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ABSTRACT: Soft, rotationally symmetric particles of dispersed hexagonal liquid crystalline phase are produced using a method
previously developed for cubosome microparticle production. The technique forms hexosome particles via removal of ethanol
from emulsion droplets containing monoolein, water, and one of the various hydrophobic molecules: vitamin E, hexadecane,
oleic acid, cyclohexane, or divinylbenzene. The unique rotational symmetry of the particles is characterized by optical
microscopy and small-angle X-ray scattering to link particle phase, shape, and structure to composition. Rheology of the soft
particles can be varied independently of shape, enabling control of transport, deformation, and biological response by
controlling composition and molecular structure of the additives. The direct observations of formation, and the resultant
hexosome shapes, link the particle-scale and mesoscale properties of these novel self-assembled particles and broaden their
applications. The micron-scale hexosomes provide a route to understanding the effects of particle size, crystallization rate, and
rheology on the production of soft particles with liquid crystalline structure and unique shape and symmetry.

■ INTRODUCTION

Molecular self-assembly by amphiphilic materials such as block
copolymers,1 surfactants,2 peptides,3,4 and lipids is a broadly
applicable technology that enables active delivery5 as well as
the creation of hierarchical structures6 and advanced
materials.7 Liquid crystalline phases, for example, form
spontaneously at moderate and high concentrations of
amphiphiles in water and other polar solvents,8 and their
underlying crystalline symmetry and mesostructure create a
unique viscoelastic matrix9 that can solubilize hydrophobic,
hydrophilic, and amphiphilic molecules to significant levels.10

Although bulk liquid crystalline materials are of interest for
many applications, some uses require the self-assembled
structures to be in a particulate form. Fortunately, a number
of amphiphiles that form liquid crystals also have a low water
solubility. The resultant two-phase coexistence that occurs at
high dilutions11 enables formation of dispersed nanostructured
particles of liquid crystal12 that can be sterically stabilized for
wide use.13,14 Examples include dispersed lamellar phases, or

liposomes,15 fragmented bicontinuous cubic phases, or
cubosomes,12 and particles of hexagonal liquid crystalline
phase, known as hexosomes.16

Nanostructured particles have biocompatible structures that
are a key step in biological mechanisms such as digestion and
nutrient delivery,17 holding much promise for controlled
delivery of therapeutic molecules.18 Recent work on nano-
medicine delivery19 and phagocytosis of particles20 has
highlighted the importance of nanoparticle and microparticle
shape to the specificity and robustness of particle-based
delivery methods. We seek to combine the benefits of particle
shape with the enhanced performance of nanostructured
materials, but the control of particle shape in liquid crystalline
systems has not been studied in great detail. One reason for the
lack of activity is the difficulty in direct observation of liquid
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crystalline nanoparticles, as the observation of these objects
requires cryo-transmission electron microscopy (cryo-TEM),
studies that require expensive infrastructure and are inherently
limited in the number of particles that can be studied. One
solution is to increase the length scale of liquid crystalline
particles, allowing study via simple optical microscopy methods
and greatly increasing the versatility for observation.21

We recently showed the ability of micron-scale cubosomes
to form a wide range of faceted soft particle shapes, depending
on crystallization rate and the properties of solvent and
additives.21 The ability to form such particles, using a simple
emulsion precursor process,22 holds promise for controlled
production of liquid crystalline particles with complex shapes,
for example via microfluidics. The same approach should be
feasible to study hexosome particles, provided the phase
transition from cubic to hexagonal liquid crystalline phase can
be incorporated into such a process. Hexosomes and hexagonal
phase have been shown to be superior to bicontinuous cubic
phase at inhibiting release of solubilized drugs,23 and their
inherent rotational symmetry offers a unique approach to form
particle and colloid shapes with advantages in surface
deposition and active matter.24 Increased study and ease of
use will be instrumental in expanding such applications.
Phase transition from cubic to hexagonal phase can be

triggered by increasing temperature,2,25−27 adding hydro-
phobic molecules28−30 and changing pH.31,32 These conditions
increase the effective volume of the hydrocarbon of the
amphiphile, increasing the critical packing parameter and
transforming the contorted bicontinuous amphiphile bilayers
to hexagonally packed cylinders,25 as shown in the schematic in
Figure 1a. As a result, hexosomes can be made using the same
mechanism that causes such phase transitions in bulk liquid
crystals.
Hexosomes made in previous work were all nano-

particles,28,33−35 requiring specialized microscopy techniques
for direct observation. Two-dimensional cryo-TEM36 and
atomic force microscopy37 images suggest that hexosomes
mainly form as either flat disklike hexagonal prisms (Figure
1b), or spherical shapes, but three-dimensional character-
ization is limited with such techniques.38 Cryo-scanning
electron microscopy (SEM) imaging39 showed that some
hexosomes can adopt a shape resembling a spinning top, a
short cylinder capped at both ends by a cone, as shown in
Figure 1c. Related biconical shapes with a central raised spine
structure were also noted39 and are shown as a schematic in
Figure 1d, but multiple mesostructures have been proposed to
explain the different shapes of particles with an underlying
hexagonal symmetry.
Amphiphilic lipid hexosomes forming flat prisms were

thought to form from hexagonally packed cylindrical micelles
aligned perpendicular to the largest face.36 Monoolein spinning
top shapes were explained as cylinders aligned along their long
axis,39 similar to the proposed structure of unit cells in
biconical single crystals of precipitated silicate.40 Chromonic
liquid crystal particles can also exhibit biconical shapes, despite
having different rheology and building blocks from hexosomes,
but were proposed to result from hexagonal columns curled
around the central symmetry axis.41 Similar structures were
directly observed in biconical block copolymer particles, with
SEM images showing hexagonally packed cylinders wrapped
around the central symmetry axis.42 Bulk hexagonal phase
insights also help explain the ordering in hexosome particles.
The radial confinement length scale, r, of hexagonal phase

structures in cylindrical capillaries was recently found to affect
the transition between cylindrical micelles aligned with the
mesostructure long axis, for r > 0.2 mm, and cylindrical
micelles bent around the long axis, for r < 0.2 mm.43

We are interested in more closely studying hexosome
production above micron length scales to better understand
how to control their shape and broaden applications. Larger
hexosomes may also improve reservoir and controlled release
properties, as the liquid crystalline phase diffusivity is too high
for good performance of particles with nanoscale dimensions.44

One promising route to using hexosomes as delivery vehicles is
via enzymatic degradation of precursor emulsion droplets,26,45

so developing improved physical models of shape control will
enable improvement and optimization of such applications.
Here, emulsion droplet precursors, containing ethanol and

monoolein, are created, with varying amounts of either vitamin
E, hexadecane, oleic acid, cyclohexane, or divinylbenzene
(DVB) guest molecules46 and dispersed into an aqueous
continuous phase. The droplets transform into hexosomes
following removal of ethanol,21 as confirmed by small-angle X-
ray scattering (SAXS). The micron-scale hexosome particles
tend to have underlying hexagonal symmetry,39 though can
exhibit significant variations in overall shape and proportions.
Optical study indicates particle mesostructures are the cause of
the shape variations and can be controlled by, for example,
emulsion droplet size and levels of hydrophobic additives. The
direct observations of formation, and the resultant hexosome

Figure 1. (a) Schematic of change in microstructure during transition
from cubic to hexagonal phase; (b) hexosome shape and length scale
observed by cryo-TEM;36 (c) spinning top and (d) biconical shapes
observed by cryo-SEM;39 (e) molecular structure of the amphiphile
and additive chemicals used in the formation of hexosomes.
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shapes, link the particle-scale and mesoscale properties of these
novel self-assembled particles. Given the potential for soft
particles to enable unique control of self-assembly and
biological interactions, we are particularly motivated to
understand the mechanisms by which the shapes and
mechanical properties47−49 of such particles can be controlled
in simple, scalable flow,21 and mixing processes.22

■ MATERIALS AND METHODS
Commercial grade monoolein, Dimodan MO90K, was obtained from
DuPont Danisco (Botany NSW, Australia). Ethanol (99%) and
cyclohexane (99%) were purchased from Chem-Supply (Australia).
Vitamin E (α-tocopherol, 96%), DVB (80%), hexadecane (99%), and
oleic acid (90%, in the acid form at the pH of all hexosome samples)
were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Commercial vitamin E (Blackmores, Australia) was also used and
contains structural isomers, unsaturated tocotrienols, and α-
tocopherol.50 Microfibrillated cellulose (MFC) was purchased from
Wong Coco (Jakarta, Indonesia). All chemicals were used without
further purification. Ultrapure water with a resistivity of 18.25 MΩ cm
was obtained using a Sartorius ultrapure water purifier.
Hexosomes were formed by combination of a precursor solution

and a diluting solution. All precursor solutions contained monoolein
and ethanol with a weight ratio 1:1 and a desired amount of additives.
The amount of additive is reported as a mass ratio of additive to
monoolein. All experiments were carried out at 25 °C.
Initially, 0.02−0.2 mL of precursor was injected with a syringe into

3.5 mL of a diluting solution containing water, ethanol, and 0.1% w/w
rheological modifier, MFC, that adds a yield stress to the fluid and
allows three-dimensionally symmetric particle formation from
droplets. The MFC is used only to immobilize the droplets and
resultant particles, preventing coalescence and aggregation and
enhancing microscopy accuracy. The cellulose fibers are much larger
than the hexosome mesostructure, with fibers typically 5−10 μm in
length. As the pure cellulose material is insoluble in water, we see no
effect on the phase behavior during control experiments, in agreement
with our previous work that found no structural changes caused by
MFC during cubosome formation.21 The ethanol concentration in the
diluting solution was 25% v/v. Mixing the two solutions forms
emulsion droplets that are then transformed into hexosomes by
evaporation of ethanol from the suspension at a rate of 2.3 mg/min.
These concentrations provided both the necessary driving force
magnitude and a sufficiently slow rate to produce well-formed
particles, as we found in our previous work on cubosome formation.21

All particle formation experiments were carried out with samples in
an open Petri dish with a liquid height of 4 mm and a free surface area
of 9.6 cm2 to facilitate evaporation of ethanol and induce liquid crystal
formation. The sample was held at constant T = 25 °C and relative
humidity = 60% in a static environment during the transition process
from droplets to particles. Time-dependent microscopic observations
were performed by sampling from the Petri dish containing the
suspension. Once the desired shapes were formed, the suspending
yield stress matrix was diluted to allow easy particle recovery.
Microscopy observations were conducted on a Leica DM2500M

optical microscope with a Leica N PLAN 10× EPI objective lens 10/
0.25, and all images were recorded using a Moticam 10 MP digital
camera. Micrographs shown here portray shapes representative of
dispersions of more than 100 particles in a sample, and all image
analysis of shape was performed using ImageJ.51 Polarizing
microscopy texture analysis is a primary tool for studying liquid
crystalline phases that are optically anisotropic and birefringent. The
liquid crystals can split an incoming light beam into two components,
one of which can pass through an analyzer that is crossed relative to
the polarizer, making the sample appear bright. Transmitted light
intensity changes with sample orientation relative to the polarizer and
the colorful patterns indicate interference of the split light.52 In the
hexagonal phase, specific birefringence textures indicate certain
molecular packing and defects of microstructure.53,54

Synchrotron SAXS was used to identify the liquid crystalline
structures responsible for larger-scale symmetry and faceting of all
particles produced here. Samples were sealed into flat quartz cells
mounted vertically on a remotely operated X−Y−Z translation stage
at a temperature of about 25 °C at the Australian Synchrotron SAXS/
wide-angle X-ray scattering beamline55 and exposed to an X-ray beam
with a wavelength of 1.12 Å, energy 11 keV, with a sample-to-detector
distance of 1034 mm. The setup provides a q range from 0.018 < q <
1.02 Å−1, where q is the magnitude of the scattering vector, defined as
q = 4π/λ sin(θ/2), λ is the radiation wavelength, and θ is the
scattering angle. Two-dimensional, spatially resolved SAXS patterns
were collected using 100 μm steps on the translation stage, with a 1 s
acquisition at each position. A Pilatus 1 M detector with an active area
of 169 × 179 mm2, and a pixel size of 172 μm, was used for
acquisition. The two-dimensional SAXS patterns were then integrated
into a one-dimensional scattering function I(q) using ScatterBrain
Analysis software.56 The phase type is identified by correlating q
values of the peaks with Miller indices (hkl) for known liquid
crystalline phases, and the ratio 1 : 3 : 4 corresponds to
hexagonal phase (p6mm). Lattice parameters, a, the repeat distance
of the microstructure, are calculated using the equation

π= + +a h k hk q4 / 3 hk
2 2 .57

Rheological characterization of bulk liquid crystalline phases was
performed using a DHR-1 rheometer from TA Instruments using an
oscillatory stress sweep at a constant frequency of 1 Hz. A 40
mm cone and plate geometry with 2 degree angle was used for all
measurements and a solvent trap was used to avoid evaporative losses.
Elastic modulus is measured as the plateau value attained at low
stresses in the linear viscoelastic regime.

■ RESULTS AND DISCUSSION
Micron-scale hexosomes were made using a previously
developed droplet precursor method,21 with the addition of
various hydrophobic additives, vitamin E, DVB, hexadecane,
and oleic acid (Figure 1e), that ensure formation of inverse
hexagonal liquid crystalline phase. Emulsion droplets are
formed by dispersion of the precursor solution into an
aqueous yield stress continuous phase, trapping the droplets
and enabling their three-dimensional transformation into liquid
crystalline particles. Figure 2a,b shows optical microscopy

images of polydisperse hexosomes formed by this method. The
particles have a wide size range that is set by the starting
precursor emulsion droplet size distribution, allowing
hexosomes to be produced with diameters from at least 1−
100 μm. Three-dimensional drawings are also included in
Figure 2a, indicating the types of shapes formed during the
droplet phase transition. In all of our experiments, we typically
see a mixture of both spinning top and bicone shapes. The
evolution of these shapes as ethanol is removed is the result of

Figure 2. (a) Optical micrograph of multiple hexosomes formed using
the droplet precursor method along with drawn three-dimensional
representations of the particle shapes. (b) Details of the circular ridges
formed on some hexosomes are visible here, aiding in visualizing their
three-dimensional forms.
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the phase transition from isotropic droplets to hexagonal liquid
crystalline phase.
The transition process from droplet to hexosome is shown in

Figure 3, with adjacent brightfield and polarized light images

indicating, respectively, shape and structural change. The initial
emulsion droplet is spherical and isotropic under polarized
light, as it is unstructured and interfacial tension dominates
droplet rheology in determination of shape. In Figure 3b, 63
min after the droplet precursor is made, the appearance of
birefringence indicates that the hexagonal phase starts to form,
and the shape shows a small change to a more anisotropic
form. As ethanol continues to evaporate, vertices grow and
become sharper with time, and birefringence becomes more
intense, indicating that an increasingly ordered microstructure
is crystallizing.58 After about 3 h elapsed time, the shape now
has striking rotational symmetry about a clearly visible central
axis core, as shown in Figure 3a−f. As growth continues, the
surface becomes more non-uniform as the particle rheology
becomes increasingly elastic, but the circular ridges visible
indicate that the particle maintains rotational symmetry. The
hexosomes in Figure 3 are not entirely consistent with past
observations of nanoscale hexosomes, which are flat disklike
hexagonal prisms, Figure 1b, or spherical shapes, but are
similar to the spinning top shape with a spine observed via
cryo-SEM (Figure 1c,d).39 The larger-scale hexosomes made
here are more easily observed from different orientations via
optical microscopy because of their larger size, providing
additional information to electron microscopy studies.
After forming their initial shape from the precursor droplets,

the hexosomes continue to change shape but their longer axis
is still smaller than the diameter of the initial precursors, as
shown in the comparison in Figure 3j−l. The droplet volume
decreases as ethanol diffuses from the droplet to the
continuous phase, and the volume of droplet as a function of
time is calculated from the microscopy images in Figure 3 and
plotted in Figure S1. During the first 76 min, the decrease in
volume is small, so it is not obvious in Figure 3j−l. After that,

the volume decreases more significantly. At longer times,
Figure 3g−i, the particle grows longer along the symmetry axis,
increasing particle aspect ratio with time and decreasing the
angle at the conical apex. Comparing shapes at longer times in
Figure 3m−o with the droplet precursor, the hexosome grows
outside the initial precursor boundary at both ends of the
central axis, while the diameter perpendicular to the long axis
decreases. Figure S1 shows a decrease in the volume of particle
from about 5 h.
Shape evolution of the hexosomes can continue if the

hydrophobic additive molecules are permitted to diffuse out of
the particles along with the ethanol. In Figure 3, DVB is more
soluble in the surrounding aqueous environment and more
volatile than the monoolein, enabling it to leave the particle
and eventually evaporate, consistent with past work on loss of
volatile solubilized additives from liquid crystals.59 At long
times, most of the DVB is lost, as is the initial liquid crystalline
phase of the hexosomes, indicated by the disappearance of the
particle birefringence in the polarized light images in Figure
3g−i. In Figure 3i, the particle has transformed into a
bicontinuous cubic phase after significant loss of the
hydrophobic molecule additive to attain or fall below the
phase boundary at nDVB = 0.04. The increased volume may be
the result of water entering the particle and further swelling the
phase, Figure S1. Growth of large hexosomes from droplets is a
way to create particles with unique shapes, and a central aspect
of the process is particle mesostructure and its control by
additive levels.
Figure 4a−c examines the shape, using microscopy images,

and structure, using SAXS, of hexosomes formed at different
initial weight ratios of DVB to monoolein, nDVB. All particles
possess a partial or complete hexagonal liquid crystalline
structure, as seen in Figure 4a−c. Additional microscopy
images of particles with the same nDVB are shown in Figure S2.
For the two extreme DVB levels, the birefringence is markedly
different to the ordered middle example, indicating that
although the system is mostly hexagonal and anisotropic, the
hexagonal regions are slightly disordered or multidomain. In
contrast, the middle example is highly symmetric in its color
arrangement and likely an example of a monodomain of
hexagonal phase. When nDVB = 0.2, Figure 4a, microscopy
indicates that the particles are nonspherical, with rounded
corners and wrinkles at their surfaces, indicative of a biconical
shape but without the distinct rotational symmetry seen in
Figure 3e−h. However, the birefringence shown by the
particle, and the SAXS result in Figure 4a, both indicate the
formation of hexagonal phase at this composition.
A partial phase diagram of DVB−monoolein with different

weight ratios of water and ethanol is shown in Figure 4d,
mapping the range of compositions over which the hexosome
particles can stably form. Although we focus here on the
formation of particles by a kinetic process of solvent removal,
the particles shown are often not the final, long-time state of
the system. Simulations have shown, however, that the full
equilibrium sequence of phase transitions is observed in such
processes, so we expect the phase diagrams to be of use in
describing the process.60 During the transition from emulsion
droplets to hexosomes, the process is represented by a path
from the point of initial concentration to the hexosome region,
moving toward the lower left of the phase diagram, as ethanol
and DVB both leave the system and their concentrations
decrease. At a low nDVB of 0.2, ethanol can change the system
from hexagonal (H2) to cubic phase (Q2). When nDVB = 0.2, in

Figure 3. Transition process from droplet to hexosome for an initial
weight ratio of DVB to monoolein nDVB = 0.6: (a) 36, (b) 63, (c) 66,
(d) 76, (e) 138, (f) 186, (g) 263, (h) 381, and (i) 520 min; the left
image is under bright field and the right is under polarized light;
comparison of droplet precursor with particles formed at (j) 66, (k)
76, (l) 186, (m) 263, (n) 381, and (o) 520 min from left to right;
particles are shown in green, droplet precursor is in red, and the
overlapping part is in yellow. Hydrophobic molecule is DVB. Scale bar
is 50 μm.
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the transition from emulsion droplets to particles, the
composition passes through a cubic phase region and then
goes down to hexagonal phase. Therefore, cubosomes may
form at an early stage of the transition and then transform to
hexosomes. These cubosomes are unnoticed during our
observations, possibly because they are not birefringent and
only exist for a short time. However, as cubosomes are in a
different symmetry and have higher elasticity, their formation
can affect the final particle shape, influencing formation of the
hexosomes with disordered shapes in Figure 4a. At ratios of
DVB higher than 0.5, the phase changes from hexagonal to
micellar cubic phase (I2). For a starting ratio of nDVB = 1.0, the
trajectory passes through the micellar cubic phase region at an
early stage of transition. The formation of cubic phase in the
process also results in the disordered shape in Figure 4c. For
the initial ratio of nDVB = 0.6, no other liquid crystal phase
forms before the hexagonal phase, and the particle shape in
Figure 4b shows clear hexagonal phase symmetry.
Another possible reason for the irregular shape in Figure 4a

is that the microstructure of cylindrical micelles cannot pack in
an orderly fashion over distances greater than several tens of
microns, which is important for the formation of ordered
particle shapes.41 The addition of hydrophobic additives can
induce the formation of inverse hexagonal phase by lowering
the packing frustration energy of the amphiphile hydrocarbon
chains. At a small concentration of hydrophobic additive, for
example, nDVB = 0.2, hexagonally packed cylindrical micelles
can have void space between them, requiring hydrocarbon
chains to stretch or compress to avoid the empty space,

especially at large lattice parameters.61 More disordered
domain arrangements and greater numbers of defects can
then result, as seen in the polarized light image in Figure 4a,
despite the overall uniformity of hexagonal phase formation.
Additional hydrophobic molecules can further decrease the
packing frustration energy by filling the void space between
cylinders and increasing the hydrophobic moiety.61 The
inverse interfacial curvature is also increased, reducing the
lattice parameter, as we see moving from Figure 4a−c in the
SAXS data.
Hexosome particles formed at a larger nDVB = 0.6, Figure 4b,

exhibit clear spinning top shapes, with a strongly symmetric
birefringence pattern that the SAXS result in Figure 4b
confirms is due to the formation of hexagonal phase. When
nDVB = 0.6, particle shapes are rotationally symmetric with a
clear order to the birefringent color arrangements in the
polarized light image. The improved shape and structure result
from increased flexibility of the cylindrical micelles in the
mesostructure, allowing them to bend and form the rotation-
ally symmetric structures with a lower energetic penalty.
When nDVB increases to 1, the particle shapes lose their

symmetry, becoming more spherical, but remain birefringent,
Figure 4c. The SAXS data in Figure 4c show mixed hexagonal
phases with different lattice parameters, and weak peaks that
may indicate the presence of a micellar cubic phase I2. The I2
phase can form above certain levels of hydrophobic additives in
the hexagonal phase,23 indicating a less-ordered polycrystalline
microstructure that preferentially forms a spherical particle
shape. Other hydrophobic additive molecules can also be

Figure 4. SAXS and microscopy images of hexosomes with different levels of DVB additive, taken 5 h after initial droplet formation. The precursor
solutions contain nDVB = (a) 0.2, (b) 0.6, and (c) 1. The left image is under bright field and the right is under polarized light. Scale bar is 50 μm. (d)
Partial phase diagram of the DVB−monoolein−ethanol−water system with different weight ratios of DVB to monoolein and varying
concentrations of ethanol.
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accommodated in particles and form hexosomes, broadening
applications from synthetic polymeric materials, for example,
to food and pharmaceutical components.
The hydrophobic molecule vitamin E acetate was found to

form bulk hexagonal phase and nanoparticle hexosomes in
previous studies,30 and we use vitamin E in a similar way here
to induce hexosome formation in microscale monoolein
emulsions. Figure 5a−c shows microscopy images of particles
containing different amounts of vitamin E in brightfield and
polarized light, and the corresponding SAXS data indicate the
packing of the lipid domains of the particles. More microscopy
images of particles with the same nVitE are shown in Figure S3.
When the weight ratio of vitamin E to monoolein is nVitE =
0.05, biphasic cubosome−hexosome structures form, Figure
5a, with isotropic and birefringent regions such as the
nanoscale ‘‘Janus’’ particles observed by others using cryo-
TEM.62 Scattering peaks of hexagonal phase, indicated by peak
spacing ratios of 1, 3 , and 2, and Pn3m cubic phase, with
peak spacing ratios of 2 , 3 , and 2, are both found,
identified as q and q′ in Figure 5a respectively.
When more vitamin E is added (nVitE = 0.2), biconical

hexosomes with strong birefringence form, as shown in Figure
5b. The shape is similar to the spinning top structure with a
raised spine observed by cryo-SEM.39 SAXS results display the
three peaks of hexagonal phase, Figure 5b, demonstrating again
the ability of the hexagonal phase to form particles with unique
rotational symmetry. Upon increasing nVitE to 0.5, particles lose
their nonspherical shape and the birefringence becomes weak,

Figure 5c, and the SAXS result shows mixed phases are
present. In Figure 5c, a wide peak q is visible along with a
hexagonal phase, peaks q1, q2, and q3, which indicates an
isotropic phase that dominates the particle behavior.28,29 The
lattice parameter of hexagonal phase, a, calculated from SAXS
data shows that it decreases with nVitE from 6.3 nm when nVitE
is 0.05, to 5.8 nm when nVitE is 0.2, and to 5.1 nm when nVitE is
0.5. Vitamin E has a different type of effect from DVB on the
molecular packing in the liquid crystal phase, as its hydroxyl
group allows it to be partially hydrated and reduces the level of
monoolein hydration.63

A phase diagram is plotted for the vitamin E system in
Figure 5d. Particle formation from the initial droplets occurs by
movement from the initial composition straight down
vertically, as the ratio nVitE is unchanged with loss of ethanol.
Similar to the DVB system, cubic phases are present at low
ratios of vitamin E to monoolein, below nVitE = 0.05, which
causes “Janus” particle formation. When nVitE increases to 0.2
and 0.5, the phase and particle shapes are consistent, and the
particle formation trajectory has no effect on the resulting
shapes.
Figure 6 shows a summary of the plateau elastic modulus of

several different hexagonal phase liquid crystals along with a
microscopy image of a typical hexosome formed at that
composition. When hexosomes form, similar to bulk hexagonal
phase,64 their rheology can vary dramatically. All, however,
have sufficient elasticity to resist interfacial tension and
maintain a nonspherical shape.65,66 The values of elastic

Figure 5. SAXS and microscopy images of hexosomes with addition of vitamin E. The weight ratio of vitamin E to monoolein is nVitE= (a) 0.05, (b)
0.2, and (c) 0.5; the left image is under bright field and the right is under polarized light. Scale bar is 50 μm. (d) Partial phase diagram of the
vitamin E−monoolein−ethanol−water system with different weight ratios of vitamin E to monoolein and varying concentrations of ethanol in
excess solvent.
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modulus in Figure 6 show that the bulk hexagonal phase ranges
from 103 to 104 Pa with a yield stress between 100 and 600 Pa.
The Laplace pressure, which drives less solidlike structures
back into a spherical shape, is estimated to range from 2 to 200
Pa for particles on the order of 100 μm and an interfacial
tension in the range of 0.1−10 mN/m.67,68 An important result
of Figure 6 is that the elasticity of hexagonal phase can be
varied by more than an order of magnitude by including
different additive molecules, but it has no effect on the
rotationally symmetric shape of hexosomes. It is therefore
more likely that the packing of the mesostructure is the crucial
determining factor in the shape of a micron-scale hexosome.
Besides preserving a nonspherical shape, the elasticity of the
hexosome particles is also useful for preserving a record of the
growth process. We can infer possible details about the growth
of the liquid crystal-isotropic phase boundary by observing the
tracks of growth recorded inside the hexosomes.
Figure 7 shows close-up optical microscopy images of a

hexosome formed from vitamin E at a weight ratio of nVitE =
0.3, where a clear spiral structure is visible at the particle
center. On the basis of past observations in viscoelastic liquid
crystalline phases,21,69 we speculate that the structure is a
region of isotropic micellar phase liquid, L1, enclosed within
the hexagonal phase. A similar effect was seen for polyhedral
particles of cubic phase, though the L1 phase inclusions in
Pn3m crystals are faceted shapes inside the larger polyhedral
shapes of the overall particle21 and can be induced by
controlling the crystallization rate.70,71 Spiral defects are also
observed in biomolecular and inorganic solid crystals,
indicating the arrangement of repeating units.72,73 The L1
inclusion forms because phase separation occurs during the
transition process from isotropic emulsion droplets to

hexosomes. Some of the water and ethanol accumulates inside
the particle and forms L1 phase and is more likely to form in
larger particles because of slower diffusion. The L1 inclusion
demonstrates that the hexosomes are mostly full of elastic
liquid crystal phase and are not hollow or liquid-filled.
Additionally, the spiral L1 inclusion, as well as the circular
lines visible at the surface of hexosomes, Figure 4, indicates the
rotational trajectory of droplet crystallization, which is helpful
to understand how the microstructure and cylindrical micelle
packing evolves with time.
Past work indicates the bulk hexagonal phase can form two

configurations, straight and ringed cylinders, depending on the
length scale of confinement, with ringed cylinders forming at
length scale r < 200 μm.43 At larger characteristic length scales,
straight cylinders can form that are parallel to the capillary
axis.43 The reason for the size effect is that undulation occurs
in straight and parallel cylindrical micelles as a result of
thermomechanical instability.74,75 Therefore, a hexagonal
phase confined to a length scale smaller than the undulation
range interferes with the stability of straight cylinder packing.
Deformations are common in single phase domains, and
bending of cylinders is the easiest one that occurs in the
hexagonal phase as the resulting increase in elastic strain
energy is lower than for other deformations, such as splay or
twist. Curved hexagonally packed cylindrical micelles are
frequently observed in inverse hexagonal phase domains,67 and
it is likely here that a closed rotating cylinder configuration is
the most stable packing for some range of the length scales
examined in our droplet studies. When larger than a size of
about 200 μm, all the particles possess irregular shapes, as
there is no driving force for the rotationally oriented packing to
form. Instead, multidomain hexagonal phases form and can
yield disordered particle shapes.
At much smaller length scales, on the order of nanometers,

another critical size appears for the concentric and rotating
configuration.76 At such high curvatures, the high bending
energy of rotating cylinders prevents their formation, so
parallel straight cylinders dominate because of the higher
stability. This likely explains why a defect core line forms in the
middle of a hexosome, as visible in Figures 3e,f and 8a,b, and
also observed in other works.41,43,76 The limited optical
resolution of our observations indicates that the diameter of
the core lines seen here is smaller than 1 μm and is a function
of the stiffness of cylindrical micelles and their crystallization
rate. The core size measured for confined bulk phases43 is
much larger than the core we see here, indicating that the
droplet formation of hexosomes is advantageous for creating
different length scale particle structures with clear hexagonal
monodomains.
Hexosomes made in this work match the birefringence

patterns of bulk hexagonal phase arranged as cylinders
wrapped around a central long axis.43 As Figure 8a shows,

Figure 6. Plot of the plateau elastic modulus of bulk hexagonal phase
for several hydrophobic additives with the same ratio to monoolein,
nadditive = 0.2. Microscopy images are hexosomes with the same
composition as bulk phase. Modulus varies by more than 1 order of
magnitude, but the rotationally symmetric shape remains stable for all
cases. Scale bar is 50 μm.

Figure 7. Microscopy image of hexosomes formed at nVitE = 0.3, with a spiral L1 phase inclusion inside. Scale bar is 50 μm.
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when the symmetry axis of a hexosome is oriented 45° to the
polarizer, a bright, colorful, and symmetric pattern is observed,
indicating symmetric arrangement of the cylindrical micelles
around the central axis.43 Also consistent with bulk ringed
cylinder results, when the particle is rotated parallel to the
polarizer orientation, Figure 8b shows that the intensity
weakens significantly, indicating that these hexosomes have a
structure represented by the schematics in Figure 8c,d.
Different orientations of the hexagonally packed cylinders
can lead to further complexity, as the experimentally observed
hexosomes often show imperfect shapes versus the shapes
drawn in Figure 8c,b, and we commonly observe cases where
asymmetric cone angles appear. This is likely due to different
rates of ordering and formation during transition within the
droplets, as well as other defects that can form in bulk
hexagonal phases.67,77 We speculate that nanoparticle
hexosomes also have a rotational packing when forming a
spinning top shape, like the larger ones we produce here, in
agreement with EM studies of block copolymer systems,42 but
more work is needed. Of the other shapes formed in
nanoparticle studies, we do not observe formation of flat
hexagonal prisms, although it might be possible to produce
more two-dimensional shapes using, for example, thin film
forms of precursor droplets. As nanoscale hexosomes are made
by the ‘‘top-down’’ method, in which particles form via
fragmentation of bulk hexagonal phase, multiple conditions
could affect shapes and microstructures, such as energy input

and temperature. More studies are needed to explain the
variations in microstructures and improve control over packing
and particle shape.

■ CONCLUSIONS
This work demonstrates a new method to produce hexosome
particles, using a simple emulsion precursor process, that
enables careful study of structure and shape development
during liquid crystal formation. Similar to an earlier work on
cubic liquid crystalline phases,21 this system forms the
hexagonal phase by the removal of solvent from isotropic
droplets suspended in a low-viscosity yield stress fluid that
allows formation of soft particles without external surface or
interfacial effects. The micron-scale hexosomes predominantly
form shapes with rotational symmetry, evoking one of several
shapes formed by nanoparticle hexosomes. Study of the larger
hexosomes indicates that a significant degree of control over
final particle shape could be attained using experimental
variables such as droplet size, crystallization rate, and surfactant
packing parameter. The findings of this work can be used, to
some extent, to explain past work on nanoparticle shape
formation, though the lower boundaries of length scale found
here match the upper extremes of nanoparticle hexosome sizes
previously studied. Planned future work includes using these
soft particles as templates for hard particle synthesis in order to
explore hierarchical self-assembly78 by the unique symmetries.
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