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Abstract: Wide use of bio-based polymers could play a key role in facilitating a more sustainable
society because such polymers are renewable and ecofriendly. Cellulose is a representative bio-based
polymer and has been used in various materials. To further expand the application of cellulose, it
is crucial to develop functional materials utilizing cellulosic physicochemical properties that are
acknowledged but insufficiently applied. Cellulose derivatives and cellulose nanocrystals exhibit
a cholesteric liquid crystal (ChLC) property based on rigidity and chirality, and this property is
promising for constructing next-generation functional materials. The form of such materials is
an important factor because material form is closely related with function. To date, researchers
have reported cellulosic ChLC materials with a wide range of material forms—such as films, gels,
mesoporous materials, and emulsions—for diverse functions. We first briefly review the fundamental
aspects of cellulosic ChLCs. Then we comprehensively review research on cellulosic ChLC functional
materials in terms of their material forms. Thus, this review provides insights into the creation of
novel cellulosic ChLC functional materials based on material form designed toward the expanded
application of cellulosics.

Keywords: cellulose derivatives; cellulose nanocrystal; cholesteric liquid crystal; functional materials;
material form

1. General Introduction: Need for and Overview of Cellulosic Liquid-Crystals as
Functional Materials

1.1. Introduction

Cellulose is the most abundant bioderived organic polymer. Because of its excellent
physical properties, including its mechanical and sorption properties, cellulose is widely
used in areas such as the manufacture of paper, textiles, and structural components. In
addition to conventional utilization, developing applications of unused but attractive
physicochemical properties of cellulose is important to realize the wealth of a sustainable
society because cellulose is reproducible and eco-friendly.

Liquid crystallinity is one of the characteristic physical properties of cellulosic molecules,
although it is not fully employed in the real world. The high stimuli-responsivity and
high-order structure of liquid crystals may enable cellulosic functional materials. It is also
interesting that the liquid crystal property develops spontaneously. Numerous funda-
mental studies on cellulosic liquid crystals have been reported. The creation of functional
materials that take advantage of the insights gained in those studies may contribute to
expanding the areas in which cellulosics can be used.

There are several excellent reviews on the fundamental science and possible appli-
cations of cellulosic liquid-crystals. For instance, Gray [1] summarized initial research
on the liquid-crystallinity of several cellulose derivatives. Lagerwall et al. [2] recently
reviewed the phase diagrams of aqueous cellulose nanocrystal (CNC) dispersions and
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discussed ordered assembly of CNCs in suspensions as well as films. The Lagerwall group
has most recently published a significantly detailed review on equilibrium and kinetically
arrested liquid crystalline structure based on CNC [3]. Giese et al. [4] reviewed cellulosic
liquid crystalline structures in terms of their structural templates. Moreover, a review
by Nishio et al. [5] surveyed both the fundamental aspects and potential applications of
liquid crystalline cellulose derivatives and nanocrystals in terms of their stimuli responses.
However, to our knowledge there is no review on cellulosic liquid crystalline functional
materials in the context of material forms.

The material form is an important factor involving the function and application of
materials. For example, films are applied for electronic and optical devices, hydrogels
are compatible with biomedical applications, and porous materials are applied for water
purification. In the present review, we therefore categorize previous studies on cellu-
losic liquid crystalline functional materials in broad terms to solid and liquid types, and
comprehensively review various material forms corresponding to the respective types.

1.2. Cellulosic Liquid-Crystals

We here briefly describe the basic fundamentals of cellulosic liquid-crystals before
considering their applications as functional materials.

Cellulose has a backbone chain consisting of 3-1,4-linked glucose units that impart
(semi-)rigidity and chirality. These structural features endow cellulosics with the potential
to form a cholesteric liquid crystal (ChLC) phase. ChLC is often modeled as being formed
from stacked virtual planes, each of which is composed of molecules or particles with a
uniaxial orientation. The vector indicating such orientation is called director. The director
of each plane (termed as pseudonematic plane) twists periodically around the normal of
the stacked pseudonematic planes, rendering a helical nature to ChLC. Figure 1a presents
a schematic illustration of ChLC with polysaccharides as component molecules. Although
the schematic ChLC in Figure 1a seems to be a discretely layered structure, pseudonematic
planes should be continuously stacked in actual ChLC. Figure 1b is a schematic diagram
focusing on the short-range structure of a ChLC to emphasize such continuously stacked
pseudonematic planes.

ChLCs can be attained for rigid and chiral particles or molecules in the dispersed or
solution state (at a sufficiently high concentration) termed a lyotropic ChLC, or in a molten
state termed a thermotropic ChLC. The classification of lyotropic and thermotropic states
applies not only to ChLCs but also to liquid-crystals in general.

ChLCs exhibit a unique optical property: selective reflection of circularly polarized
light (CPL) with a wavelength equivalent to the helical pitch and with a rotation direction
that is the same as that of the helix. The reflection wavelength (1)) and the helical pitch
(P) are related by de Vries’ equation, Ay = 7P (ii is the refractive index) [6]. Accordingly,
ChLCs exhibit circular dichroism (CD) as well as coloration, when P is comparable with a
wavelength in the range of visible light. As stated in this equation, the cholesteric helical
pitch P of ChLC samples can be calculated from their Ay; and 7i values, which can be
acquired with a spectrophotometer and refractometer, respectively. The P value can also
be estimated by microscopy; polarized optical microscope (POM) and scanning electron
microscope (SEM) images of ChLC samples demonstrate the characteristic fingerprint-
like texture (Figure 1c), and the distance between the adjacent dark lines corresponds to
half of P. It should be noted that SEM can be used to estimate the P of solid-state ChLC
samples, but not for solution-state (lyotropic) ones. Solidification of such solution samples
by polymerization of their solvents described in Section 2.1 enables the measurement of
P from an SEM image, although the solidification process can affect P to some extent.
In accordance with the ChLC structure indicated in Figure 1a,b, P can be described as
P =360°d/ ¢, where d is the interplanar spacing of the stacked pseudonematic planes and
@ is the twist angle in degrees. This indicates that P and thus Ay; change with 4 and ¢. The
value of d can be obtained from wide-angle X-ray diffraction analysis as shown in Figure 1d
by approximating the short-range order of a ChLC with the hexagonal model [7]. The
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helical handedness of a ChLC is determined by CD or optical rotatory dispersion (ORD)
spectroscopy. ChLC samples with a left-handed helix exhibit a positive peak in CD spectra
and a positive Cotton effect in ORD spectra, whereas ChLC samples with a right-handed
helix exhibit a negative peak in CD spectra and a negative Cotton effect in ORD spectra
(Figure 1e). The helical handedness can also be discriminated by visual inspection of ChLC
samples with circular polarizers, because left-handed and right-handed CPL (L-CPL and
R-CPL, respectively) reflected from the samples can transmit through a left-handed circular
polarizer (LCP) and a right-handed circular polarizer (RCP), respectively.

Expression of lyotropic ChLC requires rigid and chiral molecules or particles to
have good solubility or dispersity in solvents, and thermotropic ChLC requires them to
have good meltability. The native cellulose molecule has poor solubility and thermal
meltability because of its strong inter- and intramolecular hydrogen bonding. Instead,
cellulose derivatives and nanocrystals have typically been adopted to achieve a cellulosic
ChLC phase.

The CNC is the structural unit of a cellulose crystal and can be produced by acid
hydrolysis of cellulose microfibrils [8,9]. Cellulose microfibrils in wood are generally
considered to be composed of bundles of 6 x 6 cellulose molecular chains, although
there are recent reports on cellulose microfibrils comprising 18 molecular chains [10].
Such cellulose bundles exhibit alternating amorphous and crystalline regions along the
molecular chain direction. Acid hydrolysis of cellulose bundles preferentially degrades the
amorphous regions. After degrading most of the amorphous regions, the degradation is
substantially decelerated, resulting in residual highly crystalline particles which are the
CNCs. According to this characteristic, the degree of polymerization of cellulose chains
in the crystalline regions is called the level-off degree of polymerization (the degradation
“turns off” at this degree of polymerization) [11]. CNCs prepared by hydrolysis with
sulfuric acid are an especially active area of research. CNCs can express lyotropic ChLC
in aqueous suspensions based on CNCs’ good water-dispersity, which is attributable
to the introduced surface sulfate ester groups [12,13]; whereas CNCs generally do not
express thermotropic ChLCs because of CNCs’ lesser meltability. Since the first report of
liquid-crystallinity in CNCs [14], fundamental research on CNC-based ChLCs have been
made [15-20]. CNC-based ChLCs typically form a left-handed helix, and to our knowledge
there has been no report on formation of a right-handed helix from CNCs to date.

Cellulose derivatives can be obtained by substituting the hydroxy groups in cellulose,
typically by etherification or esterification [21]. Because substituents suppress the strong
intra- and intermolecular hydrogen bonding of cellulose, cellulose derivatives often exhibit
good solubility and meltability. Such properties facilitate expression of lyotropic and
thermotropic ChLCs. The first reports of formation of ChLCs by cellulose derivatives were
for an aqueous hydroxypropyl cellulose (HPC) solution system [22]. Since then, many
important fundamental studies on cellulose derivative-based ChLCs have been presented—
such as the effects of concentration, temperature, solvent, side chain structure, and degree
of substitution on the selective reflection properties [23-29].

In contrast to CNCs, left- and right-handed cholesteric helices have been observed
for cellulose derivative-based ChLCs. Most recently, Nishio et al. [30,31] proposed that
the effects of the substituents and temperature on the helical handedness of cellulosic
ChLCs can be systematically interpreted in terms of the balance between the dispersion
interaction and steric repulsion, based on their experimental data and the theoretical work
of Osipov [30,31].

There is a difference between the lyotropic ChLCs of cellulose derivatives and CNCs.
For the former, the building blocks of the ChLC structure are molecules of cellulose
derivatives, and the component molecules completely dissolve in solvents. Conversely,
for the latter, CNC “particles” that disperse in solvents (rather than dissolve) provide the
ChLC structure. Accordingly, ChLC systems comprising cellulose derivatives and CNCs
are sometimes termed molecular ChLCs and colloidal ChLCs, respectively. The structural
difference between cellulose derivatives and CNC leads to different characteristics of
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their ChLC samples. The representative examples include instances where the cholesteric
helical pitch of cellulose derivative-based ChLCs is shorter than those of CNC’s with
corresponding concentration because of the smaller diameter of cellulose derivatives
(~1 nm) relative to CNC (5-20 nm [8,32]); and where the critical concentration to express
lyotropic ChLC for CNC is lower than that of cellulose derivatives because of the very rigid
crystal backbone of CNC.
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Figure 1. (a) Schematic that illustrates the helical pitch P, director, twist angle ¢ for a cholesteric liquid crystalline (ChLC)
phase composed of polysaccharides. (b) Schematic illustrating the pseudonematic planes and interplanar spacing d for
a short-range structure of a polysaccharide-based ChLC phase (reprinted with permission from [7] Copyright (2021)
American Chemical Society). (c) Representative polarized optical microscope (POM) image of solution-state polysaccharide-
based ChLC sample and scanning electron microscope (SEM) image of solid-state sample (reprinted with permission
from [33] Copyright (2021) American Chemical Society). (d) Representative wide-angle X-ray diffraction profiles of
solution-state polysaccharide-based ChLC samples with different polysaccharide concentrations (reprinted with permission
from [7] Copyright (2021) American Chemical Society). (e) Representative circular dichroism (CD) and optical rotary
dispersion (ORD) spectra of a right-handed ChLC sample (Reprinted with permission from [34] Copyright (2021) American

Chemical Society).

Various insights accumulated by previous fundamental studies on cellulosic ChLCs
have led to increased research activity dedicated to processing ChLCs into material forms
intended for practical use. The present article reviews information on functional materials
with diverse material forms produced from cellulose derivative-based and CNC-based
ChLCs. The following review is divided into sections based on material forms, and we
concurrently review both cellulose derivative-based and CNC-based functional materials.
Please note that the difference in characteristics between the aforementioned ChLCs leads
to different experimental conditions and procedures to construct the functional materials
even in the same material forms.
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2. Cellulosic ChLC-Based Solid Functional Materials
2.1. Cellulosic ChLC Films

Cellulose derivatives and CNC are useful components for producing films incorporat-
ing a ChLC structure. Representative methods for preparing cellulose derivative-based
ChLC films are solution-casting [35-37] and in situ polymerization [38—43] of a lyotropic
ChLC solution of cellulose derivatives. In solution-casting methods, typically the cellulosic
ChLC solutions are first spread into a film-like shape and sandwiched (i.e., packed) between
two glass plates, followed by slow evaporation of the solvents. Although this method
is operationally simple, it insufficiently immobilizes ChLC structure with a long helical
pitch P corresponding to a red wavelength because the cholesteric helical pitch decreases
in accordance with increasing cellulosic concentration of the solutions over the course of
drying. However, it is straightforward to immobilize a ChLC structure with a short P in
considerably concentrated cellulosic solutions because of the extremely low mobility of the
cellulosic chains. Regarding the in situ polymerization method, lyotropic ChLC solutions
are prepared by dissolving cellulose derivatives in polymerizable solvents (e.g., acrylate
and acrylamide monomers) and polymerization-initiator, and then the solution samples—
molded between the glass plates—are subjected to heating or ultraviolet (UV) irradiation to
initiate polymerization of the monomeric solvents. The ChLC structure formed in the solu-
tion state is retained even after the monomeric solvents are converted to polymeric matrices
(e.g., polyacrylate and polyacrylamide), and these matrices help to further immobilize the
ChLC structure. Thus, in situ polymerization methods can immobilize ChLC structures that
have not only a short P but also a long P, unlike solution-casting methods. This renders in
situ polymerization a general method for preparing cellulose derivative-based ChLC films.
However, the ability to immobilize the ChLC structure strongly depends on compatibility
between cellulose derivatives and the resultant synthetic polymers, because interaction of
mesogenic cellulosic chains may be distorted when cellulose derivatives completely mix
with the synthetic polymers, as described in Section 2.1.1.

For CNC-based ChLC films as well, solution (dispersion)-casting [2,12,44] and in
situ polymerization [4,5] are representative preparation methods. In contrast to cellulose
derivative-based ChLC films, not only in situ polymerization but also casting is frequently
adopted for CNC-based films. In colloidal ChLCs formed by CNCs, the length scale of the
interplanar spacing of the pseudonematic planes is longer than that of molecular ChLCs
formed by cellulose derivatives. As a result, the cholesteric helical pitch of the CNC ChLC
dispersion remains in the visible-wavelength region, even at high concentration. The
ChLC structure with concentrated dispersion is then immobilized in the obtained film after
complete evaporation of the solvent, because of the low mobility of CNC rods under high
concentration. Whereas cellulose derivative-based ChLC solutions can be prepared by sim-
ply dissolving dried cellulose derivatives in solvents, completely dispersing dried CNC in
solvents is difficult. Therefore, CNC-based lyotropic ChLCs are prepared by concentrating
dilute CNC dispersions obtained after acid hydrolysis (and purification) of cellulose. The
typical concentration methods are solvent evaporation [4] and dialysis [14,45].

2.1.1. Mechanochromic Films

Materials that exhibit a color change in response to mechanical stimuli—i.e., mechanochromic
materials—have applications as e.g., mechanical damage sensors and energy-saving display
devices. A representative approach to developing mechanochromic materials is using
structural color [46]. Structurally colored materials present color that is typically ascribed
to Bragg reflections from the materials” internal periodic layered structures, and this color
can change when a given mechanical stimuli varies the periodicity [47-50]. ChLCs also
exhibit structural color that can change in accordance with the helical periodicity, and
thus ChLCs can be key structures for constructing structurally colored mechanochromic
materials. In addition, ChLCs also exhibit CD and thus optical chirality. This unique
property of ChLCs may bring new concepts to the field of mechanochromic materials.
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Miiller and Zentel [51] prepared structurally colored mechanochromic films from cellu-
lose derivative-based ChLC. They prepared lyotropic ChLC solutions by dissolving 44 wt%
cellulose 3-chlorophenylcarbamate (Figure 2a) in acrylate monomer with crosslinker, and
then subjecting the solutions to in situ thermal polymerization. The researchers compressed
the ChLC film between two glass slides and evaluated the mechanochromic properties of
the film by UV-visible (Vis) spectroscopy. The selective reflection wavelength of the ChLC
film is blue-shifted by compression (Figure 2b). Furthermore, thermal treatment of the film
recovered the original reflection wavelength.

Liang et al. [52] reported large-area photonic films from HPC by the roll-to-roll method.
They produced the photonic films by laminating HPC in aqueous ChLC but did not
conduct immobilization through solution-casting or in situ polymerization. The roll-to-
roll fabrication consisted of coating the lyotropic ChLC on a polyethylene terephthalate
substrate, glue-deposition to seal the edge of the film, UV-curing the glue, and laminating
the film (Figure 2c). The laminated ChLC films exhibited a decrease in the reflection
wavelength in accordance with increasing applied compression stress. The reflection
spectra broadened by compression, probably because of misalignment of the ChLC domain
induced by lateral shear flow. The researchers presented an excellent touch-sensing function
of the laminated ChLC films through visualizing footprints by color change (Figure 2d).

Boott et al. [53] developed mechanochromic elastomeric films by compounding CNC-
based ChLC films with synthetic polymers. They cast 4 wt% CNC aqueous suspensions
to conduct EISA to obtain CNC ChLC films. The researchers then soaked the films with
a dimethylsulfoxide (DMSQO) solution of ethyl acrylate, 2-hydroxyethyl acrylate, and
initiator to infiltrate these reagents into the films. They heated the vial to initiate polymer-
ization of the acrylate monomers adsorbed in the films, resulting in CNC-based ChLC
elastomeric films.

UV-Vis spectra of the stretched ChLC elastomeric film indicate that the film’s color
blue-shifted in accordance with increasing tensile strain (Figure 2e). This shift indicates a
decrease in the cholesteric helical pitch of the film by stretching. CD spectra also supported
this result and exhibited a positive CD signal—demonstrating preservation of CNC-based
left-handed ChLC in the stretched film (Figure 2f). Relaxation recovered the original color
of the film. To evaluate the effect of the tensile stress on the internal ChLC structure,
Boott et al. [53] conducted two-dimensional X-ray diffraction analyses for the relaxed
and stretched sample. They observed a diffraction peak corresponding to unwinding
of the ChLC structure into a pseudonematic structure when they stretched the sample.
Accordingly, the researchers proposed a structural model of CNC assembly in a stretched
film whereby some of the CNC rods were almost parallel to the stretch direction before
stretching, and these CNC rods completely aligned with the stretched direction upon
application of stress, giving rise to a small nematic region (Figure 2g).

Whereas most studies on cellulosic ChLC-based mechanochromic materials inves-
tigated force-induced color changes, Miyagi and Teramoto [54] focused on an effect
of mechanical stimuli on the CD of cellulosic ChLC films. They prepared ethylcellu-
lose/poly(acrylic acid) (EC/PAA) ChLC films by dissolving 47 wt% EC in AA solvent with
photoinitiator followed by in situ photopolymerization of AA.

Miyagi and Teramoto [54] subjected 47 wt% EC/PAA ChLC films to compression at
130 °C, which is higher than the glass transition temperature (Tg) of the films, and measured
the CD spectra of the compressed films. The original (i.e., not compressed) EC/PAA films
exhibited a positive CD signal, indicative of selective reflection of L-CPL; whereas the
compressed films exhibited a negative CD signal corresponding to selective reflection of
R-CPL (Figure 2h). In addition, the researchers visually inspected the EC/PAA films with
circular polarizers before and after the compression. The reflected light from the original
films transmitted through LCP, whereas the reflected light from the compressed films
passed through RCP; which is consistent with the spectroscopic measurements (Figure 2i).
These CD and circular polarization results are indicative of stress-induced circular dichroic
inversion (SICDI) of the ChLC films. The researchers hypothesized that the mechanism of
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this circular dichroic inversion is as follows: the component polymers of the ChLC films
were partially linearly oriented, resulting in birefringence of the transmitted CPL that was to
undergo handedness inversion. They derived a mathematical model, taking this hypothesis
into account, to calculate theoretical CD spectra of the compressed EC/PAA films by
modifying the equation reported by Ritcey et al. [55]. The obtained theoretical CD spectra
of the compressed films exhibited good agreement with corresponding experimental
spectra (Figure 2j), indicating the validity of the researchers” hypothesis for the mechanism
of SICDI [56].

In prior work EC/PAA films expressed SICDI only above 130 °C because of the Ty of
the films. Thus Miyagi and Teramoto [57-59] also expanded the conditions where such films
can manifest SICDI. Accordingly, they prepared propionylated HPC (PHPC; Figure 2k),
which has a low Tg (ca. —20 °C) and high ChLC-formability in a wide range of monomeric
solvents. In this system, the ability to immobilize ChLC structures into films by in situ poly-
merization depended on the species of the in situ-generated polymers. Fukawa et al. [60]
reported a similar phenomenon. Spin-lattice relaxation analyses of PHPC/synthetic poly-
mer ChLC films by solid-state nuclear magnetic resonance spectroscopy indicated that the
immobilization efficiency was high for the films where PHPC and synthetic polymers were
not completely compatible [57,58]. This can be attributed to the way that the complete mix-
ing of cellulose derivatives and synthetic polymers disturbs the interaction of mesogenic
cellulosic chains. PHPC/synthetic polymer films with an immobilized ChLC structure
exhibited SICDI by compression at room temperature (Figure 21).

2.1.2. Biomineralized Films

Living organisms build structurally strong tissues in their bodies by compounding
organics and minerals—so-called organic-inorganic hybrids, such as vertebrate bones and
teeth, fish scales, crustacean exoskeletons, and shells. Representative minerals are e.g.,
hydroxyapatite, calcium carbonate, and magnetite. Inspired by these natural structures,
functional material designs based on biomineralization are an active area of research [61,62].
There has been research on biomineralization of cellulosic ChLC films, as discussed next.

Ogiwara et al. [63] conducted calcium phosphate biomineralization using a cellulose
derivative-based ChLC as an organic scaffold. This concept likely mimics the mineralized
supramolecular helical structure that is seen in the crustacean exoskeleton. Although
they investigated EC and HPC-based ChLC films, we focus on only the EC system. The
researchers prepared EC/PAA films by in situ photopolymerization of 40-57 wt% EC/AA
ChLC solutions and soaked the obtained films in mineral solutions containing CaCl,,
(NH4),HPOy,, and NaCl at pH 9.0. They then rinsed the mineralized films with water
and vacuum-dried the films. In this material design, PAA is a crucial component that has
the two roles of immobilizing the cellulosic ChLC structure and absorbing the ions, thus
facilitating mineralization on the ChLC scaffold.

Energy-dispersive X-ray analyses of the fracture surface of mineralized 55 wt%
EC/PAA films (m-EC(55)/PAA) indicate that the elements Ca and P were uniformly
distributed inside the films by mineralization (Figure 3a). Wide-angle X-ray diffraction pro-
files of unmodified 55 wt% EC/PAA films (EC(55)/PAA; Figure 3b) showed a diffraction
peak that is attributable to the stacked pseudonematic planes of ChLC at 6 = 9.6° and a halo
corresponding to an amorphous region at 6 ~ 19°. Both the unmodified and as-mineralized
EC/PAA films exhibited no clear crystalline diffraction pattern, whereas the mineralized
films subjected to posttreatment in aqueous NaOH (p-m-EC(55)/PAA) exhibited diffraction
peaks from crystalline hydroxyapatite (Figure 3b). The NaOH posttreatment results are
probably attributable to alkali hydrolysis of amorphous calcium phosphate or less-ordered
precursors of hydroxyapatite.
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Figure 2. (a) Chemical structure of cellulose 3-chlorophenylcarbamate and (b) ultraviolet (UV)-visible spectra of a cholesteric
liquid crystalline (ChLC) film before compression (solid line), directly after compression (dashed line), and after heating at
50 °C (dotted line) (reproduced from [51] by permission of Wiley). (c) Schematic of roll-to-roll preparation of hydroxypropyl
cellulose (HPC) ChLC films and (d) footprint exhibited by the films (adapted from [52] by permission of Springer Nature).
(e) Visual appearances and (f) circular dichroism (CD) spectra of a stretched cellulose nanocrystal ChLC elastomeric
film. (g) Proposed model of a change in the ChLC structure in the film under tensile ((e-g) were reproduced from [53] by
permission of Wiley). (h) CD spectra of ethylcellulose/poly(acrylic acid) (EC/PAA) ChLC films before and after compression
at 130 °C and (i) visual appearance through circular polarizers (LCP: left-handed circular polarizer; RCP: right-handed
circular polarizer) (reproduced from [54] by permission of the Royal Society of Chemistry). (j) Experimental and theoretical
CD spectra of compressed EC/PAA films (adapted with permission from [56], copyright (2021) American Chemical Society).
(k) Chemical structure of propionylated HPC (PHPC) and (1) CD spectra of PHPC/poly(methyl methacrylate) ChLC films
before and after compression at 30 °C (reproduced from [58] by permission of Elsevier).
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Figure 3. (a) Scanning electron microscope (SEM) image and energy-dispersive X-ray mappings of Ca and P for the
fracture surface of an m-EC(55)/PAA film. (b) Wide-angle X-ray diffraction intensity profiles of EC(55)/PAA (bottom),
m-EC(55)/PAA (center), and p-m-EC(55)/PAA film (top). (c) Temperature dependence of the storage modulus E’, loss
modulus E”, and loss factor tan § for EC (dashed line), EC(55)/PAA (dotted line), and m-EC(55)/PAA film (solid line).
(d) Thermogravimetric analysis profiles for EC(55)/PAA and m-EC(55)/PAA films ((a—d) were reprinted with permission
from [63], Copyright (2021) American Chemical Society).

In dynamic mechanical analyses of the film samples, the storage and loss modulus of
EC(55)/PAA films substantially diminished from 140 °C, whereas those of m-EC(55)/PAA
films retained relatively high values even above 200 °C (Figure 3c). Thermogravimetric
analyses of these samples indicate that the temperature at which polymer degradation
began and the residual weight at 700 °C for m-EC(55)/PAA films were higher than those of
EC(55)/PAA films (Figure 3d). These dynamic mechanical analysis and thermogravimetric
analysis results reveal that biomineralization enhanced the thermomechanical properties
and thermal stability of EC/PAA ChLC films.

Katsumura et al. [64] and Nakao et al. [65] reported calcium carbonate mineralization
of EC/PAA, CNC/poly(2-hydroxyethyl methacrylate), and CNC/poly(HEMA-co-AA)
ChLC films. All of these systems exhibited improved thermomechanical properties and
thermal stability, as well as calcium phosphonate mineralization system.

2.1.3. Optical Filters

Although ChLC can act as an optical filter to separate the CPL of particular wave-
lengths and handedness, this reflection-selectivity is sometimes too specific. However,
by combining ChLC with a nematic liquid crystalline phase or substances that affect
the cholesteric helical structure, the reflection-selectivity can be expanded. This enables
fabrication of optical filters with a filtering function tailored to assumed applications.

De la Cruz et al. [66] produced optical filters that reflect both L-CPL and R-CPL with a
certain wavelength, by combining ChLC films and nematic liquid crystalline films, both
prepared from CNCs. These filters have a reflection-selectivity for wavelength and no
selectivity for handedness. The researchers designed the optical filters by a sandwich
structure with top and bottom left-handed ChLC CNC layers, and a middle nematic CNC
layer as a wave-plate (Figure 4a). In this system, the first ChLC layer selectively reflected
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L-CPL, and the birefringence inverted the transmitted R-CPL in the middle nematic layer.
The L-CPL thus generated was reflected from the second ChLC layer, inverted back into
R-CPL in the middle layer, and transmitted through the first ChLC layer. This mechanism is
analogous to the SICDI by the compressed EC/PAA ChLC films described in Section 2.1.1.

De la Cruz et al. [66] prepared CNC-based ChLC films by curing mixtures of a
CNC aqueous dispersion, 1,2-bis(trimethoxysilyl)ethane (organosilica precursor), and
low-molecular-weight polyethylene glycol (plasticizer) in ambient conditions. Curing was
in the presence of a static magnetic field normal to the film surface for uniform orientation
of the helical axis: i.e., perpendicular to the film surface. The helical pitch, and thus a
selective reflection wavelength, of the films can be tuned by varying the feed ratio of the
CNC aqueous dispersion, organosilica, and polyethylene glycol. The researchers prepared
CNC-based nematic films by linear shear deposition of a 3.5-5.0 wt% CNC aqueous disper-
sion on the ChLC films, and subsequent drying at 30 °C to 35 °C. They prepared sandwich
films by attaching the ChLC film with the nematic layer to the pristine ChLC film with
an adhesive.

UV-Vis reflection spectroscopy of the single ChLC CNC layer exhibited no reflection
of R-CPL because of the selective reflection of L-CPL. In addition, the reflectance of linearly
polarized (LP) light was half that of L-CPL because LP light is the vector sum of R-CPL and
L-CPL (Figure 4b). In contrast, the sandwich film exhibited almost the same reflectivity
for LP light, L-CPL, and R-CPL; indicating the handedness-independent reflection of CPL
(Figure 4b). This interpretation is supported by CD spectra that exhibited no peak for the
sandwich film because of equal reflection of both L-CPL and R-CPL, and transmission
spectra where the minimum transmittance of the sandwich film was half that of the single-
ChLC film. Such handedness-independent optical filters can achieve full reflection of both
L-CPL and R-CPL, enabling twice the efficiency of the resulting photoenergy in comparison
with single-ChLC films.

Fernandes et al. [67] fabricated CNC ChLC films that also reflect both R-CPL and
L-CPL, by incorporating a small-molecule nematic liquid-crystal in the films. Although the
concept of this material to accomplish handedness-independent reflection is the same as
in de la Cruz et al. [66], their material designs are different. Whereas de la Cruz et al. [66]
constructed the optical filters from completely separated ChLC films and nematic liquid
crystalline films, Fernandes et al. [67] integrated the ChLC films and nematic liquid-crystal
as one material system.

Fernandes et al. [67] prepared ChLC films by casting a 1.9 wt% CNC aqueous dis-
persion on a Petri dish and drying the dispersion at 20 °C for 4 w to allow EISA. They
prepared sample cells by placing the ChLC films between two glass slides and filled the
sample cells with the nematic liquid-crystal 4-pentyl-4’-cyanobiphenyl (5CB) to obtain
CNC-5CB composite liquid crystalline films.

Fernandes et al. [67] observed the pristine CNC ChLC films and the CNC-5CB com-
posite films with circular polarizers. Whereas the CNC films exhibited the reflection color
in the LCP image but no color in the RCP image, the composite films exhibited the reflec-
tion color in both the LCP and RCP images (Figure 4c). These differing reflection results
indicate that the composite films reflected both L-CPL and R-CPL. Analogously to de la
Cruz et al.’s [66] strategy, the birefringence in the nematic region inverted the R-CPL trans-
mitted through the outer ChLC region, reflected this inverted transmission from the inner
ChLC region, reinverted this reflection as R-CPL in the nematic region, and transmitted the
reinversion through the outer ChLC region.

Because 5CB is a small-molecule liquid crystal, it has high stimuli-sensitivity and a
fast response. Taking advantage of this characteristic, the researchers can modulate the
reflection properties of CNC-5CB composites by external stimuli—such as the temperature
and electric field. The composite films exhibited handedness-independent reflection of
CPL at 30 °C, whereas they exhibited selective reflection of L-CPL at 34.5 °C (Figure 4d).
This is attributable to 5CB not exhibiting birefringence because of the nematic—isotropic
phase transition at ~35 °C. Applying an electric field parallel to the cholesteric helical
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axis eliminated the reflection of R-CPL (Figure 4e), because no birefringence occurs when
the orientation direction of an anisotropic material is parallel to the light direction. The
CNC-5CB composite is promising for applications as an optical filter that can dynamically
switch their filtering mode.

Nematic (b) 80 L-CPL

Retarder g
3 5 60 P
/ = 840
EE& &0 R-CPL
Cho!eslsnc/ /

Reflectors

L-CPL
_80 P
RCP +LCP sy £
4 g 60 R-CPL
LOP gy = I —~——y S
RCP faay * =S % § 40
# = 11} n o}
% B | & 2
Cholesteric ‘ 2
Nematic v 0
Cholesteric 400 500 600 700

Wavelength (nm)

(c)

(d)
. LCP RCP
without
5CB o |
with
5CB
— =) st (<]

(f)

Water/Methanol

h " L]
C18-.-Glu
(9)

1200 -

CD / mdeg
8 &8 8§ 8 8

)

0
8

7200 300 400 500 600 700 800 900 400 500 600 700 800

Wavelerfgth / nm Wavelength / nm

Figure 4. (a) Schematic describing the sandwich film composed of cellulose nanocrystal (CNC)-based
cholesteric liquid crystal (ChLC) outer layers and a nematic inner layer, and the mechanism of
the handedness-independent circularly polarized light (CPL) reflection. LCP, left-handed circular
polarizer; RCP, right-handed circular polarizer. (b) Reflection spectra of a single CNC ChLC film
(top) and a sandwich film (bottom) with linearly polarized (LP) light, right-handed CPL (R-CPL), and
left-handed CPL (L-CPL) incident light ((a,b) were reprinted with permission from [66], copyright
(2021) American Chemical Society). (c) Reflection images of a simple CNC ChLC film and a CNC—4-
pentyl-4’-cyanobiphenyl (5CB) composite through LCP and RCP. (d) Reflection image of a CNC-5CB
composite through LCP and RCP at 30 °C (top) and 34.5 °C (bottom). (e) Reflection image of a
CNC-5CB composite through LCP and RCP; before (left) and after (right) applying an electric field
parallel to the cholesteric helical axis ((c—e) were reproduced from [67] by permission of Wiley).
(f) Schematic presenting formation of the ChLC structure with a distributed helical pitch in the
presence of N-stearoyl-L-glutamic acid (C18-L-Glu micelles). (g) Circular dichroism spectra and
(h) transmission spectra of broadband cellulose films (BCFs) with various portions of C18-L-Glu
((f,g) were reproduced from [68] by permission of Wiley).
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Cao et al. [68] developed optical filters that reflect L-CPL with a wide range of wave-
lengths in the visible region, by combining ChLC films with a surfactant. These films
have reflection-selectivity for the handedness and no selectivity for the wavelength. The
concept of the material design is that nanometer-scale micelles formed from the surfactant
disturb the self-assembly of CNC to give a nonuniform cholesteric helical pitch, resulting
in broadband reflection of L-CPL (Figure 4f).

Cao et al. [68] obtained CNC-based ChLC films compounded with micelles by adding
a controlled quantity of micelle solution composed of a water/methanol mixture and
anionic surfactant N-stearoyl-L-glutamic acid (C18-L-Glu) into a 4 wt% CNC aqueous
dispersion at neutral pH, followed by EISA at room temperature for 3 d. The researchers
termed the prepared films as broadband cellulose films (BCFs).

Figure 4g shows CD spectra of BCFs with various proportions of C18-L-Glu (BCF1-
BCF5; the C18-L-Glu content increases from BCF1-BCF5). These spectra indicate that the
reflection peak of the films broadened in accordance with increasing C18-L-Glu concentra-
tion. The sample with the highest content of C18-L-Glu in the researchers’ experiments
(BCF5) exhibited a broad reflection peak covering the visible region. CPL transmission
spectra verified the prevention of the transmission of L-CPL over a wide range of wave-
lengths by ChLC films incorporating C18-L-Glu (Figure 4h). Such ChLC films that exhibit
broadband selective reflection of CPL can be applied to optical filters that separate R-CPL
and L-CPL regardless of wavelength.

2.1.4. Conducting Films

Lizundia et al. [69] fabricated conducting materials by depositing a conducting poly-
mer, polypyrrole (PPy), on CNC ChLC films. They prepared the ChLC films by casting
4 wt% CNC aqueous dispersions on Petri dishes, and then air-drying the dispersions
for 96 h to induce EISA. To prepare CNC ChLC films with various functional groups
on the surfaces, the researchers conducted surface modification of the films by (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl-oxidation, acetylation, alkaline desulfation, and cationiza-
tion. They obtained CNC/PPy composite films by in situ oxidative polymerization of
pyrrole on a series of CNC films as substrates (Figure 5a). The researchers soaked the CNC
films in distilled water; then added pyrrole, aqueous FeCls as an oxidant, and HCl as a
dopant, before finally conducting the reaction at 0 °C for 5 h.
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Figure 5. (a) Schematic for preparing cellulose nanocrystal (CNC)/polypyrrole (PPy) composite films. (b) Cyclic voltammo-

grams of CNC /PPy composites, where the CNCs were subjected to various surface modifications ((a,b) were reproduced
from [69] by permission of Wiley). TEMPO, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

Lizundia et al. [69] performed cyclic voltammetry using CNC/PPy composite films
as electrodes to characterize the conductivity of the films (Figure 5b). Whereas the neat
CNC film without PPy exhibited zero current over the range of applied voltage, CNC/PPy
composite films exhibited rectangular cyclic voltammetry curves. The specific capacitance
calculated from the voltammogram of the acetylated CNC /PPy film was 4 x that of the
unmodified CNC/PPy film. These cyclic voltammetry results indicate that the capacitance
can be improved by surface modification of composite films. The researchers considered
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this improvement to be related to the hydrogen bonding between the carbonyl and hydroxy
groups on the CNC film, and the amine groups of the PPy.

2.2. Cellulosic ChLC Gels

A polymeric gel is composed of a polymer network constructed by chemical or
physical crosslinking of the polymer chains, and swells by uptaking solvents into the net-
work. Although Section 2.1 introduced some film materials—such as the mechanochromic
films created by Miiller and Zentel [51] and the biomineralized films reported by Ogi-
wara et al. [63] that had a polymer network structure, these materials express their func-
tions in a dried state. We consider materials (incorporating cellulosic ChLC) that express
their functions through swelling with a solvent as cellulosic ChLC functional gels.

Because cellulosic ChLC can be formed in an aqueous solution or a dispersion using
HPC or CNC, these cellulosics enable production of ChLC hydrogels. This hydrogel
characteristic facilitates fabrication of ecofriendly, biocompatible, cellulosic ChLC-based
functional gels.

Researchers prepare cellulose derivative-based ChLC gels by in situ polymeriza-
tion of lyotropic ChLC solutions of cellulose derivatives in monomeric solvents with a
crosslinker [70]. Another method is formation of lyotropic ChLC solutions of cellulose
derivatives with crosslinkable side groups followed by crosslinking [51]. A representative
preparation of CNC-based ChLC gels is as follows: first mix a relatively dilute non-ChLC
dispersion with a crosslinkable monomer, and then subject the mixture to EISA and in situ
polymerization [71,72].

2.2.1. Salt-Responsive Color Gels

Chiba et al. [70] reported cellulose derivative-based ChLC hydrogels that exhibit a
salt-responsive color change. They prepared lyotropic ChLC by dissolving 60-72 wt%
HPC in a solvent mixture composed of di(ethylene glycol) monomethyl ether methacrylate
(DEGMEM), methanol, water, and tetra(ethylene glycol) diacrylate. The researchers added
glutaraldehyde and a small quantity of hydrochloric acid into the lyotropic ChLC, followed
by in situ photopolymerization and crosslinking to obtain the ChLC gels. In this gel system,
they immobilized the ChLC structure with an interpenetrating polymer network consisting
of HPC crosslinked with glutaraldehyde, and poly(DEGMEM) (PDEGMEM) crosslinked
with tetra(ethylene glycol) diacrylate.

The 65 wt% HPC/PDEGMEM composites were orange in the original dried state,
whereas the color redshifted by swelling in aqueous LiSCN and subsequent drying
(Figure 6a). Chiba et al. [70] restored the original color by washing the gels with distilled
water and drying. However, after immersing these gels in aqueous KNOj the reflected
color of the gels blueshifted. The researchers explained this salt-dependent color variation
in terms of the chaotropic effect of the salt ions. Because chaotropic ions act as water-
structure breakers (and antichaotropic ions act as water-structure formers), the salts likely
affected the water-solubility of HPC, inducing an increase in the cholesteric helical pitch in
the context of chaotropic ions and a decrease in the cholesteric helical pitch in the context
of antichaotropic ions. Ions with a stronger chaotropicity corresponded to a larger change
in the helical pitch.

In addition, Chiba et al. [70] achieved color control of the gels with an electric field
(Figure 6b). After applying an electric field to HPC/PDEGMEM gels salted with LiSCN,
negative thiocyanate ions migrated to the positive side of the gels, and the coloration of the
positive side redshifted because of the chaotropicity of thiocyanate.

2.2.2. Humidity-Responsive Color Gels

Miiller and Zentel [51] produced cellulosic molecular ChLC hydrogels that changed
color in accordance with the water content. They introduced crosslinkable acryl groups
into HPC by an esterification reaction between acryloyl chloride and the hydroxy groups
of HPC (Figure 7a). The researchers set a relatively low degree of substitution (0.22) to
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maintain the water solubility. They dissolved the modified HPC in water at 66 wt% to
obtain lyotropic aqueous ChLC, and then subjected the solutions to photocrosslinking to
prepare ChLC hydrogels.

(a)

LiSCN

KNO,

(b)

LiSCN

KNO,

Figure 6. (a) Visual appearance of hydroxypropyl cellulose (HPC)/poly(di(ethylene glycol)
monomethyl ether methacrylate) (PDEGMEM) gels (1) in the original state, (2) swollen in salt solutions,
(3) dried after salting-in, and (4) washed with water followed by drying. The researchers used LiSCN
and KNOj as salts. (b) Visual appearance of HPC/PDEGMEM gels (1) in original state, (2) swollen
in salt solutions, (3) after applying the electric field, and (4) dried after turning off the electric field
((a,b) are reprinted with permission from [70], copyright (2021) American Chemical Society).

The obtained HPC-based ChLC hydrogel originally exhibited a red color, whereas the
color blueshifted after air-drying for 3 d and shifted to the UV region after 3 w (Figure 7b).
These color shifts are likely because shrinking the hydrogel by air-drying shrank the
cholesteric helix incorporated in the hydrogel. The coloration of the gel returned to the
red region after swelling with water, and Miiller and Zentel [51] cycled the color change
between the red to UV regions.

Wu et al. [71] fabricated composites (of a CNC-based ChLC gel and a polyamide film)
that exhibit a humidity-responsive color change and three-dimensional deformation. They
produced the composite by sandwiching a uniaxially oriented polyamide film between
two CNC ChLC gel layers.

Wu et al. [71] mixed a 1.5 wt% CNC aqueous dispersion with 5 wt% aqueous polyethy-
lene glycol diacrylate (PEGDA) to reach several weight ratios of CNC and PEGDA. They
used PEGDA to construct a polymer-network structure through polymerization and
to impart flexibility to the resultant polymerized product. The researchers added the
CNC/PEGDA mixture to one side of a uniaxially oriented polyamide-6 (PA-6) film, and
then dried the product. They subjected another side of the PA-6 film to the same process
and exposed the sample to UV-irradiation for photopolymerization, resulting in a CNC
ChLC gel/PA-6 film composite (Figure 7c).
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Figure 7. (a) Chemical structure of hydroxypropyl cellulose (HPC) acrylate and (b) effect of swelling
and drying on UV-Vis spectra of an HPC-based cholesteric liquid crystal (ChLC) hydrogel (Reprinted
from [51] by permission of Wiley). (c) Schematic of cellulose nanocrystal (CNC) ChLC gel/polyamide-
6 (PA-6) film sandwich composites. PEGDA, polyethylene glycol diacrylate. (d) Schematic and visual
appearances of water-vapor-induced color change as well as actuation of the sandwich composite.
R: red; G: green. (e) Wet-air response of an artificial flower prepared from a sandwich composite
(c—e) were reproduced from [71] by permission of The Royal Society of Chemistry).



Nanomaterials 2021, 11, 2969

16 of 29

Wau et al. [71] evaluated the humidity response of a specimen cut from the composite
with a CNC/PEGDA mass ratio of 54.5/45.5 along the orientational axis of the PA-6 film.
They placed the sample in a 10-mL bottle with water, and provided wet air to the sample by
heating the bottle to 75 °C. The humidity-response tests indicate that the color of the side of
the sample exposed to wet air redshifted, whereas the other side exhibited no color change
(Figure 7d). In addition, the sample exhibited a bending deformation in response to the
humid environment. These color-change and deformation phenomena are attributable to
asymmetric swelling of the CNC-based ChLC gel outer layers, originating from a blockage
of the water vapor by the hydrophobic PA-6 interlayer film. The researchers flattened
the composite by wetting both sides and observed the original color after drying. They
also prepared an artifact mimicking a four-petal flower from the sandwich composite
and demonstrated the composite’s humidity-responsive behavior (Figure 7e). Providing
wet air to the flower mimic gave rise to folding due to the bending force of the petals,
whereas removing the moisture source caused recovery of the original shape by water
desorption. A composite material expressing humidity-responsive color change as well
as three-dimensional deformation is attractive as a potential application in, for example,
humidity sensors or wet air-driven actuators.

The humidity response of CNC-based ChLC gels is an active area of research [73-77].
The substantial hydrophilicity and useful coloration properties of CNC-based ChLCs are
suitable for achieving a humidity response.

2.2.3. Colored Gels with Tailored Stimuli-Responsivity

Kelly et al. [72] produced stimuli-responsive photonic hydrogels incorporating a
CNC ChLC structure. They concentrated 3 wt% CNC aqueous dispersions containing the
monomers, crosslinker, and photoinitiator 2,2-diethoxyacetophenone to >60 wt% CNC, to
obtain ChLC dispersions with visible color through EISA. The researchers then prepared
photonic hydrogels by in situ photopolymerization of the monomer in the colored ChLC
dispersions for 1 h. They used several types of monomer and crosslinker for preparing the
hydrogels, such as acrylamide, N-isopropylacrylamide, polyethylene glycol methacrylate,
N,N’-methylenebisacrylamide, and polyethylene glycol dimethacrylate.

The color of the CNC/polyacrylamide hydrogels was red-shifted after swelling in
water because the CNC was diluted inside the gels (Figure 8a). Immersing the hydrogels
in water corresponded to rapid swelling, reaching the swelling equilibrium after ca. 150 s
(Figure 8b). Hydrogels briefly subjected to photopolymerization exhibited faster swelling
than those that were sufficiently irradiated because of the loose polymer network in the
former. Taking advantage of this property (controllable swelling rate), Kelly et al. [72]
spatially modulated the swelling behavior by masking a section of the hydrogels during
photopolymerization. Such photonic hydrogels can be used to produce a security device
that exhibits a latent image by swelling in water (Figure 8c).

Because diverse monomers can be used to prepare CNC-based ChLC hydrogels,
a wide range of functionality can be imparted to the hydrogels by simply changing the
monomer species in the aqueous dispersions. To demonstrate this functionalization strategy,
Kelly et al. [72] prepared hydrogels composed of CNC and poly(acrylic acid) (PAA), and
demonstrated a pH-responsive color change originating from pH-dependent ionization of
PAA (Figure 8d).

2.3. Cellulosic ChLC Mesoporous Materials

Constructing a mesoporous structure can impart valuable physical properties to cellu-
losic ChLC materials, such as flexibility and substantial solvent absorption. Furthermore,
chiral mesoporous structures will facilitate fabrication of unprecedented functional materi-
als, such as chiral reaction fields and optical resolution columns.
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Figure 8. (a) Visual appearance of a cellulose nanocrystal (CNC)/polyacrylamide (PAAm) cholesteric
liquid crystal (ChLC) hydrogel swollen in water for 30 s. (b) Time dependence of the selective
reflection wavelength of a CNC/PAAm ChLC hydrogel swollen in water. (c) Swollen state in
water for a CNC/PAAm ChLC hydrogel prepared by in situ photopolymerization of the precursor
ChLC dispersion with a photomask. (d) Time dependence of the selective reflection wavelength
of a CNC/poly(acrylic acid) (PAA) ChLC hydrogel swollen in water at pH 7 and 9.5 (a-d) were
reproduced from [72] by permission of Wiley).

2.3.1. Flexible and Solvent-Responsive Mesoporous Films

Khan et al. [78] produced flexible mesoporous ChLC films by compounding CNC
with phenol-formaldehyde (PF) resin. In a typical procedure, they mixed a 3.5 wt% CNC
aqueous dispersion with 35 wt% PF solution in water/methanol, and then dried the
mixture under ambient conditions for EISA. The researchers heated the obtained films
at 75 °C for 24 h to cure the PF resin, resulting in CNC/PF resin composite films. They
prepared mesoporous films upon treatment of the composites with an alkali solution or
an alkali/urea mixture to remove the internal CNC, followed by supercritical drying with
CO; (Figure 9a).

Khan et al. [78] retained coloration of the films, derived from selective reflection of CPL,
even after removal of the CNCs. This retained coloration indicates that the researchers
obtained a CNC-based ChLC morphology on the mesoporous structure. In addition,
the mesoporous ChLC films were pliable and readily bent without structural damage
(Figure 9b), in contrast to the brittle nature of composites before removing the CNCs.
Tensile stress—strain curves indicate that the mesoporous films exhibited higher flexibility
(lower elastic modulus) and toughness (higher elongation at break) than the corresponding
nonporous films (Figure 9c). The researchers also examined the solvent-responsivity of the
mesoporous ChLC films. The reflection color of the film red-shifted upon immersing the
film in a water/ethanol mixed solvent, and the color corresponded to the water/ethanol
ratio (Figure 9d). This is attributable to an increase in the cholesteric helical pitch originating
from swelling of the mesoporous structure (Figure 9e). The color change was reversible by
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Figure 9. (a) Schematic for preparing mesoporous cholesteric liquid crystal (ChLC) plastics from cellulose nanocrystal
(CNC)/phenol-formaldehyde (PF) resin ChLC dispersions. (b) Visual appearance of a mesoporous ChLC plastic de-
formed by bending. (c) Stress—strain curves of a nonporous CNC/PF resin composite film and a mesoporous ChLC
plastic. (d) Ultraviolet—visible transmission spectra of mesoporous ChLC plastics immersed in a water/ethanol mixture.
(e) Schematic of the swelling behavior of mesoporous ChLC plastics in water/ethanol mixtures (a—e) were reproduced
from [78] by permission of Wiley).

2.3.2. Cellulose Derivative-Silica Mesoporous Hybrids for Chiral Chromatography

Sato et al. [79] prepared cellulose chlorophenylcarbamate derivative—silica hybrids
with ChLC as well as mesoporous structures by a sol-gel process, and evaluated their
optical and chiral resolution properties. They added 3- and 4-chlorophenyl isocyanate
into 2.8 wt% cellulose in dimethylacetamide/LiCl, and carried out the reaction at various
temperatures and times under nitrogen. The researchers purified the obtained cellulose
3-chlorophenylcarbamate (3CI-CPC) and 4-chlorophenylcarbamate (4CIl-CPC; Figure 10a)
by dissolution—precipitation and Soxhlet extraction. They prepared lyotropic ChLC solu-
tions of 3C1-CPC by dissolving 3Cl-CPC in 3-aminopropyltrimethoxysilane at 3240 wt%,
and prepared ChLC solutions of 4Cl-CPC by dissolving 4CIl-CPC in a tetramethyl orthosili-
cate/dimethylformamide/dichloroacetic acid mixed solvent at 3248 wt%. The researchers
exposed the ChLC solutions of 3C1-CPC and 4CIl-CPC to air to solidify the solutions through
the sol-gel process, resulting in cellulose chlorophenylcarbamate—silica hybrids.

In CD spectroscopy, the concentrated 3Cl-CPC/3-aminopropyltrimethoxysilane solu-
tions exhibited negative peaks originating from the right-handed cholesteric helix, whereas
4Cl-CPC/tetramethyl orthosilicate/dimethylformamide/dichloroacetic acid solutions ex-
hibited positive peaks originating from a left-handed helix (Figure 10b). Sato et al. [79] also
observed the selective reflection peaks in CD spectra of silica hybrids obtained by sol-gel
processing of those ChLC solutions, indicating immobilization of the ChLC structure in
the hybrids (Figure 10b). The reflection peaks of the solidified samples blue-shifted com-
pared with those of the corresponding parent solutions, likely because the samples shrank
during gelation.

Sato et al. [79] attempted a chiral resolution of a racemic compound by column
chromatography with the cellulose chlorophenylcarbamate—silica ChLC hybrid as the
column filler. A concept of this column system is two-chirality with different scales, which
are the molecular chirality of the cellulose derivative and the supramolecular chirality of
the ChLC structure; whereas conventional chiral columns adopt only molecular chirality.

The researchers carried out an open-column chromatographic separation of a racemate
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of trans-stilbene oxide (TSO) into two enantiomers [i.e., (R,R)-TSO and (S,S)-TSO] with
a column filled with 4Cl-CPC-silica ChLC hybrid granules (¢ <~120 pm). The resultant
chromatogram exhibited a broad peak composed of two signals (Figure 10c), although a
conventional chiral column manufactured from 4Cl-CPC enable chiral separation of TSO.
The researchers attributed this insufficient chiral resolution by 4Cl-CPC-silica ChLC hybrid
to fewer contacts of the filler with the chiral molecules, itself attributable to the nonuniform
particle size of the filler. Technical optimization will validate the concept of two-chirality
with different scales.
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Figure 10. (a) Chemical structures of cellulose, 3-chlorophenylcarbamate (3CI-CPC), and 4-chlorophenylcarbamate (4Cl-
CPC). (b) Circular dichroism spectra of 3CI-CPC/3-aminopropyltrimethoxysilane (left) and 4Cl-CPC/tetramethyl orthosil-
icate/dimethylformamide/dichloroacetic acid (right) cholesteric liquid crystal solutions with various cellulosic concen-
trations. (¢) Chromatographic profile for racemic trans-stilbene oxide using an open column filled with a 4Cl-CPC-silica

hybrid (a—c) were reproduced from [79] by permission of Elsevier).

2.4. Other Cellulosic ChLC Solid Functional Materials

There are additional reports on diverse cellulosic ChLC solid functional materials—such as
structurally colored liquid marbles [80] and clay composites [81], photonic skins to visualize
human motion [82,83], transistors for CPL-sensing [84], solvent-resistant photonic films [85],
mechanically anisotropic composites [86], CPL-luminescent films incorporating quantum
dots [87], pressure-sensitive aerogels [88], humidity-responsive photonic microarrays [89],
and inkjet-printed photonic patterns [90]. These studies will facilitate expansion of the
range of applications of cellulosic materials to industrial sectors in which cellulose is often
considered to be incompatible with high performance.

3. Cellulosic ChLC-Based Liquid Functional Materials
3.1. Cellulosic ChLC Solutions

A representative material form of cellulosic ChLC liquid materials is solution; that is,
lyotropic ChLC. Although the basic physical properties of cellulosic ChLC solutions have
been thoroughly investigated to date, research on functionalization of the solutions have
been limited. A core reason for this lack of research may be the high viscosity of cellulosic
ChLC solutions, which leads to handling difficulties and slow stimuli-responses.

Nishio et al. [91] and Chiba et al. [92] reported cellulose derivative-based ChLC
solutions doped with salts and modulated the solutions’ color with an electric field. This
system is a precursor of the salt-responsive color gels described in Section 2.2.1.

Nishio et al. [91] prepared ChLC solutions by dissolving HPC into aqueous salt. They
accelerated dissolution of HPC by repeated centrifugation of the mixture. The selective
reflection wavelength of 62.5 wt% HPC ChLC aqueous solution blue-shifted in accordance
with increasing concentration of LiCl, whereas the wavelength red-shifted in accordance
with increasing concentration of LiSCN (Figure 11a). This difference is likely related to the
chaotropicity of the salt ions as aforementioned in Section 2.2.1. Chiba et al. [92] applied
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an electric field to HPC ChLC aqueous solutions containing LiSCN, and found that the
positive electrode side of the solutions red-shifted and the negative electrode side blue-
shifted (Figure 11b). Which electrode side exhibited a blue-shift and which side exhibited
a red-shift depended on the salt species. A long time (~3 h) was necessary to reach the
equilibrium solution color under the applied electric field, because of the high viscosity of
the cellulosic ChLC solutions.

"k

(a)
LiCl addition .
5 |osm l, 90 min
o no salt
~ —_>
5] LiSCN addition
Q .
0.2M
g 0.5M
Q
[}
Ly
[3)
a4
400 500 600 700

Wavelength / nm

(d) ¢

dark structure (trans) N

A —— — irradiated with 4 = 365 nm SN
-irradiated with 2 > 400 nm

)

/

AVAVAVAY
N §m

EV
XX

\

)

Figure 11. (a) Ultraviolet—visible (UV-Vis) spectra of hydroxypropyl cellulose (HPC) cholesteric liquid crystal (ChLC)
aqueous solutions with various concentrations of LiCl and LiSCN. (b) Visual appearance of HPC ChLC aqueous solutions

with LiSCN under application of an electric field (a,b) were reprinted with permission from [91,92]. Copyright (2021)

American Chemical Society). (¢) Chemical structure of azo-cellulose. (d) UV-Vis spectra of an azo-cellulose ChLC solution

prior to irradiation, after irradiation at 356 nm, and after irradiation at >400 nm. (e) Schematic of the change in the cholesteric

helical pitch of azo-cellulose ChLC solutions by irradiation (d,e) were reproduced from [51] by permission of Wiley).

Miiller and Zentel [51] produced cellulosic ChLC solutions in which light modulates
the color. To induce the photoresponsive color changes, they synthesized cellulose with
two types of side groups: the trifluoromethyl phenyl carbamoyl group required for express-
ing ChLC, and the azobenzene side group that imparts photoresponsivity (Figure 11c).

Miiller and Zentel [51] synthesized a cellulose derivative (azo-cellulose) by reacting
3-(trifluoromethyl)phenyl isocyanate and isocyanoazobenzene with cellulose in dimethy-
lacetamide/LiCl solution at 80 °C for 4 d, followed by dissolution—precipitation with
acetone and a methanol/water mixture. They determined the quantity of azobenzene side
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groups to be 5.4 wt% by UV-Vis spectroscopy. The researchers prepared ChLC solutions
by dissolving azo-cellulose in diethylene glycol dimethacrylate at 44.3 wt%.

In the UV-Vis spectra of the azo-cellulose ChLC solution prior to irradiation, Miiller
and Zentel [51] observed the selective reflection peak at ca. 500 nm (Figure 11d). By
irradiating the ChLC solution at 365 nm, the selective reflection peak shifted to 630 nm, and
shifted back to ca. 500 nm by irradiation at 400 nm. This photoresponsive color change is
attributable to light-induced cis—trans isomerization of the azobenzene side groups, which
gives rise to a change in the cholesteric helical pitch that is attributable to the steric effect
(Figure 11e). The researchers exposed the azo-cellulose ChLC solutions to irradiation for
1 h. This is indicative of a long time to reach the equilibrium of the photoresponsive color
change, because of the high viscosity of the solutions.

3.2. Cellulosic ChLC Emulsions

A liquid-crystal emulsion is a system composed of dispersed liquid-crystal phase and
a continuous liquid phase. Because the liquid-crystal phase is confined in a microscopic
droplet, there are characteristic physical properties that are not observed in a bulk liquid-
crystal. There have been many studies on liquid-crystal emulsions for applications to e.g.,
biosensors [93-96], omnidirectional laser emission [97-100], photonic pigments [101], and
counterfeiting [102] This material form is expected to exhibit high macroscopic fluidity (in
particular for molecular liquid-crystals, because polymer chains entangle only within each
microdroplet) and high stimuli-responsivity originating from the large surface area of the
microscopically dispersed liquid-crystal phase. Liquid-crystal emulsions therefore have
great potential for liquid-type ChLC functional materials that overcome the drawbacks of
lyotropic ChLCs mentioned in Section 3.1.

Li et al. [103] fabricated CNC-based ChLC emulsions by the microfluidic technique,
and evaluated the particle size-induced topological transition of ChLC microdroplets. They
also studied functionalization of the ChLC emulsions by loading nanoparticles (NPs) into
the droplets.

For preparation of the ChLC emulsions, Li et al. [103] injected a CNC ChLC aqueous
suspension as a droplet phase into the central channel of a microfluidic device, and injected
a continuous phase consisting of a fluorinated oil and a copolymer surfactant into the side
channels (Figure 12a). They ranged the droplet size from the micron order to hundred-
micron order with low polydispersity by changing the flow rate of the oil phase.

Li et al. [103] evaluated the effect of the droplet size on the topology of the CNC ChLC
droplets by POM (Figure 12b). For the larger droplets with radius (R) in the range of
40 < R <115 pm, they observed a concentric ring pattern with the Maltese cross. This opti-
cal pattern is attributable to the radial topology of the ChLC helices, where the helical axes
of the ChLC are oriented perpendicular to the droplet surface (the pseudonematic planes
are tangentially aligned to the droplet surface). The double distance between two adjacent
concentric rings, corresponding to the cholesteric helical pitch, was 6.1 & 0.3 um; and the
helical pitch in the droplets was independent on the droplet size. For the middle size of
droplets, 10 < R < 40 pm, the researchers observed a stripe pattern at the core and the
aforementioned concentric ring pattern at the periphery. This stripe pattern originates from
the bipolar topology of the ChLC helices, where the helical axes of the ChLC tangentially
oriented to the droplet surface. For the smaller droplets, R < 10 um, the stripe pattern
accounted for almost all of the droplets. The researchers explained this size-dependent
topological transition of the ChLC microdroplets in terms of a balance between the elastic
energy of spherical packing of the ChLC helices and the surface anchoring energy of the
pseudonematic planes.

To impart a range of functionalities to their CNC-based ChLC emulsions, Li et al. [103]
loaded various NPs into the microdroplets. The inside of the droplets phase-separated into
a CNC-rich ChLC region and an NP-rich isotropic region, whereby the ChLC structure
was maintained even after loading the NPs. A ChLC emulsion with gold NP-loaded
microdroplets exhibited extinction that is attributable to the surface plasmon resonance,
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and a ChLC emulsion with carbon dot-loaded microdroplets exhibited photoluminescence.
In a CNC-based ChLC emulsion with magnetic NP-loaded microdroplets, the droplets
moved in accordance with an applied magnetic field (Figure 12c).

Cho et al. [104] studied a system in which the dispersed ChLC microdroplets in CNC-
based ChLC emulsion converted into microgels. They investigated the swelling behavior
and microreactor characteristics of the ChLC microgels.

Cho et al. [104] prepared their ChLC emulsions by microfluidic emulsification of a
CNC ChLC aqueous suspension containing a monomer (2-hydroxyethyl acrylate), crosslinker
[poly(ethylene glycol) dimethacrylate], and photoinitiator in a similar manner as aforemen-
tioned. The precursor droplets exhibited a size-induced topological transition, which is
consistent with the aforementioned microdroplets prepared from a simple CNC ChLC aque-
ous dispersion. The researchers then subjected the emulsions to UV-irradiation to transform
the droplets into microgels by photopolymerization of the monomer and crosslinking the
polymer chains.

Cho et al. [104] transferred the CNC-based ChLC microgels from oil to water, and
examined the swelling behavior by POM (Figure 12d). The microgels obtained from
the larger precursor droplets (126 um) with radial topology exhibited isotropic swelling
in water, giving rise to an increase in the particle size as well as a cholesteric helical
pitch estimated from the distance between the adjacent concentric rings. However, the
microgels prepared from smaller precursors (20 um) with a bipolar topology anisotropically
swelled, resulting in prolate microgels. There was preferential swelling along the direction
perpendicular to the pseudonematic planes.

CNC-based ChLC microgels have the potential to act as microreactors because of
the catalytic ability facilitated by the hydroxy groups that impart nucleophilicity, and
anionic sulfate ester groups that impart cation-deposition properties. Cho et al. [104]
examined the catalytic performance of the microgels for hydrolysis of 4-nitrophenyl acetate
to 4-nitrophenolate, by monitoring the UV-Vis spectra of aqueous 4-nitrophenyl acetate
mixed with CNC-based ChLC microgels. UV-Vis spectroscopy indicated that the inten-
sity of the absorption peak at 270 nm (corresponding to 4-nitrophenyl acetate) decreased,
whereas the intensity of the peak at 400 nm (corresponding to 4-nitrophenolate) increased,
over the course of the reaction (Figure 12e). The researchers also produced Ag NPs in the
microgels, where CNC acted as a reducing agent and an Ag* ion-absorber. The CNC-Ag
NP composite ChLC microgels exhibited catalytic capability for reducing 4-nitrophenol.

Wang et al. [105] produced CNC-based ChLC emulsions and ChLC microgels. They
prepared the emulsions by mixing a 4 wt% CNC aqueous suspension with acrylamide,
a crosslinker, and a photoinitiator; followed by emulsification in cyclohexane with the
surfactant. Moreover, the researchers exposed the ChLC emulsions to UV-irradiation
for photopolymerization of the acrylamide in the microdroplets to fabricate microgels
incorporating the ChLC structure. Although this work did not focus on the functionalities
of the ChLC emulsions and microgel suspensions, monitoring the growth of the ChLC
structure in the microdroplets by POM and direct observations of the internal ChLC
structure of the microgels by SEM are noteworthy.

As described previously, emulsification of CNC-based colloidal ChLC was achieved
by a microfluidic technique and simple mixing with a surfactant. However, these methods
are difficult to apply to cellulose derivative-based molecular ChLC because ChLC solutions
of cellulose derivatives have a higher viscosity than CNC ChLC dispersions. Therefore,
other approaches are required to prepare cellulose derivative-based ChLC emulsions.

Chakrabarty et al. [106] prepared cellulose derivative-based ChLC emulsions from
a cellulose derivative-g-block copolymer (BCP) without using a microfluidic technique
or adding external surfactants. In this system, the grafted BCP-side chains underwent
self-assembly in a water/oil mixture because of their amphiphilicity, resulting in ChLC
emulsions containing microdroplets with an inside cellulose derivative-based ChLC so-
lution and an outside BCP layer. The researchers evaluated the relationships between
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the chemical structure of cellulose derivative-g-BCP and the physical properties of the
ChLC microdroplets.
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Figure 12. (a) Optical microscopy image of microfluidic emulsification of a cellulose nanocrystal (CNC) cholesteric liquid
crystal (ChLC) aqueous dispersion in oil. (b) Polarized optical microscope (POM) images of CNC-based ChLC microdroplets
with dimensions in the range of 40 < R < 115 um, 10 < R <40 um, and R < 10 um. (c) Optical microscopy images of
CNC-based ChLC microdroplets loaded with magnetic nanoparticles with and without an applied magnetic field ((a-c) were
reproduced from [103] by permission of Nature Springer). (d) POM images of CNC-based ChLC microgels in water, with
insets showing the corresponding bright field images. (e) Time dependence of the UV-Vis spectra of aqueous 4-nitrophenyl
acetate mixed with CNC-based ChLC microgels ((d,e) were reproduced from [104] by permission of Wiley). (f) Schematic for
hydroxypropyl cellulose (HPC)-g-block copolymer (BCP) synthesis. GMA, glycidyl methacrylate; OEGMA, oligoethylene
glycol methacrylate; P(OEGMA-co-GMA, poly(oligoethylene glycol methacrylate-co-glycidyl methacrylate); PS, polystyrene.
(g) POM images of ChLC microdroplets formed by HPC-g-BCPs with various PS block lengths and comparable DSpcp
(left three images), and with different DSgcp and comparable PS block lengths (right three images). (h) Circular dichroism
spectra of the ChLC emulsions formed by HPC-g-(BCP-6.7)¢ g0 With various concentrations of LiSCN ((f-h) were adapted
with permission from [106], copyright (2021) American Chemical Society).
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Chakrabarty et al. [106] synthesized a series of BCPs composed of hydrophilic poly
(oligoethylene glycol methacrylate-co-glycidyl methacrylate) and hydrophobic polystyrene
blocks by reversible addition—fragmentation chain transfer polymerization. They varied
the ratio for the degree of polymerization of the hydrophilic and hydrophobic blocks
(x) by changing the polystyrene block length. The researchers then grafted a series of
BCPs onto HPC by ring-opening etherification involving the epoxy groups of glycidyl
methacrylate and the hydroxy groups of HPC to obtain the graft copolymers HPC-g-
(BCP-x), (Figure 12f), where y represents the average number of grafted BCP chains per
anhydroglucose unit (DSpcp). They prepared the ChLC emulsions by adding HPC-¢g-BCPs
into a water/xylene mixture and subsequent 30-min sonication. These are water-in-oil
emulsions where the HPC ChLC aqueous solution is the dispersed phase and xylene is the
continuous phase. The researchers determined the quantity of water such that the HPC
aqueous concentration inside the droplets was 50-70 wt%, which is required to impart
a visible color to the bulk system. They formed the ChLC emulsions by sonicating the
mixture for only 30 min, whereas preparation of cellulose derivative-based ChLC bulk
solutions requires mixing for several days.

POM observations of the ChLC emulsions, prepared from HPC-g-BCPs [HPC-g-(BCP-
1.3)0.007, HPC-g-(BCP-4.1) 019, and HPC-g-(BCP-6.7)0 ggs] with various BCP compositions
and comparable (low) DSgcp values, indicate that the topological transition of the ChLC
core from the radial to the bipolar occurred through an increase in the hydrophobic
polystyrene length of the BCP side chains (Figure 12g). The topology of the liquid crystalline
microdroplets in the emulsion was sensitive to the chemical environment at the droplet
surface [93,107]. The topological transition can be interpreted as a change in the orientation
state of HPC chains in response to the increase in the hydrophobicity of the droplet
surface, which is imparted by the increased polystyrene block length. POM observations of
ChLC emulsions, prepared from HPC-¢g-BCPs [HPC-g-(BCP-6.7) 935, HPC-g-(BCP-6.7)¢ 020,
and HPC-g-(BCP-6.7) 012] with various DSpcp values and an identical BCP composition,
indicate that the ChLC region inside the droplets increased in accordance with increasing
DSgcp (Figure 12g). These POM results indicate that the mobility of the HPC molecular
chains when BCP was relatively densely grafted tended to be constrained by the shell of
the droplets, rendering it difficult to supply HPC segments that would form a ChLC phase
to the core.

To examine the effect of adding salt to the ChLC emulsions, Chakrabarty et al. [106]
prepared emulsions from HPC-g-(BCP-6.7)¢ gos with LiSCN aqueous solutions at various
concentrations as the water-based phase. CD spectroscopy of the ChLC emulsions with
LiSCN indicated that increasing the concentration of LiSCN gave rise to a broadened
CD peak of the emulsions (Figure 12h), which differed from the systematic blue-shift
observed in the simple HPC aqueous solution system described in Section 3.1. This peak-
broadening phenomenon is attributable to the distribution of the mobility-restricted states
of the HPC chains anchored onto the BCP shell, which leads to a heterogeneous response
of the cholesteric helical pitch to the salt. This unique salt-response of cellulose derivative-
based ChLC emulsions can be applied to fabricate a broadband CPL filter, as revealed in
Section 2.1.3.

4. Summary

We briefly described the fundamentals of cellulosic liquid crystals and reviewed
research on fabricating cellulosic ChLC functional materials. As a concept of the review,
we broadly organized such materials into the solid and liquid types, and further divided
these in terms of their material forms, because the material form is foundational to the
applications of the materials.

In cellulosic ChLC-based solid functional materials, films have been studied mostly
because of the high film-formability of cellulosics. This material form is typically suitable for
producing mechanochromic materials to visualize mechanical stimuli, such as compression
and tensile. Large-scale manufacturing of touch-responsive cellulosic ChLC films using
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the roll-to-roll method is possible. Cellulosic ChLC films are also applicable as optical
filters, and expansion of the filtering function has been accomplished by compounding
cellulosic ChLCs with nematic liquid crystals and a surfactant. Cellulosic ChLC gels
also are an active field of research. A typical function achieved by this material form
is humidity-responsive color change. In particular, there are many reports regarding
humidity-responsive hydrogels prepared from CNC-based ChLC aqueous dispersions
because of the high hydrophilicity of CNC. Cellulosic ChLC gels can also exhibit a salt-
responsive color change, and other responsivities can be imparted by compounding the
gels with diverse synthetic polymers. Cellulosic ChLC-based mesoporous materials enable
fabrication of structurally colored flexible plastics.

Regarding cellulosic ChLC-based liquid functional materials, studies on functionaliza-
tion of cellulosic ChLC solutions have been limited; whereas fundamental aspects have
been thoroughly investigated. This lack of functionalization research is likely because of the
high viscosity of the solutions, leading to handling difficulties and slow stimuli-responses.
The cellulosic ChLC emulsion is a material form that is expected to overcome these prob-
lems because of its high fluidity and the large surface area of the ChLC microdroplets.
Although there are few reports on cellulosic ChLC emulsions, several interesting physical
properties were found that were not observed in the bulk system. The topological transition
of ChLC microdroplets in response to the surrounding chemical conditions will facilitate
applications to chemical sensors. Because cellulosic ChLC microdroplets can load various
NPs without disrupting the ChLC structure, researchers will develop useful functions by
compounding cellulosic ChLCs with NPs. Furthermore, cellulosic ChLC microdroplets
may serve as microreactors for chiral-selective reactions based on the chiral scaffold inside
the droplets.

Cellulosic ChLC materials have the potential to exhibit diverse functions and possi-
ble applications, depending on their material forms, as presented in the current review.
Whereas previous studies on cellulosic ChLC-based functional materials have generally
focused on the coloration properties of cellulosic ChLCs, developing functions that take
advantage of their chirality has been limited. Few researchers have produced functional
materials, such as biomineralized films, conducting films, and mesoporous fillers, by using
cellulosic ChLCs as a chiral scaffold; the relationship between the functionality of these
materials and the ChLC structure remains to be clarified. To extend applications of cellu-
losic ChLC materials to more diverse fields of research, it may be important to facilitate
such research. Another challenging subject on cellulosic ChLCs is the investigation of the
relationship between the chemical structure of cellulosics and their liquid crystallinity,
using precisely synthesized cellulosics. There has been no research on liquid crystallinity
of cellulosics with regioselectively introduced side groups, as far as we know. In addjition,
the number of side groups on one repeating unit is intra- and intermolecularly random,
for cellulosics used in previous research on cellulosic ChLCs. Controlling these structural
parameters may enable excellent cellulosic ChLC-based functionalities. Accomplishing
the subjects mentioned here will facilitate a more sustainable society by expanding the
application scope of cellulosic materials.

Author Contributions: K.M. conceived the overall organization for this review and wrote all sections.
Y.T. was consulted on the concept of the entire review and edited and revised the drafts. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support for our research works on
cellulosic ChLC functional materials by Grant-in-Aids for JSPS Fellows (DC2 (19]11351) to K.M.),
and Scientific Research (A) (17H01480 to Y.T.) from the Japan Society for the Promotion of Science
(JSPS) and the JST-Mirai Program (Grant Number JPMJMI18E3 to Y.T.) from the Japan Science and
Technology Agency (JST).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Nanomaterials 2021, 11, 2969 26 of 29

Acknowledgments: We thank the editors at Edanz (https://jp.edanz.com/ac, 4 November 2021) for
editing a draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gray, D.G. Chiral nematic ordering of polysaccharides. Carbohydr. Polym. 1994, 25, 277-284. [CrossRef]

2. Lagerwall, ].PE,; Schiitz, C.; Salajkova, M.; Noh, J.; Park, ].H.; Scalia, G.; Bergstrom, L. Cellulose nanocrystal-based materials:
From liquid crystal self-assembly and glass formation to multifunctional thin films. NPG Asia Mater. 2014, 6, 1-12. [CrossRef]

3. Schiitz, C.; Bruckner, J.R.; Honorato-Rios, C.; Tosheva, Z.; Anyfantakis, M.; Lagerwall, ] P.F. From equilibrium liquid crystal
formation and kinetic arrest to photonic bandgap films using suspensions of cellulose nanocrystals. Crystals 2020, 10, 199.
[CrossRef]

4.  Giese, M,; Blusch, L.K.; Khan, M.K.; MacLachlan, M.J. Functional materials from cellulose-derived liquid-crystal templates.
Angew. Chem. Int. Ed. 2015, 54, 2888-2910. [CrossRef] [PubMed]

5. Nishio, Y,; Sato, J.; Sugimura, K. Liquid Crystals of Cellulosics: Fascinating Ordered Structures for the Design of Functional
Material Systems. Adv. Polym. Sci. 2016, 271, 241-286. [CrossRef]

6.  de Vries, H. Rotatory power and other optical properties of certain liquid crystals. Acta Crystallogr. 1951, 4, 219-226. [CrossRef]

7. Kuse, Y.; Asahina, D.; Nishio, Y. Molecular structure and liquid-crystalline characteristics of chitosan phenylcarbamate. Biomacro-
molecules 2009, 10, 166-173. [CrossRef]

8. Chakrabarty, A.; Teramoto, Y. Recent advances in nanocellulose composites with polymers: A guide for choosing partners and
how to incorporate them. Polymers 2018, 10, 517. [CrossRef]

9.  Beck-Candanedo, S.; Roman, M.; Gray, D.G. Effect of reaction conditions on the properties and behavior of wood cellulose
nanocrystal suspensions. Biomacromolecules 2005, 6, 1048-1054. [CrossRef] [PubMed]

10.  Jarvis, M.C. Structure of native cellulose microfibrils, the starting point for nanocellulose manufacture. Philos. Trans. R. Soc. A
2018, 376. [CrossRef] [PubMed]

11. Mozdyniewicz, D.J.; Nieminen, K.; Kraft, G.; Sixta, H. Degradation of viscose fibers during acidic treatment. Cellulose 2016, 23,
213-229. [CrossRef]

12.  Gray, D. Recent Advances in Chiral Nematic Structure and Iridescent Color of Cellulose Nanocrystal Films. Nanomaterials 2016, 6,
213. [CrossRef] [PubMed]

13. Canejo, J.P; Monge, N.; Echeverria, C.; Fernandes, S.N.; Godinho, M.H. Cellulosic liquid crystals for films and fibers. Lig. Cryst.
Rev. 2017, 5, 86-110. [CrossRef]

14. Revol, ].F,; Bradford, H.; Giasson, J.; Marchessault, R.H.; Gray, D.G. Helicoidal self-ordering of cellulose microfibrils in aqueous
suspension. Int. J. Biol. Macromol. 1992, 14, 170-172. [CrossRef]

15. Xue, M.D.; Kimura, T.; Revol, J.F; Gray, D.G. Effects of ionic strength on the isotropic-chiral nematic phase transition of
suspensions of cellulose crystallites. Langmuir 1996, 12, 2076-2082. [CrossRef]

16. Dong, X.M.; Revol, ].E,; Gray, D.G. Effect of microcrystallite preparation conditions on the formation of colloid crystals of cellulose.
Cellulose 1998, 5, 19-32. [CrossRef]

17. Araki, J.; Wada, M.; Kuga, S.; Okano, T. Biréfringent glassy phase of a cellulose microcrystal suspension. Langmuir 2000, 16,
2413-2415. [CrossRef]

18. Araki, J.; Kuga, S. Effect of trace electrolyte on liquid crystal type of cellulose microcrystals. Langmuir 2001, 17, 4493-4496.
[CrossRef]

19. Viet, D.; Beck-Candanedo, S.; Gray, D.G. Dispersion of cellulose nanocrystals in polar organic solvents. Cellulose 2007, 14, 109-113.
[CrossRef]

20. Yi, J; Xu, Q.; Zhang, X.; Zhang, H. Temperature-induced chiral nematic phase changes of suspensions of poly(IN,N-
dimethylaminoethyl methacrylate)-grafted cellulose nanocrystals. Cellulose 2009, 16, 989-997. [CrossRef]

21. Teramoto, Y. Functional thermoplastic materials from derivatives of cellulose and related structural polysaccharides. Molecules
2015, 20, 5487-5527. [CrossRef] [PubMed]

22.  Werbowyj, R.S.; Gray, D.G. Liquid Crystalline Structure in Aqueous Hydroxypropyl Cellulose Solutions. Mol. Cryst. Liq. Cryst.
1976, 34, 97-103. [CrossRef]

23.  Werbowyj, R.S.; Gray, D.G. Optical Properties of (Hydroxypropy)cellulose Liquid Crystals. Cholesteric Pitch and Polymer
Concentration. Macromolecules 1984, 17, 1512-1520. [CrossRef]

24. Guo, ].-X,; Gray, D.G. Effect of Degree of Acetylation and Solvent on the Chiroptical Properties of Lyotropic (Acetyl)(Ethyl)Cellulose
Solutions. J. Polym. Sci. Part B Polym. Phys. 1994, 32, 2529-2537. [CrossRef]

25.  Guo, J.-X;; Gray, D.G. Chiroptical Behavior of (Acetyl)(ethyl)cellulose Liquid Crystalline Solutions in Chloroform. Macromolecules
1989, 22, 2086-2090. [CrossRef]

26. Siekmeyer, M.; Zugenmaier, P. Solvent dependence of lyotropic liquid-crystalline phases of cellulose tricarbanilate. Die Makromol.
Chemie 1990, 191, 1177-1196. [CrossRef]

27.  Ishii, H.; Sugimura, K.; Nishio, Y. Thermotropic liquid crystalline properties of (hydroxypropyl)cellulose derivatives with butyryl

and heptafluorobutyryl substituents. Cellulose 2019, 26, 399—412. [CrossRef]


https://jp.edanz.com/ac
http://doi.org/10.1016/0144-8617(94)90053-1
http://doi.org/10.1038/am.2013.69
http://doi.org/10.3390/cryst10030199
http://doi.org/10.1002/anie.201407141
http://www.ncbi.nlm.nih.gov/pubmed/25521805
http://doi.org/10.1007/12_2015_308
http://doi.org/10.1107/S0365110X51000751
http://doi.org/10.1021/bm801073e
http://doi.org/10.3390/polym10050517
http://doi.org/10.1021/bm049300p
http://www.ncbi.nlm.nih.gov/pubmed/15762677
http://doi.org/10.1098/rsta.2017.0045
http://www.ncbi.nlm.nih.gov/pubmed/29277742
http://doi.org/10.1007/s10570-015-0796-7
http://doi.org/10.3390/nano6110213
http://www.ncbi.nlm.nih.gov/pubmed/28335340
http://doi.org/10.1080/21680396.2017.1394923
http://doi.org/10.1016/S0141-8130(05)80008-X
http://doi.org/10.1021/la950133b
http://doi.org/10.1023/A:1009260511939
http://doi.org/10.1021/la9911180
http://doi.org/10.1021/la0102455
http://doi.org/10.1007/s10570-006-9093-9
http://doi.org/10.1007/s10570-009-9350-9
http://doi.org/10.3390/molecules20045487
http://www.ncbi.nlm.nih.gov/pubmed/25826788
http://doi.org/10.1080/15421407608083894
http://doi.org/10.1021/ma00138a016
http://doi.org/10.1002/polb.1994.090321510
http://doi.org/10.1021/ma00195a012
http://doi.org/10.1002/macp.1990.021910519
http://doi.org/10.1007/s10570-018-2176-6

Nanomaterials 2021, 11, 2969 27 of 29

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fukuda, T.; Sugiura, M.; Takada, A.; Sato, T.; Miyamoto, T. Characteristics of Cellulosic Thermotropics. Bull. Inst. Chem. Res.
Kyoto Univ. 1991, 69, 211-218.

Huang, B.; Ge, ].J.; Li, Y.; Hou, H. Aliphatic acid esters of (2-hydroxypropyl) cellulose-Effect of side chain length on properties of
cholesteric liquid crystals. Polymer 2007, 48, 264-269. [CrossRef]

Nishio, Y.; Nada, T.; Hirata, T.; Fujita, S.; Sugimura, K.; Kamitakahara, H. Handedness Inversion in Chiral Nematic (Ethyl)cellulose
Solutions: Effects of Substituents and Temperature. Macromolecules 2021, 54, 6014—-6027. [CrossRef]

Osipov, M.A. Theory for cholesteric ordering in lyotropic liquid crystals. Nuovo Cim. D 1988, 10, 1249-1262. [CrossRef]

Habibi, Y.; Lucia, L.A.; Rojas, O.]. Cellulose Nanocrystals: Chemistry. Self-Assembly, and Applications. Chem. Rev. 2010, 110,
3479-3500. [CrossRef]

Tatsumi, M.; Teramoto, Y.; Nishio, Y. Polymer composites reinforced by locking-in a liquid-crystalline assembly of cellulose
nanocrystallites. Biomacromolecules 2012, 13, 1584-1591. [CrossRef] [PubMed]

Ritcey, A.M.; Gray, D.G. Circular reflectivity from the cholesteric liquid crystalline phase of (2-ethoxypropyl)cellulose. Macro-
molecules 1988, 21, 1251-1255. [CrossRef]

Suto, S.; Suzuki, K. Crosslinked hydroxypropyl cellulose films retaining cholesteric liquid crystalline order: 2. Anisotropic
swelling behaviour in water. Polymer 1997, 38, 391-396. [CrossRef]

Charlet, G.; Gray, D. Solid Cholesteric Films Cast from Aqueous (Hydroxypropyl)cellulose. Macromolecules 1987, 20, 33-38.
[CrossRef]

Suto, S.; Suzuki, K. Crosslinked hydroxypropyl cellulose films retaining cholesteric liquid crystalline order. I. Effects of cast
conditions and heat treatment on the textures and order of films. J. Appl. Polym. Sci. 1995, 55, 139-151. [CrossRef]

Nishio, Y.; Suzuki, S.; Takahashi, T. Structural Investigation of Liquid-Crystalline Ethylcellulose. Polym. ]. 1985, 17, 753-760.
[CrossRef]

Nishio, Y.; Yamane, T.; Takahashi, T. Morphological Studies of Liquid-Crystalline Cellulose Derivatives. I. Liquid-Crystalline
Characteristics of Hydroxypropyl Cellulose in 2-Hydroxyethyl Methacrylate Solutions and in Polymer Composites Prepared by
Bulk Polymerization. J. Polym. Sci. Part B Polym. Phys. 1985, 23, 1043-1052. [CrossRef]

Nishio, Y.; Yamane, T.; Takahashi, T.; Engineering, F. Morphological Studies of Liquid-Crystalline Cellulose Derivatives. II.
Hydroxypropyl Cellulose Films Prepared from Liquid-Crystalline Aqueous Solutions. J. Polym. Sci. Part B Polym. Phys. 1985, 23,
1053-1064. [CrossRef]

Miiller, M.; Zentel, R.; Keller, H. Solid Opalescent Films Originating from Urethanes of Cellulose. Adv. Mater. 1997, 9, 159-162.
[CrossRef]

Aoki, R.; Fukawa, M.; Furumi, S. Preparation of the color films from cellulose derivatives in a diacrylate liquid. J. Photopolym. Sci.
Technol. 2019, 32, 651-656. [CrossRef]

Shimokawa, H.; Hayata, K.; Fukawa, M.; Furumi, S. Fabrication of reflective color films from cellulose derivatives. J. Photopolym.
Sci. Technol. 2020, 33, 467—471. [CrossRef]

Mu, X.; Gray, D.G. Formation of chiral nematic films from cellulose nanocrystal suspensions is a two-stage process. Langmuir
2014, 30, 9256-9260. [CrossRef] [PubMed]

Araki, J.; Wada, M.; Kuga, S.; Okano, T. Flow properties of microcrystalline cellulose suspension prepared by acid treatment of
native cellulose. Colloids Surf. A Physicochem. Eng. Asp. 1998, 142, 75-82. [CrossRef]

Chen, G.; Hong, W. Mechanochromism of Structural-Colored Materials. Adv. Opt. Mater. 2020, 8, 1-28. [CrossRef]

Ito, T.; Katsura, C.; Sugimoto, H.; Nakanishi, E.; Inomata, K. Strain-responsive structural colored elastomers by fixing colloidal
crystal assembly. Langmuir 2013, 29, 13951-13957. [CrossRef] [PubMed]

Yue, Y,; Kurokawa, T.; Haque, M.; Nakajima, T.; Nonoyama, T.; Li, X.; Kajiwara, I.; Gong, ]. Mechano-actuated ultrafast full-colour
switching in layered photonic hydrogels. Nat. Commun. 2014, 5, 4659. [CrossRef] [PubMed]

Howell, ILR,; Li, C.; Colella, N.S.; Ito, K.; Watkins, J.J. Strain-Tunable One Dimensional Photonic Crystals Based on Zirconium
Dioxide/Slide-Ring Elastomer Nanocomposites for Mechanochromic Sensing. ACS Appl. Mater. Interfaces 2015, 7, 3641-3646.
[CrossRef] [PubMed]

Lee, G.H.; Choi, TM.; Kim, B.; Han, S.H.; Lee, ].M.; Kim, S.H. Chameleon-Inspired Mechanochromic Photonic Films Composed
of Non-Close-Packed Colloidal Arrays. ACS Nano 2017, 11, 11350-11357. [CrossRef]

Miiller, M.; Zentel, R. Cholesteric phases and films from cellulose derivatives. Macromol. Chem. Phys. 2000, 201, 2055-2063.
[CrossRef]

Liang, H.L.; Bay, M.M.; Vadrucci, R.; Barty-King, C.H.; Peng, J.; Baumberg, J.J.; De Volder, M.FL.; Vignolini, S. Roll-to-roll
fabrication of touch-responsive cellulose photonic laminates. Nat. Commun. 2018, 9, 4632. [CrossRef]

Boott, C.E.; Tran, A.; Hamad, W.Y.; MacLachlan, M.]. Cellulose Nanocrystal Elastomers with Reversible Visible Color. Angew.
Chem. Int. Ed. 2020, 59, 226-231. [CrossRef] [PubMed]

Miyagi, K.; Teramoto, Y. Dual mechanochromism of cellulosic cholesteric liquid-crystalline films: Wide-ranging colour control
and circular dichroism inversion by mechanical stimulus. J. Mater. Chem. C 2018, 6, 1370-1376. [CrossRef]

Ritcey, A.M.; Charlet, G.; Gray, D.G. Effect of residual linear orientation on the optical properties of cholesteric films. Can. J. Chem.
1988, 66, 2229-2233. [CrossRef]

Miyagi, K.; Teramoto, Y. Elucidation of the Mechanism of Stress-Induced Circular Dichroic Inversion of Cellulosic/Polymer
Liquid Crystalline Composites. Macromolecules 2020, 53, 3250-3254. [CrossRef]


http://doi.org/10.1016/j.polymer.2006.11.033
http://doi.org/10.1021/acs.macromol.1c00605
http://doi.org/10.1007/BF02455417
http://doi.org/10.1021/cr900339w
http://doi.org/10.1021/bm300310f
http://www.ncbi.nlm.nih.gov/pubmed/22471775
http://doi.org/10.1021/ma00183a013
http://doi.org/10.1016/S0032-3861(96)00512-5
http://doi.org/10.1021/ma00167a007
http://doi.org/10.1002/app.1995.070550116
http://doi.org/10.1295/polymj.17.753
http://doi.org/10.1002/pol.1985.180230514
http://doi.org/10.1002/pol.1985.180230515
http://doi.org/10.1002/adma.19970090215
http://doi.org/10.2494/photopolymer.32.651
http://doi.org/10.2494/photopolymer.33.467
http://doi.org/10.1021/la501741r
http://www.ncbi.nlm.nih.gov/pubmed/25069681
http://doi.org/10.1016/S0927-7757(98)00404-X
http://doi.org/10.1002/adom.202000984
http://doi.org/10.1021/la4030266
http://www.ncbi.nlm.nih.gov/pubmed/24099483
http://doi.org/10.1038/ncomms5659
http://www.ncbi.nlm.nih.gov/pubmed/25130669
http://doi.org/10.1021/am5079946
http://www.ncbi.nlm.nih.gov/pubmed/25647806
http://doi.org/10.1021/acsnano.7b05885
http://doi.org/10.1002/1521-3935(20001001)201:15&lt;2055::AID-MACP2055&gt;3.0.CO;2-P
http://doi.org/10.1038/s41467-018-07048-6
http://doi.org/10.1002/anie.201911468
http://www.ncbi.nlm.nih.gov/pubmed/31663249
http://doi.org/10.1039/C7TC05092E
http://doi.org/10.1139/v88-354
http://doi.org/10.1021/acs.macromol.9b02741

Nanomaterials 2021, 11, 2969 28 of 29

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Miyagi, K.; Teramoto, Y. Exploration of immobilization conditions of cellulosic lyotropic liquid crystals in monomeric solvents
by in situ polymerization and achievement of dual mechanochromism at room temperature. RSC Adv. 2018, 8, 24724-24730.
[CrossRef]

Miyagi, K.; Teramoto, Y. Function extension of dual-mechanochromism of acylated hydroxypropyl cellulose/synthetic polymer
composites achieved by “moderate” compatibility as well as hydrogen bonding. Polymer 2019, 174, 150-158. [CrossRef]

Miyagi, K.; Teramoto, Y. Facile design of pressure-sensing color films of liquid crystalline cellulosic/synthetic polymer composites
that function at desired temperatures. Cellulose 2019, 26, 9673-9685. [CrossRef]

Fukawa, M.; Suzuki, K.; Furumi, S. Disappearance of reflection color by photopolymerization of lyotropic cholesteric liquid
crystals from cellulose derivatives. J. Photopolym. Sci. Technol. 2018, 31, 563-567. [CrossRef]

Arakaki, A.; Shimizu, K.; Oda, M.; Sakamoto, T.; Nishimura, T.; Kato, T. Biomineralization-inspired synthesis of functional
organic/inorganic hybrid materials: Organic molecular control of self-organization of hybrids. Org. Biomol. Chem. 2015, 13,
974-989. [CrossRef]

Nudelman, F.; Sommerdijk, N.A.J.M. Biomineralization as an inspiration for materials chemistry. Angew. Chem. Int. Ed. 2012, 51,
6582-6596. [CrossRef]

Ogiwara, T.; Katsumura, A.; Sugimura, K.; Teramoto, Y.; Nishio, Y. Calcium Phosphate Mineralization in Cellulose Deriva-
tive/Poly(acrylic acid) Composites Having a Chiral Nematic Mesomorphic Structure. Biomacromolecules 2015, 16, 3959-3969.
[CrossRef]

Katsumura, A.; Sugimura, K.; Nishio, Y. Calcium carbonate mineralization in chiral mesomorphic order-retaining ethyl cellu-
lose/poly(acrylic acid) composite films. Polymer 2018, 139, 26-35. [CrossRef]

Nakao, Y.; Sugimura, K.; Nishio, Y. CaCO3 mineralization in polymer composites with cellulose nanocrystals providing a chiral
nematic mesomorphic structure. Int. J. Biol. Macromol. 2019, 141, 783-791. [CrossRef]

De La Cruz, J.A.; Liu, Q.; Senyuk, B.; Frazier, A.W.; Peddireddy, K.; Smalyukh, LI. Cellulose-Based Reflective Liquid Crystal Films
as Optical Filters and Solar Gain Regulators. ACS Photonics 2018, 5, 2468-2477. [CrossRef]

Fernandes, S.N.; Almeida, P.L.; Monge, N.; Aguirre, L.E.; Reis, D.; de Oliveira, C.L.P.; Neto, A.M.F,; Pieranski, P.; Godinho, M.H.
Mind the Microgap in Iridescent Cellulose Nanocrystal Films. Adv. Mater. 2017, 29. [CrossRef] [PubMed]

Cao, Y,; Hamad, W.Y.; MacLachlan, M.]. Broadband Circular Polarizing Film Based on Chiral Nematic Liquid Crystals. Adv. Opt.
Mater. 2018, 6, 1800412. [CrossRef]

Lizundia, E.; Nguyen, T.D,; Vilas, J.L.; Hamad, W.Y.; MacLachlan, M.]. Chiroptical, morphological and conducting properties of
chiral nematic mesoporous cellulose/polypyrrole composite films. J. Mater. Chem. A 2017, 5, 19184-19194. [CrossRef]

Chiba, R.; Nishio, Y.; Sato, Y.; Ohtaki, M.; Miyashita, Y. Preparation of cholesteric (hydroxypropyl) cellulose/polymer networks
and ion-mediated control of their optical properties. Biomacromolecules 2006, 7, 3076-3082. [CrossRef] [PubMed]

Wu, T.; Li, J; Li, J.; Ye, S.; Wei, J.; Guo, J. A bio-inspired cellulose nanocrystal-based nanocomposite photonic film with
hyper-reflection and humidity-responsive actuator properties. J. Mater. Chem. C 2016, 4, 9687-9696. [CrossRef]

Kelly, J.A.; Shukaliak, A.M.; Cheung, C.C.Y.; Shopsowitz, K.E.; Hamad, W.Y.; MacLachlan, M.]. Responsive photonic hydrogels
based on nanocrystalline cellulose. Angew. Chem. Int. Ed. 2013, 52, 8912-8916. [CrossRef] [PubMed]

Bumbudsanpharoke, N.; Kwon, S.; Lee, W.; Ko, S. Optical response of photonic cellulose nanocrystal film for a novel humidity
indicator. Int. ]. Biol. Macromol. 2019, 140, 91-97. [CrossRef] [PubMed]

Meng, Y.; Cao, Y.; Ji, H.; Chen, ].; He, Z.; Long, Z.; Dong, C. Fabrication of environmental humidity-responsive iridescent films
with cellulose nanocrystal/polyols. Carbohydr. Polym. 2020, 240, 116281. [CrossRef]

Bumbudsanpharoke, N.; Lee, W.; Chung, U.; Ko, S. Study of humidity-responsive behavior in chiral nematic cellulose nanocrystal
films for colorimetric response. Cellulose 2018, 25, 305-317. [CrossRef]

Chen, H.; Hou, A.; Zheng, C.; Tang, |.; Xie, K.; Gao, A. Light- and Humidity-Responsive Chiral Nematic Photonic Crystal Films
Based on Cellulose Nanocrystals. ACS Appl. Mater. Interfaces 2020, 12, 24505-24511. [CrossRef]

He, Y.D.; Zhang, Z.L.; Xue, J.; Wang, X.H.; Song, F.; Wang, X.L.; Zhu, L.L.; Wang, Y.Z. Biomimetic Optical Cellulose Nanocrystal
Films with Controllable Iridescent Color and Environmental Stimuli-Responsive Chromism. ACS Appl. Mater. Interfaces 2018, 10,
5805-5811. [CrossRef]

Khan, MK,; Giese, M.; Yu, M.; Kelly, J.A.; Hamad, W.Y.; Maclachlan, M.]. Flexible mesoporous photonic resins with tunable chiral
nematic structures. Angew. Chem. Int. Ed. 2013, 52, 8921-8924. [CrossRef]

Sato, J.; Sugimura, K.; Teramoto, Y.; Nishio, Y. Preparation and chiroptical properties of cellulose chlorophenylcarbamate-silica
hybrids having a chiral nematic mesomorphic structure. Polymer 2019, 173, 172-181. [CrossRef]

Anyfantakis, M.; Jampani, V.S.R; Kizhakidathazhath, R.; Binks, B.P,; Lagerwall, J.P.F. Responsive Photonic Liquid Marbles. Angew.
Chem. Int. Ed. 2020, 59, 19260-19267. [CrossRef]

Trindade, A.C.; Carreto, M.; Helgesen, G.; Knudsen, K.D.; Puchtler, E; Breu, J.; Fernandes, S.; Godinho, M.H.; Fossum, ]J.O.
Photonic composite materials from cellulose nanorods and clay nanolayers. Eur. Phys. ]. Spec. Top. 2020, 229, 2741-2755.
[CrossRef]

Yi, H.; Lee, S.H.; Ko, H.; Lee, D.; Bae, W.G.; Kim, T.; Hwang, D.S.; Jeong, H.E. Ultra-Adaptable and Wearable Photonic Skin Based
on a Shape-Memory, Responsive Cellulose Derivative. Adv. Funct. Mater. 2019, 29, 1902720. [CrossRef]

Zhang, Z.; Chen, Z.; Wang, Y.; Zhao, Y. Bioinspired conductive cellulose liquid-crystal hydrogels as multifunctional electrical
skins. Proc. Natl. Acad. Sci. USA 2020, 117, 18310-18316. [CrossRef] [PubMed]


http://doi.org/10.1039/C8RA04878A
http://doi.org/10.1016/j.polymer.2019.04.067
http://doi.org/10.1007/s10570-019-02769-3
http://doi.org/10.2494/photopolymer.31.563
http://doi.org/10.1039/C4OB01796J
http://doi.org/10.1002/anie.201106715
http://doi.org/10.1021/acs.biomac.5b01295
http://doi.org/10.1016/j.polymer.2018.02.006
http://doi.org/10.1016/j.ijbiomac.2019.09.045
http://doi.org/10.1021/acsphotonics.8b00289
http://doi.org/10.1002/adma.201603560
http://www.ncbi.nlm.nih.gov/pubmed/27862372
http://doi.org/10.1002/adom.201800412
http://doi.org/10.1039/C7TA05684B
http://doi.org/10.1021/bm060567t
http://www.ncbi.nlm.nih.gov/pubmed/17096534
http://doi.org/10.1039/C6TC02629J
http://doi.org/10.1002/anie.201302687
http://www.ncbi.nlm.nih.gov/pubmed/23881841
http://doi.org/10.1016/j.ijbiomac.2019.08.055
http://www.ncbi.nlm.nih.gov/pubmed/31400423
http://doi.org/10.1016/j.carbpol.2020.116281
http://doi.org/10.1007/s10570-017-1571-8
http://doi.org/10.1021/acsami.0c05139
http://doi.org/10.1021/acsami.7b18440
http://doi.org/10.1002/anie.201303829
http://doi.org/10.1016/j.polymer.2019.04.049
http://doi.org/10.1002/anie.202008210
http://doi.org/10.1140/epjst/e2020-000015-y
http://doi.org/10.1002/adfm.201902720
http://doi.org/10.1073/pnas.2007032117
http://www.ncbi.nlm.nih.gov/pubmed/32675247

Nanomaterials 2021, 11, 2969 29 of 29

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Grey, P; Fernandes, S.N.; Gaspar, D.; Fortunato, E.; Martins, R.; Godinho, M.H.; Pereira, L. Field-Effect Transistors on Photonic
Cellulose Nanocrystal Solid Electrolyte for Circular Polarized Light Sensing. Adv. Funct. Mater. 2019, 29, 1805279. [CrossRef]
Zhang, E; Ge, W.; Wang, C.; Zheng, X.; Wang, D.; Zhang, X.; Wang, X.; Xue, X.; Qing, G. Highly Strong and Solvent-Resistant
Cellulose Nanocrystal Photonic Films for Optical Coatings. ACS Appl. Mater. Interfaces 2021, 13, 17118-17128. [CrossRef]
[PubMed]

Tatsumi, M.; Kimura, F; Kimura, T.; Teramoto, Y.; Nishio, Y. Anisotropic Polymer Composites Synthesized by Immobilizing
Cellulose Nanocrystal Suspensions Specifically Oriented under Magnetic Fields. Biomacromolecules 2014, 15, 4579-4589. [CrossRef]
Xu, M.; Ma, C.; Zhou, J.; Liu, Y.; Wu, X,; Luo, S.; Li, W.; Yu, H.; Wang, Y,; Chen, Z,; et al. Assembling semiconductor quantum dots
in hierarchical photonic cellulose nanocrystal films: Circularly polarized luminescent nanomaterials as optical coding labels. J.
Mater. Chem. C 2019, 7, 13794-13802. [CrossRef]

Cao, Y;; Lewis, L.; Hamad, W.Y.; MacLachlan, M.]. Pressure-Responsive Hierarchical Chiral Photonic Aerogels. Adv. Mater. 2019,
31, 1808186. [CrossRef]

Zhao, TH.; Parker, RM.; Williams, C.A.; Lim, K.T.P,; Frka-Petesic, B.; Vignolini, S. Printing of Responsive Photonic Cellulose
Nanocrystal Microfilm Arrays. Adv. Funct. Mater. 2019, 29, 1804531. [CrossRef]

Chen, R;; Feng, D.; Chen, G.; Chen, X.; Hong, W. Re-Printable Chiral Photonic Paper with Invisible Patterns and Tunable
Wettability. Adv. Funct. Mater. 2021, 31, 2009916. [CrossRef]

Nishio, Y.; Kai, T.; Kimura, N.; Oshima, K.; Suzuki, H. Controlling the selective light reflection of a cholesteric liquid crystal of
(hydroxypropyl) cellulose by electrical stimulation. Macromolecules 1998, 31, 2384-2386. [CrossRef]

Chiba, R.; Nishio, Y.; Miyashita, Y. Electrooptical Behavior of Liquid-Crystalline (Hydroxypropyl) cellulose/Inorganic Salt
Aqueous Solutions. Macromolecules 2003, 36, 1706-1712. [CrossRef]

Sivakumar, S.; Wark, K.L.; Gupta, ].K.; Abbott, N.L.; Caruso, F. Liquid crystal emulsions as the basis of biological sensors for the
optical detection of bacteria and viruses. Adv. Funct. Mater. 2009, 19, 2260-2265. [CrossRef]

Khan, M.; Park, S.Y. General Liquid-crystal droplets produced by microfluidics for urea detection. Sens. Actuators B Chem. 2014,
202, 516-522. [CrossRef]

Lee, H.G.; Munir, S.; Park, S.Y. Cholesteric Liquid Crystal Droplets for Biosensors. ACS Appl. Mater. Interfaces 2016, 8, 26407-26417.
[CrossRef]

Niu, X.; Luo, D.; Chen, R,; Wang, F.; Sun, X.; Dai, H. Optical biosensor based on liquid crystal droplets for detection of cholic acid.
Opt. Commun. 2016, 381, 286-291. [CrossRef]

Uchida, Y.; Takanishi, Y.; Yamamoto, ]. Controlled fabrication and photonic structure of cholesteric liquid crystalline shells. Adv.
Mater. 2013, 25, 3234-3237. [CrossRef]

Iwai, Y,; Kaji, H.; Uchida, Y.; Nishiyama, N. Chemiluminescence emission in cholesteric liquid crystalline core-shell microcapsules.
J. Mater. Chem. C 2014, 2, 4904-4908. [CrossRef]

Iwai, Y.; Kaji, H.; Uchida, Y.; Nishiyama, N. Temperature-dependent Color Change of Cholesteric Liquid Crystalline Core-shell
Microspheres. Mol. Cryst. Lig. Cryst. 2015, 615, 9-13. [CrossRef]

Humar, M.; Musevig, I. 3D microlasers from self-assembled cholesteric liquid-crystal microdroplets. Opt. Express 2010, 18,
26995-27003. [CrossRef]

Lee, S.S.; Kim, S.K.; Won, J.C.; Kim, Y.H.; Kim, S.-H. Reconfigurable Photonic Capsules Containing Cholesteric Liquid Crystals
with Planar Alignment. Angew. Chem. 2015, 127, 15481-15485. [CrossRef]

Schwartz, M.; Lenzini, G.; Geng, Y.; Ronne, P.B.; Ryan, P.Y.A.; Lagerwall, ].PF. Cholesteric Liquid Crystal Shells as Enabling
Material for Information-Rich Design and Architecture. Adv. Mater. 2018, 30, 1707382. [CrossRef]

Li, Y.; Jun-Yan Suen, J.; Prince, E.; Larin, EIM.; Klinkova, A.; Thérien-Aubin, H.; Zhu, S.; Yang, B.; Helmy, A.S.; Lavrentovich,
O.D.; et al. Colloidal cholesteric liquid crystal in spherical confinement. Nat. Commun. 2016, 7, 12520. [CrossRef] [PubMed]
Cho, S.; Li, Y.; Seo, M.; Kumacheva, E. Nanofibrillar Stimulus-Responsive Cholesteric Microgels with Catalytic Properties. Angew.
Chem. Int. Ed. 2016, 55, 14014-14018. [CrossRef] [PubMed]

Wang, P.X.; Hamad, W.Y.; MacLachlan, M.]. Polymer and Mesoporous Silica Microspheres with Chiral Nematic Order from
Cellulose Nanocrystals. Angew. Chem. Int. Ed. 2016, 55, 12460-12464. [CrossRef] [PubMed]

Chakrabarty, A.; Miyagi, K.; Maiti, M.; Teramoto, Y. Topological Transition in Spontaneously Formed Cellulosic Liquid-Crystalline
Microspheres in a w/o Emulsion. Biomacromolecules 2018, 19, 4650-4657. [CrossRef] [PubMed]

Gupta, ] K.; Zimmerman, J.S.; De Pablo, ]J.J.; Caruso, F; Abbott, N.L. Characterization of adsorbate-induced ordering transitions
of liquid crystals within monodisperse droplets. Langmuir 2009, 25, 9016-9024. [CrossRef]


http://doi.org/10.1002/adfm.201805279
http://doi.org/10.1021/acsami.1c02753
http://www.ncbi.nlm.nih.gov/pubmed/33793208
http://doi.org/10.1021/bm501629g
http://doi.org/10.1039/C9TC04144C
http://doi.org/10.1002/adma.201808186
http://doi.org/10.1002/adfm.201804531
http://doi.org/10.1002/adfm.202009916
http://doi.org/10.1021/ma9717101
http://doi.org/10.1021/ma021522x
http://doi.org/10.1002/adfm.200900399
http://doi.org/10.1016/j.snb.2014.05.115
http://doi.org/10.1021/acsami.6b09624
http://doi.org/10.1016/j.optcom.2016.07.016
http://doi.org/10.1002/adma.201300776
http://doi.org/10.1039/C4TC00699B
http://doi.org/10.1080/15421406.2015.1066548
http://doi.org/10.1364/OE.18.026995
http://doi.org/10.1002/ange.201507723
http://doi.org/10.1002/adma.201707382
http://doi.org/10.1038/ncomms12520
http://www.ncbi.nlm.nih.gov/pubmed/27561545
http://doi.org/10.1002/anie.201607406
http://www.ncbi.nlm.nih.gov/pubmed/27735118
http://doi.org/10.1002/anie.201606283
http://www.ncbi.nlm.nih.gov/pubmed/27581056
http://doi.org/10.1021/acs.biomac.8b01367
http://www.ncbi.nlm.nih.gov/pubmed/30422635
http://doi.org/10.1021/la900786b

	General Introduction: Need for and Overview of Cellulosic Liquid-Crystals as Functional Materials 
	Introduction 
	Cellulosic Liquid-Crystals 

	Cellulosic ChLC-Based Solid Functional Materials 
	Cellulosic ChLC Films 
	Mechanochromic Films 
	Biomineralized Films 
	Optical Filters 
	Conducting Films 

	Cellulosic ChLC Gels 
	Salt-Responsive Color Gels 
	Humidity-Responsive Color Gels 
	Colored Gels with Tailored Stimuli-Responsivity 

	Cellulosic ChLC Mesoporous Materials 
	Flexible and Solvent-Responsive Mesoporous Films 
	Cellulose Derivative–Silica Mesoporous Hybrids for Chiral Chromatography 

	Other Cellulosic ChLC Solid Functional Materials 

	Cellulosic ChLC-Based Liquid Functional Materials 
	Cellulosic ChLC Solutions 
	Cellulosic ChLC Emulsions 

	Summary 
	References

