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ABSTRACT
Amajor challenge in thedelivery of cargo (genes and/or drugs) to cells usingnanostructuredvehicles
is the ability to safely penetrate plasma membranes by escaping the endosome before degrada-
tion, later releasing the payload into the cytoplasm or organelle of interest. Lipids are a class of
bio-compatible molecules that self-assemble into a variety of liquid crystalline constructs. Most of
these materials can be used to encapsulate drugs, proteins, and nucleic acids to deliver them safely
into various cell types. Lipid phases offer a plethora of structures capable of forming complexes with
biomolecules, most notably nucleic acids. The physichochemical characteristics of the lipid molecu-
lar building blocks, one might say the lipid primary structure, dictates how they collectively interact
to assemble into various secondary structures. These include bilayers, lamellar stacks of bilayers, two-
dimensional (2D) hexagonal arrays of lipid tubes, and even 3D cubic constructs. The liquid crystalline
materials canbepresent in the formof aqueous suspensions, bulkmaterials or confined to a film con-
figuration depending on the intended application (e.g. bolus vs surface-based delivery). This work
compiles recent findings of different lipid-based liquid crystalline constructs both in films and parti-
cles for gene and drug delivery applications. We explore how lipid primary and secondary structures
endow liquid crystallinematerials with the ability to carry biomolecular cargo and interact with cells.

ARTICLE HISTORY
Received 4 June 2019
Accepted 9 August 2019

KEYWORDS
Lipid-based liquid crystals;
lipid films; lipid particles;
small molecules; drug
delivery; gene delivery

1. Introduction

The amphiphilic character of lipids, i.e. molecules com-
posed by a hydrophilic -polar- head and at least one
hydrophobic -non polar- tail, helps to explain much
of their biological function in vivo: lipids are the pri-
mary building blocks of cell membranes. In addition,
amphiphilicity in lipids explains their polymorphism
i.e. their ability to self- assemble in aqueous solutions
into liquid crystalline materials of various geometries.
While the plasmamembrane adopts a bilayer form in the
cell, other lipid structures such as inter-bilayer contacts
(stalks), 2D hexagonal lipid tubes, and cubic structures
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are also prevalent across many natural membranes; yet
their role remains elusive [1–3].

Lipid polymorphism is particularly relevant when
designing lipid-based lyotropic liquid crystals (LLCs) for
biomedical applications such as drug and gene delivery.
Most LLCs are lyotropic (i.e. resulting from the self-
assembly of amphiphilic lipid molecules present in water
or in a humid environment) [4]. LLCs can exist in bulk
form, thin films or as particles suspended in solution and
the stability of the phases depends sensitively upon the
surfactant counterion [5,6]. The lamellar (i.e. composed
by layers) [7], inverted [8] and normal [9] hexagonal,
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Figure 1. Schematic representation of the lamellar, cubic, and
hexagonal complexes for delivery of nucleic acids. [11]. Reprinted
by permission of the publisher (Taylor & Francis Ltd).

as well as cubic [10] LLCs phases have all been applied
for the delivery nucleic acids into live cells and animals
(Figure 1).

The design and engineering of lamellar and non-
lamellar LLC structures represent a hallmark of
nanomedicine due to the fact that drug/gene encapsula-
tion and transport are dictated by the nanostructure of
the carrier. For example, lamellar lipid films, including
supported lipid bilayers and hybrid lipid-polymer mem-
branes are able to encapsulate hydrophobic drugs. Their
release profile is controlled by one-dimensional perme-
ability of drugs across membranes as well as the number
of layers. Permeability is passive but can be enhanced by
the introduction of interfacial defects (i.e. domain forma-
tion) or by increasing membrane fluidity [12–14]. Other
controlled releasemethods rely on activating phase trans-
formations, e.g. a lamellar or 2D hexagonal structure
supported on a substrate can transform into a 3D-cubic
lipid film [15]. In this case, the release is activated by
increasing the number of spatiotemporal pathways for
the drug to diffuse out of the materials. In bulk, LLCs
are randomly oriented throughout the test tube. How-
ever, the introduction of a substrate and the formation
of a thin film orients LLCs along a preferential order at
micron scales. This is important when considering drug
leak-out via phase transformations. For instance, if we
consider an hydrophilic drug, a 3D cubic phase allows for
3D diffusion whereas an inverted hexagonal phase with
tubes laying flat on a substrate only provides a single one-
dimensional leak-out pathway. Likewise, lamellar lipid

particles such as liposomes and non-lamellar lipid parti-
cles such as 2D-hexagonal phases and cubosomes (lipid-
based 3D bicontinuous cubic particles) enable the release
of high concentrations of cargo into cells [10,16–18]
through efficient drug leak-out mechanisms that include
passive permeation and/or endosomalmembrane fusion.
An illustration of LLC structures prepared as films on a
substrate and as suspended particles in solution is shown
in Table 1.

Accelerating the design of better therapeutic agents
mandates elucidating the spatiotemporal distribution of
LLC structures within cells, and their transport and
cargo release mechanisms. This includes interactions
with the extra and intracellular environment, cell macro-
molecules (e.g. transmembrane proteins) and organelles
(e.g. endosomes) [30]. In this review article, we highlight
lipid-based small molecule release prompted by phase
transformation, as well as the importance of harnessing
mesoscale structure in order to improve the performance
of cargo delivery into cells. A major research goal on
lipid complexes is to find the correlation between the
different LLC structures and small molecule delivery effi-
ciency. The purpose of this review is to highlight, cat-
egorise, and contrast various lamellar and non-lamellar
LLC-based particulate and supported nanostructures as
carriers of small molecules into the eukaryotic cytosol in
order to inform the design of next-generation LLC-based
nanocarriers.

1.1. Delivery of small molecules

Achieving efficient delivery of small molecules in ways
that are specific to cell type and non-toxic is one of the
major challenges in the design of nanomedicines. Encap-
sulation of drugs into a carrier avoids various sources
of toxicity and prolongs the circulation time of drugs in
the bloodstream in order to reach their target of interest
before clearance. Since nanocarrier chemistry is rather
modular, one can even modify the particles with spe-
cific cell-targeting units. This has however proven to be
more challenging than anticipated [31]. In fact, relying
on physical properties such as size and shape [32–34] can
result in equally efficient (or better) strategies to improve
performance.

Internalisation of materials in the cytosol requires
overcoming at least two biological barriers: (1) cross-
ing the semi-permeable cell membrane, and (2) escaping
the endosome in a timely manner before the endosome-
lysosome degradation pathway [35]. Membrane fusion
and plasmamembrane permeation are two different pro-
cesses that both cost energy. Membrane fusion refers to
the event of two different lipid bilayers merging into a
single continuous bilayer. Membrane crossing depends
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Table 1. Lamellar and non-lamellar lipid-based films and particles for delivery of small molecules.

Lipid structure for delivery of
small molecules Lipid ftlms Refs: [11–15,19,20] Lipid particles Refs: [10,18,21–29]

Lamellar Supported 1D-lamellar siRNA complex Lipoplex

Non-lamellar Supported 3D-bicontinuous cubic siRNA complex Cuboplex

Note: Top left: supported 1D-lamellar siRNA complex. Reprinted by permission of the publisher (John Wiley and Sons) [15].
Top right: liposome-siRNA complex. Bottom left: supported 3Dbicontinuous cubic lipid film loadedwith siRNA. Reprintedby
permission of the publisher (JohnWiley and Sons) [15]. Bottom right: cubosome-siRNA complex. Reprintedwith permission
from [21]. Copyright 2018 American Chemical Society.

onmembrane permeability and physicochemical charac-
teristics of the crossing molecules and it can occur via
passive and active diffusion and/or membrane fusion,
among others. It is noteworthy that membrane fusion
is a well-established mechanism to mediate intracellu-
lar trafficking of molecules [36–38]. While membrane-
fusion events are frequent in nature (e.g. during exo-
cytosis, synaptic junctions, and endocytosis), crossing
the plasma membrane is a much more selective process.
Plasmamembranes act as specific barriers against certain
species such as ions [39,40], requiring protein ion pumps
and carriers for instance. The majority of nanoparticles
cross the plasma membrane via endocytosis. Unfortu-
nately, the fate of most of these materials is often trap-
ping and degradation inside the endosome. Endosomal
escape is thus a crucial step that materials much over-
come for efficient delivery of cargo to cells [41–43]. In this
review article, we focus on a vastly unexplored physic-
ochemical characteristic of drug carriers beyond com-
position, surface, size and shape: their internal nanos-
tructure (Figure 2). In particular, we discuss the process
of delivery of nucleic acids for gene silencing (siRNA)
and hydrophobic small molecules (paclitaxel) using dif-
ferent lamellar and non-lamellar LLC films and particles.
Lyotropic liquid crystals are promising materials to study
the effects of structure on cell internalisation.

1.1.1. Nucleic acids
The delivery of nucleic acids into the cytosol has become
a growing field in biomedicine [9,22,24,27,35,42,44–51].
siRNA is a class of double stranded short (ribo)nucleic

acids (21-23 nucleotides long) capable of achieving gene
knockdown (i.e. silenced or decreased gene expression)
in eukaryotic cells. The clinical potential of siRNA in dis-
eases such as cancer, neurodegenerative disorders and
viral infectious diseases has been amply shown [52].
DNA depends upon entering the nucleus to initiate the
transfection process. In contrast, siRNA does not require
entering the nucleus: once it enters the cytosol, it is incor-
porated into a protein complex that finds and destroys
target messenger RNA, which further propagates gene
silencing [53,54]. Naked siRNA has shown silencing effi-
ciency but is prone to enzymatic degradation and its
negative charge prevents it to easily enter the cytosol.
The design of non-cytotoxic carriers that deliver siRNA
in a localised manner [49] and provide further speci-
ficity to gene silencing has become a critical challenge for
the development of better therapies. Various lipid-nucleic
acid complexes have been developed in order to address
some of these issues and in this paper we describe a few
examples [10,15,21,22,42,43,51,55,56].

1.1.2. Hydrophobic drugs
The hydrophobicity of some therapeutic molecules stand
as a significant challenge to viable drug therapies. For
instance, Gram-negative bacteria are inherently resis-
tant to many hydrophobic antibiotics including fusidic
acid (0.52 KDa), erythromycin (0.73 KDa), novobiocin
(0.61 kDa) and rifampin (0.82 kDa) due to the perme-
ability barrier of their outer membrane [57]. In addi-
tion, many anticancer drugs such as paclitaxel (0.85
kDa) and rapamycin (0.91 kDa) are highly hydrophobic
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Figure 2. Schematic representationof engineeredphysicochemical properties of drugdelivery systems. Typically, size, shapeand surface
of nanoparticles (NPs) have concentrated the attention for the design of novel nanomedicines. The internal structure of particles and/or
films is now known to play a pivotal role in the process internalisation of small molecules by cells.

and readily crystallise. Consequently, their application
depends on either chemical modifications to increase
their solubility or the use of carriers [58]. The inter-
nalisation of hydrophobic therapeutic small molecules
into the cytoplasm is another significant challenge that
can be addressed by using nanocarriers [59]. With super
hydrophobic molecules such as paclitaxel, crystallisation
is not easily hindered, even upon inclusion in a drug car-
rier [60]. Lipid-based structures have been explored in
order to prevent drug crystallisation and improve drug
internalisation with minor toxic effects [61,62].

2. Lipid films: lamellar and non-lamellar liquid
crystal phases for drug/gene delivery

Lipids can be stabilised in the formof adsorbed thin films,
adopting a variety of structures that are very amenable to
drug/gene incorporation and release.

2.1. Lipid-only films

Typical phospholipid bilayers are around 10 nm thick
with an interbilayer spacing (i.e. thickness of water layer)
of around 2 nm [4,63,64]. Depending on surface type,
lipid monolayer alkyl tails point towards the surface (i.e.
hydrophobic) or towards air (i.e. hydrophilic), serving
as the initial interface onto which bilayers and multiple
layers of bilayers can be deposited to build hierarchic

mesostructures (Figure 3). The films can be formed
by direct spreading (i.e. depositing organic lipid solu-
tions onto substrates by drop casting or spin coating) or
layer-by-layer assembly (ie. depositing layers one by one
where layering is formed by electrostatic interactions)
[13,65–67]. Variations within methods allow to control
film thickness and interlayer incorporation of molecules.
Drop cast methods yield films of a few microns thick
whereas spin coated lipid films can be as thin as 200 nm.
Supported lipid layers (Figure 3) [63,64] tend to preserve
the fluidity or rigidity of the bulk lipid phase. Gel-phases
where alkyl chains are all trans, liquid crystalline phases
with fluid tails, and liquid ordered phases have all been
observed in supported systems [68], providing a con-
venient model to study membrane behaviour [69]. The
advantage of having a supported system is the control
of the bilayer orientation. Multiple lipid layers have then
the ability to mimic the structure and organisation of a
variety of dynamic molecular assemblies found in nature
such as multilamellar bodies in lungs [70]. The plasma
membrane consists of a single bilayer, but other cellmem-
branes (e.g. those in the endoplasmic reticulum, around
axons in nerve cells [71], mitochondrial membranes) are
multilayered.

Lipid film structures can be characterised with X-
ray andmicroscopy techniques. For instance, anisotropic
lamellar or hexagonal phases exhibit birefringence
with unique optical textures that enable distinguishing
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Figure 3. Schematic representation of different lipid layers. A
phospholipid bilayer unit represents thebuildingblock of the lipid
membrane.

between existing phases. Conversely, cubic phases are
isotropic and not birefringent, appearing dark under
polarised light [13]. X- ray under grazing incidence (GI-
SAXS) combined with polarised microscopy is a very
powerful approach to elucidate lipid film nanostruc-
ture, and orientation with respect to the substrate. Rich
polymorphism can be achieved by a rational choice of
lipid composition and ambient conditions (Figure 4).
3D bicontinuous cubic, 2D hexagonal, and multilamel-
lar phases can clearly be identified using polarised
microscopy and GI- SAXS. It is worth noting that the
samples exist in the form of thin films where the nanos-
tructure is completely uniform and oriented at a sin-
gle preferred orientation giving rise to single-crystal like
diffraction spots.

Given their uniform orientation and anisotropic opti-
cal properties as a function of humidity and temperature,
lamellar and non-lamellar lipid films may be utilised for
two main purposes: as hosts to sense and report molecu-
lar/analyte binding and also as platforms to deliver small
molecules in situ. In fact, the lipid films described in
Figure 4 were successfully employed as a platform for
surface-based siRNA internalisation and gene knock-
down in cells [15]. 3D bicontinuous structures are partic-
ularly interesting. These structures comprise a continu-
ous lipid bilayer where themiddle of the bilayer conforms
into a periodic minimal surface with negative Gaussian
curvature [72]. The bilayer is in contact with uncon-
nected networks of water channels. Such structure yields
high internal surface area per volume (400m2 g−1) [73],
which enables high loading capacity and/or fast release
of drug molecules or genes. In this case, layer- by-layer
methods are not amenable and 3D bicontinuous cubic
films are produced by either drop casting or spin coat-
ing. Monoolein and phytantriol lipid molecules are well
known for their ability to form cubic phases in both bulk
and supported thin films [13,74–79]. In addition to X-ray

Figure 4. (A) Reciprocal space patterns of different space groups
simulated by NANOCELL. (B) 2D GISWAXD patterns for selfassem-
bled lipid films of a bicontinuous cubic gyroid (QG), an inverted
hexagonal (HII), and a lamellar (Lα) structure from left to right.
Films have highly ordered structures as indicated by spot pat-
terns instead of rings. (C) NANOCELL simulation overlaid onto
the GISWAXD data. The fact that simulated patterns perfectly
match with actual data proves that lipid self-assembled films
have well-organised structures. (D) Polarisation light microscopy
images of lipid films with distinct textures. Optically isotropic
cubic phases appear as a black background under the polariser
while an inverted hexagonal phase shows focal conical texture
and a lamellar phase (Lα) represents oily streaks with uniaxial tex-
ture. A nanostructure of each film is illustrated at the top of the
figure. Reprinted by permission of the publisher (John Wiley and
Sons) [15].

scattering, inverse bicontinuous cubic phase films have
been directly visualised using atomic force microscopy
(AFM) in fluid [78].

2.2. Lipid-drug/gene films

Surface-based delivery of drugs and genes allows spa-
tial control and sustained release with locally high con-
centration and enhanced cell contact, which is particu-
larly attractive against localised diseases. Lipids have the
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capacity to display a rich phase behaviour when sup-
ported onto surfaces (Figure 4) [14,21,79–81], but their
use has been mostly reserved as cell membrane models.
Lipid films are able to incorporate large amounts of small
molecules (hydrophobic and/or hydrophilic) and phase
transformations between different nanostructures can be
tuned by lipid composition, temperature and humidity.
This responsive and often reversible phase behaviour has
extraordinary potential as a means to synthesise trigger-
able and controlled drug delivery platforms [13]. Unlike
most polymeric systems in which cargo delivery relies on
degradation or swelling, the delivery of small molecules
by surface–based lipid layers can be activated by phase
transitions. Most of the existing films used in substrate-
mediated gene delivery are assembled in a layer-by-layer
fashion [13,65] where the hydrophobic small molecules
are incorporated within the layers that become part of
the LLC structure. Kang and coworkers [15] previously
investigated the potential of surface–based lipid films to
deliver siRNA to HeLa cells in vitro and elucidated the
mechanisms by which the film’s LLC phase controlled the
siRNA delivery efficiency. Substrate-mediated cellular
delivery was based on soft adsorbed lipid materials with
highly ordered and oriented nanoscale structures. These
supported films were highly responsive to environmental
conditions, enabling siRNA silencing via designed acti-
vation of the phase transition in supported lipid films as
a function of humidity and temperature. Starting from
drier up to more humid conditions, resulted in a range of
structures covering 2D-inverted hexagonal, 1D-lamellar,
up to 3D-bicontinuous cubic gyroid, respectively.

The corresponding phase diagram [15] indicates that
lamellar phases can be found in both dry and wet films
as well as in bulk solution with and without siRNA.
The only-hexagonal phase appeared in dry conditions
with and without siRNA. Finally, the cubic phase was
identified only in wet films and in bulk solutions with
and without siRNA. These phase transformations were
reversible and stable for multiple cycles of wetting and
drying with a transition time scale of a fewminutes. Scat-
tering data indicated that some degree of order was lost
in the lipid-nucleic acid complexes in comparison with
the lipid-only structures: siRNA was indeed included
in the lipid structure. Moreover, the encapsulation effi-
ciency of the lipid films was beyond 97%. As mentioned
above, switching from a 2D hexagonal or a 1D lamel-
lar to a 3D in bicontinuous cubic phases is a strategy
capable of increasing the number of pathways for gene
leak out (Figure 5). The resultant lipid-siRNA supported
films successfully enabled knock-down of specific genes
(around 50% efficiency), resulting in the 3D bicontin-
uous cubic phase having the higher gene silencing effi-
ciency. This surpassed that of lamellar systems in this

study as well as previously performed experiments of
surface-based DNA delivery [81–83].

Lee and coworkers [14] reported temperature-sensitive
lipid-based layered films supported on thin, biore-
sorbable implants. In this work, the authors designed
a uniform, multilayered coating of a thermally trigger-
able biological lipid membrane embedded with one or
more drug molecules such as doxorubicin and dextran,
made with biocompatible materials in order to retain the
molecules for months in vitro, and rapidly release them
upon heating at usual fever temperatures (41 43°C). Two
coexisting phases of the lipid membranes were observed:
liquid ordered with rigid tails, and liquid disordered with
tails that can undergo rapid conformational changes.

The liquid ordered phase tended to form a columnar
lamellar phase [68]. Small molecules were sandwiched
between the lipid layers. In this design, thermal actua-
tion induced a transition to the liquid disordered phase
allowing diffusion of the drugs out of the system in
a highly controlled manner. Scattering data confirmed
the liquid ordered/disordered phase transition at 41.5°C.
In addition, the release profile of the small molecules
showed that drug loading and release rate also depended
on molecular weight and lipid membrane charge den-
sity. Therefore, proper design of thermosensitive lipid
membranes that enhances the interactions with the drugs
(e.g. enhancing diffusivity) represents another approach
to localised deliver of small molecules in a precisely con-
trolled manner.

Figure 5. Schematic of different nanostructures as oriented onto
solid substrates as lipid composition and environmental condi-
tions change. This highlights the potential of using lipid film trans-
formations for actuated surface-based cellular delivery. The diffu-
sion of biomolecules is enhanced from1D in lamellar phases to 3D
in bicontinuous cubic phases by substrate hydration at 37°C. The
phase transitions are reversible demonstrating the equilibrium
nature of these systems. Reprinted by permission of the publisher
(John Wiley and Sons) [15].
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2.3. Hybrid lipid-polymermembranes

Transport through lipid membranes is ubiquitous in
nature. Membrane proteins such as ion channels and
aquaporins mediate transport of ions and water, respec-
tively. However, the membrane itself contains mecha-
nisms that modulate and enhance passive transport. As
described above in the work of Lee et al. [14], coexistence
between multilayered lipid membranes with domains of
liquid disordered alkyl chains and liquid ordered states
leads to enhanced permeation of drugs through mem-
branes. Inspired by this observation we explored the
formation of membrane domains and associated perme-
ability by hybridising a lipid bilayer with an amphiphilic
block-copolymer [12,13,19].

Similar to lipids, amphiphilic block co-polymers
(BCP) have the ability to self-assemble in water into
spherical, lamellar, and cylindrical morphologies. When
hybridised in a single membrane, saturated phospho-
lipids and polymers partition into lipid-rich and BCP-
rich domains in the membrane plane [84,85]. Recently,
the Leal group showed, for the first time, that lipid-rich
and the BCP-rich domains align in complete registry
across films several microns thick when such hybrid

membranes are stacked [12] (Figure 6(A)). This colum-
nar organisation of domains makes this system phase-
separated in three dimensions. The domains can be
rather large yielding two distinct lamellar diffraction pat-
terns in X-ray scattering with a lipid-rich repeat spacing
of d = 5.6 nm and BCP-rich, d = 12.4 nm (Figure 6(B)).
The interfacial region between domains is rather wide
as well, and the domains display different mechanical
properties as it can be observed by AFM in phase mode
(Figure 6(C), consistent with the presence of polymer-
rich and lipid-rich areas.

Depending on the nature of the drug molecule, it
may accumulate in specific domains. For instance, Kowal
and coworkers [86] found that membrane proteins are
preferentially found in themore fluid regions of a hybrid-
polymer monolayer. They reported that tuning the com-
position of the polymer-lipid mixtures favoured suc-
cessful insertion of membrane proteins with desirable
spatial distributions (i.e. in polymer-rich or/and lipid-
rich regions). In our work, we found that paclitaxel is
preferentially located at the interface between polymer-
rich and lipid-rich domains [13,19]. Interestingly, the
3D phase separated domains enhanced the perme-
ation of hydrophobic paclitaxel molecules (Figure 6(D)).

Figure 6. (A) Schematic illustration of hybrid films for paclitaxel incorporation and delivery: lipid (red) and polymer (blue) domains. (B)
Radial average intensity versus q profiles of hybrid, lipid and polymer films. (C) AFMphase contrast image overlaid onto 3Dheight (topog-
raphy) image of hybrid films. Note the colour contrast between different regions, indicative of the presence of different domains. (D)
Cumulative release profiles of paclitaxel from the hybrid films. Reprinted (adapted) with permission from [12]. Copyright 2017 American
Chemical Society.
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Through a combination of transport studies, solid-state
NMR, andGI-SAXS, this synergistic effect was attributed
to lipid and BCP hydrophobic mismatch and alteration
of local packing of lipid alkyl chains due to the pres-
ence of BCPs. In other words, domain interfaces serve as
pathways for enhanced permeation [12,13,19]. In addi-
tion to enhanced permeation, it was found that paclitaxel
crystallisation within the lipid-BCP hybrid membranes
is significantly suppressed compared to the case of pacli-
taxel crystallisation embedded in lipid-only or polymer-
only membranes. This fact is biomedically crucial, and
we argue that it can be generalised towards various drug
delivery systems. Purposeful engineering of either phase-
separated domains within membranes, or assembly of
composite liquid crystal membranes could be a route to
suppress hydrophobic drug crystallisation and increase
permeation rates.

3. Lipid particles: lamellar and non-lamellar
liquid crystal phases for drug/gene delivery

In the previous sections, we discussed examples of bulk
and thin film LLCs with and without cargo adopting a
rich variety of structures. The carriers must be stable
suspensions of nanoparticles with sizes in the range of
50–100 nm for the majority of gene or drug delivery
applications. LLC nanoparticles are prepared in a variety
of ways depending on the type of LLC, the drug or gene
that needs to be encapsulated, and the required size. The
most popular LLC nanoparticle is the liposome which
derives from the bulk lamellar phase. Liposomes have
been used for the encapsulation and release of numerous

drugs and many liposomal formulations are currently on
the market [87]. The focus of this paper is to highlight
the importance of LLC nanostructures in terms of their
ability to deliver cargo to cells. Hence, we will not survey
the vast usage of liposomal applications and will narrow
the discussion to the particular case of liposomes used
for nucleic acid deliverywhere a relevant structural trans-
formation exists. Most bulk LLCs have been formulated
in a nanoparticulate form. Liposomes obtained from the
lamellar phase, hexasomes stemming from the hexago-
nal phase, and cubosomes (Figure 7) originating from the
3D bicontinuous cubic phase exemplify LLCs reported in
various gene and drug delivery applications [88].

3.1. Liposomes and lipoplexes

Liposomes are traditionally prepared by either sonica-
tion of a lamellar phase in bulk or extrusion, or both
[89,90]. The result is a closed spherical lipid membrane
with an aqueous interior with controllable diameters of
around 50–500 nm which are not thermodynamically
favoured but are temporally stable for long periods of
time before fusion and aggregation back into a bulk
lamellar phase. More recently, microfluidic approaches
based on nanoemulsion synthesis have proven to be a
useful method to achieve very small and monodisperse
liposomes, even when loaded with cargo [51]. As means
to increase shelf-life stability as well as circulation time
in blood, most liposomal formulations nowadays have a
lipid component that is covalentely linked to a polyethy-
lene glycol unit at the headgroup (PEG-lipid) [29,91].
Because of the structural resemblance between liposomes

Figure 7. Structure of three different lipid particles and their respective Cryo-EM images. (A) Schematic of a liposome and the correspon-
dent Cryo-EM image indicating a size of ca 100 nm in diameter. (B) Hexosome representattion and the correspondent Cryo-EM image of
a ca 200 nmparticle. The Cryo-EM data is reprintedwith permission from [88]. Copyright 2005 American Chemical Society. (C) Cubosome
schematics having a primitive bicontinuous cubic structure enclosed by a single lipid leaflet, where yellow represents the midplane of
the lipid bilayer and blue the water channels. A single unit cell is also represented to the right of the cubosome schematic. The Cryo-EM
shows a ca 100 nm cubosome. Reprinted with permission from [21]. Copyright 2018 American Chemical Society.
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and cell membranes, they are widely used as model sys-
tems [92] in addition to drug and gene delivery. Owing
to their LC nature, liposomes are responsive to external
stimuli such as humidity, temperature, pressure, or even
ultrasound [23].

Unlike most small drug systems, upon addition of
DNA or even very short siRNA molecules, strong elec-
trostatic and entropic (counterion release) interactions
lead to a transformation from a single membrane vesicle
into a multilayered structure (Figure 9(C)). These parti-
cles are designated as lipoplexes, referring to the inter-
action between cationic liposomes with nucleic acids.
Such layered structure is composed of lipid bilayers sep-
arated by bulk water where a single layer of nucleic acid
is located, constituting a lipid-nucleic acid ‘sandwiched’
lamellar structure.When the nucleic acid is long enough,
DNA organises itself as in the smectic phase with a LC
director orthogonal to that of the lipid lamellar phase
[7,11,20,25,27,28]. Reviews of lipoplexes for gene deliv-
ery can be found in [24,93]. Lipoplexes (overall posi-
tive charge) exhibit significantly higher transfection effi-
ciency than other carriers (e.g. anionic liposomes) [11].
The development of lipoplexes with low cytotoxicity is
highly important, which arises in lipoplexes by virtue
of the cationic lipid component of the complex [50].
The synthesis of degradable cationic lipids that contain
a disulfide bond spacer between the headgroup and the
lipophilic tails is a clever strategy to cleave the lipoplexes
in the reducing environment of the cytosol and thus
decrease cationic lipid toxicity [27].

3.2. Cubosomes and cuboplexes

As mentioned above, the lipid bicontinuous cubic phase
can be expressed as an infinite series of periodic minimal
surfaces (gyroid, diamond, or primitive), which divide
the space into two separated water channels (see Figure 1
for a schematic representation of the gyroid). Tradition-
ally, the gyroid phase is present at lowwater content while
the diamond phase occurs at highwater content [94]. The
Leal lab pioneered the stabilisation of highly ordered 3D
bicontinuous of any desired space group in excess water
by the incorporation of cationic and PEGylated lipids
[95,96]. In addition, unit cell dimensions can be mod-
ulated from 15 to 70 nm by controlling lipid additive
composition and processing conditions. The cubic phase
possess several structural advantages –including mem-
brane elasticity with fusogenic properties, i.e. the ability
to facilitate membranes fusion- that make them attrac-
tive for gene and drug delivery. In addition, cubic phases
occur in biological membranes across all biological king-
doms, in particular, in membranous processes related
to pathophysiological conditions. An exhaustive review

with examples of cubic phases in biological membranes
can be found in [3].

Analogously to liposomes, cubosomes are nanoscale
suspensions derived by a bulk cubic phase (Figure 7).
Firstly identified during fat digestion [97] and later
described with respect to their physicochemical proper-
ties [98], cubosomes have received enormous attention
in the past years [99,100]. They can be synthesised in
various forms but, unlike liposomes, their stabilisation
in aqueous solutions traditionally requires high temper-
ature homogenisation of their bulk phase in the presence
of a stabiliser (pluronic polymers) [88]. This procedure
is problematic when cubosomes are intended to serve as
carriers for easily degradable biomolecules. A paramount
breakthrough in cubosome preparation was the discov-
ery that (i) a judicious choice of lipids matching a region
in the bulk-phase diagram can be found where the cubic
phase is prevalent and (ii) that the incorporation of a
PEGylated lipid allows the formation of cubosomes in
exactly the same way as liposomes are produced. Ultra-
chilled mild sonication leads to the stabilisation of highly
ordered nanoparticles with 3D bicontinuous internal
structure which is very amenable to the incorporation of
sensitive biomolecules such as siRNA [22]. Most impor-
tantly, the system is perfectly biocompatible since the sta-
biliser is no longer a toxic pluronic polymer. Instead, the
samePEGylated lipid used in clinically viable stealth lipo-
somes suffices to provide self-life (and blood circulation)
stability. Other studies have suggested milder bottom-up
preparation routes, instead of homogenisation or soni-
cation of the bulk-phase. Bottom-up approaches utilise
volatile solvents to solubilise the lipids that are then
added drop-wise into bulk water. Owing to the low sol-
ubility of lipids in water, nanoprecipitates are formed
and their size can be controlled by volatile solvent/water
mixing rate. Upon volatile solvent extraction, the nano-
precipitates develop as cubosomes suspended in water
[101]. However, the process gives rise to polydisperse
and large size cubosomes due to the bulk-scale nature of
mixing volatile solvents and water.

Recently, the Leal lab devised the first microfluidic
synthesis of cubosomes which uses the principles of
nanoprecipitation but at the scale of the miniaturised
volumes contained in microfluidic chaotic mixers. The
result is a strikingly uniform, well-ordered solution of
cubosomes with record small sizes of around 75 nm [21].
Upon complete removal of the volatile solvent, siRNA
was successful incorporated within the water channels of
the cubosomes. Cryo-EM images of cubosomes do not
permit observation of siRNA, but modifying siRNA with
a small gold nanoparticle is a strategy to increase contrast,
thus revealing loaded nucleic acids within the cubosome
water channels (Figure 8). To the best of our knowledge
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Figure 8. siRNA loading. (A) and (C) Cryo-EM images of cubosomes having (A) siRNA and (C) siRNA–gold nanoparticles conjugates.
siRNA–gold nanoparticles conjugates provide much higher contrast to locate siRNA molecules within the cubosomes. (B) and (D) 2D
electron density maps of selected boxes (70× 70 nm) shown in (A) and (C) (red for low and blue for high electron density). (B) The well-
ordered lipid membrane (green colour) is forming a square lattice aligned in the [102] direction. The red colour in the map represents
less electron dense regions, the water channels. On the other hand, (D) shows additional blue and purple regions (high electron density)
corresponding to gold nanoparticles locations and hence the approximate siRNA location. This is a direct proof of siRNA incorporation
into a cubosome. Schematics of cuboplexes are also shown in the middle of the figure. Reprinted with permission from [21]. Copyright
2018 American Chemical Society.

this is the first direct observation of a cubosome success-
fully loaded with a nucleic acid, prompting the Leal lab
to give cubosomes incorporated with siRNA the name
of cuboplexes. Indeed, the encapsulation of nucleic acids
into cubic phases, which are rather rigid and rod-like, is
not straightforward. DNA tends to pack end-to-end and
become incorporated with molecules as short as 11 base-
pairs into cubosomes, leading to the transformation of
a cubic phase into a hexagonal structure [26]. For the
case of siRNA, packing end-to-end, is not ideal and even
though typically molecules have between 20 and 30 base-
pairs, their inclusion in cubic phases of different sym-
metry groups is possible [10,15,18,21,22,24,50]. This is
achievable under the constraint of keeping the amount of
cationic lipid significantly lower compared to the cubic-
phase forming lipid. Increasing the cationic charge den-
sity of the cubic phase while keeping the composition of
cationic lipids low is attainable by using lipids that carry
multiple charges in the headgroup. Leal and cowork-
ers [18] reported the synthesis of bicontinuous cubic
phases using pentavalent cationic lipids. As expected, the
incorporation of siRNA within small cubosomes is also
very sensitive to the route of assembly. For example, as
described above, microfluidic synthesis of liposomes and
lipoplexes containing siRNA was successfully employed

to produce small and monodisperse nanoparticles [51].
In this case, siRNA was uploaded upstream at the aque-
ous phase inlet of the microfluidics device. Interestingly,
cuboplexes could not be produced in the same manner.
Cubosome formation hinges on the ability of particles in
the nanoemulsion to fuse during flow. The presence of
siRNA during this process hinders fusion and the resul-
tant cubosomes are significantly less ordered. For this
reason, siRNA encapsulation downstream after complete
evaporation of the volatile solvent is preferred. Sensitivity
to processing conditions in cubosome and cuboplex for-
mation is to be expected. Analogous to liposomes, these
LLCs nanoparticles are not equilibrium forms, and exist
as kinetically trapped systems.

Cuboplexes exhibit remarkable siRNA delivery effi-
ciency and specific gene knockdown compared to con-
ventional lipoplexes (Figure 9) at low membrane charge
densityσM, demonstrating that high delivery efficiency is
not controlled by membrane charge density. This is rel-
evant to biomedical applications because cationic lipids
are usually the source of toxicity in lipid nanoparticles. As
an example, gene expression was significantly decreased
when cuboplexes were used to encapsulate an siRNA
sequence targeting luciferase. The amount of siRNA in
lipoplexes and cuboplexes is comparable, thus the effect
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Figure 9. Gene silencing cuboplexes. (A) Luciferase gene knock-
down in HeLa-Luc cells of cuboplexes (green bar) and lipoplexes
(red bar) at different charge ratios. For cuboplexes, the max-
imum knockdown efficiency was of 73.6% versus 35.8% from
lipoplexes. (B) Membrane integrity test of HeLa-Luc cells when
incubated with cuboplexes and lipoplexes. (C) Representa-
tive Cryo-EM images of a lipoplex and a cuboplex. Reprinted
with permission from [21]. Copyright 2018 American Chemical
Society.

is not related to higher siRNA concentration. We are
currently investigating the potential mechanisms associ-
ated to these results, but we have indications suggesting
that the main process of cellular uptake is endocytosis
[15]. The use of endocytosis inhibitors allude to the idea

that cubic phases possess higher endosomolytic proper-
ties (i.e. enhanced capability of escaping the endosome)
than LLCs in the lamellar structure.

3.3. Hexagonal phase

Bulk 2D hexagonal structures both with and without
embedded nucleic acids have been extensively studied.
Aqueous suspensions of the 2D hexagonal phase, i.e. hex-
osomes (Figure 7), have been reported [88] but their use
as nanocarriers [102] has received much less attention,
particularly for nucleic acid delivery. Bulk 2D hexago-
nal phases can be either of the normal type (i.e. lipid
tubes with fatty interiors assembly into a 2D hexagonal
lattice with DNA [9,103]), or of the inverse type (i.e. the
tubes are aqueous on the inside havingDNA inserted and
fatty alkyl chains point outwards [8,11]). The stabilisation
of the normal hexagonal phase in lipids is only possi-
ble for a small selection of molecules with rather large
headgroups. As a result, most reported lipid hexagonal
phases (with and without cargo) are of the inverse type.
This is also the case for hexosomes. Even when nanoscale
hexosomes loaded with DNA or siRNA have not been
directly reported, the bulk inverted hexagonal phase has
been utilised to deliver siRNA in very dilute conditions
[104] and DNA [105] to cells. It is postulated that under
these conditions particles in solution resemble the struc-
ture of the bulk phase, however large and polydisperse.
The internalisation of the hexagonal phase in the cytosol
appears to be independent of charge density σM, and
exhibits high transfection efficiency [11] and gene silenc-
ing [104]. It has been suggested that hexagonal phases
rely on direct fusionwith the plasmamembrane to release
their payload, instead of endocytosis [105,106]. This sug-
gests a distinctly newmechanismof action for these lipid-
nucleic acid complexes. Since the hexagonal phases tend
to form tubular symmetric structures (i.e. pore-like struc-
tures), it would be possible for these structures to rapidly
fuse with cellular membranes through pore formation
even before the endocytosis process occurs. The latter
could explain the cytotoxic effects observed of hexagonal
phases [104] compromising the integrity of the cell mem-
brane. Nevertheless, one may take advantage of the ultra
fusogenic nature of the hexagonal phase if its onset is trig-
gered after another less toxic LLC structure is internalised
via endocytosis. For instance, Leal and coworkers [26]
found that temperature modulation allows controlling
the length of linearly stacked DNA, inducing reversible
structural transitions from inverse hexagonal phases to
cubic phases. Therefore, hexagonal phases could either be
temporarily induced, or a combination of phases could
be used to modulate the internalisation into the cytosol
without compromising cytotoxicity.
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3.4. Summary of LLC structures and their
interaction with cells

Intracellular delivery of molecular therapeutics is a cell-
dependent process. In this sense, outcomes on matter-
cell interactions in the past years have influenced the
rational design of nanocarriers. Chan and coworkers
[107] illustrate the three generations of nanomedicine
engineering, highlighting the nano-bio interaction as
a critical aspect of successful therapeutic internalisa-
tion. The first generation consisted in basic nanomate-
rials to address drug delivery and safety issues, the sec-
ond generation improved surface modification (biocon-
jugation), and the third generation consisted in ‘smart’
environment-responsive nanomaterials [108]. We would
like to expand this generation of materials for therapeu-
tic internalisation into the cytosol by including materi-
als whose internal structure plays a pivotal role in the
cell-carrier interaction and hence internalisation.

Lipid-based lyotropic liquid crystals are increasingly
pertinent as potentially safe delivery systems and the
main cell internalisation mechanism is endocytosis.
Depending on physicochemical properties the endocy-
tosis pathway is different [38,109] and we argue that dif-
ferent nanostructures may activate specific endocytosis
pathways too [15]. Figure 10 depicts a schematic repre-
sentation of the different proposed mechanisms for the
interaction of each LLC structure, loaded with a nucleic
acid, with cells. Lipoplexes which derive from the bulk

lamellar phase have optimal performance at a narrow
range of membrane charge density σM . The membrane
charge density σM is a predictive parameter of delivery
efficiency [106].

The Bell curve [106] for lamellar and non-lamellar
lipid particles categorises LLC structures into three
regimes. In the regime I, at high σM lipoplexes readily
fuse with the anionic endosomal membranes, facilitat-
ing the release of the complexes into the cell cytoplasm.
However, high cationic lipid content imposes critical
cytoxicity. In regime II σM is low, there are no toxicity
effects but the electrostatic power of the lipoplex to fuse
and burst out of the endosomal membranes is too weak,
resulting in lipoplex degradation upon the endosome-
lysosome pathway. In the regime III, σM is just large
enough to fuse with and escape the endosome but not
too large to prevent complex dissociation upon cell entry
or raise cytoxicity. Hexagonal phases seem to directly
interfere with the plasma membrane to release their pay-
load without using endocytosis, resulting often times in
undesirable toxicity. Cuboplexes, which stem from bulk
bicontinuous cubic phases, are synthesised with very low
cationic lipid content. In this case, cuboplexes (and cubo-
somes) fuse with endosomal membranes to release their
payload in a σM -independent manner. Due to the neg-
ative Gaussian curvature, Helfrich membrane elasticity
theory [72] predicts that the cost of fusing a 3D bicon-
tinuous cubic bilayer with an endosomal membrane is

Figure 10. A schematic representation of the cellular pathway and transfection mechanisms of different lipid-nucleic acid complexes.
Due to its pore-like nature, the hexagonal phase, fuses directly with the cell membrane, crossing it rapidly avoiding endocytosis, but
leading to cytotoxic effects. On the other hand, both, the lamellar and the cubic phases, enter the cell mostly via endocytosis. Lamellar
phase toxicity depends onmembrane charge density (regime I and II) while the cubic phase endocytosis does not depend onmembrane
charge density and does not present cytotoxic effects (regime III). Adapted with permission [20]. Copyright 2016 Elsevier.
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considerably lower compared to a parent lipoplex (i.e.
positive Gaussian curvature).

4. Outlook

The objectives of this review on lipid-based liquid crys-
talline structures are: (1) to collect and categorise recent
findings in lamellar and non-lamellar lipid films and par-
ticles for the delivery of small molecules, (2) to display
some beneficial and adverse effects of using lipid crys-
tal phases as nanocarriers, and (3) to lead to the design
of optimal lipid phases for drug and gene delivery that
take into account material structure. First, the delivery of
small molecules and nucleic acids into the cells requires
the use of nanocarriers to lower drug/gene degradation
and off-target toxicity, and to enhance accumulation at
the required cite. In this paper, we focus on how physical
aspects of drug and gene carriers are powerful modula-
tors of their interactions with cells. Many studies focus
on nanoparticle size. Here we expand on a new phys-
ical parameter which is the effect of nanostructure of
lipid-based nanoparticles (liposomes and non-liposomal
formulations) in their ability to efficiently release their
payload. The amphiphilic nature of lipid molecules and
their self-assembly capabilities provide a plethora of liq-
uid crystalline phases thatmay be exploited for the design
of novel nanocarriers. Both, lamellar and non-lamellar
phases (layers, hexagonal and cubic phases) can be pre-
pared as supported films as well as as particles in solu-
tion. Supported lipid phases allow flexibility in the design
of lamellarity and localised cargo release. On the other
hand, lipid particles allow improved delivery efficiency
and lower cytotoxity. Finally, we hope for future research
to focus on better understanding the mechanisms of
endosomal escape, interactions between lipid-based liq-
uid crystalline phases with different small molecules
(hydrophobic, hydrophilic, amphiphilic) and substrates
(for substrate-mediated films), and moreover, on taking
advantage of the variety of phases found in lipid-based
liquid crystals for the development of safe and smart
drugs that can be easily modulated to internalise cargo
into the cytosol in a spatiotemporally controlled man-
ner. In this regard, an open question and challenge for
future generations lingers: can lipid-based lyotropic liq-
uid crystals enter the cytosol in a non-toxic, endocytic-
independent manner? This could benefit the delivery of
cargo to promising cell types that do not tolerate endocy-
tosis such as certain types of cells of the immune system.
For the promise of intelligent nanocarriers to be fulfilled,
matter-cell interactions must be greatly investigated tak-
ing into account not only composition, surface modifi-
cation, targeting, and size/shape but also structure at the
nano and meso-scale.
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