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Abstract: The self-assembly of liquid crystals (LCs) is a fascinating method for controlling the organization of discrete
molecules into nanostructured functional materials. Although LCs are traditionally processed in thin films, their
confinement within micrometre-sized droplets has recently revealed new properties and functions, paving the way for
next-generation soft responsive materials. These recent findings have unlocked a wealth of unprecedented applications
in photonics (e.g. reflectors, lasing materials), sensing (e.g. biomolecule and pathogen detection), soft robotics (e.g.
micropumps, artificial muscles), and beyond. This Minireview focuses on recent developments in LC emulsion designs
and highlights a variety of novel potential applications. Perspectives on the opportunities and new directions for
implementing LC emulsions in future innovative technologies are also provided. )

~

1. Introduction

Liquid crystals (LCs) are fascinating, stimuli-responsive soft
materials that combine the mechanical characteristics of
liquids with the anisotropic properties of crystals. LC
molecules (so-called mesogens) exhibit orientational and
several degrees of translational/positional order, while
maintaining their liquid fluidity (Figure 1). LCs are consid-
ered stimuli-responsive smart materials, where an external
stimulus (e.g., temperature, electric field, light, mechanical
stress, etc.) can induce molecular-level changes in the order
and/or orientation of the mesogens. These changes prop-
agate to the macroscopic level, thereby altering the proper-
ties of the LC material.”) The intrinsic anisotropy of LCs,
combined with the ease of reorientation and alignment
manipulation, forms the basis for several commercial
applications, including flat panel displays (i.e., LCD TVs),
thermometers, personal protective equipment (i.e., Kevlar),
or heat sensitive cameras. The self-assembly of LCs is an
interesting approach for directing the arrangement of
molecules into an array of nanostructures, including colum-
nar, smectic, or bicontinuous cubic LC phases. These LC
phases are used to construct a variety of functional materials
that provide effective solutions for recent challenging
problems, such as electron/ion transport for energy applica-
tions, separation for environmental remediation, opto-elec-
tronics, sensing, or soft robotics.”!

Although thermotropic LCs are traditionally processed
in solid film slabs, interesting physical phenomena arise
when they are confined within micrometre-sized emulsion
droplets.”] An intriguing phenomenon, for instance, is the
extreme sensitivity of the LC orientational order in prox-
imity to interfaces. This sensitivity leads to molecular-level
interactions occurring at the interface being transmitted
from the boundary into the bulk, generating novel structures
characterized by controllable topological defects and dis-
locations. The first example of confined LCs was “polymer-
dispersed LCs” (PDLCs) and consisted of nematic LC
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micrometer-sized droplets embedded in a continuous poly-
meric matrix. PDLCs were successfully employed in the
fabrication of electro-optical devices (e.g., displays, light
shutters, smart windows...) due to their LC orientation-
dependent optical properties that could be readily switched
between ON (transparent) and OFF (opaque) states by
applying external fields. Apart from PDLCs, there has been
a growing interest in spherical confinements of LCs at
liquid-liquid interfaces, especially those LCs dispersed in
water and decorated with surfactants. These systems have
opened up new opportunities for the design of complex soft
responsive materials and have enabled a wealth of unprece-
dented applications in photonics, sensing, or soft robotics."’

This Minireview aims to provide an overview on the
recent findings in LC emulsions, focusing on a variety of
novel designs and their potential applications. Section 2
discusses various methods for preparing of LC droplets,
highlighting how to control the LC configuration within
these droplets. While there have been several reported
applications of LC emulsions, section 3 highlights recent
developments through selected examples, such as LC
emulsion-based chemical and biological sensors, mechanical
actuators, or photonic systems. These potential applications

(a)

Liquip LiquiD CRYSTAL SoLp

CHOLESTERIC

NEmATIC SMECTIC A

Figure 1. (a) Organization of molecules in the liquid, LC, and solid
states. (b) Examples of commonly used LC phases in LC emulsions.
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were selected to illustrate the versatility and smart nature of
LC emulsions, which have opened new frontiers in designing
functional soft materials. To conclude this Minireview,
section 4 focuses on the challenges, opportunities, and new
directions for advancing in functional materials and devices
based on LC emulsions.

2. Liquid Crystal Emulsion Fabrication and Their
Internal Configuration

2.1. Production Methods for Liquid Crystal Droplets

Emulsions are thermodynamically unstable mixtures of two
or more immiscible liquids. Emulsions do not form sponta-
neously; they need an energy input and the application of
emulsifying agents to prompt the dispersion of droplets
within the continuous phase.l’! LC emulsions are typically
prepared using similar fabrication methods to those em-
ployed for isotropic emulsions.!”!

The simplest technique to produce LC emulsions is bulk
emulsification and consists of applying high-shear forces
using mechanical devices such as vortex mixers, homoge-
nizers, ultrasonicators, or gentle hand shaking (Figure 2a)."
These mechanical methods induce the fragmentation of the
LC oil into micrometer-sized droplets, leading to emulsions
with minimal coalescence as the newly produced LC
droplets are sufficiently dilute in the continuous phase. Bulk
emulsification is a relatively fast process (taking only a few
minutes), but it generates polydisperse droplets with sizes
ranging from 0.1 to 500 pm. Despite this polydispersity, the
desired range of droplet sizes can be achieved through
careful selection of the mechanical device used for bulk
emulsification. Vortexing is unsuitable for viscous continu-
ous phases (e.g., glycerol) and yields relatively large droplet
sizes (around 100 um), which can be somewhat controlled by
adjusting the vortexing speed. Ultrasound generators readily
generate droplets that are typically from 0.1 to 10 um,
whereas homogenizers form droplets with diameters be-
tween 1 to 50 um.

Alberto Concelldn obtained his Ph.D. in
Chemistry from the University of Zar-
agoza in 2018, where he worked in
Prof. Serrano’s group on the synthesis
of functional liquid crystalline materi-
als. During that time, he also spent
time at the Eindhoven University of
Technology (Prof. Schenning) and at
the University of Calabria (Prof. Go-
lemme). In 2018, he joined Prof.
Swager’s group at the Massachusetts
Institute of Technology as a postdoc,
working on complex smart colloids,
chemical sensors, and chiroptical ma-
terials. After 4 years at MIT, he returned to the University of Zaragoza
as a Ramén y Cajal Fellow. His research is focused on innovative
designs of functional self-assembled materials.
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Figure 2. Methods for the production of LC droplets: (a) emulsification
using a vortex, homogeneizer or an ultrasonicator, (b) encapsulation of
a LC within polyelectrolyte capsules, (c) microfluidics for producing
monodisperse LC droplets, (d) suspension (top) and precipitation
polymerization (bottom).

A more precise method for bulk emulsification was
described by Abbott, Caruso and co-workers.”! Their
approach is based on the templated synthesis of polyelec-
trolyte capsules using sacrificial silica microparticles, fol-
lowed by filling of the hollow capsules with the LC
(Figure 2b). This method enables the production of large
quantities of LC droplets with narrow size distributions due
to the possibility of preparing silica particles with mono-
disperse sizes. Additionally, polyelectrolyte capsules can be
easily decorated with a diverse array of functional polymers,
providing access to LC emulsions with a controlled inter-
facial chemistry.

Microfluidics has found widespread application in pro-
ducing highly uniform emulsion droplets with precise
monodispersity and finely tunable sizes (10-100 ym) at a
remarkable rate of approximately 25,000 droplets per
second (Figure 2¢).!"”! In addition to LC single emulsions
(i.e., a LC confined in spherical droplets that are dispersed
in a liquid), microfluidic techniques also facilitate the
generation of multi-compartment emulsion droplets featur-
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ing well-defined volumes and compositions, including water-
in-LC-in-water (W/LC/W; so-called shells), Janus emulsions,
LC-in-fluorocarbon-in-water (LC/F/W), or fluorocarbon-in-
LC-in-water (F/LC/W), among others.

Classical polymerization techniques provide an alterna-
tive for creating LC droplets with smaller sizes (<10 um)
(Figure 2d).!""! Precipitation polymerization is probably the
most interesting method since it allows the preparation of
nearly monodisperse LC polymer droplets with diameters of
~1 um.["! Precipitation polymerization starts with a homo-
geneous solution of reactive LC monomers. As polymer-
ization occurs, newly formed polymer chains precipitate,
forming initial particles that subsequently grow to yield the
final LC particles. In contrast, suspension and mini-emulsion
polymerization involve the dispersion of a mixture of LC
monomers in the continuous phase via bulk emulsification,
followed by polymerization. Both methods are compatible
with a wide range of LC phases and enable the preparation
of LC polymer particles with broad size distributions and
with average diameters of >1 um for suspension polymer-
ization, or <1 um for mini-emulsion polymerization.

Despite yielding LC droplets in all instances, the
aforementioned methods diverge in terms of droplet size
distributions and usability. Multiple factors can impact the
characteristics of LC droplets, one of which is the inclusion
of surfactants. The use of surfactants significantly diminishes
the size of LC droplets; however, it also influences the
internal LC configuration within droplets (vide infra). Thus,
meticulous control of surfactant concentration is also
essential.

2.2. Internal Configurations of Liquid Crystal Droplets

The most challenging issue in preparing LC emulsions is the
control of mesogens organization at interfaces, resulting in a
variety of LC internal configurations that display distinct
optical signatures when studied by polarized-light optical
microscopy.!"” Such optical textures permit the identification
of the organization of the confined LC, which is typically
governed by a subtle energetic balance that involves
contributions arising from the interfacial and elastic energies
of the LC, or the presence of topological defects.””

The nematic LC phase, in which mesogens have only
orientational order (Figure 1b), has been the most widely
used phase within droplets. In this phase, mesogens can
align either parallel (planar) or perpendicular (homeotropic)
to the interface, leading to bipolar or radial configurations,
respectively (Figure 3a). In a planar configuration two dia-
metrically opposed surface point defects are present at the
poles, whereas in a radial configuration a single point defect
appears in the center of the droplet.""! By tilting the surface
anchoring of mesogens from planar to homeotropic, addi-
tional intermediate LC configurations can be obtained, such
as axial, pre-radial, or escaped radial. Although there are
several factors that govern the alignment of mesogens within
nematic droplets (e.g., droplet size, surfactant type, concen-
tration...), the LC configuration of droplets with sizes
>10 um can be readily controlled by a proper choice of
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surfactants.' For instance, surfactants containing long alky
chains extend their hydrophobic alkyl chain perpendicular
to the LC/W interface, making mesogens align homeotropi-
cally and leading to a radial configuration. Examples of
these surfactants include sodium dodecyl sulfate (SDS),
hexadecyltrimethylammonium bromide (CTAB), or poly-
sorbate-type surfactants (Tween). Nonetheless, polymeric
surfactants, such as polyvinylalcohol (PVA) or polyvinylpyr-
rolidone (PVP), absorb at the LC/W interface in a random
coil conformation, making mesogens align parallel to the
aqueous interface and producing a bipolar configuration.”

LC droplets comprising smectic mesophases have also
been prepared.”! Smectic phases are lamellar arrangements,
in which mesogens present both orientational and a position
order in layers (Figure 1b). This lamellar organization
imposes additional constrains on mesogens organization,
affects the defect configuration, and leads to emulsions with
more complex internal organizations than those observed
with nematic LCs.

The introduction of chirality into a nematic LC phase
produces twisting of the mesophase director, leading to
chiral nematic LCs (so-called cholesteric LCs) (Figure 1b).
Cholesteric LCs have been widely employed for the
preparation of LC droplets since they are considered 1D
photonic materials that reflect light due to their periodic
helical configuration. Controlling the anchoring conditions
at interfaces is critical to create cholesteric LC droplets with
well-defined internal helical arrangements.'”! The most
interesting organization originates when mesogens align
parallel (planar) to the aqueous interface, resulting in a
radial distribution of the helical axes (Figure 3b). This
internal configuration leads to cholesteric LC droplets with
enhanced photonic properties (i.e., omnidirectional light
reflection). Cholesteric LC shells have also been prepared,
wherein a planar anchoring of the mesogens at both aqueous
interfaces (i.e., the inner and surrounding aqueous phases) is
required to achieve a radial helical organization. Aqueous
solutions of PVA, PVP, or glycerol are the most widely used
continuous phases to achieve radial helical arrangements.

Complex emulsions comprising immiscible nematic LCs
and fluorocarbon oils were also described by Swager and co-
workers (Figure 3c)."® The presence of an additional inter-
face provides additional topological constrains that can be
controlled by using appropriately designed surfactants to
provide specific anchoring of the mesogens at each interface.
Complex LC emulsions exhibiting different internal config-
urations were prepared, and the morphology of these
complex emulsions could be switched between LC/F/W
double emulsions, Janus emulsions, and F/LC/W double
emulsions. Complex LC emulsions with intricate internal
arrangements were also prepared using both smectic and
cholesteric phases.'®™!"”l Moreover, non-spherical structures
with complex internal LC organizations were generated
through polymerization techniques. For instance, Schenning
and co-workers described flower-like morphologies, in
which the particle size and the number of “petals” per
particle can be adjusted by modifying the emulsion polymer-
ization conditions.”
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Figure 3. (a) Schematic representation (top), bright field (middle), and polarized light (down) images of different LC configurations observed in
nematic LC droplets. (b) Cholesteric LC droplets with a radial helical organization, in which the mesogens are parallel (planar) to the interface.
When the pitch is >1 pm (left), droplets display alternating dark and bright concentric rings and a radial defect line, suggesting a radial disposition
of the cholesteric layers following a group of circles that pass through the same point (Frank-Pryce model). When the pitch is in the wavelength
range of visible light, droplets show omnidirectional reflection. (c) Complex LC emulsions with radial (top) and planar (down) alignment, which
dynamically reconfigure in response to surfactant variations between F/LC/W double emulsions, Janus droplets, and LC/F/W double emulsions.
Adapted from Refs. [5b, 18b] with permission. Copyright 2014 and 2019 American Chemical Society.

3. Properties of Liquid Crystal Emulsions and Their surfactants, adding extra functionality to the emulsion
Applications system. This flexibility enables the creation of LC droplets

for a wide array of applications, including: (1) LC emulsions
LC emulsion droplets offer the versatility to be prepared  designed to respond to biomolecules, bacteria, or environ-
with various sizes and internal configurations. Additionally, mental pollutants, making them promising for sensing
they can incorporate a diverse range of payloads and  applications; (2) LC emulsions containing reactive mesogens
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that, upon polymerization, yield LC particles with remark-
able potential as programmable and reconfigurable micro-
actuators; (3) LC emulsions incorporating cholesteric LC
phases that exhibit excellent photonic properties, such as
circularly polarized reflection and omnidirectional lasing.

3.1. Chemical and Biological Sensors

LCs have great potential for chemical and biological sensing
as the LC orientational order is extremely sensitive to
molecular-level interactions occurring at interfaces.”"! The
energy required to alter the director field of LC phases is
very low, and thus, LC molecules act as amplifiers for local
perturbations, which are transmitted from the boundary
(i.e., LC interface) into the LC matrix, converting a
molecular-level event to an optical texture change that is
visible in real time.” Changes in LC orientational order
generally arise from coupling between the aliphatic tails of
the adsorbed foreign molecules and mesogens; this phenom-
enon is commonly referred as adsorbate-induced ordering
transitions. Although LC-based sensors have been tradition-
ally processed in thin film, LC droplets are advantageous for
sensing due to their larger specific surface area, their richer
configuration textures, and the possibility to generate
thermodynamically stable defects.’) These features, com-
bined with the fact that surfactants are necessary to stabilize
LC emulsions, can be used to generate novel LC droplets-
based sensors that are triggered in response to interfacial
recognition processes for the detection of biomolecules,
biomarkers, or organisms.

Abbott and co-workers pioneered the use ordering
transitions in micrometer-size LC droplets to detect pico-
gram per milliliter concentrations of endotoxin."! The
sensitivity of LC droplets showed a six orders of magnitude
increase in comparison to that of previously observed with
LC thin films, attesting the impact of higher surface area.
Similar adsorbate-induced ordering transitions were em-
ployed by Abbott, Caruso and co-workers to detect and
distinguish between different types of viruses (enveloped
and non-enveloped) and bacteria (Gram +ve and —ve).*!
Encapsulated viruses and Gram —ve bacteria present a
lipidic envelop that produced bipolar-to-radial transitions
when brought into physical contact with LC droplets (Fig-
ure 4a).

Another different approach consists of incorporating
side-chain LC polymer surfactants functionalized with rec-
ognition elements to facilitate ligand-receptor interactions.
In this context, several LC emulsion-based sensors were
developed to detect cholic acid, enzymatic reactions, DNA,
proteins, antibodies, or bacteria.” For instance, Kang and
co-workers developed LC emulsions for the detection of
mouth epidermal carcinoma (KB) or hepatic (HepG2)
cancer cells by using amphiphilic block copolymers deco-
rated with folic acid or f-galactose derivatives,
respectively.” The prepared LC droplets exhibited a radial-
to-bipolar transition upon interaction with cancer cells due
to interfacial ligand-receptor interactions (Figure 4b). Sim-
ilarly, LC droplets decorated with poly(L-lysine) were
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employed to detect DNA.?"! Poly(L-lysine) induces a radial
configuration within droplets, whereas adsorption of double-
stranded DNA results in a bipolar configuration. Changes in
the LC configuration within droplets can also be triggered
by incorporating side-chain LC polymer amphiphiles bear-
ing ionizable groups in the water-soluble block. Specifically,
amphiphilic block copolymers with LC and polyacrylic acid
blocks (LCP-b-PAA) tend to assemble at the LC/W inter-
face and respond reversibly to pH. pH variations trigger
changes in the polymeric conformation that strongly influen-
ces the anchoring of mesogens at the LC/W interface,
producing ordering transitions in LC droplets (Figure 4c).
This approach was used to detect glucose, cholesterol, urea,
among other biomolecules.”

To integrate recognition specificity into LC droplets,
several authors identified topological defects as powerful
sites for bioconjugation that can cause dramatic changes in
the LC director in response to interfacial recognition
events.”*! Topological defects have demonstrated ability to
host small molecules, particles or amphiphiles and have
guided the design of ultrasensitive LC sensors.*® In this
context, Swager and co-workers developed a new strategy
that enabled controlled creation of topological singularities
with chemical functionality for the precise attachment of
antibodies, thereby providing access multitude of enticing
sensing applications.!'®"!

Alternatively, cholesteric LC emulsions have also dem-
onstrated utility for the preparation of inexpensive optical
sensors that do not require a power source. The selective
reflection of cholesteric LCs is directly related to the pitch
of its helical organization that can be modified in response
to an external stimulus (the analyte in the present case),
producing a change in the reflection wavelength (color).
This sensing approach was used to detect a variety of
analytes ranging from metabolites (e.g., glucose, cholesterol)
to carbon dioxide.” In both cases, changes in the reflection
wavelength were achieved by an analyte-induced physical
swelling of the cholesteric helix resulting in a red-shift of the
reflection. More recently, Swager and co-workers developed
a quantitative detection method based on complex emul-
sions containing cholesteric LCs.”! The detection strategy
relied on reversible interactions of boronic acid polymeric
surfactants with anti-Salmonella 1gG antibodies at the LC/W
interface (Figure 5). Biomolecular recognition events with
the foodborne pathogen Salmonella could vary the pitch of
the cholesteric organization, producing changes in its
reflection wavelength.

3.2. Mechanical Actuators

LC elastomers (LCEs) are weakly crosslinked polymers that
combine the anisotropic properties of LCs with the rubber
elasticity of elastomers.’) These systems have attracted
considerable attention due to their ability to exhibit
substantial reversible mechanical deformation in response to
external stimuli (Figure 6a). Temperature is the most widely
used stimulus, leading to reversible shape changes with the
peak deformation occurring at the nematic-to-isotropic
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Figure 4. Schematic representation of mechanisms for LC emulsion-based sensors: (a) Enveloped viruses or Gram —ve bacteria induce ordering
transitions from bipolar to radial upon interaction with LC emulsions. (b) Radial-to-bipolar ordering transition induced by the interaction of an
amphiphilic block copolymer bearing a terminal folic acid derivative and folate receptors present in KB cancer cells. (c) Changes in the
conformation of an amphiphilic block copolymer with LC and polyacrylic acid blocks (LCP-b-PAA). At high pH values, deprotonation of the
carboxylic acids occurs, causing the polymer backbone to spread over a larger area at the LC/W interface, resulting in a homeotropic alignment at
interfaces (i.e. radial configuration within droplets). At low pH values, polymer spreads over a small area, inducing a planar alignment of mesogens

at the LC/W interface (i.e. bipolar configuration within droplets).

Figure 5. Schematic representation of the mechanism for Salmonella
detection using cholesteric complex emulsions: changes in reflection
are induced by changes in the interfacial activity of boronic acid
polymeric surfactants that competitively bind/unbind to 1gG antibodies
at the LC/W interface. Adapted from Ref. [19] with permission. Copy-
right 2021 American Chemical Society.
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transition.’? Although the actuation of LCEs was primarily
explored in macroscopic films, micrometre-sized actuators
are attractive micro-robotic materials for the preparation of
valveless micropumps or artificial muscles. LCE micro-
particles are typically formed through the polymerization of
preformed LC emulsion droplets containing polymerizable
LC monomers.™ After the polymerization process, LCE
micro-particles are obtained while preserving the inherent
LC organization of the precursor LC droplets. This
approach facilitates the production of diverse morphologies
with precise sizes and controlled LC arrangements within
particles, as the initial LC droplets are prepared using the
methods previously outlined in Section 2.

The first examples of LCE microspheres were described
by Zentel and co-workers and consisted of micrometer-sized
particles that showed strong reversible elongation when
heated into the isotropic state (Figure 6b).”* These LCE-
based microactuators were prepared by using a T-type
microfluidic device, in which droplets based on a polymer-
izable LCE mixture were in situ photo-crosslinked just after

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

351801 SUOWILLIOD BANER.ID) e deke U Aq pauBAOB B8 SILE WO ‘88N J0 S9N 0J ARG BUIIUO AB1IA UO (SUOIPUOD-PUE-SWLBHWIOD"/B W ARG [BUI UO//:Scy) SUONIPUOD PUE SWLB L 3y 885 *[£202/2T/T0] uo ARiq1 auliuo A8|im ‘ezobeiez aa peps.eAIIN Ad ZG8B0SZ02 9 1L./Z00T 0T/ I0P/LIcD" A3 1w A%iq U |UO//SAIY WOl papeojumoq ‘0 ‘E2ETZST



GDCh
~~

(a)

STIMULUS

g

(b)

T=100°C T=140°C
(C) LCE Hydrogel

20°C

(water)

LCST

40 °C

(water)

A b Ao

40 °C
(air)

A (& I 874 uym {

100°C

(air)

d 556 pum———1

Figure 6. (a) Mechanism of LCE actuation: in the LC phase, mesogens
force the polymer backbone to adopt a stretched conformation,
whereas the polymer assumes a random coiled conformation in the
isotropic state. (b) LCE particles displaying strong deformation in
response to temperature changes (the inset shows the director field
orientation within a LCE particle). (c) Dual-responsive Janus particles
consisting of LCE and hydrogel compartments, with two actuating
compartments exhibiting strong shape changes at two different
temperatures. Adapted from Refs. [34,40] with permission. Copyright
2009 and 2018 Wiley-VCH Verlag GmbH & Co. KGaA.

dispersion in an immiscible silicone oil. The size, shape,
actuation properties and mechanical robustness of the
prepared LCE particles could be readily controlled by a
careful selection of the flow rates in the microfluidic
device.®” Moreover, changes in shape could also be
produced by swelling LCE particles in a good solvent (e.g.,
chloroform), which leads to a destruction of the LC order.
Such strong actuation properties are the result of a uniform
director field configuration, in which LC molecules adopt a
concentric alignment within LCE particles (Figure 6b, inset).
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By incorporating photoresponsive units (e.g., azobenzene
derivatives) in the LCE monomer mixture, the nematic to
isotropic phase transition could also be photoinduced, there-
by producing LCE particles that showed strong and rever-
sible deformation by irradiation with light.>*

LCEs with more complex morphologies were also
developed. For example, Lagerwall, Zentel and co-workers
reported core-shell LCE particles prepared by a microfluidic
double-emulsion process.’”! The prepared LCE shells con-
taining a liquid core showed temperature-induced actuation
during the nematic-to-isotropic transition. This liquid core
was reversibly pumped in and out of the particle by
actuation of the LCE shell, thereby resulting in a jellyfish-
like motion. More recently, Lagerwall and Schenning
described LCE shells that exhibited remarkable buckling
actuation.® The LCE particles were prepared by micro-
fluidics from photocrosslinkable main-chain LC oligomers
dissolved in a solvent that was evaporated after the cross-
linking process. Actuating Janus particles were also pro-
duced by using a dual capillary microfluidic setup combined
with photoinitiated radical polymerization.®” One compart-
ment of the Janus particle comprises a LCE, whereas the
other compartment consists of a non-actuating polyacryla-
mide-based hydrogel. In a subsequent study, they incorpo-
rated poly(N-isopropylacrylamide) (PNIPAM) hydrogel in
the non-LCE compartment, thereby obtaining dual-respon-
sive Janus particles with two actuating compartments (Fig-
ure 6¢).*7 Specifically, the LCE compartment performed
strong temperature-induced shape changes, whereas the
PNIPAM part exhibited volumetric expansion due to water
swelling at temperatures below the lower critical solution
temperature. Interestingly, the authors developed a multi-
step molding process to obtain actuating surfaces consisting
of a well-packed monolayer of LCE particles.

The previous examples were mainly based on nematic
LC organizations. Nonetheless, Schenning and co-workers
developed micrometer-sized actuators using cholesteric LC
phases. In their first work, they prepared polymerized
cholesteric microparticles that showed reversible asymmetric
shape deformations combined with structural color
changes.™! They also developed cholesteric polymerized
emulsions which showed light-responsive uni- and bidirec-
tional motion and speed control.®? These micro-sized
particles are promising as rotary micromotors and optome-
chanical transducers.

3.3. Photonic Systems: From Spherical Bragg Reflectors to
Omnidirectional Lasers

Cholesteric LCs are extraordinary 1D photonic materials
that display light reflection due to their periodic helical
organization.*”! Confinement of cholesteric LC phases with-
in micrometer-sized droplets provides unusual functional-
ities and new potential applications as Bragg reflectors,
lasers, or sensors.*! All these photonic properties require a
radial helical orientation of the cholesteric phase within
droplets, in which LC molecules are aligned parallel to the
aqueous interface. Cholesteric spherical droplets with this
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LC arrangement show a characteristic omnidirectional
reflection of a constant wavelength, thereby presenting
negligible viewing-angle dependance (Figure 7a).*"
Lagerwall and co-workers demonstrated the unique
reflection properties of cholesteric emulsions by preparing a
hexagonally close-packed monolayer of monodisperse drop-
lets, which produced colored patterns that result from the
omnidirectional reflection of the droplets./*!! These photonic
patterns consisted of a central spot from the normal
reflection of the cholesteric phase, and several radial
reflection lines that correspond to the photonic cross-
communication between neighboring droplets (Figure 7b).

(a) incident light reflected light X ﬂ /
L ]
— CHIRAL \\ + ,J’.
= " porant :
L _—a—— [T e —
T —— H
= . ACHIRAL Pl
& MESOGEN OMNIDIRECTIONAL
—— = t REFLECTION
—aa—N
., .. -
& & > P(pitch)
o
—
e ‘L-\J
- e
- -e- A=n:P-:cos@
-
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Figure 7. (a) Light reflection by a cholesteric LC phase, in which the
reflected wavelength (L) depends on the incidence angle (6). Choles-
teric LC emulsions show angle-independent color of the central
reflection. (b) Reflection-mode polarized-light optical microscopic im-
age of a monolayer of cholesteric droplets (left), and schematic
representation of the photonic cross-communication mechanism
between droplets. (c) Photonic patterns of planar-aligned cholesteric
shells with different compositions and morphologies. Adapted from
Ref. [43b] with permission. Copyright 2014 The Royal Society of
Chemistry. Adapted from Refs. [47,55a] with permission. Copyright
2015 and 2018 Wiley-VCH Verlag GmbH & Co. KGaA.
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The color of the patterns can be easily controlled by tuning
the pitch of the cholesteric LC phase, which is directly
related with its selective reflection. To controllably produce
intricate multicolor patterns, Li and co-workers prepared
cholesteric LC emulsions incorporating a photosensitive
chiral molecular switch, which enable obtaining red, green
and blue colors from the same droplets by light
irradiation.*”! Similarly, Katsonis and co-workers found that
the cross-communication phenomenon could be tuned both
gradually in wavelength and reversibly in polarization.*

To create cholesteric emulsions with additional robust-
ness, solidified (polymerized) particles were fabricated by
using reactive LC molecules that were crosslinked to fix the
LC arrangement within droplets.*) This approach offers an
increase in stability, extending the utility of cholesteric LC
emulsions in applications that may cause breakdown of a
pure liquid emulsion. In this context, Schenning and co-
workers developed a new approach to produce cholesteric
particles that could be easily dispersed in a photo-curable
resin to fabricate reflective coatings.® Interestingly, they
also developed a method to remove cross-communication
between particles, obtaining pure structural colors. In a
second work, they developed photo- and thermo-responsive
photonic coatings based on polymerized cholesteric emul-
sions that could be brush-painted to prepare stimuli-
responsive artistic paintings.®!! Another interesting approach
to stabilize cholesteric emulsions consist of dispersing the
droplets within a polymer matrix that provide the required
mechanical stability.”? Ye and selected PVA to confine LC
droplets and prepare 3D-printed structures with tunable
structural color.’”) These systems showed multiple enticing
properties, such as tunable color, reversible color change,
easy fabrication, and flexible 3D patterning. Alternatively,
Kim and co-workers encapsulated each cholesteric droplet
within a hydrogel-based membrane to create photonic ‘ink’
microcapsules that showed remarkable reflection properties
and could potentially be used for the construction of a
variety of photonic devices.™

The aforementioned photonic patterns were also ob-
served in cholesteric shells and were deeply investigated by
Lagerwall, Park and co-workers.” They performed pioneer-
ing research on the different reflection mechanisms involved
in shells with different thicknesses, sizes and compositions
(Figure 7c). Moreover, they outlined and demonstrated the
huge application potential of these dynamic photonic
patterns, including retroreflectors, autonomous sensors,
high-security identification tags, among others. Li and co-
workers fabricated bowl-like shriveled microshells compris-
ing cholesteric LCs. These systems showed a variety of
annular structural colors with variable reflection wave-
lengths and shapes.””

Cholesteric emulsions were also widely used for the
preparation of omnidirectional microlasers since cholesteric
LCs are well-known as mirrorless cavities for lasing.”® One
of the first examples was described by Cipparrone and co-
workers.”! They prepared polymerized cholesteric particles
doped with a lasing dye. Omnidirectional lasing occurred,
wherein the lasing wavelength depended on the helical pitch
of the cholesteric phase. Similarly, Uchida and co-workers
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fabricated cholesteric shells that worked as three types of
laser resonators for the lasing dye, and the wavelength of
operation could be controlled by the LC organization." By
incorporating photoresponsive chiral molecular switches
into cholesteric shells, Li and co-workers prepared micro-
lasers whose output wavelength could be tuned with light.[°!]
More recently, Reichmanis and co-workers developed
cholesteric shells that serve as resonance cavities for triplet-
triplet-annihilation-based photon upconversion (TTA-UC)
emission and enables spectral tuning.®? Moreover, triple-
emulsion droplets containing cholesteric LCs with opposite
handedness in their core and shell were also developed by
Kim and co-workers.”” These triple emulsions exhibited
multiple structural colors due to their dual photonic proper-
ties and were used to prepare lasers with two different
operating wavelengths./*!

4. Summary and Outlook

LCs are self-organized materials that have a prominent
place in nanoscience, and have found multiple applications
in LCD technology, optics, electron/ion transporting materi-
als, etc. Their confinement in spherical geometries (i.e.,
droplets) has additionally revealed new properties and
functions, and has enabled a wealth of unprecedented
applications. LC emulsions were designed with diversity of
internal LC phases, payloads, and interfacial functionality,
that further enrich their unique features. This Minireview
summarizes the recent progress in LC emulsions, giving an
overall view about their preparation and manipulation, and
depicting LC emulsions as valuable candidates for pho-
tonics, chemical and biological sensing, and soft robotics.
These three applications were selected to illustrate the
versatility and smart nature of LC emulsions, but some other
applications were also described, including the preparation
of nanoporous particles, whispering gallery resonators, or
optomechanical systems.

I end by highlighting some unresolved issues and
potential opportunities that may influence future research
on LC emulsions: (1) Current microfluidic methods enable
the production of LC droplets with precise control over size,
shape, and internal structure, yet mass production remains a
significant challenge. Developing new emulsification strat-
egies that meet real-world industrial demands is needed.
Classical polymerization techniques have emerged as a
promising approach that can help to address this
challenge.™ (2) Current emulsion systems lack highly com-
plex and active compositions. LC emulsions with increas-
ingly intricate internal organizations and containing stimuli-
responsive units holds the potential for the creation of
autonomous colloidal systems.[®! (3) LC topological defects
serves as three-dimensional templates for the programmable
assembly of molecules and (nano)particles.”* Future
research should be focused on understanding the potential
of topological defect-driven assembly as versatile bottom-up
approach for the fabrication of nanoscopic channels to direct
transport processes. (4) Although aqueous solutions have
been the most widely used continuous phases, some
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photonic systems exhibit limited performance due to
coalescence upon contact with air. Enhancing the stability of
photonic devices can be achieved by either polymerizing the
LC droplets or utilizing non-polar continuous phases such as
silicon 0ils.P®! (5) LC emulsion-based sensors typically
require optical microscopies with crossed polarizers, pre-
venting analyte quantification and restricting their real-
world applicability. To simplify the read-out process, future
investigations should focus on, for example, developing
multichromophore systems that produce emissive signals.
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Liquid crystal emulsions have recently
opened new opportunities for the design
of soft responsive materials. These
recent findings have enabled a wealth of
unprecedented applications in photonics
(e.g. retroreflectors, lasing materials),
“EMULSIONS sensing (e.g. detection of biomolecules,
N pathogens), soft robotics (e.g. micro-
pumps, artificial muscles), and beyond.
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