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We report the first observation of chiral colloidal liquid crystals of
rod-like particles from a low molecular weight organic compound—
phytosterols. Based on the particles shape and crystal structure, we
attribute this phenomenon to chiral distribution of surface charge on
the surface of neighbouring rods.

Shape anisotropic (disc-like or rod-like) colloidal particles have been
drawing the attention of scientists for many centuries, starting with
the use of natural clay particles.! The particular interest in their phase
behaviour started already with the work of Onsager who theoretically
predicted the occurrence of entropically driven phase transition in
suspensions of disc-like particles that leads to the formation of liquid
crystal (LC) phases.? Nowadays, available synthetic methods readily
provide a vast amount of (organic and inorganic) shape anisotropic
colloidal particles,** which indeed in many cases give rise to the
formation of various LC phases.>” Interestingly, shape anisotropic
colloidal particles can also form a cholesteric (or chiral nematic) LC
phase,®! initially thought to be an exclusive property of molecular
LC phases which are typically composed of molecules containing
a chiral centre. The latter produces intermolecular forces that favour
alignment between molecules at a slight angle to one another in
different layers resulting in a long-range chiral order."”” Surprisingly,
chiral colloidal LC phases have been observed only in the case of
shape-anisotropic particles from self-assemblies of large biopolymers
(e.g. cellulose,™ chitin) and macromolecules (e.g. viruses'®) and not
in low molecular weight organic compounds. Although a lot of
research has been done in relation to cholesteric colloidal LCs, the
connection between molecular and macroscopic chirality is still not
understood.® "1

Here we report the first observation of a cholesteric LC phase in
a colloidal suspension of rod-like particles from phytosterols (PSs):
a low molecular weight organic molecule. To our knowledge, this is
the first observation of cholesteric LC from colloidal particles made
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of chiral low molecular weight organic molecules. Phytosterols are
a group of plant-derived sterols that have structures similar to that of
cholesterol (Fig. 1)."” Due to their different biochemistry, phytosterols
are used as an efficient cholesterol lowering agent in various food
products.'”8

The procedure developed for the synthesis of phytosterol colloidal
particles is based on anti-solvent precipitation.’ Transmission elec-
tron microscopy (TEM) pictures (Fig. 2) show that the colloidal
particles have a rod-like shape with aspect ratios L/D varying between
3 and 20, with D the particle width and length L typically in between
2 um and 3 um.? Phytosterols are known to form rod- and plate-like
crystals of hemi- and monohydrates when crystallized from oil
solutions®* or organic solvents in the presence of water.? Recent
studies have shown that cholesterol, which also forms hemi- and
monohydrates, forms plate-like particles.”® Our rod-like particles
were stabilized against aggregation using a non-ionic surfactant
polyoxyethylene sorbitan monooleate. A large negative {-potential,
typically in the order of —40 mV, was found to account for the high
particle stability observed in pure water. The negative surface charge
is due to the polar hydroxyl groups both from phytosterols and water

p-sitosterol
campesterol

Fig. 1 Chemical structures of some phytosterols.

Fig.2 Typical TEM micrographs showing rod-like phytosterol colloidal
particles. Sample (a) was freeze-dried before imaging whereas sample
(b) was dried in air.
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Fig. 3 (a) shows capillaries containing dispersions of colloidal sterol
rods at increasing volume fraction. (b) shows a detail of tactoids sepa-
rating out of the isotropic phase and falling into the birefringent phase
coalescing at the interface (c). The pictures are taken between cross
polarizers to reveal the birefringent liquid crystal phase.

molecules present at the crystal surface. Similar surface properties
were found in the case of cholesterol particles.*** The surface charge
was found to play an important role and despite the presence of the
stabilizer, at the isoelectric point (p/ = 2.5 (ref. 20)) phytosterol
particle suspensions aggregate.

Strong flow-birefringence in the phytosterol colloidal dispersion
was observed already at relatively low concentration (=0.7% wt).
The beginning of phase separation was observed at concentration
=3.5% wt (Fig. 3a). The appearance of an LC phase at this
concentration is consistent with the behaviour of other charged
rod-like particles of similar aspect ratio such as microcrystalline
cellulose®® and chitin.’ When further concentrated inside flat
capillaries, they separated into an isotropic (upper) phase and
a highly birefringent (lower) phase (see Fig. 3a). The gravitational
settling is negligible in the time scale on which the phase separation
occurs (about 12 hours). Depending on the particle concentration,
the birefringent phase grows in time fed by tactoids separating
from the isotropic upper phase. The volume of the LC phase
increases with the increase of particle concentration. The coales-
cence of tactoids at the interface is clearly visible in Fig. 4.
Remarkably, after leaving the capillaries undisturbed for several
days, large domains with a characteristic fingerprints patterns
grow in the birefringent phase (see Fig. 4).

Identical patterns are sometimes visible also in larger tactoids
within the isotropic phase as shown in Fig. 3b and 4 (inset).
Extinction and illumination areas (the visible black and white
lines) alternate which is caused by the regular change of the
direction of nematic layers of rods. These structures are charac-
teristic for the cholesteric,® ™ smectic phase,?® and buckled nematic
liquid crystal phases.? In the smectic liquid crystalline phases the
pitch size is on the order of the rod length.® In our experiments the
pitch size is constant for all the samples in bulk and in the tactoids
and was measured about 15 pum in the case of pure water (no added
salt), a distance much larger than the average particles length
(2-3 pm). The large pitch size compared to particle length is
consistent with the presence of a cholesteric phase. Buckled
nematic liquid crystals with a stripe pattern which resembles the

Fig. 4 Optical micrographs (taken between crossed polarizers) showing
the characteristic fingerprint patterns of cholesteric LC phase of
a concentrated sample of sterol colloidal particles. The arrow highlights
a tactoid coalescing at the interface. The inset (top right) shows other
tactoids falling down from the isotropic phase.

cholesteric phase are found, for instance, when samples are
exposed to an external field®! or in nematic gels,?® however, both
systems are entirely different from the one discussed here. The
cholesteric LC phase persists despite the presence of a neutral
surfactant layer adsorbed as steric stabilizer on the particles
surface pointing to modulated long range electrostatic repulsions.
Similar behaviour was observed in PEG-coated rod-like fd virus."

Chirality has been considered as a reason for the formation of
molecular LC phases,*>** although recent studies have demon-
strated that achiral molecules can also form macroscopically
isotropic fluids that possess only short-range orientational and
positional order (in which the only macroscopically broken
symmetry is chirality).>* However, despite of its importance, the link
between chirality at the molecular scale and the macroscopic chiral
structure in the case of colloidal LC phases is not yet well estab-
lished. Straley has proposed the first model of the origin of inter-
molecular twist who considered two screw-like molecules with
excluded-volume interactions—*“cork-screw”.** The formation of
cholesteric LCs can be attributed to the formation of screw like
(twisted) particles (e.g. uniform chiral microstructures from achiral
m-conjugated organic molecules®). This model has been used to
explain the formation of cholesteric LCs phase in cellulose micro-
fibrils.*” The presence of such a chiral twist along the microfibrils
was later demonstrated using TEM and atomic force microscopy
(AFM).* Screw-like packing is typical for many steroidal molecules
and has been found to cause self-assembly of helical ribbons in
complex mixtures of cholesterol, non-ionic surfactants, and
lipids.*** In our study, however, we have not found the formation
of ribbon-like or other more complex structures, as concluded from
TEM observations (Fig. 2). In addition, we did not observe the
presence of any additional fine structure in the rod-like particles
indicating that this model is not applicable in our case.

In order to explain the formation of cholesteric colloidal liquid
crystal from low molecular weight organic molecules, we will consider
in more detail the crystal structure of the phytosterol rod-like parti-
cles. XRD measurements performed on dried colloidal dispersions
indicated that the dry colloidal particles appear to have features of
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hemihydrated crystalline form.® The structure of anhydrous* and
monohydrated* sterol crystals was first established for cholesterol.
Only very recently the crystal structures were reported for B-sitosterol
hemihydrate* and monohydrate.** Although the crystal structures of
both hemihydrate and monohydrate are different, they have
a common feature in which sterol molecules form bilayers of thick-
ness 3.4-3.6 nm. The hydroxyl groups and the water molecules are
hydrogen bonded to form a sheet at the bilayer interface (see Fig. 5).
In all sterol structures the steroid planes appear almost but not
parallel, as determined for B-sitosterol crystals.? Such structure could
allow creation of periodic distribution of hydroxyl groups on the
surface of the rod like particles. This is equivalent to the creation of
patchy rod-like particles with chiral distribution of alternating polar
and apolar stripes, which can promote chiral distribution of surface
charge. Phytosterol particles are negatively charged® due to partial
deprotonation of OH groups and water molecules on the particle
surface, as observed in the case of cholesterol.* Such surface charge
heterogeneities or domains may arise from the competition of elec-
trostatic forces with segregating forces such as steric, van der Waals,
and hydrogen bonding interactions. 6

Based on the above considerations, here we hypothesize that the
crystal symmetry of both hemi- and monohydrate sterol crystals
could induce helicity in the distribution of polar groups and ions on
the surface of the rod-like particles. The phytosterol rod-like particles
therefore appear chiral objects with a helical charge distribution on
the particles surface (i.e. “molecularly patchy particles”) and subse-
quent formation of a cholesteric phase can be attributed to its
chirality. A similar model was proposed by Orts et al. for cellulose
LCs where inhomogeneous distribution of surface charge can cause
the formation of chiral colloidal LCs.?** The same mechanism has
been discussed in relation to fd virus!* and chitin* particles. The most
recent and advanced theories of cholesteric assemblies of DNA
modelled as charged rods also predict cholesteric phase existence
which coincides with the domain of strong biaxial correlations
between nearest-neighbour molecules.* The theory interprets the
cholesteric organization as the result of the competition of steric and
electrostatic repulsion between charged helices. It also suggests that
the macroscopic properties of the cholesteric phase are aftected by the
pattern of ion adsorption. The same mechanism, supported by
coarse-grained modelling, was established for cholesteric phase from
charged filamentous virus M13.2 The formation of a cholesteric LC is
explained as the result of the competition between contributions of
opposite handedness, deriving from best packing of viral particles
and electrostatic interparticle repulsions.
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Fig. 5 A diagrammatic view of the B-sitosterol hemihydrate crystal
structure indicating the hydrogen bonding (left) and their bonding and
distance (right).”? The recurring areas rich in OH-groups and water
molecules are separated by a distance of ~ 3.6 nm.

In conclusion, we report the first observation of chiral colloidal
crystals of rod-like particles from a low molecular weight organic
compound—phytosterols. Based on the particles shape and crystal
structure, we attribute this phenomenon to chiral distribution of the
phytosterol and water molecules on the surface of neighbouring
rods. We assume that helicity is preserved during the precipitation
and the particles have chiral distribution of surface charge, which
contributes to the formation of cholesteric colloidal LC phases. Such
LCs can be used as an environmentally friendly and convenient
model system to study phase behaviour of shape-anisotropic parti-
cles. Colloidal LCs from phytosterol colloidal particles can find
application in displays as biodegradable environmentally friendly
materials which have lower density in comparison to rod-like
particles from inorganic materials® and have better (chemical and
microbial) stability in comparison to protein/polypeptide based rod-
like particles. Importantly, sterols allow several chemical modifica-
tions, which can be used to design particles with tunable chiral
molecular patches, which can help to establish in detail the mech-
anism of formation of cholesteric LC phases and reveal the role of
molecular chirality.

Experimental
Materials

Phytosterols (mixture with ca. 10% campesterol, ca. 75% B-sitosterol)
were obtained from Acros Organics. Polyoxyethylene sorbitan
monooleate (Tween®80) was obtained from MERK. Ethanol used
for synthesis (Royal Nedalco) was of analytical reagent quality.
Deionized water purified by a Millipore purification system (MIL-
LIPORE Synergy 185) was used in all reactions. All chemicals were
used as received.

Sample preparation

Colloidal particles were synthesized as describe in ref. 20. Phytosterol
was dissolved in ethanol and particle precipitation was induced by
rapid mixing of this solution with water. The organic phase used in
most experiments consisted of 40 g of ethanol with a variable amount
of sterol and stabilizers. The ethanolic solution was quickly injected,
with a 50 mL syringe without needle, in the aqueous phase consisting
in 360 g of water or water/ethanol mixture under vigorous stirring
(using Silverson L4RT-A stirrer usually working at 30004000 rpm).
After particles precipitation the dispersion was kept under stirring for
additional 2-3 minutes. The dispersions were then purified and
concentrated by solvent evaporation using a rotavapor (BUCHI,
R-114).

Optical microscopy

The concentrated dispersions were studied in flat optical capillaries
(VitroCom) with internal dimensions of 200 um X 4 mm X 8 cm
sealed with an epoxy glue to prevent solvent evaporation. The
samples were left undisturbed on a marble table in a dark thermo-
statted room and were investigated with a Nikon LV100 polarizing
microscope, equipped with a QImaging MicroPublisher 5 megapixel
CCD camera.
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Electron microscopy

The particle size and morphology were investigated by transmission
electron microscopy (TEM) using a Philips TECNAI 20 operating at
200 kV. TEM samples were prepared by drying a drop of diluted
dispersion on carbon-coated copper grids. In order to minimize
drying effects, few TEM samples were first rapidly gassified by a fast
temperature quench in liquid nitrogen and then freeze-dried under
vacuum.
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