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Abstract The reversed cubic phases (Qy) are a class of
self-assembled amphiphile—water structures that are rich in
diversity and structural complexity. These nanostructured
liquid crystalline materials are generating much interest
owing to their unique surface morphology, biological
relevance and potential technological and medical appli-
cations. The structure of Qy; phases in binary amphiphile—
water systems is affected by the molecular structure of
surfactant, water content, temperature and pressure. The
presence of additives also plays an important role. The
structure and phase behaviour of ternary Qy phases, which
are comprised of two miscible amphiphiles and water,
significantly differ from the binary system alone. The
modulation of the phase behaviour through the addition of
a second amphiphile offers an opportunity to control the
size and shape of the nanostructures using a ‘bottom-up’
approach. In this mini-review, we discuss the structure of
reversed cubic phases of amphiphile-water systems and
highlight the modulation of cubic-phase structure in ter-
nary-phase systems. We also extend this review to bulk
cubic phases and the corresponding nanoscale dispersions,
cubic-phase nanoparticles.
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Introduction

Surfactant molecules self-assemble in aqueous solution
into a rich variety of well-defined, thermodynamically
stable structures or ‘phases’ (Kaasgaard and Drummond
2006). Self-aggregation of surfactants (or amphiphiles) in
water is a thermodynamically favoured process, which
usually results in the orientation of the hydrophilic regions
at the aqueous interface with a concomitant aggregation of
the hydrophobic groups to minimise hydrogen-bonding
interaction with bulk water molecules. The repulsive forces
between water molecules and a non-polar hydrophobic
moiety are greater than the net attractive forces between
hydrophobic groups and this de-wetting assists in driving
the self-assembly of amphiphiles in water (Caffrey 1987;
Tanford 1978). Depending on the conditions, a wide array
of structures with differing complexity emerges. These
aggregates can have two-dimensional order, such as the
classical monolayer and bilayer structures (lamellar phase),
or higher complexity with three-dimensional architectural
features (Fontell 1992; Seddon 1992), including the
micellar (L), hexagonal (H) and cubic phases (Q) (Fig. 1).

Of the three-dimensional self-assembled structures, the
cubic phase is of specific interest. These phases have been
shown to be of particular importance to the normal oper-
ation of biological processes in cells, including membrane
fusion and protein function (Hyde 1997; Luzzati et al.
1997; de Kruijff 1997). Pioneering work from Caffrey
(2003) has also demonstrated the importance of cubic
phase in protein crystallization. The incorporation of
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Fig. 1 Representative two- and three-dimensional structures of
amphiphile self-assembled systems (adapted from Yang et al. 2004)

membrane proteins into Q phases has successfully resulted
in the elucidation of the crystal structure of almost 40
integral membrane proteins (Cherezov et al. 2006). This
technique is referred to as in-meso protein crystallization
(Caffrey 2008), and cubic phases have been generated in
the endoplasmic reticulum of mammalian tissue culture
cells by controlled dimerisation of artificial membrane
proteins (Lingwood et al. 2009).

Structurally, the cubic phase is an optically isotropic,
viscous, liquid crystalline material. It is a bicontinuous
structure that consists of continuous curved bilayers, which
partition two separate, non-intersecting aqueous domains
(Luzzati et al. 1997). By virtue of its structure, the cubic
phase exhibits a large internal surface area (~400 m?/g)
(Garg et al. 2007), and this property can be exploited to
solubilise a high loading of chemical or biological sub-
strates (Drummond and Fong 1999). The thermodynamic
stability of the cubic phase results in an aggregate system
that is resistant to a micellar phase transition at high
dilutions. This property is particularly attractive for medi-
cal applications, such as drug delivery, where the low
concentrations of the lipid system are required in vivo and
internal cubic-phase structure permits a high loading of a
particular drug (Efrat et al. 2009).

An interesting property of cubic phases is the ability to
disperse the material in aqueous solutions. The resulting
dispersions have a significantly reduced viscosity relative
to the bulk material and retain the cubic nanostructure of
the liquid crystalline phase. The dispersed materials are
sub-micron-sized particles and referred to as ‘cubosomes’
or ‘cubic-phase nanoparticles’ (CPnPs). These properties
make cubic phases and CPnPs amenable to a range of other
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technologically relevant applications including biosensors
(Barauskas et al. 2003), bioscaffolds (Lester et al. 2001),
drug-delivery vehicles (Bender et al. 2005; Malmsten
2007), food science (Spicer 2005), and biomedicine (Jin
et al. 2000). In such applications, complex mixtures of
amphiphile, water and substrate often arise. These addi-
tives, including other lipids, proteins, carbohydrates and
enzymes, can have a pronounced influence on the structure
of a cubic phase and, therefore, the performance of phases
in a particular application. In this review, we describe the
structure of bicontinuous cubic-phase systems, in particular
the reversed bicontinuous cubic (Qy) phase, and report the
influence of a second amphiphile on the phase behaviour
and structure of binary cubic phases. The structural prop-
erties CPnPs comprised of ternary amphiphile mixtures are
also considered. Although this review is not intended to be
an exhaustive overview of ternary cubic-phase systems, we
highlight key papers describing the phase behaviour and
structure of ternary Qy phase systems and critically eval-
uate where particularly interesting effects were observed.

Bicontinuous cubic phases and structure

The reversed bicontinuous cubic phase is comprised of a
family of closely related mesomorphic structures which
display continuous periodicity over three dimensions. The
first general structure for the cubic phase was proposed by
Luzzati et al. (1968). A refined structure was subsequently
proposed based on extensive studies of the monoglycer-
ide—water system (Lindblom et al. 1979). In this study,
the authors propose a cubic phase which consisted of a
single continuous curved lipid bilayer that forms a com-
plex, symmetrical three-dimensional cubic matrix sepa-
rating two continuous, non-intersecting water channels.
This inherent feature differentiates these structures from
other discontinuous cubic phases such as those formed by
close-packed arrays of spherical micelles. The internal
topography of a bicontinuous phase is commonly descri-
bed as an infinite periodical minimal surface (IPMS) with
zero mean curvature and a constant negative Gaussian
curvature (Hyde et al. 1984). That is, all points on the
bilayer surface are as concave as they are convex. The
minimal surface is defined as the middle of the bilayer
where the terminal methyl groups of the hydrophobic tails
intersect (Larsson and Tiberg 2005). The cubic-phase
structure also exhibits crystallographic periodicity, with
three types of IPMS structures, the gyroid (G), diamond
(D) and primitive (P) surfaces, corresponding to the
crystallographic space groups Ia3d, Pn3m and Im3m
respectively (Fig. 2). These structures have been verified
using X-ray scattering techniques such as small-angle
X-ray scattering (SAXS) (Tenchov et al. 1998) in addition
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Fig. 2 Approximate
mathematical models of the
common inverse cubic-phase
unit cells: la3d [gyroid (G)],
Pn3m [diamond (D)] and Im3m
[primitive (P)]. The IPMS is
shown in yellow and blue, and
the two non-intersecting water
channels are represented as red
and green cylinders (adapted
from Squires et al. 2005)

G (/a3d)
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Fig. 3 The classification of
liquid crystalline phases of
amphiphile-water systems
based on interfacial curvature.
Negative interfacial curvature
increases from left to right.
The surfactant head groups are
shown as red circles

to mathematical modelling (Chung and Caffrey 1995;
Hyde et al. 1984; Squires et al. 2005; Templer 1998).

Interestingly, the interconversion of cubic phases readily
occurs. Squires et al. (2002) report that reversed cubic
phases comprised of lauric acid-diauroyl-phosphati-
dylcholine—water undergo phase transitions from the Qf to
the QS, that is, cubic-phase transition from diamond (D)-
type minimal surface to one with a gyroid (G) minimal
surface (Fig. 2). They determined that the kinetics of
interconversion were rapid in comparison to the transition
from Q to a reversed hexagonal phase (Hy). A similar
structural progression occurs in the monoolein—water sys-
tem where two or more cubic structures, the QN and Q%
phases, are observed in equilibrium in microenvironments
of varied water content within a bulk cubic phase (Chung
and Caffrey 1994, 1995).

Bicontinuous cubic phases may be considered to be
normal or inverse phases depending on the relative spon-
taneous curvature of the hydrophobic phase at the aqueous
interface. As illustrated in Fig. 3, the assignment of phase is
type I (normal phase) or type II (reversed phase). Thus the
conventional notation for normal and reversed cubic phases
is Qr and Qp respectively. The propensity toward type II
phase behaviour is strongly influenced by the geometry of
individual surfactant molecules. The molecular shape of an
amphiphile is governed by the cross-sectional area of the
hydrophilic head group as well as the volume occupied by
the hydrophobic tail region (Israelachvili and Mitchell
1975; Mitchell and Ninham 1981). This relationship is
described by the shape factor, often referred to as the critical
packing parameter (CPP), and is given by the following
equation:

D (Pn3m)

ZEA NN

Type 0 Type |l

CPP = v/ayl,

In this relationship, v is the hydrophobic chain volume and
ap and [, are the optimal head-group area and critical chain
length of the hydrophobic chain respectively. The critical
chain length is defined, somewhat imprecisely, as the
maximum chain length in which the hydrocarbon chains
remain in a fluid-like state (Israelachvili 1991). The optimal
head-group area is defined as maximum cross-sectional area
of a fully hydrated head group at the hydrocarbon-water
interface. Typically, normal-type phases occur when
viagl. < 1/2, lamellar phases when 1/2 < v/agl. < 1, and
inverse-type phases occur when v/a/agl. > 1. Notably,
inverse behaviour is observed for related phases such as
the hexagonal phase (Caffrey and Cheng 1995), and these
have been shown to have significant biological relevance
(Shalaev and Steponkus 1999; Kent et al. 2009; Wolfe and
Bryant 1999).

The number of amphiphiles known to be capable of
forming Qq phases is steadily growing. A recent review by
Kaasgaard and Drummond highlighted the association
between amphiphile structure and resulting phase behav-
iour (Kaasgaard and Drummond 2006), and the reader is
referred to this paper for a detailed review of the topic.
However, the amphiphile most commonly used to study
reversed cubic-phase behaviour is the monoacylglycerol,
monoolein or glyceryl monooleate (GMO) (Fig. 4)
(Ericsson et al. 1983). The cis-double bond in the acyl
chain increases the effective volume (v) occupied by the
tail region, thereby favouring the formation and stability of
reversed phases. In terms of phase behaviour, an increase
in water content at a fixed temperature initially results in a
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Fig. 4 The chemical structure
of 1 glycerol monooleate
(GMO) and 2 phytantriol
(3,7,11,15-tetramethyl-1,2,3-
hexadecanetriol). The three-
dimensional representations of
the minimised structures for

3 GMO and 4 phytantriol are
shown

3

phase transition from the lamellar phase (L,) to the Qs
phase and a further increase in water content favours an
inter-cubic phase transition from the Qg phase to QE phase
(Qiu and Caffrey 2000).

Another amphiphile that readily forms cubic phases and
is, therefore, generating considerable interest, is the ali-
phatic alcohol 3,7,11,15,-tetramethyl-1,2,3,-hexadecanetri-
ol, or ‘phytantriol’ (Fig. 4). This amphiphile differs greatly
in structure from GMO. Phytantriol is comprised of an
isoprenoid hydrophobic tail rather than an oleoyl group.
The large volume of the tail is derived from the curvature
of the isoprenoid group (Fig. 4), and the Qy phase appears
at ambient temperatures (20-40°C) when the water content
exceeds 15% (Barauskas and Landh 2003). Furthermore,
the attachment of the triol head group to the hydrophobic
tail is through a C—C bond rather than an ester linkage,
which confers greater chemical stability relative to GMO.

Ternary amphiphile-water Qy; phase systems

The modification of cubic-phase structure may be desirable
where a ‘swelled’ structure or a structure of greater
porosity is required for the entrapment of large substrates
(for example, proteins). A Qy phase with contracted
aqueous channels or reduced porosity may be preferential
for the controlled transport of substrates in applications
such as drug delivery. The addition of a lipid to the cubic
phase provides a straightforward method to control the
phase behaviour and, therefore, structure of these systems.
In the GMO-water or the phytantriol-water binary sys-
tems, the addition of a lipid has a pronounced effect on the
Qq phase behaviour and structure for each binary mixture.
The added lipid may influence a change in the CPP
depending on the structure of the added lipid. For example,
Popescu et al. (2007) investigated bulk liquid crystalline
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phases of the GMO-glycerol monooleyl ether (GME)-
water system. Using SAXS, polarised light microscopy and
nuclear magnetic resonance (NMR), they determined that
an increase in the weight fraction of GME at constant water
content and temperature effects a reduction in the stability
of the Qy phase relative to the binary GMO-water system.
From the resulting phase diagrams, a reversed cubic to
reversed hexagonal (Qp — Hy) phase transition was
readily observed at a lower temperature relative to the
binary GMO-water system (Fig. 5). The destabilisation of
the Qp region is rationalised by considering the higher
comparative hydrophobicity of GME, relative to GMO.
The absence of an ester group in GME forces the head-
group deeper into the GMO lipid bilayer when the two
lipids are admixed. This acts to increase the chain volume
(v) and leads to an increase in the CPP, resulting in a
greater negative interfacial curvature than the binary sys-
tem. A similar destabilisation of the GMO Qy phase was
observed in GMO-diglycerol-MO-water systems (Pitzalis
et al. 2000) and when phytantriol was added to GMO
(Wadsten-Hindrichsen et al. 2007). In the latter case, it was
demonstrated that the addition of phytantriol influenced a
contraction of the Pn3m cubic phase of GMO. The lattice
parameter (ag, unit cell size of the Pn3m crystallographic
space group) is smaller for phytantriol (6.8 nm) compared
to GMO (9.3 nm), and SAXS measurements showed that
the lattice parameter for the mixed systems fell between
these two values. The contraction of the phase is attributed
to an increase in the interfacial curvature of the GMO
phase, which is derived from an increase in the CPP.

The addition of certain lipids to GMO can swell the
cubic phase (Engblom et al. 2000; Gustafsson et al. 1998,
1999; Lindell et al. 1997). These effects have been observed
with the addition of ionic lipids or lipids with a large
effective head-group area (a). For example, the addition
of the anionic lipid, distearoylphosphatidylglycerol to
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Fig. 5 Phase diagrams of the
GMO-GME-water system at
(a) 25°C and (b) 40°C (both
adapted from Popescu et al.
2007). Phases are symbolised
as L¢ (liquid crystalline),

L, (lamellar), L;; (reversed
micellar), H;; (reversed
hexagonal), Q;; (reversed cubic)

100

HO 0 25

GMO-water, induces a Pn3m — Im3m phase transition
(Engblom et al. 2000; Lindell et al. 1997). The interfacial
curvature of the polar region for different cubic phases (Q)
decreases in moving from la3d — Pn3m — Im3m (Engb-
lom et al. 2000; Lindell et al. 1997), which suggests that the
added phospholipid effects a reduction in the CPP. The
cationic head group increases the effective head-group area
(ap) of the amphiphiles through electrostatic interaction and
perhaps due to an increase in hydration of the charged
groups. A similar Pn3m — Im3m inter-cubic phase transi-
tion has been observed in the phytantriol-water system with
the addition of a glycolipid (Polyzos et al. 2007), and a
concomitant stabilisation of the Qy; phase region was also
observed. In these studies, the Qi — Hj; phase transition
temperature was increased by at least 20°C with the addi-
tion of the glycolipid Gyy;. Pure phytantriol adopts a cubic
phase with a Pn3m space group in the presence of excess
water (Barauskas and Landh 2003). However, in excess
water and at room temperature, the addition of 10-20%
Gy to pure phytantriol induces a phase transition to the
Im3m space group. In this case, the lattice parameters for
the Im3m cubic phases were 10.71 and 13.73 nm for 10%
Gy phytantriol and 20% Gy -phytantriol respectively
compared to ~6.5 nm in the absence of Gy, (Barauskas
and Landh 2003).

Cubic-phase nanoparticles (CPnPs)

As we discussed earlier, Q phases may be dispersed in
aqueous solutions as sub-micron-sized particles (Yang
et al. 2004). It is possible to create stabilised nanoparticle
dispersions of cubic phases (CPnPs or cubosomes) with
retention of bulk properties and microstructure of the par-
ent bulk Q phase (Fig. 6). As such, CPnPs hold promise
for applications in medically relevant areas, including
biosensing, bioscaffolds and protein crystallization, and
have drawn considerable interest in pharmaceutical appli-
cations (Gin et al. 2008) particularly in drug delivery
(Boyd 2003; Drummond and Fong 1999; Esposito et al.

2005; Johnsson et al. 2006; Yaghmur and Glatter 2009).
The separate hydrophilic and hydrophobic regions within
the CPnP structure permit incorporation of both hydro-
philic and hydrophobic bioactive molecules (Sagar et al.
2007). The tortuosity of the aqueous channel architecture
within CPnP allows for the possibility of diffusion con-
trolled or sustained release of a drug within the therapeutic
concentration range (Barauskas et al. 2005; Clogston and
Caffrey 2005; Stoltze 1995).

The preparation of CPnPs is usually achieved by high-
pressure homogenisation or ultrasonication of the viscous
bulk phase (Yang et al. 2004). This processing yields sub-
micron-sized particles following the high-energy frag-
mentation of the viscous bulk phase. The addition of a
stabilising agent is often employed to avoid agglomera-
tion of the dispersed particles. Although colloidal stability
is achieved using a number of different stabilising agents,
the most common stabilising agent is the surfactant pol-
oxamer 407, commonly known as Pluronic (Alexandridis
1997). Pluronic is a block copolymer comprised of a
central polypropylene oxide (PPO) block and adjacent
polyethylene glycol (PEG) blocks with the general
structure (PEG),(PPO),(PEG),, i.e., HO(C;H40),(C5Hc0),
(C,H40),H. The polymer is available commercially in a
range of sizes and is generally non-toxic (Singh-Joy and
McLain 2008).

Pluronic confers steric stability by forming a brush-type
layer at the CPnP surface. It is generally accepted that
stabilisation is mediated through the insertion or adsorption
of the PPO region onto the surface bilayer of the CPnP. The
PEG regions presumably extend into the water phase cre-
ating a steric barrier that prevents aggregation (Sagalowicz
et al. 2006). The concentration of Pluronic used in the
preparation of CPnPs ranges from 0 to 20% (w/w) if a high
energy (e.g. high-pressure homogenization, ultrasonica-
tion) or a low energy (e.g. dilutions with organic solvent,
simple mixtures) method of preparation is employed (Garg
et al. 2007).

Alternative techniques of CPnP manufacture have been
developed, with an emphasis on reduced-energy processes.
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Fig. 6 A cryogenic
transmission electron
microscopy (Cryo-TEM) image
of a phytantriol-Pluronic
F-127-water CPnP prepared by
high-pressure homogenization.
b A magnified image of a
representative CPnP. The
internal structure is visible

in this image

Almgren and Rangelov (2006) have reported a method
whereby Ly or inverse micellar droplets are added to water
at 80°C. Subsequent controlled cooling then promoted the
nano-droplets to adopt a cubic structure and form CPnPs.
Spicer et al. (2001) have used a spontaneous emulsification
method based on precursor formulations where certain
additives, such as PEG-lipid conjugates or ethanol, pro-
duce CPnPs without use of extra energy input beyond that
of blending the two liquids. Other reported methods
include use of dialysis, stirring and spray drying (Abraham
et al. 2004, 2005; Spicer et al. 2002). Similar to the orig-
inating bulk phase, CPnPs undergo temperature-induced
phase transitions (de Campo et al. 2004). A Qi — Hy
phase transition was observed at 45°C for Phytantriol—
Pluronic F-127 CPnPs as shown by SAXS and cryogenic
transmission electron microscopy (cryo-TEM). Interest-
ingly, cubic symmetry was regained subsequent to cooling.

Similarly to bulk cubic phases, the addition of a third
miscible component can be exploited to regulate the
structure of CPnPs. One method of achieving structural
control is through the polymeric stabiliser itself, where the
added stabiliser may modulate phase behaviour of the
binary system. Nakano et al. (2001) showed that increasing
concentrations of Pluronic F-127 from 3 to 10% (w/w) in a
GMO-water system, afforded an inter-cubic phase transi-
tion from Qf to Qf. Studies by Boyd and co-workers
(Dong et al. 2006) investigated the effect of Pluronic F-127
and vitamin E acetate (VitEA) on CPnP comprised of
phytantriol-water or GMO-water. The addition of larger
weight fractions of Pluronic F-127 to the GMO-water
CPnP system promoted a Pn3m — Im3m inter-cubic phase
transition. Interestingly the addition of VitEA (5% w/w)
was shown to reduce the Qp — Hj; phase transition tem-
perature for the bulk phases and CPnP. Furthermore, these
studies also showed a correlation between the mean parti-
cle size of CPnPs with additives. In the phytantriol system,
the addition of 5% (w/w) Pluronic F-127 resulted in a mean
particle size of approximately 270 nm, however, when
the loading of polymer was increased to 30% (w/w), the
average particle size was reduced to approximately
220 nm. Similarly, the addition of VitEA to the phytantriol
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CPnP reduced the mean particle diameter with higher
loadings of the additive. Furthermore, the addition of a
second amphiphile can similarly be employed to control
the internal structure and particle size of CPnP. For
example, Popescu et al. (2007) reported that CPnP com-
prised of GMO-GME and Pluronic F-127 yielded QR or
QY phases, and the occurrence of these phases could be
controlled by varying the ratio of GMO:GME.

Conclusion

In this paper, the structure of reversed bicontinuous cubic
(Qn) phases in binary and ternary amphiphile systems is
described. We have highlighted research in which the
modulation of cubic-phase structure occurs in ternary-
phase systems for both bulk cubic phases and the corre-
sponding nanoscale dispersions, CPnPs. Precise control of
phase behaviour and, therefore, cubic-phase structure can
readily be achieved through the simple addition of an
amphiphile to a binary cubic-phase system. It is clear that
the CPP and hence interfacial curvature can be modulated
through the judicious choice of a secondary amphiphile
having the requisite molecular geometry and hydrophobic—
hydrophilic balance. Such control can also be extended to
CPnPs where phase behaviour and particle size are mod-
ulated in ternary systems with potential biotechnological
applications. The recent emergence of cubic phases in
areas of technological and medical importance requires
precise control of structure and ternary amphiphile systems
provide the tools to achieve the requisite structural
optimisation.

Acknowledgments Financial support from CSIRO for OCE Post
Graduate Scholarship (to S.F.).

References

Abraham T, Hato M, Hirai M (2004) Glycolipid based cubic
nanoparticles: preparation and structural aspects. Colloids Surf
B Biointerfaces 35:107-117. doi:10.1016/j.colsurfb.2004.02.015


http://dx.doi.org/10.1016/j.colsurfb.2004.02.015

Eur Biophys J (2009) 39:83-90

89

Abraham T, Hato M, Hirai M (2005) Polymer-dispersed bicontinuous
cubic glycolipid nanoparticles. Biotechnol Prog 21:255-262.
doi:10.1021/bp0498544

Alexandridis P (1997) Poly(ethylene oxide) poly(propylene oxide)
block copolymer surfactants. Curr Opin Colloid Interface Sci
2:478-489

Almgren M, Rangelov S (2006) Polymorph dispersed particles from
the bicontinuous cubic phase of glycerol monooleate stabilized
by PEG-copolymers with lipid-mimetic hydrophobic anchors.
J Dispersion Sci Technol 27:599-609. doi:10.1080/0193269060
0662513

Barauskas J, Landh T (2003) Phase behavior of the phytantriol/water
system. Langmuir 19:9562-9565. doi:10.1021/1a0350812

Barauskas J, Razumas V, Talaikyte Z, Bulovas A, Nylander T,
Tauraite D, Butkus E (2003) Towards redox active liquid
crystalline phases of lipids: a monoolein/water system with
entrapped derivatives of ferrocene. Chem Phys Lipids 123:87—
97. doi:10.1016/S0009-3084(02)00170-6

Barauskas J, Johnsson M, Tiberg F (2005) Self-assembled lipid
superstructures: beyond vesicles and liposomes. Nano Lett
5:1615-1619. doi:10.1021/n1050678i

Bender J, Ericson MB, Merclin N, Iani V, Rosen A, Engstrom S,
Moan J (2005) Lipid cubic phases for improved topical drug
delivery in photodynamic therapy. J Contr Release 106:350-360.
doi:10.1016/j.jconrel.2005.05.010

Boyd BJ (2003) Characterisation of drug release from cubosomes
using the pressure ultrafiltration method. Int J Pharm 260:239—
247. doi:10.1016/S0378-5173(03)00262-X

Caffrey M (1987) Kinetics and mechanism of transitions involving
the lamellar, cubic, inverted hexagonal and fluid isotropic phases
of hydrated monoacylglycerides monitored by time-resolved
x-ray diffraction. Biochemistry 26:6349-6363. doi:10.1021/
bi00394a008

Caffrey M (2003) Membrane protein crystallization. J Struct Biol
142:108-132. doi:10.1016/S1047-8477(03)00043-1

Caffrey M (2008) On the mechanism of membrane protein crystal-
lization in lipidic mesophases. Cryst Growth Des 8:4244-4254.
doi:10.1021/cg800693r

Caffrey M, Cheng A (1995) Kinetics of lipid phase changes. Curr
Opin Struct Biol 5:548-555

Cherezov V, Clogston J, Papiz MZ, Caffrey M (2006) Room to move:
crystallizing membrane proteins in swollen lipidic mesophases.
J Mol Biol 357:1605-1618

Chung H, Caffrey M (1994) The curvature elastic-energy function of
the lipid-water cubic mesophase. Nature 368:224-226. doi:
10.1038/368224a0

Chung H, Caffrey M (1995) Polymorphism, mesomorphism, and
metastability of monoelaidin in excess water. Biophys J 69:
1951-1963. doi:10.1016/S0006-3495(95)80065-2

Clogston J, Caffrey M (2005) Controlling release from the lipidic
cubic phase. Amino acids, peptides, proteins and nucleic acids.
J Contr Release 107:97-111. doi:10.1016/j.jconrel.2005.05.015

de Campo L, Yaghmur A, Sagalowicz L, Leser ME, Watzke H,
Glatter O (2004) Reversible phase transitions in emulsified
nanostructured lipid systems. Langmuir 20:5254-5261. doi:10.
1021/1a0499416

de kruijff B (1997) Lipid polymorphism and biomembrane function.
Curr Opin Chem Biol 4:564-569

Dong YD, Larson I, Hanley T, Boyd BJ (2006) Bulk and dispersed
aqueous phase behavior of phytantriol: effect of vitamin E
acetate and F127 polymer on liquid crystal nanostructure.
Langmuir 22:9512-9518. doi:10.1021/1a061706v

Drummond CJ, Fong C (1999) Surfactant self-assembly objects as
novel drug delivery vehicles. Curr Opin Colloid Interface Sci
4:449-456. doi:10.1016/S1359-0294(00)00020-0

Efrat R, Kesselman E, Aserin A, Garti N, Danino D (2009)
Solubilization of hydrophobic guest molecules in the monoolein
discontinuous Q mesophase and its soft nanoparticles. Langmuir
25:1316-1326

Engblom J, Miezis Y, Nylander T, Razumas V, Larsson K (2000) On
the swelling of monoolein liquid-crystalline aqueous phases in
the presence of distearoylphosphatidylglycerol. Prog Colloid
Polym Sci 116:9-15. doi:10.1007/3-540-44941-8_2

Ericsson B, Larsson K, Fontell K (1983) A cubic protein-monoolein-
water phase. Biochim Biophys Acta 729:23-27. doi:10.1016/
0005-2736(83)90451-0

Esposito E, Cortesi R, Drechsler M, Paccamiccio L, Mariani P,
Contado C, Stellin E, Menegatti E, Bonina F, Puglia C (2005)
Cubosome dispersions as delivery systems for percutaneous
administration of indomethacin. Pharm Res 22:2163-2173. doi:
10.1007/s11095-005-8176-x

Fontell K (1992) Some aspects on the cubic phases in surfactant and
surfactant-like lipid systems. Adv Colloid Interface Sci 41:127—
147. doi:10.1016/0001-8686(92)80010-U

Garg G, Saraf S, Saraf S (2007) Cubosomes: an overview. Biol Pharm
Bull 30:350-353. doi:10.1248/bpb.30.350

Gin DL, Pecinovsky CS, Bara JE, Kerr RL (2008) Functional
lyotropic liquid crystal materials. Liquid Crystalline Funct
Assemblies Their Supramolecular Struct 128:181-222. doi:
10.1007/430_2007_064

Gustafsson J, Oradd G, Nyden M, Hansson P, Almgren M (1998)
Defective lamellar phases and micellar polymorphism in mix-
tures of glycerol monooleate and cetyltrimethylammonium
bromide in aqueous solution. Langmuir 14:4987-4996. doi:
10.1021/1a971131p

Gustafsson J, Nylander T, Almgren M, Ljusberg-Wahren H (1999)
Phase behavior and aggregate structure in aqueous mixtures of
sodium cholate and glycerol monooleate. J Colloid Interface Sci
211:326-335. doi:10.1006/jcis.1998.5996

Hyde ST (1997) Topological transformations mediated by bilayer
punctures: from sponge phases to bicontinuous monolayers and
reversed sponges. Colloids Surf A Physicochem Eng Asp
130:207-225

Hyde ST, Andersson S, Ericsson B, Larsson K (1984) A cubic
structure consisting of a lipid bilayer forming an infinite periodic
minimum surface of the gyroid type in the glycerolmonooleate-
water system. Z Kristallogr 168:213-219

Israelachvili JN (1991) Intermolecular and surface forces, 2nd edn.
Academic Press, London

Israelachvili JN, Mitchell DJ (1975) Model for packing of lipids in
bilayer membranes. Biochim Biophys Acta 389:13-19. doi:
10.1016/0005-2736(75)90381-8

Jin YG, Tong L, Ai P, Li M, Hou XP (2006) Self-assembled drug
delivery systems - 1. Properties and in vitro/in vivo behavior of
acyclovir self-assembled nanoparticles (SAN). Int J Pharm
309:199-207. doi:10.1016/j.ijpharm.2005.11.025

Johnsson M, Barauskas J, Norlin A, Tiberg F (2006) Physicochemical
and drug delivery aspects of lipid-based liquid crystalline nano-
particles: a case study of intravenously administered propofol.
J Nanosci Nanotechnol 6:3017-3024. doi:10.1166/jnn.2006.402

Kaasgaard T, Drummond CJ (2006) Ordered 2-D and 3-D nanostruc-
tured amphiphile self-assembly materials stable in excess
solvent. Phys Chem Chem Phys 8:4957-4975. doi:10.1039/
b609510k

Kent B, Garvey CJ, Coolson D, Bryant G (2009) Inverse hexagonal—
inverse ribbon—lamellar gel phase transition sequence in low
hydration DOPC:DOPE phospholipid mixtures. Chem Phys
Lipids 157:56-60

Larsson K, Tiberg F (2005) Periodic minimal surface structures in
bicontinuous lipid-water phases and nanoparticles. Curr Opin

@ Springer


http://dx.doi.org/10.1021/bp0498544
http://dx.doi.org/10.1080/01932690600662513
http://dx.doi.org/10.1080/01932690600662513
http://dx.doi.org/10.1021/la0350812
http://dx.doi.org/10.1016/S0009-3084(02)00170-6
http://dx.doi.org/10.1021/nl050678i
http://dx.doi.org/10.1016/j.jconrel.2005.05.010
http://dx.doi.org/10.1016/S0378-5173(03)00262-X
http://dx.doi.org/10.1021/bi00394a008
http://dx.doi.org/10.1021/bi00394a008
http://dx.doi.org/10.1016/S1047-8477(03)00043-1
http://dx.doi.org/10.1021/cg800693r
http://dx.doi.org/10.1038/368224a0
http://dx.doi.org/10.1016/S0006-3495(95)80065-2
http://dx.doi.org/10.1016/j.jconrel.2005.05.015
http://dx.doi.org/10.1021/la0499416
http://dx.doi.org/10.1021/la0499416
http://dx.doi.org/10.1021/la061706v
http://dx.doi.org/10.1016/S1359-0294(00)00020-0
http://dx.doi.org/10.1007/3-540-44941-8_2
http://dx.doi.org/10.1016/0005-2736(83)90451-0
http://dx.doi.org/10.1016/0005-2736(83)90451-0
http://dx.doi.org/10.1007/s11095-005-8176-x
http://dx.doi.org/10.1016/0001-8686(92)80010-U
http://dx.doi.org/10.1248/bpb.30.350
http://dx.doi.org/10.1007/430_2007_064
http://dx.doi.org/10.1021/la971131p
http://dx.doi.org/10.1006/jcis.1998.5996
http://dx.doi.org/10.1016/0005-2736(75)90381-8
http://dx.doi.org/10.1016/j.ijpharm.2005.11.025
http://dx.doi.org/10.1166/jnn.2006.402
http://dx.doi.org/10.1039/b609510k
http://dx.doi.org/10.1039/b609510k

90

Eur Biophys J (2009) 39:83-90

Colloid Interface Sci 9:365-369. doi:10.1016/j.cocis.2004.12.
002

Lester CL, Smith SM, Guymon CA (2001) Acceleration of poly-
acrylamide photopolymerization using lyotropic liquid crystals.
Macromolecules 34:8587-8589. doi:10.1021/ma011314p

Lindblom G, Larsson K, Johansson L, Fontell K, Forsen S (1979)
Cubic phase of monoglyceride-water systems—arguments for a
structure based upon lamellar bilayer units. J Am Chem Soc
101:5465-5470. doi:10.1021/ja00513a002

Lindell K, Engblom J, Jonstromer M, Carlsson A, Engstrom S (1997)
Influence of a charged phospholipid on the release pattern of
timolol maleate from cubic liquid crystalline phases. In:
Lindman B, Ninham BW (eds) International conference on
colloidal aspects of lipids, Lund, pp 111-118

Lingwood D, Schuck S, Ferguson C, Gerl MJ, Simons K (2009)
Generation of cubic membranes by controlled homotypic
interaction of membrane proteins in the endoplasmic reticulum.
J Biol Chem 284:12041-12048. doi:10.1074/jbc.M900220200

Luzzati V, Tardieu A, Gulikkrz T, Rivas E, Reisshus F (1968)
Structure of cubic phases of lipid-water systems. Nature
220:485-488. doi:10.1038/220485a0

Luzzati V, Delacroix H, Gulik A, Gulik-Krzywicki T, Mariani P,
Vargas R (1997) The cubic phases of lipids. In: Epand RM (ed)
Lipid polymorphism and membrane properties. Current topics in
membrane, vol 44. Academic Press, New York, pp 3-24

Malmsten M (2007) Phase transformations in self-assembly systems
for drug delivery applications. J Dispersion Sci Technol 28:63—
72. doi:10.1080/01932690600991755

Mitchell DJ, Ninham BW (1981) Micelles, vesicles and micro-
emulsions. J Chem Soc Faraday Trans II 77:601-629. doi:
10.1039/£29817700601

Nakano M, Sugita A, Matsuoka H, Handa T (2001) Small-angle
X-ray scattering and C-13 NMR investigation on the internal
structure of “cubosomes”. Langmuir 17:3917-3922. doi:10.1021/
1a010224a

Pitzalis P, Monduzzi M, Krog N, Larsson H, Ljusberg-Wahren H,
Nylander T (2000) Characterization of the liquid-crystalline
phases in the glycerol monooleate/diglycerol monooleate/water
system. Langmuir 16:6358-6365. doi:10.1021/1a0002031

Polyzos A, Alderton MR, Dawson RM, Hartley PG (2007) Biofunc-
tionalized surfactant mesophases as polyvalent inhibitors of
cholera toxin. Bioconjug Chem 18:1442-1449. doi:10.1021/
bc0700640

Popescu G, Barauskas J, Nylander T, Tiberg F (2007) Liquid
crystalline phases and their dispersions in aqueous mixtures of
glycerol monooleate and glyceryl monooleyl ether. Langmuir
23:496-503. doi:10.1021/1a062344u

Qiu H, Caffrey M (2000) The phase diagram of the monoolein/water
system: metastability and equilibrium aspects. Biomaterials
21:223-234. doi:10.1016/S0142-9612(99)00126-X

Sagalowicz L, Mezzenga R, Leser ME (2006) Investigating reversed
liquid crystalline mesophases. Curr Opin Colloid Interface Sci
11:224-229. doi:10.1016/j.cocis.2006.07.002

Sagar GH, Arunagirinathan MA, Bellare JR (2007) Self-assembled
surfactant nano-structures important in drug delivery: a review.
Indian J Exp Biol 45:133-159

@ Springer

Seddon JM (1992) Inverse cubic phases of membrane-lipids, and their
relevance to the static and dynamic structure of biomembranes.
Acta Pharm 42:255-262

Shalaev EY, Steponkus PL (1999) Phase diagram of 1,2-dioleoylpho-
sphatidylethanolamine (DOPE): water system at subzero tem-
peratures and at low water contents. Biochim Biophys Acta
1419:229-247

Singh-Joy SD, McLain VC (2008) Safety assessment of poloxamers
101, 105, 108, 122, 123, 124, 181, 182, 183, 184, 185, 188, 212,
215, 217, 231, 234, 235, 237, 238, 282, 284, 288, 331, 333, 334,
335, 338, 401, 402, 403, and 407, poloxamer 105 benzoate, and
poloxamer 182 dibenzoate as used in cosmetics. Int J Toxicol
27:93-128. doi:10.1080/10915810802244595

Spicer P (2005) Cubosome processing—industrial nanoparticle tech-
nology development. Chem Eng Res Des 83:1283-1286. doi:
10.1205/cherd.05087

Spicer PT, Hayden KL, Lynch ML, Ofori-Boateng A, Burns JL
(2001) Novel process for producing cubic liquid crystalline
nanoparticles (cubosomes). Langmuir 17:5748-5756. doi:10.1021/
la010161w

Spicer PT, Small WB, Lynch ML, Burns JL (2002) Dry powder
precursors of cubic liquid crystalline nanoparticles (cubosomes).
J Nanopart Res 4:297-311. doi:10.1023/A:1021184216308

Squires AM, Templer RH, Seddon JM, Woenckhaus J, Winter R,
Finet S, Theyencheri N (2002) Kinetics and mechanism of the
lamellar to gyroid inverse bicontinuous cubic phase transition.
Langmuir 18:7384-7392. doi:10.1021/1a0259555

Squires AM, Templer RH, Seddon JM, Woenkhaus J, Winter R,
Narayanan T, Finet S (2005) Kinetics and mechanism of the
interconversion of inverse bicontinuous cubic mesophases. Phys
Rev E Stat Nonlin Soft Matter Phys 72:11502

Stoltze K (1995) Elimination of elyzol(r) 25-percent dentalgel matrix
from periodontal pockets. J Clin Periodontol 22:185-187

Tanford C (1978) Hydrophobic effect and organization of living
matter. Science 200:1012-1018. doi:10.1126/science.653353

Templer RH (1998) Thermodynamic and theoretical aspects of cubic
mesophases in nature and biological amphiphiles. Curr Opin
Colloid Interface Sci 3:255-263

Tenchov B, Koynova R, Rapp G (1998) Accelerated formation of
cubic phase in phosphatidyldiethanolamine dispersions. Biophys
J 75:853-866

Wadsten-Hindrichsen P, Bender J, Unga J, Engstrom S (2007)
Aqueous self-assembly of phytantriol in ternary systems: effect
of monoolein, distearoylphosphatidylglycerol and three water-
miscible solvents. J Colloid Interface Sci 315:701-713. doi:
10.1016/j.jcis.2007.07.011

Wolfe J, Bryant G (1999) Freezing, drying and/or vitrification of
membrane—solute-water systems. Cryobiology 39:103-129

Yaghmur A, Glatter O (2009) Characterization and potential appli-
cations of nanostructured aqueous dispersions. Adv Colloid
Interface Sci 147-48:333-342. doi:10.1016/j.cis.2008.07.007

Yang D, Armitage B, Marder SR (2004) Cubic liquid-crystalline
nanoparticles. Angew Chem Int Ed 43:4402-4409. doi:10.1002/
anie.200301683


http://dx.doi.org/10.1016/j.cocis.2004.12.002
http://dx.doi.org/10.1016/j.cocis.2004.12.002
http://dx.doi.org/10.1021/ma011314p
http://dx.doi.org/10.1021/ja00513a002
http://dx.doi.org/10.1074/jbc.M900220200
http://dx.doi.org/10.1038/220485a0
http://dx.doi.org/10.1080/01932690600991755
http://dx.doi.org/10.1039/f29817700601
http://dx.doi.org/10.1021/la010224a
http://dx.doi.org/10.1021/la010224a
http://dx.doi.org/10.1021/la0002031
http://dx.doi.org/10.1021/bc0700640
http://dx.doi.org/10.1021/bc0700640
http://dx.doi.org/10.1021/la062344u
http://dx.doi.org/10.1016/S0142-9612(99)00126-X
http://dx.doi.org/10.1016/j.cocis.2006.07.002
http://dx.doi.org/10.1080/10915810802244595
http://dx.doi.org/10.1205/cherd.05087
http://dx.doi.org/10.1021/la010161w
http://dx.doi.org/10.1021/la010161w
http://dx.doi.org/10.1023/A:1021184216308
http://dx.doi.org/10.1021/la0259555
http://dx.doi.org/10.1126/science.653353
http://dx.doi.org/10.1016/j.jcis.2007.07.011
http://dx.doi.org/10.1016/j.cis.2008.07.007
http://dx.doi.org/10.1002/anie.200301683
http://dx.doi.org/10.1002/anie.200301683

	Cubic phases of ternary amphiphile-water systems
	Abstract
	Introduction
	Bicontinuous cubic phases and structure
	Ternary amphiphile-water QII phase systems
	Cubic-phase nanoparticles (CPnPs)
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


