MilliQ system (Millipore, Sydney, Australia). The *Na source used in PALS measurements
was purchased as an aqueous solution of NaCl from Perkin Elmer (Waltham, USA). Mylar
sheets of 2.54 um thickness were used to seal the source. The calibration standard silver
behenate (a = 58.38 A) for small angle x-ray scattering (SAXS) experiments was obtained
from Sigma Aldrich (St Louis, USA).
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Figure 1 a): Structure of phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) and b)
vitamin E acetate ¢) Partial phase diagram of phytantriol-VitEA-water dispersions (re-drawn
from Dong et al.[11]) PALS and SAXS data were collected at VitEA ratios of 1, 3, and 10
%w/w (total lipid) over the temperature range 0-55°C (hashed red lines).
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Preparation of lyotropic liquid crystalline dispersions

Phytantriol and vitamin E acetate (1, 3 and 10% w/w of total lipid content) were weighed into
a glass vial in sufficient quantity to produce a lipid content of 30% (w/w) in the final
dispersion. The lipid content was optimised to realise PALS measurements with good signal
to noise ratios. The lipids were mixed on rollers at 30°C for at least two days. MilliQ water
containing Pluronic® F127 (1% w/w) was then added to the homogenous lipid mixture. The
samples were immediately dispersed via ultrasonication (Misonix, USA). Samples were

equilibrated for approximately two weeks at 30°C before characterisation.

Positron annihilation lifetime spectroscopy (PALS)

When an energetic positron is injected into a sample it undergoes a series of inelastic
collisions with its surroundings to arrive at thermal equilibrium (10" s). The thermalised
positrons may undergo free annihilation with electrons within the material at a rate that
depends on the electron density of the medium with lifetimes of typically 100-500 ps, or form
a bound positron-electron pair (positronium (Ps)). Of most relevance to this study are the
ortho-positronium (oPs) as these preferentially localise in the free volume pockets in the
material. In vacuum, oPs has a relatively long lifetime of 142 ns, whereas in a medium the
oPs undergoes pick-off annihilation with an electron during collision with molecules in the
cavity wall in which it is localized. The pick-off process reduces the lifetime of oPs down to a
few nanoseconds. oPs accumulates in regions of low electron density and oPs lifetimes (7)
and intensities (I,ps) have been associated with the size of free volume sites and the

probability of formation or the number of free volume elements present.

Positron annihilation lifetime spectroscopy measurements were performed as a function of
temperature, between 10-55°C. The samples were loaded into a custom-designed liquid
sample holder that has been described elsewhere[52]. The radioactive *Na source (30 pCi)
was encased in Mylar, and was washed with absolute ethanol and air dried between samples.
A minimum of five spectra each with 5 x 10° counts were collected at each temperature and
composition. Details of the PALS fitting procedure are provided elsewhere. [33, 53] Raw
PALS data was analysed using both LT9 and Pascual fitting software programs using a four
component fit. As water comprises 70% (w/w) of the dispersed systems, separation of the
organic and aqueous contributions to oPs was required so that trends in the organic region

could be distinguished. The components in increasing order of longevity correspond to
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annihilation of para-positroniums (t;), direct annihilation of free positrons (t;) and the
annihilation of ortho-positroniums in the aqueous and organic phases (T3, T4 respectively).
Each lifetime has a corresponding intensity I that is related to the concentration of void sites
in the medium. For the fitting procedure, 1, was fixed at 0.125 ns, with the lifetime for water
(t3) fixed at 1.8 ns [54] with a source correction of 1.857 ns and 3.52% also applied. Table 1

lists the initial refinement parameters used for the PALS fitting procedure.

Table 1: Initial parameter inputs for PALS spectral analysis

Component Lifetime (ns) Intensity (%)
pPs annihilation 0.125 (fixed) -

Direct annihilation 0.400 (free) -

oPs annihilation (water) 1.80 (fixed) -

oPs annihilation (lipid) 3.00 (free) -

Source correction 1.857 3.52

Small angle X-ray scattering (SAXS)

Small angle X-ray scattering of samples measured for PALS was used to identify the phase
and transition temperatures for each dispersed liquid crystalline system. The SAXS
measurements were performed at the Australian Synchrotron SAXS/WAXS Beamline.
Samples were loaded into glass capillaries of 1.5 mm diameter (Charles Supper, USA) and
inserted into a custom built multi-capillary holder. The temperature of the sample holder was
maintained by a Peltier controller to an accuracy of +0.1°C (Linkam LTS 120 with PEO4
controller). Samples were equilibrated at each temperature for five min before measurement

LISiIlg a one sec exposure.

Dynamic light scattering (DLS)

DLS experiments were performed on a Zetasizer Nano ZS (Malvern, Worcestershire, UK).
The samples were diluted with MilliQ water and placed into a plastic micro volume cuvette
(Sarstedt, Germany). Measurements were performed at 30 °C and samples were allowed to
equilibrate for three min. Triplicate measurements with a minimum of 12 runs were

performed.

Cryogenic transmission electron microscopy (Cryo-TEM)

Samples were diluted with MilliQ water (1:20 v/v) for cryo-TEM measurements.
Approximately 4 pl of the sample was placed onto a 300 mesh copper TEM grid coated with
a lacy carbon film (ProSciTech, Australia) that was then rendered hydrophilic via glow

discharge. Excess sample was removed by manual blotting with filter paper and the sample
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grid was vitrified by being rapidly plunged into liquid ethane (approximately -180°C). The
grids were stored in liquid nitrogen before being transferred into a Gatan 626-DH Cryo-
holder, where samples were maintained at -180°C during imaging. Cryo-TEM imaging was
performed on a FEI Tecnai 12 TEM (120 kV) with a MegaView III CCD camera and
AnalySis imaging software (Olympus Soft Imaging Solutions).

Results

Characterisation of dispersion structure and particle size distribution

Table 2 contains the particle size and polydispersity index data at 30°C for the four dispersed
systems containing 0, 1, 3 and 10 wt/wt% VitEA. The particle sizes obtained from DLS
agreed well with visual observations from cryo-TEM and range from ~200-290 nm with
decreasing VitEA composition (Figure 2). There is a transition from predominantly cubic
nanostructure (cubosomes) at low VitEA content to mainly hexagonal architectures
(hexosomes) at higher doping concentrations that is consistent with the scattering behaviour
observed from SAXS (Figure 2 d and Table 3). The inverse bicontinuous cubic phase present

in these dispersions has the space group Pn3m (Figure S2 Supplementary Information).

Table 2 - Particle size (nm) and polydispersity index (PDI) for the dispersed systems at 30°C.

Vitamin E acetate . . Polydispersity index
content (% w/w) Particle size (nm) (PDI)

0 288.1+11.1 0.22+0.03

1 220.0+4.8 0.42+0.02

3 201.1+£3.4 0.33+0.01

10 194.8 £5.1 0.31+0.02

Table 3 - Transition temperatures (°C) for the dispersed systems as measured by SAXS.

Vitamin E acetate

+ H
content (Yo W/W) Q:pu3m — Qzpn3m 2

Qz pn3m + Ho — H, H, - L,

0 44.7-494 543589 58.9—66.3 (65) *
1 39.7-42.5 48.4-50.8 59.8 — 67.0 (65) *
3 - 35.4—38.5 (45) * 59.0 — 67.0 (65) *
10 - - 52.0 - 55.3 (50) *

*[11]
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Figure 2: Cryo-TEM images of a) phytantriol cubosomes, b) phytantriol with 1% (w/w)
VitEA showing majority cubosomes with some hexosomes also present, ¢) and d) hexosomes
observed in phytantriol with 3% and 10% (w/w) vitamin E acetate, respectively.

PALS results

Figure 3 presents the oPs lifetime behaviour in the organic region (T4) as a function of
temperature for the dispersed phytantriol/water systems with 0%, 1%, 3% and 10% (w/w)
VitEA, respectively. For the dispersed system with no VitEA, a sharp increase in oPs lifetime
was observed between 45-50°C (Figure 3A), which corresponds to the Q; pp3m—>H> transition
as identified from SAXS (Table 3). At temperatures below the phase transition temperature,
T4 was relatively invariant with a value of T4 ~ 2.2 ns; increasing to T4 ~4 ns upon transition to
the H, phase above 45-50 °C. The magnitude of this increase was approximately 1.8 ns,
which is significantly greater than the increase observed for the non-colloidal mesophase (0.2
ns) previously measured.[33] For the dispersed colloidal systems containing VitEA a more
gradual increase in oPs lifetime with temperature (from 3.8 ns to 4.0 ns) is observed (Figure

3B-D). This trend is similar to that observed in the bulk phytantriol/water systems in previous

studies. [33]
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Figure 3: oPs lifetime in the organic region (T4) for the dispersed colloidal phytantriol/water
systems with increasing concentration of vitamin E acetate. A) 0%, B) 1%, C) 3% and D)
10% (w/w) VitEA. Phase transitions as measured by SAXS are marked in the hashed regions.

There was a sharp decrease in oPs intensity with temperature for the organic region (I4) at the
Q2 pn3sm —Hz phase boundary for the dispersed colloidal phytantriol/water system (Figure 4A)
with I4 decreasing from 20% to approximately 7%. However, the incorporation of VitEA up
to 10 % w/w did not produce any significant change in I4 which remained invariant at
approximately 7% (Figure 4B-D). For the dispersed colloidal system with no vitamin E
acetate, the oPs intensity in the aqueous region (I3) increased from approximately 1% in the
Q2 pn3m phase to 15% in the H, phase (Figure 5A). As with the values of I, in the organic
region, the addition of VitEA had little effect upon the intensity values as a function of
temperature. At 1% (w/w) the I3 is ~ 7% irrespective of temperature, which approximately
doubled at 3 and 10% VitEA to I3is ~15% (Figure 5B).

10
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Figure 4: oPs intensity in the organic region (I4) for the dispersed colloidal phytantriol/water
systems with increasing concentration of vitamin E acetate. A) 0%, B) 1%, C) 3% and D)
10% (w/w) VitEA. Phase transitions as measured by SAXS are marked in the hashed regions.

Discussion

It is now widely recognised that molecular mobility is determined by the thermodynamic
state as well as the local free volume which exists between molecules in soft matter due to
irregular packing, density fluctuations and topological constraints. The unique nature of the
positronium probe and its specific interaction with matter can provide information in this
domain that is otherwise unattainable with conventional methods. There are diverse regions
of varying electron density wherein oPs may annihilate. We have previously determined with
the data analysis using PAScual that the oPs does not annihilate in the water phase, [34] so it
was deduced that oPs annihilation occurs in the hydrophobic domain, consistent with
previous observations.[33, 53] Duplatre[55] have postulated that oPs forms in the aqueous
region. These authors also propose that oPs diffuses to, and annihilates in the hydrocarbon
domains, which has implications for macroscopic properties such as viscosity and

diffusion.[56-58]
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Figure 5: oPs intensity in the aqueous region (I3) for the dispersed colloidal phytantriol/water
systems with increasing concentration of vitamin E acetate. A) 0%, B) 1%, C) 3% and D)
10% (w/w) VitEA. Phase transitions as measured by SAXS are marked in the hashed regions.

There are relatively few studies of the application of PALS to lyotropic liquid crystalline
amphiphile systems. Previously much of this work has focussed upon the measurement of
micellar growth and geometry in the Type I [1] normal phases for charged amphiphiles[29,
35] such as CTAB,[27, 59] and SDS.[25, 60] The PALS signature for dispersions of self-
assembled colloidal materials has only recently been reported for the lamellar phase
(liposomes); [45, 61, 62] [63] with very few studies of Type II [1] inverse architectures such
as Q, and H, phases, which are the subject of increasing interest for nanotechnology and
biomedical applications [4, 20, 64] The current work therefore constitutes the first report of
PALS for the characterisation of dispersed lyotropic liquid crystalline particles with two- and
three- dimensional internal order. For many applications dispersions such as cubosomes and
hexosome are preferred since these possess the same nanostructure as the parent phase,
though have much lower viscosity (by a factor of 10*) and higher surface area; to enable ease

of formulation for increased payload.

Effect of lyotropic liquid crystalline nanostructure on the PALS parameters of colloidal
dispersions of the phytantriol-water system

12
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The phase behaviour of the phytantriol-water system is well characterised and is re-drawn in
Figure S1.[50, 51] The sequence of phases formed is the result of the interplay between local
and global constraints in the system. The former influences the local interfacial curvature and
is a factor of the effective molecular shape of the amphiphile as described by the critical
packing parameter (CPP).[3] Of particular interest to this study is the fact that at
compositions greater than c.a 30 w/w % water, phytantriol undergoes a Q; pysm—Ho—L,
phase transition with increasing temperature that is thermodynamically stable in excess water.
The stability at high dilution is of particular importance for drug delivery, as this provides the
necessary condition required for dispersion as cubosomes and hexosomes.[65, 66] The phase
transitions of the lyotropic liquid crystalline colloidal dispersions are analogous to the non-

colloidal mesophase transitions.[11]

The sensitivity of PALS to internal nanostructure has been investigated through comparison
of oPs and I,ps of both the colloidal dispersions (cubosomes and hexosomes) and “bulk”
mesophases.[11] Nanostructure has been shown to be an important parameter in the release
kinetics for drug delivery (i.e. intravenous vs depot) and several workers have shown that the
nanostructure of the phase impacts upon the release profile of the drug.[20, 67, 68] Dong et
al. [33] have recently characterized the PALS signature of the Q pysm—Hy—L, transition
sequence for the non-colloidal phytantriol-water system; specifically characteristic lifetimes
were observed for each mesophase where the mobility of the hydrocarbon chains and PALS
lifetimes (T4) decreased in the order L, (T4 ~ 3.1 ns) > H; (T4 ~ 3.0 ns) > Q3 pp3m (T4 ~ 2.8
ns). These lifetime signatures are arrived at regardless of the route by which the transition
was affected (i.e temperature vs composition). Characteristic lifetimes with a similar
sequence or “ranking” were observed for the analogous dispersions in the present work; viz
L, (T4 ~ 4 ns) ~ Hy (T4 ~ 4 ns) > Q2 pusm (T4 ~ 2.2 ns). Hence a discontinuity in PALS
signature is observed across the Q, ppsm—H; phase transition in cubosomes arising as a
function of either increasing temperature or composition. The values of T4 are higher overall
in the aqueous colloidal dispersions which is similar to what was previously observed
between the “bulk” lamellar phase and its colloidal dispersions (liposomes).[69] Based upon
the PALS lifetimes it may be anticipated that the diffusion of hydrophilic moieties from the
colloidal dispersions would be more rapid than the “bulk” mesophase, which is reasonable

given the greater surface area of these as nanoparticles.

13
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Eldrup and co-workers[70] have established a quantitative semi-empirical relationship

correlating the oPs lifetimes with the radius (R) of a spherical trap where annihilation occurs:

1 __R 1 cin(2™® -l
=3 [1 (R+C) + 2 ”Sln(R+C)]

where C = 0.166 nm

We have used this model to estimate the dynamic free volume sizes within these mesophases
so that we may obtain a handle on the mobility of the lipid chains and their ability to
accommodate a diffusing entity (i.e., oPs pushing aside surrounding molecules). Table 4
compares the void sizes and volume for the “bulk” mesophase[33] and the colloidal
dispersions examined in this study. The molecular proximity at the annihilation site, d
increases in the order Q; pp3m< Hz < L, in the “bulk” systems; whereas for the corresponding
dispersions Q3 pp3sm< Hz ~ Ly. The Q; pp3m has the shortest lifetime in both the non-colloidal
and dispersed systems which is interpreted as the bicontinuous cubic phase having the
tightest molecular packing (highest electron density) at the annihilation site (Table 4).[33]
The increase in T4 for the Q; pn3m—Ho> transition for both the “bulk” mesophase and colloidal
dispersions is consistent with greater conformational disorder and splay of the hydrocarbon
chain at higher temperatures. Interestingly there is no significant change in oPs lifetime for
the H, — L, transition in either the “bulk” mesophase or the colloidal dispersions, suggesting
that the hydrocarbon chain mobility is similar in these phases. As the lipid chains comprise a
network continuum between the rod-like and spherical micelles in the H, and L, phases the
similarities in PALS parameters is reasonable. In other words, the dynamic chain packing at
higher temperatures and in the L, and H, phases is qualitatively less “viscous.” Rheological
comparisons of the “bulk” phases support these observations whereby the L, phase is more

fluid than the H, phase, with the Q, py3m phase the most rigid phase. [71, 72]

Table 4: Calculated void sizes and void volume of the bulk mesophases and colloidal dispersions
(no VitEA)

Form Phase T, (ns) d(A) Vyoia (nM°)
Bulk[33] L, 3.1 7.46 022

H, 3.0 7.31 0.20

Q2 pu3m 2.9 7.12 0.19
Dispersion L, 4.0 8.4 0.32

H, 4.0 8.4 0.32

Q1 pu3m 2.2 6.0 0.12

The magnitude of change in T4 for the Q: ppsm—H> transition is somewhat larger in the

dispersed colloidal system (~1.8 ns) than the corresponding bulk system (0.2 ns). This result

may suggest that there is a larger difference in hydrocarbon chain packing and mobility

14
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between the two phases when the system is dispersed; however is more likely due to
differences in data analysis. For the “bulk” mesophase system the data was deconvoluted into
only three components, with the last component corresponding to an averaged oPs lifetime
value that has contributions from both the organic (T4) and aqueous regions (T3). In the
present study, the oPs annihilation has been separated into organic and aqueous contributions
which are required to account for the significantly greater overall water content. It is unlikely
that the difference in water content between the “bulk” and dispersed lyotropic liquid

crystalline systems had any direct effect on the magnitude of increase in T4 across the Q2 pp3m

— H, phase transition. The higher overall water content in the dispersed colloidal system is
only anticipated to affect the observed oPs intensity, while the oPs lifetime of water should
remain unchanged (1.8 ns) in both the “bulk” mesophase and dispersed colloidal systems.
The PALS data for the current dispersed colloidal system was re-analysed with three

components, and confirms a similar difference (0.2 ns) in the magnitude of T4 across the Q;

pn3m — Hp transition as that observed in the “bulk” lyotropic liquid crystalline system. This

highlights some of the difficulties in comparing PALS data across the existing literature.[52]

Effect of vitamin E acetate on the PALS parameters of colloidal dispersions

VitEA is lipophilic and will most likely partition into the hydrophobic regions of the lipid
bilayer to qualitatively increase the volume of the hydrophobic footprint of the molecule and
so impart an increased negative interfacial curvature on the system. Dong and co-workers[51]
have shown that the addition of small amounts of VitEA to the phytantriol-water system not
only preferences inverse type mesophases as manifest by the disappearance of the lamellar
phase but also acts to suppress the Q; pp3m—Hy— L, transition temperatures. With increased
addition of VitEA there is a corresponding broadening of the temperature range of the Q, +

H; co-existence region.[11]

In the dispersed colloidal systems, VitEA was added at concentrations of 1%, 3% and 10%
(w/w) of the total lipid content. A gradual increase in oPs lifetime was observed as a function
of temperature that is unlike the abrupt increase in T4 observed for neat phytantriol-water

systems. In other words the addition of small amounts of VitEA did not significantly alter the
oPs lifetimes, suggesting preferential partitioning of the molecule in the hydrophobic region

as expected. This is attributed to the existence of mixed populations of cubosomes and
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hexosomes at all doping levels (Figure 2), giving rise to T ~3.5 ns that is most likely an

average lifetime value of the two mesophases.

Based upon the PALS lifetimes it may be anticipated that the diffusion of (hydrophilic) drugs
from the H, phase would be enhanced over the Q, (cubosomes) (Table 3). However the
correlation between diffusion-dependent transport and hydrocarbon chain mobility is more
complicated, with the release rate also affected by the nature of the drug e.g hydrodynamic
radius, hydrogen bonding, hydrophilicity, and solubility, as well as host matrix chemical and
mesophase structure. Boyd et al. have demonstrated slower release rates of some model
hydrophilic and hydrophobic drugs from the non-dispersed lyotropic H, phase relative to the
Q. phase.[12] This was attributed to differences between the geometry of the aqueous
domains that provide the principal route for drug release for both hydrophobic and
hydrophilic drugs. In the case of the Q, phase, this consists of two non-interpenetrating,
congruent water networks that are likely open to the outside aqueous media.[1, 73, 74] In
contrast, the aqueous compartments in the H, phase are closed columnar tubes and it is
anticipated that the release of drugs would require perturbations of this structure for diffusion.
It is also generally believed that the rate limiting factor for controlling drug release is the

diffusion through the aqueous domains rather than the lipid regions.

Effect of Pluronic® F127 on the PALS parameters

Cubosomes and hexosomes are submicron colloidal dispersions commonly prepared using
non-ionic lipids such as monoolein[5, 75-77] and phytantriol.[78] To prevent flocculation and
phase separation after dispersion, non-ionic block copolymers such as Pluronic F127
(abbreviated to ‘F127°) are used as steric stabilisers [8] [79] that can further impart ‘stealth’
functionality to reduce premature clearance of such nanoparticles during in vivo
circulation.[80] These comprise triblock polyethylene oxide - polypropylene oxide -
polyethylene oxide copolymers (PEO-PPO-PEO) with general formula (CH3)(CH2)x-
10(CH2CH20),H. These adsorb to the external and internal cubo(hexo)some surface, with
partitioning into the lipid bilayer of the mesophase to provide stabilisation via interparticle
repulsion. Gustafsson et al. [74] have demonstrated that incorporation of F127 into the
bilayer occurs at sufficiently high concentrations and has the effect of changing the
nanostructure of monoolein-based cubosomes with a transition from the Q: pnsm — Q2 m3am;
which is not observed for phytantriol-based cubosomes. Tilley et al. suggest that the

association of F127 is a function of particle internal nanostructure as well as lipid type. They
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propose that the hydrophobic polypropylene oxide (PPO) portion acts to anchor the stabiliser
in the bilayer in monoolein-based cubosomes, thereby promoting a change in nanostructure;
whereas for phytantriol-based cubosomes the F127 adsorbs externally to the bilayer.[73] In
general it is believed that the hydrophilic polyethylene oxide (PEO) portion of the stabiliser
extends into the surrounding continuous phase to provide a steric barrier against aggregation.
Previous studies by Li et al. [81] proposed that the Pluronic stabilisers exhibited two different
structural conformations on polystyrene colloids. At high surface concentrations, the PEO
chains of the stabiliser are extended into the continuous phase in the “brush” conformation.
The ‘mushroom” conformation exists when there is low surface concentration of the

stabiliser.

The F127 concentration was not varied in this study and was maintained at 1 w/w % for all
dispersion formulations. Its effect upon the PALS parameters is therefore difficult to
deconvolute. The hydrophilicity of the PEO chains and their proposed distribution at the
cubo(hexo)some surface is unlikely to affect the oPs lifetime in the organic region. The
lifetime in the aqueous region may be marginally affected. The interaction between the
hydrophilic PEO chains and bulk water may result in the presence of ‘bound’ water near the
particle surface and cause a deviation away from the value of 1.8 ns for T3. Whilst we
acknowledge that this may be a factor, the effect of bound water versus bulk water on the
PALS parameters cannot be discriminated but this effect will be very small as a consequence
of the large volume of bulk water. Similarly the incorporation into the mesophase bilayer of
the PPO segments of the di-block copolymer cannot be explicitly separated from that of

VitEA that is also expected to be incorporated in this region.

Conclusions

We have examined the information provided by PALS to probe dynamic processes in
lyotropic liquid crystalline colloidal dispersions of interest in the pharmaceutical, food and
personal care industries. The PALS lifetime signature is sensitive to changes in the molecular
packing and mobility (i.e permeability) in these systems that have been induced by changes
in temperature, matrix composition (addition of VitEA) and water content (phase behaviour).
Characteristic PALS lifetimes for L, (T4 ~ 4 ns) ~ Hy (T4 ~ 4 ns) > Q3 pu3m (T4 ~ 2.2 ns) were
observed, with the dynamic free volume sizes within these mesophases following a similar

trend viz L, (T4 ~ 0.32 nm’ ) ~ Hy > Q2 pum (T4 ~ 0.12 nm’ ). As the hydrocarbon packing
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comprises the network through which small (liposoluble) species must diffuse, tailoring the

lyotropic liquid crystalline phases offers the potential to control the release kinetics.

Electronic Supplementary Information — ESI is available for this article free of charge,

containing partial phase diagrams and Small Angle X-ray scattering (SAXS) data.
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