Chapter 7

Cubosomes: Structure, Preparation
and Use as an Antigen Delivery System
Shakila B. Rizwan and Ben J. Boyd

7.1

Introduction

Certain amphiphilic lipids and surfactants are able to self-assemble into highly
ordered structures in an aqueous environment, with long-range order in one, two or
three dimensions (3D) and short-range disorder at atomic distances (Quantan et al.
2004; Yano et al. 2005). Consequently, these structures have properties intermediate
between those of solid crystals and isotropic liquids and are referred to as lyotropic
liquid crystals or mesophases.
A unique feature of lyotropic systems is that in the absence of any physical or
chemical changes, they remain thermodynamically stable in excess solvent. In contrast, other self-assembled lipid systems such as micelles dissociate into monomers
upon dilution. This particular feature has led to significant research efforts to utilize
these mesophases for various applications and some examples include (1) a platform for crystallization of membrane proteins (Cherezov et al. 2006), (2) delivery of
food actives (Amar-Yuli et al. 2009) and (3) delivery of drugs (Rizwan et al. 2010).
This chapter is in three parts; firstly an overview of the self-assembling properties of lipids is provided with a view to introduce the reader to polymorphism in
lipid–water systems. We then discuss the use of lyotropic mesophases for drug
delivery, with a focus on the bicontinuous cubic phase (V2). The remainder of the
chapter will then focus on cubosomes, dispersions of the V2 phase and their potential application in the field of vaccine delivery.
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7.2

Polymorphism in Lyotropic Liquid Crystal Systems

The spectrum of lyotropic self-assemblies that can be formed on exposure of lipids
to aqueous environments range from simple micelles arranged in a cubic or hexagonal packing to flat lipid bilayer structures such as the lamellar phase (Lα), and to
more complex non-lamellar structures composed of a lipid bilayer that have greater
intrinsic curvature, such as the inverted hexagonal (H) and cubic (V) phase (Fig. 7.1).
It is important to note that not all self-assemblies may be observed in any given
lipid–water system. Lipid self-assembly is critical for several biological processes
(Luzzati 1997; Lindblom and Rilfors 1989). The lamellar phase, in combination
with membrane proteins and fatty acids provides the basic building block for all
biological membranes. Non-lamellar structures have also been shown to play crucial roles in cellular processes such as cell stress, starvation and fusion (Colotto and
Epand 1997; Almsherqi et al. 2006; Deng et al. 2002).
The rich array of polymorphism is primarily governed by the concentration of
the solvent, geometric properties of the amphiphile and temperature. Exposure to a
polar solvent causes the amphiphiles to position themselves in such a way to minimize the free energy of the system, where the polar solvent penetrates between the
amphiphilic molecules exposing the hydrophilic parts to the aqueous environment
and causes the hydrophobic parts to be sheltered from the solvent. This phenomenon is commonly referred to as the hydrophobic effect (Pratt 1985; Kaasgaard and
Drummond 2006).
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Fig. 7.1 Schematic representation of common liquid crystalline phases formed by self-assembly
of amphiphiles in water. Figure modified after (Garti et al. 2012; Shearman et al. 2006)
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In addition to the hydrophobic effect as a driving force for self-assembly, a
number of packing constraints also play a critical role in the resulting structures and
are determined by the geometric properties of the amphiphilic molecule, specifically packing and curvature. The critical packing parameter (P) described by
Israelachvilli (Israelachvili et al. 1976), is given by the equation:
P=

v
al

(7.1)

where v and l denote the volume and the length of the hydrophobic chain and a is
the optimal surface area of the polar head group. This equation provides a useful
measure of aggregation morphology. The packing parameter is useful for predicting
which phases may be preferentially formed for a given lipid. It connects the molecular shape and properties of a given lipid to its favoured curvature at the lipid–water
interface, and therefore the topology and shape of the resulting aggregate as shown
in Fig. 7.1 (Shearman et al. 2006). Curvature towards the chain region is conventionally designated as the normal (oil-in-water) or Type 1 phase where P < 1, whilst
curvature towards the water region is denoted as the reverse (water in oil) or Type 2
phase where P > 1. Planar or lamellar phase structures are evident when P = 1.

7.3

Bicontinuous Cubic Phase

The most common non-lamellar mesophase with a curved interface that is observed
in lipid–solvent systems is the inverted or reversed hexagonal phase (H2) (Seddon
and Templer 1993). It consists of densely packed, water-filled cylindrical micelles
arranged in a continuous matrix of fluid hydrocarbon chains (Fig. 7.1). In contrast,
the inverted bicontinuous cubic phase (V2) consists of a single continuous lipid
bilayer, separating two non-intersecting water channels. The topology of the V2
phase is categorized into the gyroid, diamond and primitive structures based on
concepts of differential geometry and minimal surfaces and are associated with the
space groups Ia3d, Pn3m and Im3m, respectively (Hyde 2001) (Fig. 7.2).
Various classes of synthetic lipids have been investigated, however, only a handful are capable of forming stable inverted mesophases (Fig. 7.3) (Boyd et al. 2006;
Fong et al. 2007; Hato and Minamikawa 1996). A large amount of research in the
literature is centred on unsaturated mono- and diglycerides, particularly monoolein
and mixtures of monoolein with other lipids or its structural derivatives (Clogston
and Caffrey 2005; Lara et al. 2005; Chang and Bodmeier 1997). These lipids are
commonly used as emulsifying agents and food additives (Amar-Yuli et al. 2009;
Ganem-Quintanar et al. 2000). However, the propensity, for example of monoolein
and oleic acid to undergo esterase catalyzed hydrolysis can limit their applications
in vivo. There is significant research effort to increase the repertoire of lipids that
are able to form stable non-lamellar mesophases in water as alternatives to fattyacid-based materials such as monoolein. One such alternative is phytantriol, an
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Fig. 7.2 Schematic representations of the inverse bicontinuous cubic phases: Ia3d (gyroid), Pn3m
(diamond) and Im3m (primitive) phase. Individual lipids are shown as ball-stick figures, whilst the
regions filled with green and red colour represent water. Figure modified from (Caffrey 2000)

Monoolein
1,2-dioleoyl-3trimethylammonium-propane
Phytantriol
1,2-dioleoyl-sn-glycerol-3phosphocholine
Oleic acid

1,2-dioleoyl-sn-glycerol-3phosphoethanolamine
Vitamin E acetate
1,2-dioleoyl-sn-glycerol-3-phosphoserine

Fig. 7.3 Chemical structures of lipids known to form lyotropic mesophases. Figure modified after
(Mulet et al. 2013)

additive used in cosmetics for improving moisture retention (Ribier and Biatry
1998; Barauskas and Landh 2003; Rizwan et al. 2009). Both phytantriol and glyceryl monooleate (GMO) differ structurally (Fig. 7.3), however, interestingly they
both display similar phase behaviour, forming V2 phases in excess water at low
temperatures and transforming to the H2 at higher temperatures (Barauskas et al.
2005a; Dong et al. 2006).
The nanostructure and thermodynamic stability of lyotropic mesophases has
stimulated intense research, particularly towards exploring the potential of these
lipid systems for various pharmaceutical applications. Macroscopically, the inverted
mesophases are extremely viscous, almost solid-like, materials with a large specific
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Fig. 7.4 Structures of (a) reversed bicontinuous cubic and (b) hexagonal phase showing the possible locations of drugs. Figure reproduced from (Guo et al. 2010)

surface area that can solubilize materials of varying polarity and provide a slow
release matrix for drugs (Fig. 7.4) (Rizwan et al. 2009; Boyd et al. 2000; Clogston
and Caffrey 2005). Retarded release of entrapped bioactives from the V2 phase is a
consequence of diffusion through the tortuous matrix.
In addition to the properties of the bioactive itself, factors believed to be regulating the release kinetics are the pore size and tortuosity of the water channels and the
stiffness and high viscosity of the mesophase. However, the viscous nature of nonlamellar phases limit their pharmaceutical applications. To overcome this, the thermodynamic stability of these mesophases in excess water is exploited. Non-lamellar
liquid crystals in equilibrium with excess water can be dispersed into submicronsized particles which retain the unique microstructure of their respective ‘parent’
phase (Fig. 7.2) and are sometimes collectively referred to as non-lamellar liquid
crystalline nanoparticles (LCPs). Dispersion of the H2 and V2 phases are known as
hexosomes and cubosomes, respectively, analogous to liposomes, dispersions of the
Lα phase.

7.4

Cubosomes

The term ‘cubosome’ was first mentioned in a review on cubic lipid/water phases by
Kåre Larsson in the 1980s (Larsson 1983). Previous studies dating back prior to
Larsson’s description of cubosomes do exist. Patton and Carey (Patton and Carey
1979) in 1979 described their observation in studies involving fat digestion, where
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simulated stomach contents combined with lipase and bile salts resulted in dispersed particles of the bicontinuous cubic phase. However, Larsson has pioneered
the work on cubic phases and is credited with discovering that they can be formed
from the bulk non-dispersed phases and on dispersion exist as submicron particles
which have an identical internal nanostructure. Consequently, cubosomes have the
potential to offer high solubilization of actives with different physicochemical properties and the potential for sustained release of therapeutics by virtue of their unique
nanostructure. The nanostructure, like the parent phase, is composed of a highly
twisted lipid bilayer and two congruent, non-intersecting water channels and imparts
on the particle both hydrophobic and hydrophilic domains and a large surface area
(Rizwan et al. 2007) (Fig. 7.1).

7.4.1

Structure and Classification

Based on principles of differential geometry (Andersson et al. 1995), an ‘open’
structure and a ‘closed’ cubosome structure has been proposed (Larsson 1999). The
two aqueous channels are in contact with the external environment in the open
structure, whilst the closed cubosome has one water channel open towards the external environment with the other compartment closed in relation to the outside. The
closed cubosome was proposed as the more stable structure of the two forms; however, recent studies strongly support the open model (Rizwan et al. 2007; Tilley
et al. 2013). Like the bulk parent cubic phase, cubosomes are also classified into
gyroid (Ia3d), primitive (Im3m) or diamond (Pn3m).

7.4.2

Components of Cubosomes

Various lipids have been used to prepare cubosomes and other LCPs [for an
extensive summary the reader is referred to a review by Yaghmur (Yaghmur and
Glatter 2008)]. Though the bulk mesophases are thermodynamically stable, when
dispersed, the particles are not kinetically stable from a colloidal stability perspective, and tend to aggregate due to the exposure of the hydrophobic domains to the
external aqueous environment (Dan and Poo 2004). In order to circumvent aggregation, stabilizing agents are required (Almgren 2003; Larsson 1999; Dan and Poo
2004). The main role of the stabilizing agent is to provide a steric or electrostatic
barrier to prevent close particle contact (Nakano et al. 2001). The choice of a stabilizing or dispersing agent is crucial and should participate in the lipid–water
assembly without disrupting the cubic liquid crystallinity of the structure (Dan and
Poo 2004). Larsson’s early cubosomes studies used bile salts to stabilize cubic
phase dispersions (Larsson 1989).
Pluronics, in particular F 127, are the most commonly used stabilizing agents
and even considered to be the ‘gold standard.’ Pluronics are a group of water soluble,
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self-assembling triblock co-polymers composed of polyethylene oxide (PEO) and
polypropylene oxide (PPO) in a PEO–PPO–PEO configuration, where the PPO portion gives the polymer hydrophobic characteristics and the PEO portion is responsible for the hydrophilic character. The stabilizing effects of F 127 is thought to be
brought about by the adsorption or incorporation of the hydrophobic PPO block
onto the surface of the particles, whilst the hydrophilic PEO portion extends out into
the aqueous environment to provide steric shielding (Dan and Poo 2004). The structure type of the dispersions can be influenced by the proportion of F 127 used in
relation to the particular liquid crystal forming lipid (Almgren et al. 1996; Gustafsson
et al. 1997; Larsson 2000). In GMO formulations, at relatively low F 127 concentrations (3 %), the D-type cubic phase is dominant, with minimal presence of the
P-type cubic phase. Increases in the polymer concentration lead to an increase in the
portion of the P-type cubic phase (Nakano et al. 2001; Almgren et al. 1996;
Gustafsson et al. 1997; Larsson 2000). This has been attributed to the preferential
location of F 127 on the surface of the particles at low concentrations, so very little
polymer is thought to be involved with the internal cubic structure. However, when
the F 127 is in excess, the surface is saturated and the polymer can incorporate
within the lipid bilayer. As a consequence a transition from the Im3m structure to
the Pn3m cubic structure is observed in monoolein–water system. In contrast, the
nanostructure of phytantriol-based cubosomes appears to be unaffected by high
concentrations of F127 (Dong et al. 2006).
Recently, Chong et al. investigated the ability of a wide range of non-ionic molecules to stabilize dispersions of phytantriol and GMO and compared them to F 127
(Chong et al. 2011). Interestingly, they showed that the poly(ethyleneoxide) stearate
class of stabilizers, in particular Myrj 59® (100 poly(ethyleneoxide) units), was
more effective in stabilizing phytantriol cubosomes when compared to the goldstandard F 127. The reason for the improved stability remains unclear.

7.4.3

Production of Cubosomes

Current research efforts, in addition to increasing the repository of available liquid
crystal forming lipids, are focused on formulation of cubosomes. Although great
progress has been made, there is still no consensus on an optimal method of cubosome production. Stability, biocompatibility and optimal drug release still remain
unresolved. Generally, cubosomes reported in the literature have been produced by
one of the following methods:
Application of high energy methods such as ultrasonication, microfluidization
and homogenization of the viscous cubic phase in the presence of excess water
(Larsson 1989; Gabizon et al. 2004; Almgren et al. 1996; Gustafsson et al. 1997).
Dry lipid films of lipid/stabilizer are produced, rehydrated and subsequently dispersed in excess water and fragmented into cubosomes using mechanical mixing
methods such as homogenization (Nakano et al. 2002).
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Dry powder precursors are prepared and form cubosomes upon hydration with a
solvent (Spicer et al. 2002).
Microfluidization of a lipid/stabilizer mix followed by heat treatment at elevated
temperature and subsequent cooling resulting in liquid crystalline dispersions with
a narrow size distribution (Barauskas et al. 2005a; Wörle et al. 2006a).
Mixtures of liquid crystal forming lipid in ethanol or other organic solvents (liquid precursors) are dispersed in excess water (or the solvent of choice) resulting in
the spontaneous formation of cubosomes (Rizwan et al. 2011; Spicer et al. 2001;
Zheng et al. 2003; Chung et al. 2002).

7.4.4

Characterization of Non-lamellar Liquid Crystalline
Dispersions

The physicochemical properties of LCPs have been characterized using various
techniques. Amar-Yuli et al. (2009) recently grouped these techniques into two categories, direct techniques and indirect techniques. Direct techniques include small
angle X-ray and neutron scattering and optical and electron microscopy. Indirect
techniques include spectroscopy, including nuclear magnetic resonance, dynamic
light scattering and rheology and provide supplementary information. Selected
techniques will now be discussed in more detail.

7.4.4.1

Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM) allows direct visualization of samples in the hydrated state through vitrification in a thin film suspended
between polymer coated grids (Almgren et al. 1996). This is preferred over conventional (negative staining) TEM where samples are dried on carbon grids prior to
viewing under the microscope, due to problems associated with dehydration.
Cryo-TEM provides direct visualization and verification of lattice symmetry and is
a powerful complementary technique to scattering data. The combination of cryoTEM and scattering is considered the gold standard for characterizing the structure
type of non-lamellar liquid crystalline dispersions. Cubosomes are generally recognized as cubic faceted particles as shown in Fig. 7.5.
The advantage of cryogenic field emission scanning electron microscopy
(cryo-FESEM) as a complementary microscopy technique for investigating the
nanostructure of non-lamellar mesophases has been recently reported (Boyd et al.
2007; Rizwan et al. 2007). Cryo-FESEM allows dispersions to be viewed in a frozen, close-to-natural state. Results summarized in Fig. 7.6 support the descriptions
of the nanostructure of LCPs, particularly cubosomes based on differential geometry, where a single continuous lipid bilayer is contorted such that it divides space
into two congruent and non-intersecting water channels. The nanostructure of the
dispersions was also comparable to the microstructure of the non-dispersed phases
determined by cryo-FESEM (Rizwan et al. 2007).

7

Cubosomes: Structure, Preparation and Use as an Antigen Delivery System

133

Fig. 7.5 Cryo-TEM images of non-lamellar nanoparticles with a reversed bicontinuous (a–d) and
reversed hexagonal (e, f) lyotropic liquid crystal phases. Figure adapted from (Barauskas et al.
2005b)

One of the limitations of using a scanning microscopy technique to probe the
structure of submicron particles when compared to microscopy in the transmission
mode is the lower resolution [in the range of 50–100 nm (Pawley 1997)] and the
other is the potential formation of ice crystals during sample transfer. Ice crystals
are often large and can cover areas of interest. In addition to large ice crystals, frozen condensed water droplets can also make data interpretation difficult and misleading. Plunge freezing in liquid propane has been shown to reduce ice crystal size
to below the resolution of the microscope. Additionally, samples are generally sublimed for a few minutes to remove unwanted surface ice prior to coating (Krauel
et al. 2007).

7.4.4.2

X-ray Scattering

Scattering techniques are crucial in assigning unambiguously the structure of the
mesophase of interest. Three different types of radiation are typically used in scattering studies; light, X-ray and neutron. Discussions will be restricted to X-ray scattering as this is the most frequently used approach for characterising liquid
crystalline systems.
Typically small angle X-ray scattering (SAXS) experiments are used to measure
the intensity of scattered X-rays at small angles to probe structure at the mesoscale,
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Fig. 7.6 Representative cryo-FESEM micrographs of cubosomes dispersions with spherical (a–c)
or cubic morphology (d–h) compared with the proposed mathematical models based on differential geometry by Andersson et al. The bar represents 100 nm

which can be expressed by the length of the scattering vector q (Bergman et al.
2000):
æ 4p
q=ç
è l

ö q
÷ sin 2
ø

(7.2)

where λ is the wavelength and θ the scattering angle. Typical values for the spacing
of X-ray reflections characteristic of selected liquid crystalline mesophases are
summarized in Table 7.1. Characteristic diffraction patterns are generated from an
ordered microstructure due to specific repeat distances of the associated interlayer
spacings, d. Furthermore, the mean lattice parameter, a, can be calculated from d.
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Table 7.1 Selected lyotropic mesophases and their corresponding peak ratios observed using
SAXS
Mesophase
Lamellar
Inverse hexagonal
Bicontinuous cubic

Descriptor
Lα
HII
P (Im3m)
D (Pn3m)
G (Ia3d)

Peak spacing ratios in q space
1:2:3:4:5:6:7…
1:√3:√4:√7:√9:√12:√13…
1:√2:√4:√6:√8:√10:√12…
1:√2:√3:√4:√6:√8:√9…
1:√6:√8:√14:√16:√20:√22…

Table compiled from Hyde (2001) and Wörle et al. (2006b)

The value for the interlayer spacings d is calculated using (7.3) (Dong et al. 2006)
and is related to (7.2) by:
d=

2p
q

(7.3)

SAXS is an indispensible tool for identifying the various mesophases; however, it is
not without some drawbacks. Problems associated with SAXS include weak reflections when acquired using a lab source, especially in dispersed liquid crystalline
systems due to their small size and potentially non-uniform crystallographic microstructure. Furthermore, some systems may exhibit two or more co-existing mesophases and assignment of peaks to specific space groups becomes difficult
(Amar-Yuli et al. 2009).

7.4.5

Cubosomes for Vaccine Delivery

Lipid-based particulate carriers have long been known to have the potential to
increase the amount of antigen reaching antigen-presenting cells (APCs) and to
stimulate a stronger immune response compared to antigen alone (Gregoriadis
1990). Furthermore, co-delivery of antigen and adjuvant(s) such as patternrecognition receptors (PRRs) is also possible within a particulate system. This facilitates concurrent antigen processing and presentation as well as signalling via the
relevant PRR pathway, and has been demonstrated as an effective strategy for
increasing antigen delivery to APCs and expansion of effector T-cells (Kaisho and
Akira 2002; Schlosser et al. 2008).
Liposomes, dispersions of lamellar liquid crystals, have been extensively studied
as drug and vaccine carriers (Myschik et al. 2009). In contrast, research in the area
of non-lamellar dispersions for vaccine delivery is limited. Given their unique nanostructure, cubosomes are flexible in the types of antigens and adjuvants that can be
incorporated. Furthermore, encapsulation within the complex cubosome structure
may also offer protection of the active against rapid degradation (Barauskas et al.
2005a). Cubosomes are also stable over time and upon dilution. These attributes
make cubosomes an attractive candidate for delivery of subunit vaccines.
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Cubosomes have been shown to successfully encapsulate a high percentage (as
compared to liposomes) and show sustained release of the model antigen ovalbumin
(OVA) in vitro (Rizwan et al. 2011). Whilst in vitro studies provide useful predictions of release kinetics, the correlation with antigen release in vivo is multifactorial
and uncertain. To confirm this, in vivo release kinetics of OVA from various formulations were investigated. This was achieved by determining proliferation of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled CD8+ and CD4+
T-cells at various time points following immunization. The continued expansion of
CFSE-labelled T-cells from vaccinated animals indicated that OVA in cubosomes
was delivered in a sustained manner and therefore was available for processing and
presentation for at least 14 days (Rizwan et al. 2013), providing a clear in vitro and
in vivo correlation.
In order to generate antigen-specific responses, APCs such as dendritic cells
(DCs) need to recognize and take up particles containing the antigen of interest,
process it and present it in the context of major histocompatibility complex (MHC)
molecules for recognition by naïve T-cells, leading to subsequent T-cell proliferation (Cools et al. 2007). In addition, the APCs must become activated, up-regulating
the expression of co-stimulatory molecules and cytokines (Lee and Iwasaki 2007;
Cools et al. 2007). Cubosomes were subsequently modified to include the toll-like
receptor (TLR) agonists, monophosphoryl lipid A (MPL) and imiquimod. All cubosome formulations were investigated in vitro in bone marrow-derived dendritic cells
(BMDCs). The formulations were taken up by BMDCs in a lipid concentrationdependent manner. Co-stimulatory molecules, CD86 and MHC class-II, crucial for
expansion of T-cells (Cools et al. 2007) were also expressed on the surface of activated BMDCs in a concentration-dependent manner. The greatest up-regulation of
co-stimulatory molecules was observed when DCs were incubated with imiquimod + MPL cubosomes. Subsequently, cellular and humoral responses in mice were
investigated after vaccination with cubosomes and comparable liposomal formulations. It was found that cubosomes containing the adjuvants imiquimod and MPL
were more efficient at inducing antigen-specific immune responses than liposomes.
Furthermore, cubosomes were more efficient at generating antigen-specific cellular
responses and were equally as effective in generating humoral responses when compared to alum, the most widely used vaccine adjuvant, and to liposomes (Rizwan
et al. 2013).
Needle-free immunization using cubosomes has also been investigated
(Rattanapak et al. 2012). Transcutaneous immunization (TCI) is a promising vaccination strategy for obvious economic and social reasons. However, from a scientific view point, this approach is particularly attractive due to the abundance of
APCs residing in the skin. The main obstacle for TCI, however, is the delivery of the
vaccine through the stratum corneum to the APCs that reside in the deeper skin layers. Rattanapak et al. used a novel approach, where cubosomes and microneedles
(MCNs) were utilized as a synergistic approach for vaccine delivery through the
skin (Rattanapak et al. 2013). Initially, permeation of various lipid-based particulate
formulations (with or without MCN pretreatment) through stillborn piglet skin was
investigated in vitro under occlusive conditions using Franz diffusion cells
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(Rattanapak et al. 2012). Intriguingly, cubosomes showed superior skin retention
compared with liposomes and transfersomes. Subsequently, the combined approach
with cubosomes + MCN was applied. This approach leads to significantly improved
vaccine uptake into skin as compared to cubosomes alone. Vaccine antigen appeared
to be preferentially taken up by a subpopulation of skin APC known as dermal DCs.
Interestingly delivery of vaccine using MCNs in conjunction with cubosomes
appeared to stimulate a CD8+ T-cell biased immune response, crucial for effective
therapeutic vaccines (van Duikeren et al. 2012).

7.5

Conclusions

Cubosomes represent an intriguing new delivery system for various applications. In
the context of vaccine delivery, although the research field is still at early stages,
cubosomes have been already shown to have the potential to encapsulate a high
antigen load and can be modified to include adjuvants such as PRRs. They are recognized by processional APCs, with the antigen being processed and presented via
the elusive MHC class I pathway in vitro and in vivo. They are also well tolerated
in vivo and lead to greater expansion of T-cells compared to liposomes. However, a
lot remains to be understood about these novel lipid-based carrier systems before
they can be used in a clinical setting.
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