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Abstract: Cubosomes are highly stable nanoparticles formed
from the lipid cubic phase and stabilized by a polymer based outer
corona. Lipid cubic phases consist of a single lipid bilayer which
forms a continuous periodic membrane lattice structure with pores
formed by two interwoven water channels. Cubosome
composition can be tuned to engineer pore sizes or include
bioactive lipids, the polymer outer corona can be used for

targeting and they are highly stable under physiological conditions.

The structure provides a significantly higher membrane surface
area for loading of membrane proteins and small drug molecules
than liposomes. Due to recent advances, they can be engineered
in vitro in both bulk and nanoparticle formats with applications
including drug delivery, membrane bioreactors, artificial cells and
biosensors. This review outlines recent advances in cubosome
technology enabling their application and provides guidelines for
the rational design of new systems for biomedical applications.

1. Introduction

Cellular membranes are complex assemblies of lipids and
proteins. Non-lamellar phases exhibiting high membrane
curvature are thought to play essential roles in fusion, fission,
transport and membrane remodelling processes.! Examples
include cardiolipin, which works cooperatively with dynamin-
related protein 1 leading to a phase transition to the hexagonal
phase as a basis for mitochondrial membrane fission,? or
Bin/Amphiphysin/Rvs (BAR) domain proteins which can generate
membrane curvature and show binding specific to the membrane
shape and protein structure.®! Similarly, endophilin 1 - a
presynaptic protein - binds to dynamin and mediates the formation
of synaptic-like microvesicles via local alterations of the
membrane curvature through the conversion of lysophosphatidic
acid to phosphatidic acid. Swollen cubic structures have been
observed in vivo in the mitochondria of starved amoebal® and
within butterfly wings where porous chitin results in photonic
crystals and structural colour.®" Highly curved lipid assemblies
are also observed within the cell in regions including the
endoplasmic reticulum, Golgi and mitochondria. They have
significant advantages over planar structures including higher
membrane surface area to volume ratios, variations in membrane
stress and increased hydrophobic and membrane protein loading
capacities. Vesicles are the most commonly exploited lipid
assemblies used in drug delivery, cosmetics and biosensing
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applications. They consist of a single bilayer leaflet surrounding
an aqueous internal volume.® Whilst their size can be altered so
that they can range from tens to thousands of nm in diameter, this
also influences the membrane curvature and the ratio of lipid
membrane to encapsulated volumes which can limit their usage.
In order to accurately mimic and exploit the advantages of highly
curved systems we need to be able to tune curvature on the
nanoscale in more complex lipid membrane assemblies.

In recent years, interest has increased into particles a few
hundred nm in diameter which can be formed from more exotic
membrane phases. These include the bicontinuous cubic phases
(cubosomes), hexagonal phase (hexosomes) and discontinuous
micellar cubic phase (micellarsomes). Rather than replacing
vesicles, they are highly complementary due to their higher
membrane surface area, ability to solubilize hydrophobic and
hydrophilic molecules, and equilibrium nanostructure. The
bicontinuous cubic phases are particularly advantageous due to
their ability to tune membrane curvature independently of
nanoparticle diameter across large length scales. This is possible
because their internal structure consists of a single membrane
bilayer which forms a lattice structure type network with two sets
of intertwining but unconnected water channels.

Lipid based nanoparticles are dispersions possessing bulk
lipid phases where the outer surface is stabilized with polymers
including block co-polymer or PEG moieties. These stabilizers
enable approaches for targeting cells of interest independent from
the majority of the lipid membrane assembly. The result is highly
stable nanoparticles which can be formed under biological
conditions and composed of biocompatible lipids. Nanoparticles
possessing the lipid bicontinuous cubic phase are known as
cubosomes have existed for over 25 years, % however there has
until recently been a bottleneck in their applications. This has
been due to a few key factors. The first is an inability to tune the
pore and channel sizes, restricting access to the internal structure
and loading of large molecules. The second is a lack of
fundamental knowledge characterizing their physical behaviour
as a function of composition, interactions with cells and loading.
Recent work has now removed these bottlenecks opening up the
opportunity to exploit these systems in entirely new applications.
Whilst there are many existing reviews on cubosome formation
and morphology, there is little information incorporating new
applications with engineering rules for designing cubosomes. In
the following review, we guide the reader through a step by step
process explaining the considerations and implications for the
rational design of cubosome systems. Figure 1 outlines
schematically how cubosomes can be engineered and tailored for
specific applications. It covers two key aspects; formulation and
loading. The chemistries of both the lipids and stabilizers are
tuneable. Lipid hydrocarbon chains can vary in number, length
and saturation whilst lipid headgroups span a range of chemistries
leading to differences in composition, charge and size. Stabilizer
chemistry can be adapted for cellular compatibility and targeting.
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2. Lipid self-assembly and cubosome
formation

2.1. Lipid self-assembly

Cells exhibit complex lipid compositions highly dependent on cell
type and location within the cell.?*Y Lipid structure and
maodifications in cell lipid profiles have been coupled to disease
pathways*? including cancer progression,*314  Alzheimer's
diseasel'>*" and atherosclerosis!*®! and also play a significant
role in protein recruitment for signalling events.*21° The structure

of lipids and their interactions in an aqueous environment drive
the phases that they form.’?%-22 Briefly lipids can be divided into
two main categories, lamellar and non-lamellar lipids. Lamellar
lipids drive the formation of planar lipid bilayers whilst the non-
lamellar lipids can lead to the formation of phases such as the
hexagonal and bicontinuous cubic phases. Their structure and
stability is based on experimental conditions such as lipid
composition, hydration, temperature and pressure. Three types of
lipid bicontinuous cubic phases have been observed in lipid
membrane systems: the primitive (also referred to as Im3m/ Q,F),
the double diamond (Pn3m / Q,°) and the gyroid (la3d / Q,).?%
The majority of cubosome structures reported to date exhibit
either primitive or double diamond morphology. A brief overview
of the structures, scattering patterns and lipid compositions of
these cubic phases is provided in Figure 2. Previous cubosome
reviews have already discussed these structures and their
formation in significant detail in the context of cubosomes. 2324

2.2. Lipids for cubosome formation

The formation of cubosomes relies on the concept that the lipid
mixture, in combination with the stabilizer and loaded protein or
molecule of interest, self-assembles to form a lipid bicontinuous
cubic phase. Other lipid mixtures can be used to create dispersed
mesophases spanning a range of phase morphologies including
the hexagonal phase,?® micellar cubic phases?® and sponge
phases.?”! Monoolein and phytantriol are the most common lipids
used for cubosome formation. Under excess water conditions
they exhibit Pn3m cubic phase morphology from temperatures
ranging from room temperature to above 80°C and 43°C
respectively. Both lipids are already well characterized in bulk
format,[?8-31 are biocompatible and have approval for in vivo use.
Although there are still very few comparisons between cubosome
dispersions and bulk phase behaviour, pre-existing phase
diagrams of bulk lipid mixtures are useful reference points for
choosing lipid compositions that form cubic phase morphology -
with the caveat that the addition of the stabilizers and loaded
molecules can shift the phase boundaries or change the phase
behaviour. This is not necessarily undesirable and it has been
reported that phase transitions may contribute to controlled
release of loaded molecules, however these have to be
characterized in individual cases. It is worth noting that monoolein
is often referred to by a few different names and abbreviations
including glycerol monooleate (GMO) and Rylo MG 19.

2.3. Methods for cubosome formation

There are a number of methods for cubosome formation
including dispersion of bulk cubic phases using sonication, 234
homogenization,>3¢ shearing,*” solvent evaporation,*83 the
incorporation of hydrotopes which enable formation via a dilution
method%44 and (less commonly) using mechanical stirring.[2342
We outline the two most commonly used methods and discuss
their advantages and disadvantages. The formulation methods
accompanied by chemical structures of the relevant compounds
are outlined in Figure 3.


https://doi.org/10.1002/anie.201804067

Peer reviewe version of the manuscript published in final form at Angewandte Chemie 2018

https://doi.org/10.1002/anie.201804067

The dilution method was reported by Spicer et al. who
constructed a monoolein-water-ethanol phase diagram and
showed that cubosome formation using nucleation processes, i.e.
dilution, produced in combination with low shear stress formed
stable cubosome structures. The cubosomes exhibited lower
polydispersity and fewer vesicles were formed in comparison to
cubosomes formed via sonication.*? Whilst this is clearly
advantageous and has already been exploited to form faceted
polyhedral particles,*®! a key disadvantage for biological
applications is that residual solvent can increase cellular toxicity
and could alter the nanoparticle phase behaviour. However this
technique has been optimized with different solvents (propylene
glycol and polyglycerol ester) for the successful delivery of protein
vaccines.#+44

Sonication and homogenization are the most commonly
reported methods of formation. Briefly, formation of cubosomes
via sonication involves co-dissolving lipids of the desired
composition in solvent, solvent evaporation under nitrogen and
removal of excess water using a lyophilizer to create lipid films.“5!
This is followed by hydration in the desired buffer, addition of the
pre-dissolved stabilizing polymer and tip
sonication/homogenization to form a dispersion.[*! Samples can
be sonicated until the sample is homogenous or for a set time.
Due to volume restrictions, low volume ultrasonication tips which
operate for sonication times of 2.5-10 minutes (corresponding to
a power of approximately 200 W), are the most commonly utilized
either in continuous or pulsed mode, which reduces heating
effects.[*"#81 Some publications report melting the lipid film before
hydration to achieve the desired phase morphology.“d The key
advantage of the sonication method is the formation of
reproducible, stable cubosomes without the introduction of
additional solvents. This removes the need to re-investigate
phase behaviour and there are no solvent concerns for cellular
toxicity. However, disadvantages include the necessity of a high
energy ultrasonic processor to provide sufficient energy for a
monodisperse dispersion, heating of the sample during sonication
and vesicle formation as a by-product (sometimes recognizable
by eye as a blue tinge to the sonicated dispersion). Improving
monodispersity and reducing the population of vesicles can be
overcome by heat cycling.*?%% A cup horn system with
temperature control can also be employed as an alternative to the
sonicator tip to remove heating effects.5!

The impact of preparation methods on cubosomes in
generall®® and specifically of phytantriol stabilized with F127 have
been addressed. A method for the high throughput formation of
cubosomes via microfluidics would significantly enhance future
applications, however to the best of our knowledge there are no
reports of this yet.

2.4. Characterizing cubosomes

In the absence of pre-determined phase behaviour for lipid
cubosome mixtures, ascertaining phase boundaries in bulk
mixtures and/or nanoparticle format is necessary. For
compositions formed from mostly vesicle-forming bilayer lipids,
traditionally DSC, NMR and fluorescence microscopy have been
used to determine the phase transition boundaries and

characterize the fundamental material properties as a function of
temperature and composition.®?  However, whilst these
techniques are useful for fluid-gel transitions or establishing
approximate regions of the phase boundaries, they do not provide
sufficient information to assign a phase morphology. Generally,
lipid phase assignment is performed via small angle scattering
(mostly X-ray) where high energy X-rays are directed at the lipid
sample and the resulting diffraction pattern gives a characteristic
set of rings. The spacing of the rings or, more specifically, the ratio
of their diameters can be used to assign the phase morphology.
This data forms the basis of the majority of phase diagrams as a
function of lipid composition, hydration, pressure and temperature.
The parameter commonly reported is the lattice parameter of the
phase which is the repeat distance of the lattice and includes both
the lipid membrane thickness and the water layer. This value can
subsequently be converted to a water channel diameter.’
Detailed instructions for this technique are already published.’®*
56l |n addition to phase assignments using small angle X-ray
scattering (SAXS), cryo transmission electron microscopy (cryo
TEM) is emerging as an excellent technique for the
characterization of soft matter dispersions. Cryo TEM has been
used to obtain high resolution images of cubosomes, enabling
direct visualisation of the internal cubic phase structure to provide
proof of the dispersions, information on the surface structure and
accurate size assessment.347 By taking the fast Fourier
transforms of the lipid structures within the images, diffraction
spots can be obtained and used for a phase assignment in a
similar way to SAXS. Recent advances have shown that sub
tomogram averaging, previously used for protein structure
reconstructions, can also be applied to cubosomes. Cubosomes
composed of glycerol monolinoleate, polyglycerol ester PGE
080D and Pluronic F127 showed a continuous internal structure
with vesicle formation at the surface and at least one water
channel isolated from the external surroundings.*¥! Sample
preparation can be complex for cryo TEM tomography
experiments, as fiducial markers such as gold nanoparticles are
necessary for accurate alignment in image post-processing and
good sample distribution within the vitrified ice on the cryo TEM
grids is necessary to collect tomograms. Sizing and stability of
cubosome dispersions are generally performed using dynamic
light scattering (DLS) to confirm that dispersions are
monodisperse and that aggregation is not occurring over the
relevant timescales. Nanoparticle tracking analysis (NTA), which
characterizes single particles and builds a population of sizes
rather than bulk measurements as with DLS, is not commonly
used for cubosomes but has been exploited for vesicles®! and
would also work well to confirm the exact particle concentration in
addition to size information.

3. Cubosome stabilizers
3.1. Stabilizer properties
Dispersion of the bulk cubic phases results in particles

approximately a few 100 nm in diameter. In order to prevent
aggregation and create stable dispersions, a stabilizer is needed
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to coat the outer cubosome surface. The type of stabilizer used
has a significant effect on the cubosome stability and phase
morphology. There are also implications for cellular uptake,
toxicity and antibody targeting which are discussed in the
following sections.

A key consideration in the choice of a stabilizer is the effect
on the phase morphology of the lipid mixture. Whilst it is generally
assumed that the majority of the stabilizer resides on the
cubosome surface with only minimal intercalation into the lipid
bilayer, changes in phase morphology based on the type and
amount of stabilizer imply that to some extent there is intercalation
of the stabilizers into the lipid membrane. Block copolymers are
the most commonly used stabilizers for cubosome systems.
Systematic studies quantifying the effects of block copolymer
structure on cubosome stability and phase morphology have been
performed by Chong et al.58 The ability of the stabilizer to induce
phase changes and swell the cubic phase lattice parameter
indicates that to some extent the stabilizers are also capable of
modulating membrane curvature. By varying the hydrophile to
hydrotope ratio in block copolymers incorporated into monoolein
or phytantriol dispersions Chong et al. mapped the obtained
phases. However, there is still a lack of specific information into
nanoparticle membrane curvature as a function of stabilizer
chemistry.

Polyethylene glycol (PEG) molecules have also been used
to stabilize cubosomes and have been extensively demonstrated
in vesicles as suitable moieties for targeting, reducing cytotoxicity
as measured by the Alamar Blue assay and increasing uptake in
cellular systems.[*5528% Other stabilizers including F108[58! and
beta caseinl®y have also been shown to produce stable
cubosomes. A comprehensive review of different stabilizers and
their effects on stability and phase morphology in the context of
drug delivery has already been outlined by Chong et al.[% They
discuss the four main groups of stabilizer type; i) amphiphilic block
copolymers, (ii) PEGylated lipids, (iii) designer/customized lipid—
copolymer series, and (iv) alternative steric stabilizers (e.g., bile
salts, proteins, polysaccharide polymers, vitamins, and
nanoparticles). They also report on the lipids that these have been
tested with as well as phase morphology studies.®? However, we
are still lacking a comprehensive study into the location of the
stabilizers, the effects they have on access to the internal
cubosome membrane, intercalation into the lipid membrane and
extensive toxicity data.

3.2. Key stabilizers for cubosomes

The most commonly used and best characterized steric stabilizer
is the commercially available Pluronic triblock copolymer F127.
F127 comprises PEG and polypropylene oxide (PPO), with a
molecular weight of approximately 12.6 kDa. Its phase diagram
with monoolein® and phytantriol®! has been mapped and it can
be used to produce cubosomes that are stable for months. 4%
More recently, lipidated polymers,® brush copolymers
formed via reversible addition fragmentation chain transfer
(RAFT),#885 and the detergent Tween 80! have also been
suggested as alternative stabilizers. They have some advantages
over more common stabilizers such as the incorporation of

biologically active diglycerides, well defined molecular weights
and propensity for targeting, and they have already been used in
drug delivery applications. Specifically, lipidated polymers,
formed from poly(ethylene glycol) methyl ether acrylate (PEGMA)
and polymerized using an initiator that included a diglyceride,
were used at 1.5 wt% to stabilize phytantriol cubosomes that
showed Im3m morphology from 25-50 °C.[54 Amphiphilic brush
copolymers of poly(octadecyl acrylate)-block-poly(polyethylene
glycol methyl ether acrylate) formed via RAFT offer a greater
opportunity to target cells of interest than F127. In both reduced
and non-reduced forms they have been characterized as
stabilizers for monoolein or phytantriol cubosomes up to 1 wt% in
water or PBS.I® It was observed that the reduced forms of the
RAFT generated stabilizers with the highest hydrophilicity, i.e. the
longest hydrophobic and hydrophilic units in the block series,
showed a similar stability and phase morphology to F127 whilst
those with smaller hydrophobic and hydrophilic units were less
effective.*® Tween 80 is a particularly attractive stabilizer for
cubosomal delivery systems as it has been shown to enhance
drug delivery across the blood brain barrier when used to coat
nanoparticles. It can be used to stabilize phytantriol dispersions
in water between 5-25 wt% and induces Im3m phase morphology.
The ternary phase diagram for bulk mixtures of water, Tween 80
and phytantriol also exists although there are to date few
cubosome examples of its use.[5¢!

3.3. Stabilizers for cubosome targeting approaches

A key reason for the investigation into different stabilizers is their
subsequent ability to be modified for diverse applications. As the
majority of stabilizers are believed to predominantly cover the
outer cubosome surface, they are crucial for targeting cells of
interest using cubosomes. Examples to date include chemical
modifications of F108 to add biotinl®1 or folate,® antibody
fragment coupling to PEGylated lipids,®®® protein labelling,®!
copper free click functional phospholipids’™ and coating
cubosomes with Poly-e-lysine®. These can be broadly
summarized as either biological or chemical approaches to
targeting and are all at an early development stage.

Biotin and folate receptors are overexpressed in some
cancer cell lines and are therefore good targets to increase the
uptake of cubosomes, although they are present in all cells and
therefore non-selective. Biotinylated cubosomes have shown
increased uptake and decreased cellular viability (CCK-8 assay)
in HelLa cells after 24 hours of incubation when compared with
non-targeted cubosomes or drug (paclitaxel) in solution.67]
However, cubosomes functionalized with folate only showed
increased rate of uptake after 4 hours and the effect was reduced
after 24 hours.®? In both cases, the ratio of conjugated to non-
conjugated stabilizer used to form the cubosomes affected the
particle diameter. Whilst this approach was effective in increasing
uptake, antibody coupling is a more specific approach to target
cells of interest using cubosomes. Cubosomes formed from
phytantriol and stabilized with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-PEG-maleimide (74:1 molar ratio, PEG
mw=3400) have been conjugated with an antigen binding
fragment (Fab) for Epidermal Growth Factor Receptor using a
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thiol coupling reaction. Their targeting ability was tested via a
surface plasmon resonance binding affinity assay to a fusion
protein (SEGFR501.Fc) with high affinity for anti-EGFR ligands,
however, there is no biological data.l®® Protein modification of
cubosomes is a more costly approach, although one advantage
is that cubosomes may act as a stabilizer for some proteins.
Annexin V binds to apoptotic cell membranes and in fluorescent
form is already used for cellular staining assays. Cubosomes
composed of phytantriol and di-palmitoylphosphatidylserine
(DPPS) stabilized with F127 were labelled with Annexin V. When
these cubosomes were incubated with model apoptotic
membranes, and normal and staurosporine (STS) induced
apoptotic HelLa cells, targeted binding to apoptotic membranes
was observed providing proof of concept that lipid bound proteins
can be employed as a technique to target cells of interest using
cubosomes.®

Chemical approaches offer the opportunity for more specific,
well defined small molecule labelling techniques. Copper free
click functionalized phospholipids have been incorporated at 2
mol% into phytantriol cubosomes stabilized with F108 and
showed efficient labelling when subsequently incubated with
fluorescently labelled strained cyclooctynes or azide at a 1:1
molar ratio. This acts as proof of concept for metabolic labelling
to provide an antibody-free targeting option.'® An alternative
approach has been to add an additional coating to the cubosome
surface such as a single layer of Poly-e-lysine. When performed
on monoolein cubosomes stabilized with F127 and loaded with
naproxen and Nile Red, this reduced the release rate of Naproxen,
a nonsteroidal anti-inflammatory drug, and enabled the surface
conjugation of biomolecules via EDC coupling. It was found that
in HelLa cells this approach increased cell death efficiency
compared to free drug and non-coated cubosomes. This enables
spatial monitoring of drug internalisation by cells and their
correlation with cell death.® Notably, unless stated, the targeting
did not cause changes in the phase morphology of the
cubosomes.

3.4. Toxicity studies

Whilst there are now a plethora of options for targeting
approaches using cubosomes, there are still comparatively few
studies on the toxicity of cubosomes in different cell lines and how
the stabilizers can affect this. There is some evidence that phase
morphology and surface architecture can affect uptake and
cytotoxicity, although further work is needed to obtain a clearer
picture.'*=%l There are to date a few toxicity studies using
phytantriol and monoolein based cubosomes and stabilizers such
as the Pluronics F108 and F127, and PEG conjugated lipids. In
general, cytotoxicity has been initially observed for cubosomes at
1-100 pg/mL lipid concentration across several cell lines (see
Table 1 and Table 2). The majority of studies have evaluated
cytotoxicity using MTT or Alamar Blue cell viability assays,
although in some cases hemolytic assays have also been used.
Details are given in each example. Hinton et al. compared the
effects of F127 and lipids MO and Phy on toxicity using an Alamar
Blue assay. Phy-based cubosomes were found to be more toxic
than MO based ones, and it was concluded that the cubic phase

and its constituent lipid are the primary sources of toxicity, and not
the Pluronic. Hemolysis assays also showed that Phy-based
cubosomes resulted in a significantly higher release of
haemoglobin than MO ones.["! Hemolysis assays performed by
Barauskas et al. also attributed differences to the lipid rather than
the Pluronic.’® Murgia and co-workers used the Alamar Blue
assay to study cell viability and found that monoolein-based
cubosomes stabilized with F127 induced cytotoxicity in three
different cell lines. While F127 itself is non-toxic, they speculate
that MO promotes the internalisation of F127 by decreasing its
hydrophilicity and that, once internalized, its amphiphilic nature
allows it to exert toxic activity towards the mitochondrial and other
nuclear membranes.["®

It should be noted that the majority of toxicity studies have
been performed with single composition cubosomes composed of
phytantriol or monoolein. There are very few examples using
binary composition cubosomes, although studies of phytantriol
and monoolein cubosomes showed that including small amounts
(<4 mol%) of the phospholipid DPPS had little or no effect on cell
toxicity up to 20 pg/mL when evaluated using MTT and Alamar
Blue assays.["”78 Likewise, in cubosomes with ternary mixtures
of monoolein, decanoic acid and DLPC, a slight decrease in
toxicity evaluated using the Alamar Blue assay was observed
versus monoolein-decanoic acid cubosomes, but cell viability
studies were within the same order of magnitude.”® Brush
polymers produced using the RAFT polymerisation method have
been shown to reduce cytotoxicity evaluated using the Alamar
Blue assay in monoolein cubosomes, versus those stabilized with
the Pluronic F127.18] They also have the advantage of not
affecting the cubosome cubic phase, unlike cubosomes
formulated with F127 where solutions above around 2 wt% F127
lead to formation of primitive as opposed to diamond cubic
phases. [

The incorporation of bioactive lipids and loading cubosomes
with drugs or protein molecules would undoubtedly influence the
cubosome toxicity and hence formulation optimization and toxicity
studies would need to be performed for individual cases.

4. Rational design of cubosomes
4.1. Tailoring cubosome membranes for application

There have been very few reports of cubosomes tailor-made for
applications such as drug delivery, biosensing and imaging
contrast agents. Whilst tailoring the bulk lipid cubic phase has
been reported for the crystallization of membrane proteins, the
size of protein that can be incorporated is limited. This bottleneck
has to an extent been caused by the lack of rational engineering
rules for the design of bulk lipid cubic phases and water channel
sizes. Figure 1 demonstrates the variety of approaches for
tailoring cubosomes and Figure 3 specifically shows which
chemistries can be adapted during preparation.

Controlling curvature in lipid systems has already been
extensively reviewed. It primarily involves the incorporation of
lipids or molecules with different geometries that alter curvature
elasticity and/or packing frustration within the bilayer.?Y In a lipid
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bicontinuous cubic phase, altering the curvature will cause a
subsequent change in the diameter of the water channels or lead
to a phase change. Different approaches have been employed to
tune the curvature in cubic phases including the incorporation of
cholesterol and phospholipids (up to 25 mol% added to
monoolein),B% sucrose stearate (up to 20 mol% added to
monolinolein)® and the surfactant octyl glucoside (up to 10 mol%
added to glycerol monooleate and monolinolein).2-84 Many of
these also alter the hydration of the lipid bilayer. The most highly
swollen structures have been obtained by incorporating
phospholipids with charged headgroups (see Figure 1
“Formulation”) which induce an electrostatic swelling of the cubic
phase.[53v35‘371

Barriga, Tyler et al.5387 first reported electrostatically
swollen cubic phases with lattice parameters of up to 48 nm and
corresponding water channel diameters of up to 25 nm that
exceed previously proposed theoretical limits.®8 This was
achieved using monoolein and incorporating cholesterol (30
mol%) to stiffen the bilayer and reduce thermal fluctuations, and
charged lipids including DOPS/DOPG (up to 5 mol%). Recently
Kim et al. have also reported highly swollen bulk phases as a
function of sample preparation methods.!®? They found that the
size of the water channels was not only dependent on the lipid
composition (either charged lipid or PEG-conjugated monoolein)
but also on the self-assembly conditions, specifically the rate of
organic solvent evaporation indicating metastability. However, the
resulting swollen cubic phase develops into a highly ordered
single crystal and is stable for months. They achieved lattice
parameters of up to 68.4 nm and water channel diameters of 38.1
nm using monoolein:DOTAP:PEG-monoolein (95:4:1 mol%).
Swollen cubic phases have now been exploited to crystallize the
membrane protein Gloeobacter ligand-gated ion channel (GLIC)
which has large extracellular domains, using monoacylglycerol
with 5-10% of DSPG.®¥ In smaller cubic phases, the pore size
acted as a steric hindrance for GLIC to gain access to the lipid
membrane.

As a direct consequence of tuning the diameter of the water
channels, the porosity is also altered. Achievable channel
diameters range from 4.0 nm for monoolein in the Pn3m phasel®?
up to 38.1 nm for monoolein:DOTAP:PEG-monoolein of 95:4:1
mol% in the Im3m phase.[®® Changes in porosity have been
demonstrated by showing that the diffusion of gold nanoparticles
and enzyme activity within the water channels changes as a
function of water channel size in bulk cubic phases.®8%%
However to the best of our knowledge there is no systematic study
of changes in porosity over achievable water channel diameters.

There is less work detailing cubosomes with highly swollen
pore sizes in comparison to bulk cubic phases. The first example
by Leal et al. showed that incorporation 15 mol% of the positively
charged lipid DOTAP into cubosomes composed of monoolein in
OptiMEM medial®! swelled the gyroid cubic phase to lattice
parameters over 20 nm. This implies that cubosome systems
could be swollen in a similar fashion to the bulk systems.
Angelova et al. have since incorporated 15 mol% of DOMA and 3
mol% of DOPE-PEG2000 into monoolein cubosomes producing
mixed Pn3m-Im3m phase coexistences which achieved lattice
parameters of 28.3 and 34.9 nm respectively.

In addition to using lipid composition to tune the pore sizes
in cubosome systems, composition can also be adapted for
specific bioactive applications. A recent review by van ‘t Hag et al.
details known compositions and phase behaviours of over 130
additives under excess hydration which are applicable to
cubosome systems.[®d Other examples of bioactive lipids to date
include mapping the phase behaviour of unsaturated fatty acid
incorporation into cubosomes,®? incorporation of
monophosphoryl lipid A as an adjuvant for vaccine delivery,4
incorporation of Oleoylethanolamide (OEA, a neuromodulatory
lipid) to use cubosomes as a colloidal carrier® and the use of
lipidated catalysts to use cubosomes as novel nanoreactors.%

4.2. Accessing the cubosome membrane

A key question in the rational design of cubosomes is the access
to the internal cubosome membrane. Firstly one needs to know if
the channels are open or capped by a lipid bilayer, and secondly
whether they are large enough for the relevant molecule to access
them. Lipid composition, stabilizer structure and stabilizer quantity
are all likely to affect these parameters although few studies have
addressed the question directly. In section 4.1 we discuss tuning
water channel diameters and porosity in bulk cubic phases. If
similar engineering rules apply to cubosomes then lipid
composition will be key to enabling access for larger molecules.
Different quantities of stabilizer alter phase behaviour which in
turn may affect access (see Figure 2). There is to the best of our
knowledge however, no systematic study into how stabilizer
chemistry and content alters access to the cubic membrane. The
following examples are all taken from studies using bulk cubic
phases.

Monoolein and phytantriol films have been investigated
using atomic force microscopy showing periodic arrays of water
channels exhibiting double diamond morphology. Calculations
indicated that 50% of the channels were capped by a membrane
bilayer and therefore only one of the channels was open to the
surrounding solution.® Access to the water channels in bulk
cubic phases has been corroborated in studies of the diffusion of
molecules and enzyme activities in the channels of bulk cubic
phases as mentioned previously.[%8%%1 |n monolinolein swollen
via the addition of sugar esters, horse radish peroxidase (HRP)
showed decreased activity upon confinement which then
increased as a function of increasing water channel size, with the
behaviour tending towards that of the unencapsulated enzyme.
Interestingly, the membrane bound enzyme D-fructose
dehydrogenase showed no decrease in activity, but increased
stability was demonstrated over 5 days compared to HRP which
showed decreased stability. These systems have been used to
demonstrate detection systems for viruses including HIV and
Ebola and to create a naked eye test for malaria infected blood.!°¢
The pathogens are detected via an enzymatic cascade that
results in products that crystallize within the lipid bilayer causing
birefringence. All of these studies imply that at least from a
structural perspective there is access to the lipid cubic phase in
bulk samples.
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Access to the cubic membrane in cubosomes has to date
only been briefly addressed, although different models have been
proposed.3 Cryo TEM of cubosomes has shown that vesicular
structures, presumed to be rich in stabilizer, are often present on
the cubosome surface. However, the exact structure of the
surface and whether the water channels are capped has yet to be
elucidated. Demurtas et al.l*®! began to address this question by
using Cryo TEM tomography to create 3D reconstructions of
cubosomes composed of glycerol monolinoleate, polyglycerol
ester and stabilized with F127. They found that the internal
membrane was composed of a defect free cubic phase with the
outer surface displaying vesicular structures and the intermediate
area stabilized by interlamellar attachments. Their findings
agreed with a model where only one of the water channels in
cubosomes is closed to the surrounding medium. They of course
include the caveat that this may change based on the stabilizer
used.

4.3. The effects of pressure, temperature and buffers

The effects of temperature and pressure on cubic phases have
been investigated in nanoparticle format.®] Cubosomes
composed of either phytantriol or Dimodan-U were mixed with
different proportions of tetradecane oil to alter the phase
morphology and dispersed with Pluronic F127 in water. They were
compared with bulk mixtures which lacked the Pluronic F127 but
that were all in excess water. Increasing the hydrostatic pressure
swelled the cubic phases in both bulk and nanoparticle format,
with greater increases seen in the nanoparticle form. This
technique could be used for the controlled trapping of molecules
via pressure which generally is preferred to temperature for
protein applications as it is less likely to denature biological
samples.

Salts and buffers will influence the electrostatic behaviour of
the lipid membrane and therefore the sizes of swollen water
channels and the release of cargo. The effects of salts on cubic
phases have recently been investigated in the bulk phase for
mixtures of monoolein and either DOPG or DOPE. Adding salt to
charged cubic phases containing DOPG influenced the phase
morphology leading to phase transitions between the Im3m and
Pn3m cubic phases. The DOPE containing cubic phases were
not similarly affected although the transition to the hexagonal
phase was shifted to higher mole fractions of DOPE.F8 In
cubosome systems, salts have been exploited as a method to
influence vesicle to cubosome transitions and reversibly form
cubosomes, ¥ study calcium triggered phase transitions, 109101 jn
ionic surfactants incorporated into cubosomes and to vary ionic
strength to induce phase transitions.[1%2

Whilst there are clearly many questions still to be addressed
in the rational design of cubosomes, there is significant
information and characterisation that already exists to enable the
field to begin engineering tailor-made cubosomes for diverse
applications.

5. Cargo loading and release

A key application for cubosome systems is the delivery of drugs
and proteins to treat disease. Lipid systems have already widely
been used for delivery applications, although commonly these are
loaded vesicles. A key difference between vesicles and
cubosomes is the internal aqueous volume and the membrane
surface area. The hydrophobic volume fraction in a cubosome
100 nm in diameter composed of monoolein has been estimated
to be over 3 times that of a single bilayer vesicle of a similar
size.['%%1 An additional advantage is that the majority of the bilayer
surface is internal to the cubosome rather than surface based as
in a vesicle, so the cargo is also shielded from the surrounding
environment. Here we outline loading mechanisms, structural
consequences and quantification in cubosome systems. We
follow this with key examples of loaded cubosome systems
followed by a discussion on release mechanisms.

5.1. Mechanisms for loading and quantification

There are three key mechanisms for loading cubosome samples:
within the lipid membrane, tethered to the lipid membrane or
localized within the water channels of the cubic phase (see Figure
1). Cubosomes can be loaded either pre-dispersion by co-
lyophilizing the drug molecules with the lipid film[3267 or adding
the cargo to molten lipid,**4 or post-dispersion by loading the
cubosomes after formation via incubation. 9701

To date the majority of reports of loaded cubosomes are of
proteins or small molecules incorporated within the lipid
membrane and predominantly use single or binary lipid
compositions based on monoolein or phytantriol. There have
been numerous reports of cubosome systems loaded with small
molecules, including cancer  drugs,®24%1%1  aspirin,[108]
antimicrobial peptides,1°7:1%8 and of acting as potentiators for the
delivery of immunostimulants.’ The reported encapsulation
efficiencies are in the range 71-103% for the anti-cancer
drugs,[3249.103.1051  gnd aspirin was reported to have an
encapsulation efficiency of 61.9-71.6%.1%9 Interestingly, for water
soluble antimicrobial peptides that associate with the cubosome
membrane surface, the association efficiency was highly
dependent on the peptide ranging from 7 to more than 60%.[108l
For polysaccharides used to activate the immune system
encapsulation efficiencies were as high as 89.5 + 3.51%.1209 An
extensive tabulation of loaded drug molecules, lipid compositions
and conditions already exists in a review by Karami et al.*8! and
Chong et al.’¥ and has not been duplicated here.

A key aspect with cubosomes is quantifying loading and its
structural consequences. Loading the internal lipid membrane of
cubosomes, as opposed to the surface, can be confirmed using
small angle X-ray scattering (SAXS). Loading of molecules,
particularly charged ones, will alter membrane bilayer properties
by inducing phase changes or altering the size of the cubic lattice
parameter and leading to a shift in observed diffraction patterns.
Understanding the structural changes induced by loading small
molecules, proteins and peptides is essential to understand their
stability, interactions with cells and applications. One example
investigates the kinetics of loading neutrophin BDNF into
monoolein - eicosapentaenoic acid cubosomes. It showed
encapsulation efficiencies of up to 82% within the first second with
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phase changes and protein loading occurring within
milliseconds.'1% Detailed reviews highlighting the key role of
SAXS for investigating structural changes to quantify loading and
release of molecules in lipid assemblies for delivery already exist
and are not discussed here in further detail.[545%

SAXS is a highly specialized method and not optimal for
quantifying the amount of sample loaded or released from
cubosomes. Once structural stability has been established,
loading and release kinetics can be quantified by removing
unencapsulated drug molecules via pressure ultrafiltration
followed by reverse phase HPLC,*!! dialysis followed by UV-vis
spectroscopy,®? or dialysis followed by liquid chromatography
mass spectrometry.''? Sephadex columns have also been
employed to separate cubosomes from unloaded fluorescent
molecules in which case fluorescence can be used to calculate
loading efficiency.’™ Isothermal Titration Calorimetry has also
been used to show the incorporation of palmitoyl peptides for anti-
aging applications, which when incubated with cubosomes insert
into the lipid cubic phase.**2

5.2. Examples of loading

Whilst there is a plethora of examples of small molecules loaded
into cubosome systems, there are significantly fewer examples of
cubosomes loaded with larger molecules and protein cargo (see
Table 3). Some key examples include loading the dopamine D2L
receptor into monoolein and phytantriol cubosomes doped with
Ni(ll) chelated EDTA amphiphiles,**3 pH responsive cubosomes
with Outer Membrane Protein F (OmpF) re-constituted into the
bilayer,*'4 cubosomes loaded with beta casein®! and
cubosomes used for release of nerve growth factor in PC12
cells.'*¥ |t has also been shown that monoolein cubosomes can
be enzymatically degraded by lipases, demonstrating access to
the cubosome membrane.[116:117]

Exploiting cubosomes for the delivery of nucleic acids is
another key application which involves loading larger molecular
structures. To date si-RNA“>°U has been loaded into cubosomes
containing the positively charged lipid DOTAP. The internal cubic
phase structure has the ability to enhance siRNA delivery and
subsequent gene knockdown when compared to traditional
liposome systems. This has been demonstrated in
nanoparticles*™ and as an adsorbed thin film in the gyroid cubic
phase for surface based nucleic acid delivery.*1¥l The inclusion of
DOTAP and subsequent loading with nucleic acids can alter the
cubosome phase morphology and lead to formation of the
hexagonal phase or ‘hexosomes’ as they are referred to in
particulate form.[12°120] There is a review specifically focusing on
how nucleic acids can self-organize upon loading into lipid
constructs such as cubosomes. 21!

5.3. Release mechanisms

A key aspect in the application of cubosome systems is the
release kinetics. Here, release can be divided into two main
groups — release of hydrophobic and hydrophilic molecules. Other
properties of the cargo such as size and charge as well as local

conditions such as temperature, pressure and pH will also play a
significant role.

Although the exact mechanisms governing the release of
hydrophobic molecules are poorly understood, the partition
coefficient, diffusion within the lipid bilayer and diffusion into the
surrounding water are key. A study looking at the release of
lipophilic drugs including Griseofulvin, Rifampicin, Diazepam and
Propofol from monoolein cubosomes showed that the extent of
drug release was dependent on the partition coefficient with 81%,
48%, 38% and 15% released respectively. The release was via a
burst mechanism with the majority of the release occurring in less
than 20 minutes. This is not ideal for delivery vehicles and it was
therefore suggested that chemical modification to the lipids or
stabilizers are needed to alter the release profile.*'Y Since then
Cinnarizine, a poorly water soluble drug, has been released in a
controlled manner from phytantriol cubosomes via oral
administration in a rat model. Whilst plasma concentration of
Cinnarizine peaked after 1 hour with the administered suspension
and 5 hours with a monoolein loaded suspension, controlled
release was seen over 50 hours for the phytantriol suspension.*??]

The release of hydrophilic molecules is assumed to be
purely diffusive. A previous review on controlled release from lipid
cubic phases (bulk and nanoparticle) details the controlled
release of molecules including hexa-histidine-tryptophan, rubipy,
cytochrome c and ovalbumin from bulk cubic phases. The size of
the loaded molecule as well as the size of the water channel and
the relationship between the two governs diffusion mediated
release of molecules with the bulk of the release of tryptophan
and rubipy over 1-3 days, cytochrome ¢ over 1 week and for
ovalbumin only 12% release after 21 days. Precise control of the
positively charged rubipy was highly successful through the
tuning of electrostatic and specific binding interactions. In a bulk
cubic phase doped with the negatively charged oleic acid, the rate
of diffusion from the cubic phase reduced from 4.0 x 1077 cm?/s
to 3.6 x 107° cm?/s. This effect was reversible via the addition of
NaCl to screen the charges.['!

Mesophase also affects the release profile. One study
addresses the release of hydrophilic drugs from nanostructured
lipid systems including bicontinuous cubic, hexagonal, micellar
cubic and inverse micelles. Mixtures of glycerol monooleate and
hexadecane in excess water are able to form all four mesophases
and hence form the most comparable system for release kinetics.
The model drug (glucose) release followed first order diffusion
kinetics with approximately 100% released from the bicontinuous
cubic phase in 50 hours and 3%, 2.5% and 0.8% in the inverse
micellar, hexagonal and micellar cubic respectively.'?4 This
indicates that phase changes into the bicontinuous cubic phase
may cause release.

Other examples of stimuli to trigger release from
bicontinuous cubic dispersions include temperature, ultrasound,
pH and electrostatics.[*?! The majority of these stimuli trigger
release by inducing a phase change in the lipid membrane.
Temperature could also trigger release by altering the size of the
cubic phase.®” Ultrasound is commonly used to induce cavitation
in liposomes containing gas although can also be used to induce
curvature driven lipid sorting resulting in formation of the
hexagonal phase.l'?8l Both pH'?7 and electrostatics*®! can be
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used to induce phase changes via alterations in lipid packing.
Notably electrostatics can also be used to regulate the
electrostatic interaction between a charged membrane and
charged cargo.

More recently additional methods for controlled release
have been proposed including magnetic nanoparticles?®! and pH
sensitive polymers*?? incorporated into cubosomes.

Magnetic nanoparticles stabilized with either citric or oleic
acid making them either hydrophilic or hydrophobic were
incorporated into monoolein bulk phase up to 2% w/w and their
phase behaviour mapped. Similar compositions were used to
form cubosomes of Pn3m morphology from 25-37 °C which were
stabilized with F127. The magnetic properties were retained when
tested in a magnetic field of a neodymium magnet demonstrating
that cubosome systems can be exploited for magnetic drug
targeting, hyperthermia treatment, or magnetic resonance
imaging.*?8!

Monoolein cubosomes (stabilized with F127) with 10 wt% of
a poly(L-lysine-iso-phthalamide) grafted with L-phenylalanine
have been reported. This polymer has a pH responsive
hydrophilic/hydrophobic balance changing conformation in
response to external pH (extended chains at neutral pH and
globular at acidic pH). Samples were prepared at pH 7 and 5.5
showing a preservation of the Im3m cubic phase upon
incorporation of the polymer at pH 7 and a disruption of the
structure at pH 5.5. It is proposed that this could be a novel
approach for controlled drug release from cubosomes of this
composition.[*29

In summary, cubosomes can now be loaded with diverse
cargo ranging from small drug molecules (<1 kDa) to large
proteins up to 174 kDa (see Table 3). Whilst lipophilic compound
size is limited by the lipid membrane thickness, recent
developments swelling the water channel diameters in the cubic
phase from 4.055%1 to 38.1185 nm will enable loading of increasingly
large hydrophilic cargo or proteins that require the hydrophobic
membrane region but contain large extracellular domains such as
GLIC.1B%l we have focused on the loading of soft and biological
cargo, however hard cargo such as magnetic nanoparticles has
shown particular promise as a method for smart release. As yet
there are few examples truly exploiting these new and exciting
developments for smart release of diverse compounds.

6. Applications

There are myriads of in vitro examples of biomedical
applications of cubosomes. Therapeutic delivery is to date the key
biomedical application of cubosomes, in part as many of the
constituent parts already have approval for medical use. Limited
solubility and permeability of many agents makes lipid carriers an
attractive option for drug administration. One example is for
antimicrobials. Cubosomes have been investigated for treatment
of fungal infections3%334 and as antimicrobial peptide carriers to
treat pneumonia and infected wounds.32 In some cases loading
led to the formation of hexosomes although it is suggested that
selecting lipids with bilayer thicknesses that closely match peptide
length may combat this.[*°7} Interestingly cubosomes loaded with

antimicrobial peptides showed antimicrobial activity whilst
hexosomes (which also included oleic acid) did not.*3? Some
evidence was also seen that cubosomes had some ability to
protect one of the peptides from proteolytic degradation by
elastases. 1%

While significant advances have been made in the last five
or so years, there are as yet no FDA-approved cubosome
formulations on the market for pharmaceutical applications
although preliminary in vivo studies are promising. One example
is the use of piperine loaded monoolein cubosomes with
integrated Tween (T-cubs) as an oral delivery method for
Alzheimer’s medication. In vivo studies in rats showed that loaded
T-cubs significantly enhanced the cognitive effect of piperine and
there were promising safety indications from the toxicological
studies of the safety of the particles on the brain, kidney and
liver.['*4 In the following sections we outline key examples for the
application of cubosomes in the fields of cancer therapeutics,
vaccines, topical treatment, transfection, nanocarriers for
bioactive  lipids, imaging contrast agents and as
nanoreactors/biosensors. For specific examples of cubosomes in
in vitro and in vivo delivery and imaging studies, see Figure 4.
There is currently substantially less literature available for in vivo
studies, especially for larger bioactive substances, namely
proteins and oligonucleotides. This is in part due to challenges
including controlled site specific release of cargo, interactions with
the local environment including but not limited to pH, non-specific
binding and enzyme degradation, toxicity and the need for high
throughput technologies for cubosome production. As these
challenges are addressed and cubosome formulations are tailor-
made for applications, we anticipate the emergence of an
increasing number of in vivo cubosome studies.

6.1. Cancer therapeutics

Cancer therapeutics are the most widely reported application of
cubosome systems. In vitro cubosomes have been loaded with
cancer drugs including Doxorubicin,*% Sorafenib,*3 5-
Fluorouracil,[*341381 and Quercetin*®! and delivered to cell lines
including human hepatocellular carcinoma (HepG2) cells,
glioblastoma T98G cells and mouse 3T3 fibroblasts.*®! Tumor
cells have more acidic environments making pH stimuli useful for
the payload delivery of chemotherapeutics. Proof of concept
experiments have demonstrated an increased rate of release of
Doxorubicin from monoolein cubosomes at lower pH. The loaded
cubosomes were also tested on glioblastoma T98G cell lines
using an MTS assay to measure cell viability and showed higher
cytotoxicity compared to free Doxorubicin. Additionally a lower
concentration of Doxorubicin was needed to inhibit cell
proliferation. This implies that it may be possible to lower the drug
dosage, thereby reducing side effects, if cubosomes are used for
cancer treatment. (%%

There are fewer in vivo examples of cubosomes in cancer
treatment. The two listed here involve the injection of loaded
cubosomes and are proof of concept studies. The first study
involves monoolein cubosomes stabilized with F127, of which a
portion was folic acid labelled for cancer cell targeting. The drug
etoposide was loaded into the cubosomes and release kinetics,
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cytotoxicity (MTT viability assay) and uptake studies were
performed in vitro on human breast carcinoma MCF-7 cells.
Finally, fluorescently labelled (non-loaded) cubosomes were
injected into nude female mice with tumors to demonstrate
targeting. In the second study subcutaneous injections of free 5-
fluorouracil and monoolein based cubosomes loaded with 5-
fluorouracil indicated an increased uptake into the livers of rats
implying that cubosome systems may be used to increase the
efficacy of low 5-fluorouracil doses.*34

Clearly significantly more in vivo work is needed to establish
cubosomes as viable options in cancer therapeutics although
early indications are promising.

6.2. Vaccines

In addition to cancer therapeutics, another key application of
cubosomes is as agents in vaccines. Cubosomes can be loaded
with antigens and/or adjuvants and subsequently delivered
appropriately.

One of the earliest examples indicates that cubosomes
could be used for protein based vaccines. Monoolein and
phytantriol cubosomes were prepared via the solvent precursor
dilution method and loaded with fluorescently labelled ovalbumin,
a model protein routinely used in vaccine research. The study
demonstrated sustained-release profiles of the ovalbumin thereby
acting as proof of concept for cubosomes as antigen delivery
systems.*l This was subsequently developed in a later study
where the cubosomes were modified to include adjuvants
(Monophosphoryl lipid A, Imiquimod) and in vitro and in vivo
release kinetics studied. In comparison to liposomes, cubosomes
enabled a higher entrapment efficiency and in a mouse model
were more efficient at inducing an antigen specific cellular
response.4

Another approach is to incorporate immunostimulants such
as polysaccharides into the cubosome membrane. In this study
phytantriol cubosomes containing polysaccharides were co-
delivered with inactivated viruses in a subcutaneous injection. It
was found that cubosomes containing polysaccharides were able
to potentiate the immune properties of immunostimulants by
promoting antigen transport into lymph nodes and enhancing the
immune response.1%

An interesting alternative to common vaccine delivery is via
transcutaneous immunization which involves the application of
vaccine antigens and adjuvants to the skin. A key barrier to this
method can be penetration through the stratum corneum layer of
the skin. One study combines microneedles with antigen/adjuvant
loaded cubosomes to image in vitro skin penetration in piglet skin
and in vivo skin penetration in mice. The study concludes that the
method is a promising new approach for vaccine delivery. 136l

6.3. Topical treatment

Cubosomes have been investigated as topical delivery agents in
part because of their ability to influence permeability. This has
applications in a number of disease areas including the treatment
of burns, rheumatoid arthritis, post-operative pain and ocular
delivery. Key examples have been outlined below.

Silver sulfadiazine is one of the gold standard topical
treatments for burns but a delivery agent is needed. Cubosomes
formed from monoolein and stabilized with F127 and polyvinyl
alcohol were loaded with silver sulfadiazine and incorporated into
hydrogels (cubogels) as a potential treatment for burns. These
were tested as a topical treatment on second degree dermal
burns in a rat model and compared to a commercially available
silver sulfadiazine cream. Using a composition of 15% F127, 2.5%
PV in hydrogels of 1.5% chitosan (HMW) and 1% carbopol 934,
tissue healing began on day 9 which was 6 days before the
commercial cream (day 15).12%7

Rheumatoid arthritis is often treated with the anti-
inflammatory drug Etodolac. However, when administered orally
it can cause gastrointestinal disturbances, ulcers and bleeding.
Therefore, transdermal application which could provide a stable
blood concentration of drug for prolonged periods at an effective
low dose is highly preferable. Monoolein cubosomes stabilized
with F127 and polyvinyl alcohol were loaded with Etodolac. Skin
permeation was measured ex vivo in the skin of newly born albino
mice after which two formulations were chosen for a
pharmacokinetic study carried out in six healthy male volunteers.
It was found that topical delivery of Etodolac via cubosomes
provided controlled delivery at lower dosages but over a
prolonged time period in comparison to orally administered
Etodolac, and therefore could be a novel method for treating
arthritis.[£3!

Capsaicin is a natural alkaloid used to treat psoriasis and
contact allergies and as a formulation to relieve post-operative
pain. Cubosomes formed from monoolein or phytantriol, stabilized
with F127 and loaded with Capsaicin were used to test
percutaneous skin permeation and Capsaicin retention in vitro on
the abdominal skin of excised Sprague Dawley rats. Skin
permeation in the phytantriol cubosomes was similar to the
commercially available cream and both cubosome formulations
exhibited increased skin retention in comparison to the cream.
The samples were then tested in vivo on mice and showed no
signs of irritation, indicating that cubosomes may be a viable
alternative to currently available commercial creams.*3

The majority of ocular problems and ilinesses are treated
with eye drops. However, key problems include corneal
permeability, retention times and low solubility of some drugs.
Cubosomes provide an interesting way to solve some of these
problems and have been tested both in vitro and in vivo using
rabbit models. Monoolein cubosomes stabilized with F127 and
loaded with Timolol maleate, a beta blocker commonly used to
treat glaucoma, were not cytotoxic up to 25 pg/mL (MTT viability
assay), the concentration commonly used for delivery in rabbit
corneal epithelial cells. The loaded cubosomes showed higher
penetration ex vivo than the commercially available product,
increased retention times in vivo and an enhanced ocular
pressure lowering effect. Subsequent histological examinations
also showed no abnormalities.**? Similarly, Tetrandrine, an
ocular drug commonly administered treatment of chronic keratitis,
cataracts, retinopathy, and glaucoma showed enhanced
transcorneal permeation in vivo and in vitro when administered
loaded into cubosomes in comparison to free drug. However,
nanoparticles prepared using monoolein and F127 and loaded
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with Tetrandrine showed hexagonal phase morphology implying
that loading with Tetrandrine caused a phase change. This
highlights that whilst cubic nanoparticles can be effective delivery
agents, full structural studies of the effects of loading are
necessary to fully elucidate the mechanisms of action.

6.4. Transfection

Aside from the delivery of small molecules, cubosomal systems
have also been demonstrated as effective delivery vectors for
nucleic acids. The majority of examples have been reported in
cationic cubosomes formed from monoolein and DOTAP. Leal et
al. simultaneously transfected mouse L-cells with plasmids for
firefly and renilla luciferases to enable the measurement of total
and non-specific gene silencing. The cells were then treated with
siRNA loaded cubosomes targeting the firefly luciferase mRNA.
They successfully demonstrate specific gene silencing with
improved endosomal escape in comparison to liposomes.!*t! More
recently Kim et al. have used a similar system with PEGylated
lipid and demonstrated gene knockdown in HeLa cells with results
comparable to the commercially available Lipofectamine."!

A separate example uses dispersed monoolein cubosomes
stabilized with F127 and with the cationic surfactants
diisobutylphenoxyethyl-dimethylbenzyl ~ ammonium  chloride
(DEBDA) or PEG-15 Cocopolyamine (PCPA) incorporated. The
cubosomes were loaded with DNA and used for transfection
experiments in  human HepG2 cell lines. Transfection
experiments were successful although further optimization was
necessary to increase efficiency.[42

A key consideration for transfection experiments is how the
loading of cubosomes with nucleic acids can affect the structure.
Recent research has shown that even changes in the surface
architecture of cubosomes can influence their mechanism of
uptake by cells.’? The structural effects of loading nanoparticles

with nucleic acids have been addressed in a review by Kang et
al.[121]

6.5. Nanocarriers for bioactive lipids

An interesting new application for cubosome systems is not only
via loading the membrane with drugs or proteins but also to
deliver bioactive lipids. The higher membrane surface area in
comparison to a vesicle means that each particle contains a
significantly higher number of lipid molecules enabling a higher
payload per particle.

Previous studies have shown that monoolein cubosomes
stabilized with Pluronic F108 and incubated for 2 or 4 hours with
Hela cells altered the lipid profile, specifically the levels of oleic
acid. Additionally, an increase in the number of cytoplasmic lipid
droplets was also observed using Nile Red staining, implying that
even the endogenous cubosomes have the ability to alter cellular
lipid composition and subsequently signaling processes.'*? This
was further investigated using cubosomes formed from
monoolein and stabilized with either F127 or F108. These were
incubated with HeLa cells for either 4 or 24 hours after which the
lipid droplets were stained. Again, the oleic acid content was
increased as a result of the cubosome incubation when compared

to either non-treated or HelLa cells treated with lipid or stabilizer
in solution. This is attributed to variations in the uptake
mechanism and indicates that cubosomes have significant
potential for the delivery of lipid agents. There were also some
indications of changes in the mitochondrial behavior
characterized using mitochondrial fluorescent probes. 44

These effects could be exploited further via the
incorporation of bioactive lipids. The only example we are
currently aware of is the use of monophosphoryl lipid A as an
adjuvant for vaccine delivery in mice.*¥ However, there are
examples of cubosome formulations that include bioactive lipids
such as Oleoylethanolamide (OEA) — a neuromodulatory lipid,®4
the glycolipid monosialoganglioside GM1% and unsaturated
fatty acids®! all of which could be used to demonstrate
cubosomes as colloidal carriers for bioactive lipids.

6.6 Imaging contrast agents

Nanoparticle contrast agents enable the specific imaging of
tissues and organs for the diagnosis of disease. Key
considerations for the development of these is stability, toxicity,
delivery method and the ability to use them for dual purposes to
first diagnose and then treat disease. Due to their biocompatibility
and the ability to load and target them, cubosomes are an
attractive option for novel contrast agents. There have to date
been examples of cubosomes as contrast agents for MRI,14€
fluorescencel®*”! and more recently combined MRI-fluorescence
imaging.[t4¢!

MRI contrast was obtained by adding a nitroxide lipid to
cubosomes stabilized with F127 through water spin lattice (T1)
alterations. At high concentrations (6% with phytantriol and 14.6%
with  monoolein) hexosomes were formed. Cytotoxicity tests
(Alamar Blue assay) were performed in Chinese hamster ovary
GFP expressing cells and human embryonic kidney (HEK293)
cells followed by in vivo rat pharmacokinetics studies, maximum
tolerated dosage testing and finally in vivo imaging. As this study
was a proof of concept, the final MRI imaging was in fact only
performed with hexosome samples.[!4l

Fluorescent monoolein cubosomes stabilized with Pluronic
F108 were obtained via the incorporation of Cyanine 5.5 with a
long hydrocarbon chain. In vivo imaging studies were conducted
on female mice to investigate the fluorescence lifetimes of
injected cubosomes followed by ex vivo fluorescence and tissue
analysis. Fluorescent cubosomes were seen to accumulate in the
liver and fluorescence lifetime measurements were able to
distinguish between free and cubosome contained dye.[*47]

For combined MRI-fluorescence imaging, cubosomes and
hexosomes were engineered using lipophilic probes to enable
both near infrared fluorescent (NIRF) and gadolinium lipid based
magnetic resonance (MR) imaging for enhanced contrast during
imaging of the spleen and liver of mice.**s! The cubosomes were
primarily formed from monoolein and stabilized with F127. In vitro
cytotoxicity assays (Alamar Blue assay) were performed in
Chinese Hamster Ovary cells and human alveolar basal epithelial
cells with all formulations showing cytotoxicity above 125 ug/mL
and 250 pg/mL respectively. In vivo experiments were
subsequently conducted on male mice where cubosomes were
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observed to accumulate in the liver and spleen. Cubosome
accumulation was higher than hexosome accumulation in the liver
and equilibrated faster in the spleen. Both nanoparticles retained
high fluorescent intensities for up to 20 hours post injection. No
fluorescence was measured in the lungs, kidneys, brain or heart
which was later confirmed by histology analysis of nanoparticle
accumulation. Nanoparticles containing a gadolinium salt shorten
the T1 relaxation times, thereby brightening T1 weighted MR
images. Interestingly the cubosome T1 relaxation times were
double those of the hexosomes. Approximately 30 minutes after
injection, the mice showed increased brightness in the liver and
spleen with both cubosomes and hexosomes showing good
agreement with the fluorescent measurements.

6.7. Nanoreactors/Biosensors

There are to the best of our knowledge only two examples of
cubosomes used as nanoreactors or biosensors.

Cubosomes have been demonstrated as nanoreactors by
synthesizing proline based lipidated organocatalysts that could be
incorporated into cubosomes without modification of the cubic
structure. This enables a hybrid cubosome that includes
monoolein and the catalyst modified lipid that can freely diffuse
within the lipid bilayer. An organocatalyzed aldol reaction between
water-soluble aldehydes and cyclohexanone showed that the rate
of catalysis was dependent on the water channel size and lipid
structure of the catalyst implying that the cubosome properties
can be engineered to define the catalysis rate. This is the first
demonstration of cubosomes as novel scaffolds for catalysis.4

To demonstrate the use of cubosomes as a biosensing
platform, phytantriol cubosomes stabilized with F127 were
tethered to a quartz crystal microbalance via the incorporation of
a PEG-biotinylated lipid which bound to a neutravidin surface on
the microbalance. To demonstrate specific protein binding
glycolipid monosialoganglioside GM1 which is the natural cell
surface receptor for cholera toxin B was incorporated into the
cubosomes, enabling specific binding of cholera toxin B. Notably
low levels of non-specific binding were seen indicating that
cubosome systems could be developed for biosensing
applications.[*4]

Nanoreactor and biosensor applications are clearly in their
infancy, however have exciting potential for an entirely novel
approach to the applications of cubosome systems.

7. Summary and Outlook

Recent advances have now enabled the rational design of smart
cubosome systems for diverse applications. Key advances
include tailoring of pore sizes in lipid cubic phases, the library of
stabilizers now available to target cells of interest using
cubosomes, structural studies to understand access to the
internal lipid membrane and the design of systems for controlled
release. There are still key outstanding challenges that would
further enhance the applications of cubosomes including a deeper
understanding of the stabilizer — membrane interaction,
demonstration of pore size tuning analogous to the bulk phase

work, further cytotoxicity studies including mechanism of
interaction with and uptake in cells and demonstration of smart
release. An interesting future development would also be
exploiting cubosomes composed of bioactive lipids as novel
therapeutics. As the fundamental knowledge base expands
cubosomes are evolving into the next generation of smart lipid
nanopatrticles.
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Table 1. Toxicity of cubosome phytantriol formulations in various cell lines. Mass to volume
ratios in pug/mL refer to total lipid and surfactant content.

Surfactant Cell line Reported toxicity Assay Ref.

F127 A549 Non-cytotoxic up to  Alamar [60.74]
between 6.25 and 25 Blue
ug/mL, thereafter highly

cytotoxic

CHO- Non-cytotoxic up to  Alamar [60,74,146]

GFP between 6.25 and 25 Blue
ug/mL, thereafter highly
cytotoxic

HEK Highly cytotoxic from 40  Alamar [146]
pHg/mL Blue

L929 Cytotoxic from around 70 MTT [77]
ug/mL

ACHN IC50 between 26 and 37  Alamar [48]
png/mL Blue

LNCaP IC50 between 9 and 12  Alamar [48]
ug/mL Blue

RBC from  Haemolytic at > 1 pg/mL Hemolysis 48]

C57/BLK6
mice
P(PEGA)s-s0k LNCaP IC50 between 14 to 51  Alamar [48]
png/mL Blue
ACHN IC50 between 27 to 56  Alamar [48]
Hg/mL Blue
DSPE-PEG3z.4 or 5k A549 0% viability from between  Alamar [60]
12.5 & 25 pg/mL Blue
CHO- 0% viability from between  Alamar [60]

GFP 12.5°& 25 pg/mL Blue
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Table 2. Toxicity of monoolein formulations in various cell lines. Mass to volume ratios in
pg/mL refer to total lipid and surfactant content.

Surfactant Cell line Reported toxicity Assay Ref.
F108 HelLa Not cytotoxic up to 83 MTT [143,149]
pg/mL over a 4 hour '
incubation period
HEK 293 Not cytotoxic up to 50 MTT [78]
png/mL. Highly cytotoxic
at 100 pg/mL
F127 HEK 293 Cytotoxic at and above  Alamar [78,146]
50-100 pg/mL (0% cell  Blue, MTT :
viability)
A549 Non-cytotoxic up to 100  Alamar [74]
pHg/mL Blue
CHO and Cytotoxic at and above  Alamar [74,146,150]
CHO- 25-75 pg/mL Blue o
GFP
3T3 50% cell viability at 250  Nile  red,
ug/mL Hoechst [7e]
stains
HelLa Non-cytotoxic  up to  Alamar [35]
1000 pg/mL Blue, MTT
LNCaP IC50 241.3 pg/mL Alamar [48]
Blue
ACHN IC50 248 pg/mL Alamar [48]
Blue
L929 IC50 around 40 pg/mL~~ MTS (71
RbEpC Non-cytotoxic up to 25 MTT [140]
uHg/mL
RBC from  Haemolytic from  Hemolysis [48,71,74]
C57/BLK6  between 2 and 50
mice ug/mL
RBC from 100% Haemolysis at 25  Hemolysis  [75]

rat

ug/mL
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Table 3. Examples of loading cubosomes (C) and bulk (B) cubic phases with proteins or oligonucleotides.

Examples of cubosomes loaded with proteins in order of increasing MW

Loaded active MwW Format  Formulation Reported observations Ref.
compound (kDa) (C/B)
Cholera toxin B 12 C Phy, glycolipid monosialoganglioside Specific binding of cholera toxin B, indicating that cubosome (145]
subunit GM1, F127 stabilizer systems could be developed for biosensing applications
Nerve growth factor 135 C MO, beta casein stabilizer Increased bioavailability vs free drug, measured in a guinea [119]
pig model
Human recombinant 13.5 C MO, eicosapentaenoic acid, PEG Time-resolved SAXS studying the phase transitions and [110]
brain-derived stabilizer kinetics of neurotrophin binding
neurotrophic factor
(BDNF)
Beta casein 24 C MO or Phy and F127 stabilizer Beta casein acts as a co-stabilizer and encourages (61]
formations of the hexagonal phase
Thermomyces 32 C Monoolein, F127 stabilizer Enzymatic degradation of cubosomes [116]
lanuginosus lipase
Outer membrane 38 C Monolinolein, octyl-POE stabilizer Membrane protein allows interconnectivity between the two (114]
protein F (OmpF) interconnected water channels, and can be controlled with
pH
Ovalbumin 44.3 C MO or Phy, F127 stabilizer Encapsulation of ovalbumin with a sustained release profile (41]
Ovalbumin 44.3 C MO or Phy, monophosphoryl lipid A, Cubosomes more efficient than liposomes at inducing an (44]
imiquimod, F127 stabilizer antigen specific cellular response in mice in vivo
Dopamine 50 C Ni(ll) chelated EDTA amphiphiles Amphiphiles allow increased loading of membrane proteins (113]
D2Lreceptor
(membrane protein)
Examples of cubosomes loaded with oligonucleotides
Loaded active MwW Format ~ Formulation Reported observations Ref.
compound (kDa) (C/B)
SiRNA 19 base C MO, DOTAP Specific gene silencing with improved endosomal escape in (1]
pairs comparison to liposomes
SiRNA 19 base C MO, DOTAP, MO-PEG Gene knockdown in HeLa cells comparable to [45]
pairs Lipofectamine
SiRNA 22 base C Phy, DOTAP, F127 stabilizer Quartz crystal microbalance and SAXS study of siRNA and [120]
pairs cubosome interactions
siRNA 22 base C MO, DOTAP or DDAB, F127 Hexosome formation on loading, gene silencing [119]
pairs stabilizer
Salmon sperm DNA Unknown C MO, cationic surfactants Successful transfection in human HepG2 cell lines although (142]

diisobutylphenoxyethyl-
dimethylbenzyl ammonium chloride
(DEBDA) or PEG-15 Cocopolyamine
(PCPA), F127 stabilizer

further optimisation was necessary to increase efficiency



https://doi.org/10.1002/anie.201804067

Peer reviewe version of the manuscript published in final form at Angewandte Chemie 2018
https://doi.org/10.1002/anie.201804067

Examples of protein loading in bulk cubic phases in order of increasing MW

Loaded active MwW Format  Formulation Reported observations Ref.
compound (kDa) (C/B)
Horse radish 44 B Dimodan U/J a commercial-grade of Activity dependent on water channel size [90]
peroxidase monoglyceride (290%), sucrose
stearate (0 - 20%)
Microbial <50 B MO, cholesterol Thought to aid the nucleation of protein crystals which can (151]
rhodopsins, GPCRs, then be interrogated with X-rays to determine protein
Heme-Copper structure
Oxidases,
Photosynthetic
proteins, Outer
membrane proteins
Cholesterol oxidase, 50,44,80 B Monolinolein Demonstrated as detection systems for viruses (HIV, Ebola), (96]
horse radish naked eye test for malaria infected blood
peroxidase, glucose
oxidase
D-fructose 140 B Monolinolein No change in activity as a function of water channel size, but (89]
dehydrogenase increased stability was demonstrated over 5 days
(FDH)
from Gluconobacter
industrius
Gloeobacter ligand- 174 B Monoacylglycerol (MP), 5-10% of First crystallisation of a membrane protein with large [86]

gated ion channel
(GLIC)

DSPG

extracellular domains via electrostatic swelling of the cubic
phase
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