
Title: Clickable Cubosomes for Antibody-free Drug Targeting and Imaging Applications 

Journal: Bioconjugate Chemistry 

Authors: Nicolas Alcaraz12, Jason Liu12, Eric Hanssen3, Angus Johnston12 and Ben Boyd*12 

Corresponding Author: Ben.Boyd@monash.edu 

Affiliations: 1 Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Science, 
Monash University, Parkville, VIC, 3052, Australia;  

2 ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Monash Institute of 
Pharmaceutical Sciences, Parkville, VIC, 3052, Australia 

3 Advanced Microscopy Unit, Bio21 Molecular Science and Biotechnology Institute, University of 
Melbourne, Melbourne, Australia 

Keywords: Cubosome, copper-free click chemistry, azide, strained cyclooctyne 

Abstract: 

The combination of copper-free click chemistry with metabolic labelling offers new opportunities in drug 
delivery. The objective of this study was to determine whether cubosomes functionalised with azide or 
dibenzocyclooctyne (DBCO) groups are able to undergo copper-free click chemistry with a strained 
cyclooctyne or azide respectively. Phytantriol-based cubosomes were functionalised using 
phospholipids bearing an azide or DBCO group. The modified cubosome dispersions were 
characterized using dynamic light scattering, cryo-TEM and small angle X-ray scattering. The efficiency 
of ‘clickability’ was assessed by reacting the cubosomes with a complementary dye and determining 
bound and unbound dye via size exclusion chromatography. The clickable cubosomes reacted 
specifically and efficiently with a click-Cy5 dye with minor changes to the size, shape, and structure of 
the cubosomes. This indicates that cubosomes can retain their unique internal structure while 
participating in copper-free click chemistry. This proof of concept study paves the way for the use of 
copper-free click chemistry and metabolic labelling with cubosomes for targeted drug delivery and 
imaging. 

Introduction: 

A current trend in nanomedicine and drug delivery is to improve specificity of the treatment to in turn 
improve efficacy and avoid side effects. Nanoparticles have played a large role in this trend as they can 
accumulate in target tissues either passively (via the so-called Enhanced Permeation and Retention 
effect(1)) and actively using surface conjugated targeting ligands(2).  

Self-assembled lipid based liquid crystalline nanoparticles (LCNP) possessing an internal cubic phase 
structure, known as cubosomes, have been gathering attention as a drug delivery system as they can 
be loaded with both lipophilic and hydrophilic drugs and they have potential for on-demand reversible 
release which offers advantages over more commonly used liposomes(3-6). Amphiphilic lipids such as 
phytantriol and glycerol monoleate (GMO) can self-assemble in excess water to form 
thermodynamically stable liquid crystalline phases such as the bicontinuous cubic phase (7, 8). 
Cubosomes can then be formed by the dispersion of the ‘bulk’ cubic liquid crystalline phase, usually 
with the aid of a polymer stabiliser, such as Pluronic F127 or F108. The internal structure of the particles, 
and approaches to modification for drug delivery or imaging capabilities by incorporation of other agents 
such as lipids, phospholipids or metallic nanoparticles have been well studied (9-11), as has the 
influence of the stabiliser (8). The cubosomes often have the same microstructure as the bulk liquid 
crystalline phases but have a larger surface area and are much less viscous, enabling their potential 
deployment as injectable drug delivery or imaging systems (12-14). The internal structure of the cubic 
phase particles makes them particularly interesting as MRI contrast agents, as the bound water 
behaves very differently to bulk water, providing a boost in relaxivity (15, 16). The use of cubosomes 
as contrast agent enhancers was recently reviewed(17). 



Active targeting of drug carriers is a challenge, with the most common approach involving the use of 
antibodies or ligands for a specific cell surface receptor. In cancer therapy an antibody or folic acid 
group targeting a receptor overexpressed by the diseased cells is often conjugated to the surface of the 
carrier particle. Potential drawbacks of these approaches include being expensive, having poor stability, 
lack of specificity if the target receptor is common or can mutate in the target cells, competition with 
other ligands and poor pharmacokinetic consequences for the particle after injection(18-20).  

Metabolic labelling is gaining popularity as an approach to enable covalent attachments of ‘probes’ to 
cell surfaces. A cellular substrate (commonly a monosaccharide) is modified to contain a target 
functional group such as an azide. The modification needs to be small and inert to not interfere with or 
be recognised by the cells natural metabolic pathway. The functionalised sugar is then processed like 
a natural monosaccharide and is expressed in surface glycoproteins which results in the target 
functional group being present at the cell surface.   

Following this surface expression, the functional group on the non-natural sugar can then be targeted 
by a probe molecule that contains the complimentary functional group using biorthogonal chemical 
approaches. Bioorthogonal chemistry is defined as any chemical reaction that does not interfere with 
the native processes in a living system(21-31). The benefits of bioorthogonal chemistry as an active 
targeting technique over other approaches are better stability, the materials are expectedly cheaper to 
synthesise than antibodies and the process is not reliant on overexpression of natural receptors to 
target non-functionalised cell populations (26, 30, 32). 

Copper-free click chemistry is one class of reaction that is particularly useful in combination with 
metabolic labelling. The azide group expressed on the cell surface will react rapidly with strained 
cyclooctynes under physiological conditions, with one of the more commonly used strained cyclooctyne 
systems being the dibenzocyclooctyne (DBCO). The target group and the probe react covalently to form 
a triazole, and the cell surface can thereby be imaged or targeted. Using this approach, imaging 
biological processes associated with sugars in cells and in live animals, such as zebrafish, has been 
achieved (33-38). Early studies focussed on glycans such as sialic acid that can be incorporated into 
the cells natural metabolic machinery of cells, however the field has expanded to DNA (39, 40) and 
protein (41, 42) labelling. Recently, nanoparticles have begun to be used as probes as opposed to 
simple dyes and imaging agents. Chitosan nanoparticles and liposomes have been covalently reacted 
to tumours that had metabolised azide bearing sugars (43, 44). One approach to functionalizing lipid 
particles for potentially clicking them to labelled cells is to add azide- or DBCO-functionalised 
phospholipids, as illustrated schematically for cubosomes in Figure 1.  

 

Figure 1. Schematic for the formation of copper-free ‘clickable’ cubosomes. The lipid and phospholipid 
are mixed together and then hydrated with Pluronic F108 solution. The system is sonicated and the 
cubic phase disperses to form cubosomes. The click phospholipid is potentially both present in the 
interface within the internal aqueous channels, as well as at the external surface of the particles. 
Cubosome figure on right modified from (45) thanks to http://creativecommons.org/licenses/by/2.0. 



There is no record of cubosomes designed to participate in copper-free click chemistry for use as cell-
surface targeting systems through metabolic labelling. Given their aforementioned potential benefits in 
drug delivery and imaging, in this study we create copper-free click capable cubosomes, characterise 
them and assess their ability to take part in a copper-free click reactions using dye-conjugated to the 
DBCO click probe (Figure 2). The internal liquid crystalline nanostructure was confirmed before and 
after the reaction using synchrotron small angle X-ray scattering (SAXS) whilst the morphology was 
assessed by cryogenic-transmission electron microscopy (cryo-TEM). Size measurements were carried 
out with dynamic light scattering (DLS). Binding efficiency of the cubosomes via copper-free click 
chemistry in solution was assessed through size exclusion chromatography and fluorescence 
measurements.This paper establishes the “clickability” of these cubosomes with a view to future use as 
a drug delivery and imaging probe using metabolic labelling to couple these novel delivery systems to 
cells. 

 

Figure 2. Simplified diagram of azide cubosome binding with dye through copper-free click 
chemistry.The azide and strained alkyne form a triazole and conjugate the dye to the nanoparticle. 
Cubosome figure modified from (45) thanks to http://creativecommons.org/licenses/by/2.0. 

Results and Discussions: 

Characterisation of Copper Free Click-capable Cubosomes 

The volume-weighted size distributions of the cubosome dispersions are listed in Table 1. The size and 
polydispersity of the cubosomes doped with phospholipid differed from “traditional” cubosomes. The 
systems with PEG2000 phospholipid displayed two populations indicating the formation of other lipid 
nanostructures, possibly some coexisting liposomal structures. This was also observed in the PL-DBCO 
doped system. It should be noted that the PL-PEG2000-Azide modified cubosomes did exhibit 
considerably larger average size and higher polydispersity which is likely due to the presence of the 
charged polar head group which changes the dispersion behaviour of the system. It has previously 
been shown that additives can alter the size and internal structure of cubosomes(46). 

 

 

 

 

 

 



 

Table 1: Volume-based particle size distribution measurements (mean ± SD, n =3) of the different 
cubosome dispersions. PL denotes phospholipid.  

Additive 
into cubosome 

dispersion (2 mol%) 

Size (nm) 
Peak 1 

Size (nm) 
Peak 2 

PDI 
 

None 160 ± 10  0.15  

PL-Azide 114 ± 1  0.11  

PL-DBCO 102 ± 4 244± 56 0.19  

PL-DSPC 151 ± 1  0.22  

PL-PEG2000-DBCO 32 ± 8 226 ± 67 0.27  

PL-PEG2000-Azide 91 ± 1 519 ± 19 0.52  

PL-PEG2000-DSPE 27 ± 3 129 ± 12 0.23  

 

Dynamic light scattering provides the size distribution assuming spherical particles but does not provide 
information about the shape or structure of the cubosomes. Therefore, further techniques were required 
to fully characterise these systems. CryoTEM was used to image and visualise the particle morphology 
in the different formulations (Fig 3). The cryo-TEM data supported the DLS measurements with the 
particle size populations apparent in the micrographs being in general agreement with the DLS data. 
The formulations containing phospholipids were mainly cubosomes but did show presence of other 
structures such as some lipid vesicles, lamellar structures and liposomal type structures. Again, this 
finding was reflected in the DLS data with more than one peak being detected. It is likely that the 
liposomes and other lipid structures in the samples containing PEG phospholipid led to the larger PDI 
values observed. This was more noticeable in the formulations containing a PEG phospholipid. This 
might be expected as the addition of phospholipid can alter the packing parameter of the system and 
this dictates the final structure(47).  

 

Figure 3: Cryo-TEM images of cubosome dispersions containing different additives as indicated on the 
respective panels. PL denotes phospholipid. Concentration of additive is 2 mol%. 

 

 



 

This can be understood through the critical packing parameter (CPP) concept where the double 
hydrophobic chain of the phospholipids induces formation of lamellar structures and phospholipids are 
a key component of liposomes. Additionally, phytantriol imparts a slightly negative curvature on the 
bilayer resulting in the formation of the cubic phase, but addition of a more polar phospholipid such as 
the PEG phospholipid would be expected to draw the mean curvature back towards a lamellar phase.  

The internal structure of the cubosomes was determined using SAXS where the Bragg peaks were 
indexed and the internal structure thereby determined. The scattering profiles of the systems at 25°C 
can be seen in Figure 4. The cubosomes containing the non-PEG2000 additives retained the double 
diamond internal cubic phase structure of unmodified cubosomes. In contrast, the cubosomes with 
PEG2000-based additives showed that the internal structure shifted to the more swollen primitive cubic 
phase. This behaviour is consistent with the addition of hydrophilic additives to phytantriol-based cubic 
phases (48). The scattering for the PEG2000 phospholipid doped systems is also much weaker than the 
other systems and this is potentially due to the presence of less geometrically ordered lipid structures 
that do not provide discrete diffraction peaks compared to the cubosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Dependence of internal structure on phospholipid-based additives in phytantriol-based 
cubosomes measured by small angle X-ray scattering at 25°C.  The different cubosome dispersions 
contained different phospholipids loaded at 2 mol % relative to phytantriol. PL denotes phospholipid. 



 

The lattice parameters of the internal structures (Table 2) were determined from the SAXS data and 
showed similar spacing to previously reported systems with double diamond and primitive cubic phase 
space groups, except for PL-PEG2000-Azide containing cubosomes which had a considerably larger 
lattice parameter compared to typical phytantriol cubosomes (65-70 Å) (8, 46, 49, 50). This is supported 
by the clearly larger lattice parameter seen in figure 3 and as mentioned above is due to the increased 
hydrophilicity of the head group. This shift to primitive cubic phase space group has been reported 
previously upon addition of a Tween 80 to phytantriol cubosomes as it favours a mean negative shift in 
spontaneous mean curvature at the lipid/water interface(51).  

A similar effect is likely to be occurring with the phospholipids containing PEG2000 as they have both 
greater hydrophobic and greater hydrophilic regions compared to Pluronic F108 or the non-PEGylated 
phospholipids. The cryo-TEM, DLS and SAXS data indicate that the size, shape and structure of the 
clickable cubosomes are relatively similar to those without click groups or additives when PEG2000 was 
not conjugated to the phospholipid. 

Table 2: Lattice parameter of cubosome dispersions. Lattice parameters were determined from the 
SAXS data presented in figure 4. PL denotes phospholipid. All additives were at 2 mol %. 

Phospholipid added Cubic phase space group Lattice Parameter (Å) 

None Double diamond 65.5  ± 0.2 

PL-Azide Double diamond 67.7 ± 0.1 

PL-DBCO Double diamond 66.9 ± 0.2 

PL-DSPC Double diamond 67.5 ± 0.1 

PL-PEG2000-DBCO Primitive 89.7 ± 1.4 

PL-PEG2000-Azide Primitive 114.6 ± 0.7 

PL-PEG2000-DSPE Primitive 89.7 ± 0.2 

   

Binding efficiency of Copper-Free Click-capable Cubosomes 

After confirmation that the dispersion contained cubosomes upon incorporation of copper-free click 
functional phospholipids and that they were similar to standard cubosomes, the ability of the cubosomes 
to covalently and specifically bind with a strained cyclooctyne or azide through copper-free click 
chemistry was assessed. A representative set of elution profiles showing the baseline separation 
between the cubosomes eluting at 2-5 mLs and the free dye eluting at 6-15 mLs are provided in Figure 
5. The PL-Azide cubosomes sample was doped with Rhodamine B phospholipid to impart fluorescence 
to the cubosomes and this is why the total fluorescence observed is not in line with the other two elution 
profiles. Area under the curve for the distribution between the populations can be used to calculate a 
binding efficiency. 



 

Figure 5: Representative elution profiles for Sulfo-DBCO-Cy5 dye only (blue/bottom), PL-Azide 
cubosomes only (red/middle) and Sulfo-DBCO-Cy5 dye mixed with PL-Azide cubosomes (green/top)  
from a Sephadex G50 column with PBS as the eluent. 

Each of the clickable cubosome systems showed over 85% binding with Sulfo-DBCO-Cy5 or Sulfo-
Azide-Cy5 at 24 h after the complementary click-dye was added at a 1:1 mol ratio (Fig 6). The 
formulations with the greatest binding efficiency were the azide-containing cubosomes, specifically the 
PL-PEG2000-Azide doped formulation binding to Sulfo-DBCO-Cy5 dye. This was over 8-times more 
efficient when compared to the three control samples that had under 5% binding. In the case of the 
controls, it is apparent that the dye is being partially non-specifically bound to the particles but one also 
needs to be mindful that a fraction of the PBS that contains dye is present within the internal water 
channels of the cubic phase. 



 

Figure 6: Percentage of dye bound to cubosomes (mean ± SD, n = 3) after size exclusion 
chromatography in a Sephadex G50 column with PBS as the eluent. Sulfo-Azide-Cy5 was used for all 
dispersions denoted with * and sulfo-DBCO-Cy5 was used for those denoted with ^. PL denotes 
phospholipid. All additives were at 2 mol%. 

The cubosomes containing bound dye were also studied using SAXS to determine whether there is an 
effect of the covalent attachment of dye on the structure of the cubosome system (Fig 7). The presence 
of dye bound to the cubosome had generally minor impact on the structure, as all systems retained the 
phases they had displayed in previous SAXS experiments, but the scattering intensity was reduced and 
some peaks were less well-defined than before exposure to dye. This is likely due to the sample being 
diluted with the addition of dye solution. It should be noted that the PL-DSPC containing dispersion 
appeared to have a third peak emerging between the first two double diamond cubic phase peaks which 
often occurs when hexagonal phase is also present as a liquid crystalline structure.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Effect of binding complementary dye probe on internal structures of clickable cubosomes. 
Scattering profiles were measured at 25°C after mixing clickable cubosomes with the complementary 
Cy5 dye in PBS for 24 h. PL denotes phospholipid. All additives were at 2 mol %. The azide to DBCO 
ratio was 1:1 for all mixed samples. 

Additionally, lattice parameters were determined for the formulations after binding to the dye from the 
profiles in Figure 7 and there were no large changes aside from the PL-PEG2000-Azide doped system 
that was similar to the other primitive cubic phase spacing found in this study and in the literature(52) 
(Table 3). It is likely that the formation of the triazole and attachment of dye to the PL-PEG2000-Azide 
dispersion changed the hydrophilicity and therefore shifting the CPP, which lowered the lattice 
parameter to be similar to the other systems. 

 

 

 

 



 

Table 3: Lattice parameters of cubosome dispersions after being mixed with either Sulfo-N3-Cy5 or 
Sulfo-DBCO-Cy5 for 24 hours. Lattice parameters were determined from the SAXS data presented in 
figure 4. PL denotes phospholipid. All additives were at 2 mol %. 

Phospholipid added  Dye added Cubic Phase Space Group Lattice Parameter (Å) 

None Sulfo-Azide-Cy5 Double diamond 66.76 ± 2.50 

PL-Azide Sulfo-DBCO-Cy5 Double diamond 67.67 ± 1.20 

PL-DBCO Sulfo-Azide-Cy5 Double diamond 66.47 ± 0.80 

PL-DSPC Sulfo-Azide-Cy5 Double diamond 68.49 ± 0.27 

PL-PEG2000-DBCO Sulfo-Azide-Cy5 Primitive 90.24 ± 1.78 

PL-PEG2000-Azide Sulfo-DBCO-Cy5 Primitive 92.33 ± 0.13 

PL-PEG2000-DSPE Sulfo-Azide-Cy5 Primitive 91.96 ± 0.38 

 

This confirms that the cubosomes can be functionalised using copper-free click reagents to enable 
covalent coupling to a complementary probe, and when used in a biorthogonal chemistry context they 
should retain their internal structure and consequently their drug delivery and imaging capabilities.  

This finding is supported by other examples in the literature where cubosomes have been functionalised 
and used for immobilisation or targeting. To our knowledge there is one previous work using antibody 
functionalised cubosomes (53) and none using click functionalised cubosomes for targeting. 
Cubosomes have been doped with biotin-DSPE so that the cubosome can bind to avidin and be 
immobilised for bio-sensing (54, 55). Similarly, cubosomes have been functionalised with biotin through 
a biotin modified Pluronic F108 for active targeting of the receptors overexpressed by cancer cells(56). 
Furthermore, two groups have used a folic acid modified Pluronic F108 to stabilise and functionalise 
cubosomes for cancer cell targeted imaging and therapy (57, 58). All these examples showed only 
minor or no changes to the cubosomes upon binding, as was the case for the clickable cubosomes in 
this study.  

The use of the long azide- or DBCO-PEG chain on the phospholipid additive is expected to increase 
the chance of the phospholipid being at the interface of the cubic phase due to its size and hydrophilicity. 
This would benefit surface interactions as there would be a greater number of click groups extended 
from the surface. Additionally, the hydrophilic PEG chain might help reduce undesirable non-specific 
hydrophobic interactions with a cell membrane or adsorption of opsonising proteins from the blood.  

The findings presented in this manuscript pave the way for the use of these cubosomes with metabolic 
labelling to develop an improved delivery or imaging method. While the opportunities are significant for 
a new approach to delivery to come to the fore, it is very early days for cubosomes as delivery and 
imaging agents, for example understanding the in vitro cellular toxicity of cubosomes is still immature(59, 
60), let alone understanding the pharmacokinetic aspects of these materials. Alternatively, these 
techniques and nanoparticles could have other uses such as bio-sensing and cell capture. 

One limitation to functionalisation through phospholipid doping is the lack of control over where the 
reactive groups present themselves. This does not appear to limit binding in solution but could present 
problems for future use paired with metabolic labelling. A potential solution is taking the approach 
mentioned above where the polymeric stabiliser is modified to contain the clickable functional group, as 
large stabiliser molecules tend to position at the external interface of the particles, presenting 
themselves to bulk aqueous phase rather than inside the aqueous cubic phase channels (61, 62), 
presenting the azides in a position where they are more readily available to react. Recently, lipid-like 
polymers were reported that can stabilise cubosomes (63) and an azide bearing version is currently 
being synthesised to assess the two different functionalisation methods. 

Conclusion: 

Novel functionalised cubosomes that can partake in copper-free click chemistry have been 
demonstrated. The incorporation of an azido or DBCO group to the cubosomes did not alter their phase 



and structure significantly. Additionally, the copper-free click reaction between the “clickable” 
cubosomes and DBCO or Azide-Cy5 was selective and very efficient whilst retaining the structure of 
the unreacted cubosomes. This first study and proof of concept work is promising regarding the use of 
cubosomes combined with copper-free click chemistry and in the near future metabolic labelling to 
provide an antibody-free targeting option for these emerging drug delivery and imaging systems.  

 

Experimental Procedures: 

Materials 

Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol) was a gift from DSM Nutritional Products 
(Kaiseraugst, Switzerland). Pluronic F108 was purchased from Sigma-Aldrich (St Louis, MO). 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (16:0 Liss RhoD PE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[dibenzocyclooctyl(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG2000-DBCO), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG2000-Azide), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-dibenzocyclooctyl (DPPE-DBCO) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(6-azidohexanoyl)(ammonium salt) (DPPE-Azide) were purchased from 
Avanti Polar Lipids (Alabama, USA). Cy5-Dibenzocyclooctyne (DBCO) was purchased from Click 
Chemistry Tools (Scottsdale, USA). Water used in these studies was obtained from a Millipore Milli-Q 
purification system (Billerica, USA). Phosphate Buffered Saline (PBS) 1x pH 7.4 was prepared by 
dissolving 137 mM sodium chloride (≥99.7%), 2.7 mM potassium chloride (≥99%), 2 mM potassium 
dihydrogen phosphate (≥99%) and 8mM disodium hydrogen phosphate (≥99%). The salts were 
purchased from Chemsupply (Port Adelaide, SA, Australia).  

Methods 

Cubosome preparation 

Cubosome dispersions were prepared by weighing 100 mg of phytantriol into a vial and adding 0.0025 
molar ratio of 16:0 Liss Rhodamine B PE phospholipid. The two were dissolved and mixed in chloroform 
which was then removed. The mixture was then hydrated by addition of 900 mg of a 1.5% (w/v) Pluronic 
F108 PBS solution for 12 hours before ultra-sonication via a Misonix S-4000 Tip sonicator (Farmingdale, 
NY) at 150 amplitude applied for 2 seconds on and 1 second off cycles for 2.5 minutes total sonication 
time. For the azide, DBCO and DSPC containing cubosomes the phospholipids were mixed in before 
hydration at a 0.02 molar ratio relative to phytantriol. 

Dynamic light scattering (DLS) 

DLS was used to measure the size distribution of the cubosomes. DLS was conducted on a Malvern 
Zetasizer Nano ZS. Cubosome dispersions were diluted by a factor of 1000 into Milli-Q water before 
measurements were taken at 25°C, assuming the viscosity of water. Volume PSD was used and each 
dispersion was measured three times. 

Small angle X-ray scattering (SAXS) 

The internal structure of the clickable cubosomes was assessed using SAXS for comparison to non-
click traditional cubosomes. All SAXS measurements were performed at the SAXS/WAXS beamline at 
the Australian Synchrotron(64). The synchrotron X-ray beam was tuned to a wavelength of 1.127 Å 
(11.0 keV) at a sample to detector distance of 1034.97 mm which gave the q-range of 0.0176 < q < 
1.016 Å -1, where q is the length of the scattering vector defined by q = (4π/λ)sin(θ/2). The q range was 
calibrated using a silver behenate standard. The 2D SAXS patterns were acquired over 1 s using a 
Pilatus 1M detector with an active area of 169 x 179 mm2 and with a pixel size of 172 µm. The cubosome 
dispersions were transferred to 1.5 mm diameter glass capillaries and loaded into a custom 3D-printed 
capillary holder. The 2D scattering patterns were integrated into the 1D scattering function I(q) using 
the in-house developed software package scatterbrain. Scattering curves are plotted as a function of 



relative intensity and phase structures are identified by indexing the Bragg peaks to known relative 
spacing ratios(65). 

Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Samples were frozen using a Vitrobot Mark III with ambient humidity of 80% for all experiments, and 
ambient temperature was 22°C. Copper grids (200-mesh) coated with perforated carbon film (Lacey 
carbon film: ProSciTech, Qld, Australia) were glow discharged. Aliquots (3 μL) of the sample were 
pipetted onto each grid prior to plunging.  After 15 s adsorption time the grid was blotted for 2 s. The 
grid was then plunged into liquid ethane cooled by liquid nitrogen. Frozen grids were stored in liquid 
nitrogen until required. The samples were examined using a Gatan 626 cryoholder (Gatan, Pleasanton, 
CA, USA) and Tecnai F30 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at an 
operating voltage of 300 KV. At all times low dose procedures were followed, using an electron dose of 
10-15 electrons/Å2 for all imaging. Images were recorded using a FEI CETA 4kx4k CMOS camera. 
 
Binding efficiency studies 

Size exclusion chromatography was used to separate bound and unbound dye from the cubosomes 
before measuring fluorescence of the fractions eluted from the column. A Sephadex G50 (GE 
Healthcare, Uppsala, Sweden) column was used with PBS as the eluent. Cubosome dispersions were 
mixed at a 1:1 ratio (of azide to DBCO) with Sulfo-DBCO-Cy5 or Sulfo-N3-Cy5 in PBS for 24 h protected 
from light. Then 100 µL of sample was loaded and 18 mL was collected in 500 µL fractions. Aliquots 
(100 µL) of each fraction were loaded onto a black 96-well plate and diluted with 100 µL methanol and 
the fluorescence was measured by a Perkin Elmer Enspire plate reader. Methanol was added to the 
elutions to break down the lipid structure and prevent quenching of the Cy5. The fluorescence from 
Rhodamine B was measured at 560/583 nm and from Cy5 at 649/662 nm. Standards were prepared 
through a series of serial volumetric dilutions of stock (1 mg/mL) dye solution and sample concentrations 
determined by comparison to this standard curve. 
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