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Abstract: Lipid nanoparticles have important applica-
tions as biomedical delivery platforms and broader
engineering biology applications in artificial cell technol-
ogies. These emerging technologies often require
changes in the shape and topology of biological or
biomimetic membranes. Here we show that topologi-
cally-active lyotropic liquid crystal nanoparticles
(LCNPs) can trigger such transformations in the mem-
branes of giant unilamellar vesicles (GUVs). Monoolein
(MO) LCNPs, cubosomes with an internal nanostructure
of space group Im3m incorporate into 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) GUVs creating ex-
cess membrane area with stored curvature stress. Using
time-resolved fluorescence confocal and lattice light
sheet microscopy, we observe and characterise various
life-like dynamic events in these GUVs, including
growth, division, tubulation, membrane budding and
fusion. Our results shed new light on the interactions of
LCNPs with bilayer lipid membranes, providing insights
relevant to how these nanoparticles might interact with
cellular membranes during drug delivery and highlight-
ing their potential as minimal triggers of topological
transitions in artificial cells.

Introduction

Lipid-based nanostructures are fundamental in nature,
providing the structural basis of organelles that support

localised intracellular and extracellular biochemical func-
tions within living organisms.[1] These structures have
inspired a range of biotechnological developments, including
nanoparticulate formulations for enhanced therapeutic
delivery.[2] Lipids can self-assemble into a broad array of
different nanostructures dependent on their molecular
shape, which gives rise to a preferred interfacial curvature in
their assembled supramolecular state (Figure 1a).[3] This rich
lipid polymorphism gives rise to a broad range of tuneability
in the properties of lipid-based formulations.[2a,3a] Curved 3-
dimensional (3D) lipid nanostructures known as cubosomes
have been of particular recent interest; their high interfacial
surface area gives a high capacity for drug loading and
interfacial chemical processes within an individual
nanoparticle.[4] It has also been reported that inverted cubic
phases can promote membrane fusion and topological
transitions by contributing to the spontaneous formation of
transient pores, closely resembling structural intermediates
observed in the topological transformations of cellular
membranes.[5] Therefore cubosomes are of broad interest
within nanomedicine and bottom-up approaches to synthetic
biology through the design of artificial cells. The internal
structure of cubosomes consists of highly curved lipid
bilayers draped around a periodic minimal surface creating
two distinct continuous 3D-networks of water channels
(Figure 1b).

Real cells and many artificial cells are bound by a lipid
bilayer membrane as their intrinsic structural matrix. There-
fore understanding the interactions between lipid cubic
phases and lamellar lipid bilayer structures is fundamental
to improving our understanding of drug delivery mecha-
nisms and potential bioengineering applications within
artificial cells. Essential to the functionality of biological
membranes is their ability to undergo dynamic shape and
topology transformations involved in critical cell activities
such as growth, division and trafficking.[6] In nature, a range
of protein complexes are involved in the regulation of these
membrane remodelling events by a range of active and
passive interaction mechanisms that scaffold, bend and cut
the membrane as required, including the BAR (Bin-
Amphiphysin-Rvs) proteins, ESCRTs (endosomal sorting
complex required for transport), SNAREs (soluble N-ethyl-
maleimide-sensitive fusion protein attachment protein re-
ceptors), caveolin, dynamin and cytoskeletal filaments.[7]

The fluidity and flexibility of these interfacial membrane
structures are key to these processes. The energy barriers to
topological transitions are regulated by lipid composition
and the intrinsic curvature stress stored within these
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membranes, where the shape of lipid molecules influence
the lateral stress profile across a bilayer membrane.[8] There-

Figure 1. (a) Schematic depicting the molecular shapes of DOPC and MO, their critical packing parameters (CPP) and preferred self-assembled
structures; (b) The minimal surface of the primitive Im3mbicontinuous cubic phase; (c) The incorporation and homogeneous distribution of Rhod-
PE labelled LCNPs (red) on the surface of NBD-PE labelled GUVs. BF=bright field; (d) Line intensity profiles before and after addition of Rhod-PE
labelled LCNPs. The normalized Rhod-PE fluorescence is based on the maximum intensity of Rhod-PE in the LCNPs-GUVs sample; (e) FRAP
recovery curves of Rhod-PE diffusion in DOPC GUVs following the addition of Rhod-PE labelled LCNPs. (f) Real-time observation of NBD-PE
labelled LCNPs incorporation into Rhod-PE labelled GUV membranes; (g) NBD-PE intensity increases while Rhod-PE intensity decreases with time;
(h) GUVs labelled with Rhod-PE with different degrees of permeability to 10 kDa dextran labelled with AF488: unleaked (<20% fluorescence
leakage) GUV (A), partially leaked (20 to 80% fluorescence leakage) GUV (B), and fully leaked (>80% fluorescence leakage) GUV (C).
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fore seeding lipid bilayer membranes with curved lipid
structures such as cubosomes has the potential to enhance
their topological activity.

The interaction of lyotropic liquid crystal nanoparticles
(LCNPs) such as cubosomes with different surfaces and cells
has been extensively studied.[9] Of particular interest are
their interactions with lipid membrane interfaces, where
insight has previously been provided using solid-supported
lipid bilayers.[10] These studies suggest a strong and rapid
attraction between LCNPs and supported DOPC lipid
bilayers on silica.[10b] Once sufficient LCNPs incorporate into
the supported bilayer, this leads to destabilisation of its
structure and a net release of material from the bilayer;
quartz crystal microbalance with dissipation (QCM� D)
monitoring revealed the lipid surface becomes viscoelastic
with a large change in dissipation following addition of
LCNPs.[10b] Moreover, a significant lipid exchange between
hydrogenated monoolein (MO) LCNPs and a deuterated
DOPC lipid bilayer was confirmed by neutron reflectivity,
revealing bidirectional transfer of MO to the supported
bilayer and DOPC to the LCNPs.[10b] By contrast, the
incorporation of LCNPs into supported bilayers was hin-
dered in more organised lipid bilayers in the gel phase,
where dipalmitoylphosphatidylcholine (DPPC) lipids
densely pack in an orthorhombic fashion.[11] Complementary
small angle X-ray scattering (SAXS) results confirmed that
LCNPs have a strong interaction with DOPC unilamellar
and multilamellar vesicles: large changes in the unit cell
dimensions of the LCNPs were observed, eventually result-
ing in a transition from a cubic to lamellar phase structure
once DOPC and MO mix.[11]

Insights into the interactions of LCNPs with bilayer
membranes have also been gained from cell interaction
studies.[9b,12] MO-LCNPs stabilised by either Pluronic F127
or F108 copolymers were observed to alter the lipid
distribution and membrane structures of HeLa cells, result-
ing in lipid droplet accumulation, mitochondrial hyper-
polarization and mitochondrial reactive oxygen species
(ROS) generation.[13] Furthermore, Dyett et al. observed
individual MO-LCNPs interact with the cell membranes of
small intestine epithelial cells and STO fibroblast stem cells
by docking onto the membrane surface before diffusing into
the membrane, suggestive that the MO incorporates into the
cell membrane structure,[9c] analogous to reported interac-
tions with minimal model membrane systems.[10a,11]

Current studies have shown strong evidence for the
interaction and mixing of LCNPs with bilayer membranes
with synergies between findings in model membranes and
live cells. However, studies in cell-sized unsupported model
membranes are missing that would provide greater funda-
mental insight into the dynamic processes that might occur
in unsupported membranes seeded with topologically-active
MO-LCNPs. Here we bridge this gap by applying time-
resolved confocal fluorescence and lattice light sheet micro-
scopy to study the interaction between MO-LCNPs and
DOPC-GUVs and the dynamic processes during re-equili-
bration. We reveal a rich diversity and interplay of
membrane topological and shape changes that mimic many
of the processes of living cellular membranes. These findings

shed new light on the potential cellular interaction mecha-
nisms of LCNPs in drug delivery systems as well as underpin
the potential of LCNPs as topologically active triggers for
membrane remodelling events in artificial cell technologies.

Results

Incorporation of MO from LCNPs into the lipid bilayer causes
GUV growth

LCNPs composed of MO stabilized by Pluronic F127 were
assembled by hydration of a dried lipid film and sonication.
SAXS measurements demonstrated that the LCNPs were in
the Im3minverse bicontinuous cubic phase (Figure S1a).
Figure 1b shows the ‘primitive’ minimal surface with the
crystallographic space group Im3m. LCNPs had an average
hydrodynamic diameter of 179�19 nm and a polydispersity
index (PDI) of 0.172�0.005, determined by dynamic light
scattering (DLS) (Figure S1b). Cryogenic transmission elec-
tron microscopy (cryo-TEM) revealed the structure of the
dispersed LCNPs, with a fast Fourier transform (FFT) image
analysis, confirming the internal Im3mcrystal structure (Fig-
ure S1c).

An initial LCNP concentration screen between 0.95 and
6.7 mg/ml MO mixed with DOPC GUVs using confocal
fluorescence microscopy revealed a range of behaviours
from rich morphological transformation in the GUVs at low
concentration, seen after approximately 2 to 5 minutes, to
significant destabilisation and destruction of GUVs at high
concentration. From this initial screen, a LCNP concentra-
tion of 1.4 mg/ml MO and a MO/DOPC molar ratio of ~250
was selected for further investigation as, under these
conditions, rich structural changes were observed in the
GUVs over the experimental time window of approximately
20–30 min. We note that the general vesicular architectures
of GUVs were stable within the studied time frame.

LCNPs were found to incorporate within the membranes
of GUVs. LCNPs first labelled with 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (Rhod-PE) were mixed with 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2–1,3-benzox-
adiazol-4-yl) (ammonium salt) (NBD-PE) labelled DOPC
GUVs (1.4 mg/ml MO and MO/DOPC � 250 mol/mol). A
uniform signal from the LCNPs was observed at the GUVs
membrane surface, indicating that the lipid components of
the LCNPs had incorporated within the bilayer structure of
the GUVs, as simple adsorption of LCNPs on the GUV
surface would be observed as punctate spots of fluorescence
at the GUV membrane (Figure 1c). Fluorescence intensity
line profiles of Rhod-PE across GUVs show a uniform
fluorescence signal from the membrane after interaction
with LCNPs compared to the control samples (Figure 1d).
Fluorescent recovery after photobleaching (FRAP) experi-
ments show rapid and reproducible recovery of Rhod-PE
fluorescence over ~5–15 μm2 areas of membrane consistent
with the fluidity of lipid bilayer membranes (lateral diffusion
constant, D � O mm2s� 1

� �
) (Figure 1e; Figure S2). This is in

agreement with previous studies, showing that LCNPs can
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adsorb into the DOPC membrane surface.[10,14] Figure S3
also shows the incorporation of NBD-PE labelled LCNPs on
Rhod-PE labelled GUVs, and Rhod-PE labelled LCNPs on
unlabelled GUVs to confirm the LCNPs-GUVs interaction.
The incorporation kinetics was investigated using LCNPs
labelled with NBD-PE and GUV membranes labelled with
Rhod-PE. Figure 1f, g show that over 13 min, the Rhod-PE
probe intensity in the GUV membranes decreased, as it was
diluted by MO lipids that fused into the membrane structure
(Figure 1g). A proportional increase in NBD-PE
fluorescence intensity at the GUV membrane correlates
with this Rhod-PE intensity decrease. The GUV membrane
surface area is also seen to increase in a correlated GUV
growth process. For example, in Figure 1f, the apparent
GUV diameter increased by a factor of 1.4 in 14 min, which
corresponds to the surface area increasing by a factor of ~2.
Consistent with this observed GUV growth, the dilution of
Rhod-PE in the membrane showed a decrease in
fluorescence intensity by a factor of ~2.2. The LCNP-GUV
fusion mechanism must therefore distribute MO relatively
evenly to both monolayers of the GUV membrane, other-
wise significant morphological effects would be expected to
be observed long before this swelling ratio is reached due to
significant stresses that would be generated by transmem-
brane asymmetry.

Although no clear correlation was found between GUV
swelling and leakage, occasional leakage of GUVs was
observed following the addition of LCNPs, suggesting a
potential increase in membrane permeability (Table S1). A
membrane-impermeable dextran (10 kDa) labelled with
Alexa Fluor 488 (AF488) or Cascade Blue (CBlue) was
added to the extra-vesicular medium. These passive mem-
brane permeability probes were observed to leak into the
lumen of the GUVs over time. GUV leakage to these
probes was observed to be stochastic and hence variable
between different GUVs in a sample, evident by the
different degrees of dextran leakage shown in Figure 1h
with unleaked, partially leaked and fully leaked GUVs.
Further evidence for the stochastic enhanced permeability
of the GUVs induced by MO lipids can be seen in the
correlation between vesicle growth (or swelling) and the
onset of vesicle leakage (Figure S4).

Generally, GUV permeabilisation occurs near-simulta-
neously or with a lag time compared to GUV growth from
the fusion of MO lipids into the bilayer structure. We
attribute the influx of large macromolecules such as 10 kDa
dextran into the lumen of the GUVs to be induced by the
stochastic formation of pores in the vesicle membrane.[15]

This is likely due to the enhanced curvature elastic stress in
the GUV membranes due to the non-bilayer preferring MO
lipids, which favour highly curved structures such as toroidal
pores. The resistance to leakage by some GUVs in the
sample is suggestive that an energy barrier needs to be
overcome for pore formation and that the probability of
pore formation is dependent on GUV membrane composi-
tion (variability in DOPC:MO ratios across the GUV
population).[9a,c] After the GUVs were observed to swell
during a growth process induced by MO incorporation, a
stability limit appeared to be reached, beyond which a rich

array of morphological transitions was observed in the
GUVs.

MO LCNPs bring DOPC GUVs to life by triggering a cascade of
dynamic shape and topological transformations.

Incorporation of MO-LCNPs into DOPC-GUVs is expected
to create a significant stored curvature elastic stress in the
membranes. Non-bilayer-forming MO lipids (spontaneous
curvature= � 0.054�0.003 Å� 1) have an inverted cone
shape that prefers curved membranous interfaces,[16] such as
in the Im3mcubic phase. This contrasts with the near-
cylindrical shape of DOPC lipids (spontaneous curvature=

� 0.0091�0.0008 Å� 1) that preferentially aggregate as planar
bilayer membranes.[17] Increasing concentration of MO lipids
in the GUV membrane enhances the lateral pressure profile
in the hydrophobic core of the bilayer such that each lipid
monolayer wants to bend towards the hydrating aqueous
medium. Once the MO concentration reaches a critical
threshold, these stored stresses are observed to release
through a range of GUV morphological transitions.

Nanotubes

Within a few minutes following the addition of LCNPs to
DOPC GUVs, the majority of vesicles developed a topolog-
ically-invariant shape transformation that manifests as lipid
tubes protruding from the membrane. These tubes varied in
size and direction (into the extra-vesicular medium or the
interior lumen). Thin cylinder-like (Figure 2a) and thick
unduloid-like (Figure 2b) external nanotubes were observed
to protrude from the parent GUV toward the extra-vesicular
medium. We also observed internal lipid nanotubes originat-
ing at the surfaces of the GUV and protruding into the
vesicle lumen (Figure 2c). Both external and internal tubes
are undulating and wavy, while some of them form an
undulatory pearling pattern. Dynamic fluctuations in all
morphologies of both external and internal tubes were
observed, suggesting that the incorporation of MO into the
DOPC membrane facilitates the membrane to be highly
flexible. In addition, the fluorescence of water-soluble
membrane permeability probes in the internal nanotubes
indicates that they have an open neck that connects to the
extra-vesicular medium (Figure 2c).

Previous studies have reported the pearling instability of
GUV nanotubes when the membrane is subject to tension
caused by bilayer asymmetry.[18] In our experiments, it is
unclear whether LCNP fusion into the GUVs creates bilayer
asymmetry or not. Asymmetry exists in terms of the LCNP
interaction with the GUV membrane, which is exclusively
from the extra-vesicular side of the membrane. However,
the rate of MO flip-flop across the bilayer is unknown and
any potential asymmetry cannot be resolved from our
fluorescence microscopy methods. Lipid flip-flop may occur
through collective formation of transmembrane pores, which
we sometimes observe after a lag time following GUV
growth. Pearling instabilities were mostly observed in
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unleaked GUVs. Therefore, we speculate that asymmetric
membrane stresses from enhanced MO localisation in the
outer membrane monolayer of GUVs drives the pearling of
lipid tubules that are observed.

Fusion and fission

GUV fission and fusion events were also observed following
the addition of LCNPs. To study these topological trans-
formations in more detail, two populations of DOPC GUVs
labelled with different fluorescent probes were mixed prior
to the addition of LCNPs. The two distinctly labelled
populations of GUVs can therefore report on lipid mixing
phenomena between adjacent vesicles. One GUV popula-
tion was labelled with 3,3’-Dioctadecyloxacarbocyanine

Perchlorate (DiO; green) and the other GUV population
was labelled with Rhod-PE (red, as above).

A typical GUV fusion event is shown in Figure 3a. The
contact area between two neighbouring GUVs increases
without any observable lipid mixing between the two GUVs.
A full fusion pore then opens and the interior lumens of the
GUVs mix. This is followed by reconfiguration of the
combined GUVs into a single spherical vesicle, where the
red and green lipid probes become evenly mixed throughout
the membrane by lateral diffusion. Lipid nanotubes that can
be seen in the two initial vesicles are conserved within the
lumen of the initial fused GUV. However, these tubes
disappeared within 2 min of the fusion event, likely retract-
ing into the GUV membrane as the lipid mixture re-
equilibrates.

Other fusion-related mechanisms were observed. An
example is shown in Figure 3b (Movie S1), where a GUV

Figure 2. Membrane tubulation following initial growth of GUVs after being fed with MO LCNPs. Thin (a) and thick (b) external lipid nanotubes
protrude from vesicles toward the extravesicular medium; (c) thin (yellow arrows) and thick (blue arrows) internal lipid nanotubes that have
originated at the surfaces of the GUVs and protrude into the vesicle lumen. Membrane-impermeable dextran (10 kDa) labelled with AF488 (green)
was observed in the internal nanotubes.
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“gives birth” to a smaller GUV from its interior lumen. The
interior GUV adheres to the membrane of the outer GUV
before translocating to the exterior of this vesicle within a
few seconds. We speculate that the internal GUV becomes
hemifused with the outer membrane to facilitate this trans-
location event. It should also be noted that the outer GUV
is initially non-spherical and gradually loses its large excess
membrane area to become near-spherical during the time
course of our observation window (~2 min).

Fusion can also occur between external lipid nanotubes
that initially formed on the GUV surface. These tubes have
been observed to fuse with one another on a time scale in
the order of 10 min, resulting in the formation of many
smaller, spherical GUVs (Figure 3c).

Analogous to membrane fusion, membrane fission was
also observed. The excess membrane area induced by fusion
of LCNPs into the GUV membrane can lead to membrane
buds that fission and divide into daughter GUVs (Figure 3d,
Movie S2). The large excess area and dynamic shape
transformations in these vesicles can also lead to vesicles
fissioning into multiple daughter GUVs as they re-equili-
brate to a spherical GUV geometry (Figure 3e).

Following fusion of LCNPs into GUV membranes,
relaxation of fluctuating GUVs with a larger excess mem-
brane area to re-equilibrate back to a near-spherical GUV
structure is commonly observed. We characterise the time
course of one such GUV in Figure 3f (Movie S1) in terms of
the apparent membrane area and vesicle aspect ratio (
AR ¼ major axis

minor axis) over time. The GUV gradually reduces its
membrane area and aspect ratio on the time scale of order

80 s until the aspect ratio returns to approximately 1.0
(spherical shape).

Intraluminal vesicles (ILVs)

Membrane topological changes through fusion and fission
processes can lead to the generation of new internal lipid
compartments inside GUVs: intraluminal vesicles (ILVs).
To investigate ILV formation, where extra-vesicular media
is encapsulated within these new compartments, a mem-
brane-impermeable 10 kDa dextran labelled with AF488 or
CBlue was added to the bulk medium. Formation of ILVs is
characterised by the inclusion of AF488 or CBlue in the
lumen of these internal vesicles.

We observed three different pathways for ILV forma-
tion, summarised in Figure 4. In Figure 4a (Movie S3),
internal lipid nanotubes that include the external CBlue
probe remodel into discrete ILVs that also encapsulate
CBlue from the bulk medium. A second mechanism saw two
separate GUVs undergo a fusion mechanism, where two
independent fusion pores form in the adhesion contact area,
such that the membrane in the adhesion plaque becomes
scissioned inside the new GUV and encapsulates the AF488
probe (Figure 4b, Movie S4). A final ILV formation
mechanism was observed when a non-spherical GUV with
larger excess membrane area undergoes membrane fluctua-
tions that lead to a discocyte GUV shape folding around
such that the spheroidal end-caps of this structure contact
and fuse. This topological transition leaves a CBlue-

Figure 3. LCNPs trigger fusion and fission events between GUVs or lipid nanotubes: (a) Full fusion of two individual vesicles labelled with DiO
(green) and Rhod-PE (red) respectively; (b) An internal vesicle fuses with the outer GUV before translocating to the vesicle exterior; (c) The
formation of several small spherical vesicles from the fusion of external lipid nanotubes; (d) The “mother” vesicle generates one smaller GUV; (e)
The “mother” vesicle separates into three smaller GUVs; (f) Kinetics of GUV re-equilibration to a spherical shape. Graph of GUV surface area and
aspect ratio vs time (left). Representative GUV images from Movie S1 and the extracted GUV outline (right).
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encapsulating ILV trapped inside an outer membrane (Fig-
ure 4c, Movie S5). Lattice light sheet data further demon-
strated these fusion and fission events in 3D, confirming the
topological and morphological transformation of GUVs
(Figure 5a, Movie S6, S7).

Buds

The final re-equilibrated state of the GUVs often resulted in
remaining excess membrane area being taken up in mem-
brane buds at the GUV surface. These small buds often
have a high fluorescence intensity, suggesting that they may
be multilamellar structures (Figure 5b). The estimated

Figure 4. Intraluminal vesicles can form by different mechanisms. (a) Internal nanotubes fuse to form ILVs. White arrows indicate thin tubes that
first fuse to form thicker tubes before forming small ILVs, which continue to fuse into a larger ILV. (b) Two individual vesicles fuse in a mechanism
that leads to a trapped ILV. White arrows indicate fusion at each edge of the membrane contact area during fusion. (c) Wrapping of a discocyte
GUV leads to fusion of the end caps and formation of an ILV. Red arrows represent the movement of the vesicle and white arrows show fusion of
the membrane. In all cases, ILVs are filled with external medium that contains the membrane-impermeable AF488 or CBlue dextran (10 kDa).
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composition of the MO and DOPC mixture in these buds
would favour lamellar structures, based on previous SAXS
and neutron reflectivity experiments[10a,11] (note, the MO to
DOPC ratio was about 43 mol%; see also discussion below).
Neutron scattering studies have revealed an initial rapid
adsorption of intact LCNPs at the DOPC bilayer interface,
followed by exchange of lipids. Furthermore, SAXS meas-
urements confirmed the strong interaction between LCNPs
and DOPC vesicles including unilamellar and multilamellar
that initially leads to changes in the size of the unit cell of
the cubic phase before transition to a lamellar structure
(DOPC/MO molar ratio of 0.01–0.18).[11]

Prevalence of the different observed shape and topology transitions

The LCNPs triggered a variety of shape and topological
transformations in the GUVs including fusion/fission, pore
formation, tubulation and membrane budding. Control
experiments show that neither PBS (phosphate-buffered

saline) buffer, F127 stabilizer, nor DOPC nanoparticles
induce these morphological changes on GUVs (Figure S5).
Therefore MO is critical in inducing the observed effects. A
further control experiment involved the addition of 1 :1
DOPC:MO multilamellar vesicles (MLVs) (Figure S6).
Here, no effect on the GUVs was observed after 10 min.
After 30 min, some morphological effects on GUVs were
observed, such as tubulation and GUV aggregation, but no
evidence of topological changes in the GUVs was observed.
This is suggestive that the cubosome structure is important
to increase the kinetics of fusion with GUVs, enhancing the
rate of MO transfer and leading to morphological changes in
GUVs on shorter time scales. Furthermore, while some
morphological effects were eventually observed after longer
incubation times, these were milder effects than observed
for MO LCNPs. This indicates that the ratio of MO:DOPC
in the GUVs is important to access some of the more
notable topological effects, which is most readily achieved
with the pure MO LCNPs with an inner Im3m cubic
structure.

Figure 5. Lattice light sheet images of (a) Fusion of three GUVs (top, movie S6) and intraluminal vesicles formation by the fusion of internal
nanotubes (bottom, movie S7). The greater depth of 3D imaging accessible by lattice light sheet microscopy provides further evidence of the
topological transformations of GUVs induced by LCNPs. (b) DOPC GUVs before (left) and after (right) LCNPs addition. Following equilibration
after LCNP addition, red buds with high fluorescence intensity were observed at the edge of GUVs (white arrows indicate some example buds
within the image). (c) Statistical analysis percentage of nanotubes (blue) and fission/fusion (red) (n=362); buds (green) and leaked GUVs
(purple) (n=374) within ~20 min. Data are presented as the mean � S.D.
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A statistical analysis of MO LCNP-induced events was
performed, analysing 362 GUVs for fusion/fission (including
ILV formation) and nanotube formation events. 357 GUVs
were analysed for membrane permeability and budding
events. These data are reported as the mean � standard
deviation (S.D.) from at least three independent experi-
ments at a time point 20 min after addition of LCNPs. In
summary, 60�5 % GUVs contained nanotubes and 51.2�
1.3% GUVs had fusion/fission events, 36�4 % GUVs
contained buds and 25�12% GUVs formed membrane
pores that rendered the membranes permeable to the
fluorescent probe in the extravesicular medium (Figure 5c).
It should be noted that, except for leakage, these percen-
tages are an underestimate, as additional events will be
happening above and below the plane of confocal imaging
that were unobserved.

Discussion

Topological changes in an object occur under extreme
conditions, which require the ‘ripping’ or ‘gluing’ of the
object that cannot be achieved under smooth shape trans-
formations. Topological transformations of lipid vesicles
include fission, fusion and pore formation events, where the
topology is defined by its Euler characteristic (c).[19] The
Euler characteristic can be defined in terms of the Betti
numbers (bn), where b0 is the number of objects, b1 is the
number of circular holes, b2 is the number of internal voids
and c ¼

Pn
i¼0 � 1ð Þibi, where bi ¼ 0 for i � 3.[20] Common

topological transformations of lipid vesicles along with their
Euler characteristic and Betti numbers are shown in Fig-

ure 6a. Note that a vesicle with a pore has the same topology
as a 2D planar bilayer sheet. The Gaussian curvature
contribution to the energy change between topological states
is given by EG ¼ 2pkGDc, where the Gaussian modulus, kG,
is negative, and hence, this contributes to an energetic
benefit for transitions to topological states with increasing
Euler characteristic, if the change in bending energy
between these states is small.[19] However, significant energy
barriers exist to the molecular rearrangements between
these structures, which usually prevent them from occurring
spontaneously. These energy barriers can be reduced by the
inclusion of lipids that prefer curved interfaces, which impart
curvature stresses and modulate the elastic energies of the
membrane. Therefore MO lipids, which preferentially form
an Im3mcubic phase with c ¼ � 4,[21] have strong potential to
seed bilayer membranes with the propensity to undergo
topological and shape changes.

We have observed a rich variety of morphological and
topological transitions in DOPC GUVs induced by MO-
LCNPs in the Im3m cubic phase. These LCNPs fuse into the
GUV membrane, increasing the excess membrane area and
seeding the membrane with enhanced topological Gaussian
curvature energy that lowers the energy barrier to the
observed fission, fusion and tubulation processes. The inter-
play between these different morphological changes is
summarised in Figure 6b.

The observations presented here are at a MO concen-
tration of 1.4 mg/ml, which results in a MO/DOPC molar
ratio of ~250. However, this is not the molar ratio of MO/
DOPC in the mixed GUV membranes. The average swelling
ratio of GUVs with an average diameter of 11�4 μm was
found to be 19�11% within 20 min of LCNP incubation

Figure 6. Topological transitions of vesicles and morphological changes observed in GUVs induced by LCNPs. (a) Common topology changes in
vesicles with their Euler characteristic (c) and Betti numbers (bn). (b) Schematic representation of morphological changes of DOPC GUVs induced
by MO-LCNPs (cubosomes).
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(Table S1). Taking the molecular surface area of DOPC to
be 0.67 nm2,[22] and the polar molecular surface area of MO
to be 0.33 nm2,[23] we estimate the average molar ratio of
MO in the GUV membrane to be 43�17 mol%. Comparing
our calculation to the phase diagram of MO/DOPC,[24]

where equilibrium mixtures are found to be in the lamellar
Lα phase up to ~75 mol% MO, we predict that these mixed
systems are still in the lamellar phase of the equilibrium
phase diagram within the studied time scale. At this
~43 mol% MO composition, the membranes dynamically
undergo morphological transitions that re-equilibrate the
GUVs by decreasing the excess membrane area until they
return to their near-spherical final state. Note that fission
and fusion events during the studied time scale will decrease
or increase the swelling ratio, which might affect the
calculated number of LCNPs incorporated per GUV.

At higher concentrations of MO-LCNPs, GUVs can
become rapidly destabilised and destroyed. Here, the
kinetics of MO incorporation into the GUV membrane will
increase. We propose that under these conditions the
increasing MO concentration in the membrane may pass the
lamellar-cubic phase boundary (~75 mol% MO in the MO/
DOPC membrane), where the faster kinetics of the lamellar
to cubic phase transition occur before the slower dynamics
of membrane topological and morphological transitions can
occur.

While cubosome-vesicle interactions have been less
commonly studied, several previous studies have investi-
gated the interaction of detergents with lipid vesicles.
Detergents have a cone-shape due to their relatively large
hydrophilic head compared to their small hydrophobic
volume (critical packing parameter <0.5), which induces a
positive curvature stress in a membrane. This compares to
MO, which has an inverted cone structure where the
hydrophilic head is small compared to its bulkier hydro-
phobic tail region,[25] inducing negative curvature stress. The
interaction of several detergents with different lipid mem-
brane compositions have been reported, where the detailed
mechanism of the interaction are dependent on the specific
detergents and lipids used.[26] Detergents ultimately induce
the breakdown of lipid vesicles into mixed lipid-detergent
micelles.[26] This can occur through multiple different kinetic
pathways, including gradual removal of lipids causing vesicle
shrinkage, formation of large, open pores in the vesicle
membrane and catastrophic vesicle rupture.[27] Critically, to
the best of our knowledge, vesicle fission and fusion events
have not been reported to be induced by the addition of
detergents. This is indicative that these specific topological
transitions require the generation of negative curvature
stress (provided by MO) rather than the positive curvature
stress induced by surfactants.

These fundamental new findings on the interaction of
cubic phase LCNPs with lamellar GUV membranes will
provide vital insights into a number of scientific questions
and applications. Firstly, this approach might be able to
provide new fundamental insight into the role of the
Gaussian curvature modulus in vesicle fission and fusion.[28]

By seeding lamellar GUVs with cubic phase forming lipids,
the Gaussian curvature modulus of the GUV membrane

might be controllably and systematically tuned. The major
technical challenge with this approach is that the mechanical
moduli of mixed membrane systems are not linearly additive
based upon the moduli of each single lipid component in the
mixture. Thus, a semi-quantitative approach may be the best
strategy forward here.

Our approach holds promise for the bioengineering field
of artificial cells. Dynamic topological changes such as fusion
and fission are essential functional processes in living cells
and hence are highly desirable features to engineer into
minimal artificial cells.[29] To enhance this approach for the
engineering biology toolbox, the leakage of GUV contents
should be minimised to prevent loss of vital functional
biomolecules from the GUV lumen, and further regulation
of the interactions between LCNPs and GUVs might direct
the morphological and topological transitions towards a
specific mechanism (e.g., fusion, fission, ILV formation).
Our findings here present important first steps in gaining
control over membrane remodelling processes that will lead
to simplified and enhanced mechanisms for regulating
dynamic processes in artificial cell membranes.

Cubosomes are of interest for nanomedicine drug
delivery systems.[4,12b, 30] Their high internal surface area gives
a high potential drug loading capacity, but the higher
curvature of cubic phase lipid assemblies is also thought to
be relevant in inducing topological changes in the cell that
facilitate cell entry and endosomal escape.[5h,9c, d, 30a, 31]

Fundamental studies of LCNP-GUV interactions may assist
with understanding different mechanisms of nanoparticle
delivery in cells and also unwanted side effects of cell
toxicity that needs to be minimised to facilitate translation
to clinical applications.

Conclusion

Here we have presented new insights into the interactions of
cubosomes with bilayer lipid membranes, important to our
understanding of cubosomes as drug delivery systems and
their application in other bioengineering technologies, such
as synthetic biology. Our observations reveal a rich array of
morphological and topological transitions driven by the
kinetics of adsorption of MO-LCNPs into the lipid bilayer
and equilibration processes within the GUV, once seeded
with excess area and enhanced stored curvature stress in the
membrane. The new insights and understanding we have
presented in this study are not achievable in previous work
on planar bilayer membranes, where the membrane dynam-
ics are suppressed by a solid support, or in living cells, where
deep mechanistic insight is frustrated by the complexity of
living matter. Future exploration of the broad parameter
space of the structure and composition of LCNPs and GUV
membranes will promote optimisation of drug delivery and
artificial cell technologies.
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