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1 | INTRODUCTION
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Abstract

Cellulose, one of the most versatile and abundant biopolymers in nature, has been
employed by humans for thousands of years in diverse applications, such as
renewable energy resources, structural materials, and fabric constituents. Cellulose
nanocrystals (CNCs), obtained through the acidic hydrolysis of cellulose-based
materials including wood, cotton, and additional sources, have attracted signifi-
cant attention in areas, for example, energy storage, cosmetics, and medical de-
vices. CNCs can spontaneously assemble into a cholesteric liquid crystal phase,
which exhibits distinctive properties including biodegradability, high surface area,
low cost, excellent mechanical strength, and surface functionality. Modifying the
surfaces of CNCs or embedding CNCs with other materials enables novel
cellulose-based composites for advanced technologies and applications. This re-
view systematically outlines the preparation of cellulose-based liquid crystals
(LCs), highlights the structural color regulation, photonic properties manipulation,
and potential applications. Specifically, stimuli responsiveness, for example,
temperature-responsiveness, humidity-responsiveness, pressure-responsiveness,
tension-responsiveness, electricity-responsiveness, magnetic force-responsiveness
and the optical properties of cellulose-based LCs (circularly polarized light mod-
ulation and circularly polarized phosphorescence properties) are demonstrated.
Furthermore, the applications of cellulose-based LCs for gas detection, anticoun-
terfeiting, multicolor separation, multifunctional E-skin, and advanced fabrics are
also reviewed. Finally, this review concludes with the remaining challenges and
perspectives for unleashing new possibilities in the development of high-
performance multiple-responsive cellulose-based LCs.
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translation or rotation. The chirality is widespread in nature

The concept of chirality refers to the geometric property of an
object that lacks mirror symmetry or inversion symmetry that
cannot be superimposed onto its mirror image by any

and serves as a fascinating characteristic and it has been
extensively studied in fields like physics, chemistry, biology,
and materials science.l'! Chirality exists at different length
scales in nature, ranging from molecules to meso- or macro-
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scale supramolecular assemblies.!””) Molecular-level chirality
can be found in different biological structures, including
proteins, DNA, and polysaccharides, where the chirality
plays a crucial role in determining their distinctive proper-
ties.*! Cellulose, the most abundant biopolymer in nature,!
derived from wood, algae and tunicates, and other bio-
mass,**! is regarded as a renewable resource as well as a
remarkable substance with different uses as materials.[®! It
has the ability to form a stable cholesteric liquid crystal
(CLC) phase and preserve its ordered molecular structure in
solid films.”*"! Its unique molecular structure confers a va-
riety of excellent properties, such as strong hydrophilicity,!™
high mechanical strength, rigidity and modulus along the
axial direction of molecular chain,'’ and remarkable struc-
tural stability.!'”) Nanocellulose, which is obtained from
natural cellulose fibrils, is characterized by having at least one
dimension ranging from 1 to 100 nm. It has opened up new
opportunities in the fabrication of photonic components,
including chiral reflectors,!'" photonic electrodes,!'*! anti-
reflection coatings for solar cells,!'*! multifunctional ther-
malt'*! or humidity responsive optical materials,!'>! flexible
substrates for plasmonic sensing,!'® and surface-enhanced
Raman scattering spectroscopy.l'”! Nanomaterials are pri-
marily categorized into cellulose nanocrystals (CNCs), cel-
lulose nanofibrils (CNFs), and bacterial nanocellulose.!'®!
CNCs are one-dimensional, rod-like nanomaterials with a
high aspect ratio, sourced from renewable and biodegradable
natural-occurred cellulose.'”’ CNCs have garnered signifi-
cant interest in areas such as sensing,'** tissue engineering,*"!
reinforced plastics,** and optics!**! due to their sustainability,
biocompatibility, nanoscale size, large surface-to-volume ra-
tio, ease of surface chemistry modification, and unique optical
properties.”**! CNC suspensions can form thin films,™]
foam,**) and hydrogels,'*”! exhibiting distinct mechanical,
optical, and chemical properties compared to original bulk
cellulose fibers.*! As an abundant liquid crystal (LC)
biopolymer with inherent chirality, CNCs can spontaneously
arrange into cholesteric structures by controlled evaporation
of water from CNC suspensions./’>**! The cholesteric liquid
crystallinity of CNC/water suspension was first reported by
Revol et al.*”) The self-assembled CNCs, acting as one-
dimensional photonic crystal,?***°! maintain their helicoidal
ordering in the solid state [**!!328d302.311 The thin films
exhibit iridescence and selectively reflect left-handed circu-
larly polarized (LCP) light when the pitch of the cholesteric
CNCs matches the visible light wavelength range.!''™*?! It is
well established that aqueous hydroxypropyl can form a CLC
at ambient conditions when the water content decreases to
approximately 45 wt%,** which was first reported by Wer-
bowyj and Gray.**! The chemical structures of CNC and
hydroxypropyl cellulose (HPC) are illustrated in Figure 1.
Many organisms in nature are capable of generating vibrant
structural color, which they utilize to deter predators and
attract mates for survival and reproduction.*”! The color
observed in iridescent beetles, butterflies, some sea creatures,
and various birds result from light interacting with the struc-
tural patterns on their exoskeletons.*® Circularly polarized

FIGURE 1 Chemical structures of CNC and HPC. CNC, cellulose
nanocrystal; HPC, hydroxypropyl cellulose.

reflection has been observed in various animal species.
Although it is visually fascinating, the function or purpose of
this signal remains unclear, as no visual system has been found
that can detect circularly polarized light.*”) Circularly polar-
ized luminescence (CPL) materials have attracted significant
attention in the fields of anticounterfeiting, bioimaging,
organic light-emitting diodes, etc.*®) CPL is a luminescent
phenomenon that shows the difference in the emission of
right- and LCP light, linked to the excited state of chiral
systems.?]

In recent years, many reviews have discussed different
aspects of the production,!'®*" structural properties,”’
applications,'****!! and performance manipulation* of
cellulose-based particles or composites. The worldwide de-
mand for eco-friendly technologies to minimize carbon foot-
print, enhance environmental sustainability, and mitigate the
effects of climate change has driven this trend. Additionally,
nanocellulose stands out as the most abundant and undoubt-
edly the most cost-effective organic nanomaterial. Cellulose-
based nanocomposites have been extensively studied for ap-
plications in sensors, tissue engineering, biomedical fields,
energy applications, and beyond. To our best knowledge, no
review has yet comprehensively embraced the flourishing
topic of the multiple-responsive behaviors of cellulose-based
LCs. Therefore, it is essential to provide an easy-to-access
overview of structural color regulation, performance manip-
ulation and applications of cellulose-based LCs, as these are
key to advancing their development and fostering further
innovation. In this review, we provide a state-of-the-art ac-
count on the recent advancements of the cellulose-based
LCs including preparation, structural color manipulation,
stimuli responsiveness including temperature-responsiveness,
humidity-responsiveness, pressure-responsiveness, tension-
responsiveness, electricity-responsiveness, magnetic force-
responsiveness and optical properties containing circularly

5190117 SUOLLILIOD SA1IER.0 3|l dde ) Aq pouieNob a2 oI YO 98N J0'S3INI 10y ARi 1 BUIIUO AB]1AM UO (SUOIIPUOO-PUB-SLLLIBILIC" A8 1 ARG jpuI U0y SdIY) SUONIPUOD PUe S 1 a1 39S *[5202/80/50] U0 A1 auiiuo A1 *AsiAn Bullue Ag 02002 Zwdi/Z00T 0T/10p/wo0 /a1 A%eiq1eu 1o/ Sty Woaj papeojumod ‘0 ‘99687ESZ



RESPONSIVE MATERIALS

WILEY— 2

polarized light modulation and circularly polarized phospho-
rescence (CPP) properties (Figure 2). Subsequently, we
discuss the practical applications of these multiple-responsive
cellulose-based LCs in gas detection, anticounterfeiting,
multicolor separation, multifunctional E-skin, and advanced
fabrics, which have significant potential for further develop-
ment of next-generation advanced functional materials in
encryption display technologies. Finally, this review con-
cludes with an outlook on the applications, current challenges,
and future opportunities for high-performance cellulose-based
LCs endowed with remarkable photophysical properties.
Significantly, the main challenges regarding current methods
and processes of cellulose-based LCs were highlighted, and
the potential solutions to these issues are proposed in combi-
nation with cutting-edge research findings. It is expected that
this review will contribute to the development and advance-
ment of cellulose-based LCs.

2 | BACKGROUND

2.1 | Structural color

In nature, colors are categorized into two groups: pigment
color and structural color. Pigment color, or chemical color,
occurs when a surface absorbs light of particular wave-
lengths and reflects others, or when light passes through the
transparent or translucent materials within certain wave-
length ranges. Structural color, also known as physical color,
primarily results from the scattering, refraction, and
diffraction of incident light on the skin or surface, which is
manipulated by thin films, multilayered structures, or

FIGURE 2 Schematic illustration of the multiple-responsiveness,
optical properties, and applications of cellulose-based liquid crystals.

ordered geometric photonic crystal structures.** Structural
color has gained significant attention because of its irides-
cent, long-lasting, environmentally friendly, and custom-
izable features, which provides significant advantages over
conventional dyes and pigments.**) This phenomenon has
evolved over 500 million years, driven by natural selection
to produce structural color that serves different biological
purposes, like signaling, camouflage, attracting pollinators,
or avoiding predators.**! Numerous living creatures have
developed the capability to change color and dynamically
camouflage themselves, allowing them to visually merge
with their surroundings for defense, communication, and
evading predators.*”) Plants such as the Venus flytrap
function as predators by swiftly snapping their traps shut
when capturing insects.!*®! In contrast, plants like Mimosa
pudica act as prey by rapidly folding their leaves in response
to threats to protect themselves from predators.*”) In more
sophisticated systems, creatures like chameleons are capable
of not just escaping threats but also altering their color for
attraction, warning, and camouflage.*® This involves the
intricate internal regulation of organisms, such as osmotic
pressure and alterations in cellular structures, resulting in the
shape and color changes in response to stimuli, which pro-
vides valuable insights for the fabrication of smart actua-
tors.[*”) Insect cuticles, crab shells, bird feathers, and plants
display a variety of natural patterns that feature striking
structural color.!*®! Periodic multilayer microstructures often
produce vibrant iridescence,”°>>"! enabling the selective
interference of light within the visible range, which leads to
structural color that varies with the viewing angles.
According to Bragg's law, circularly polarized light is
selectively reflected, and a specific color's reflectivity can be
obtained when the half-pitch distance matches the wave-
length of that color. Cholesteric structures are present in
various natural systems,’°? including those found in fruits,
beetles, and the exoskeletons of crustaceans, which produce
vivid structural colors because their pitch length matches
the wavelengths of the visible light (Figure 3).l70-3¢%:442.53]
Moreover, these structures demonstrate remarkable tough-
ness and strength due to multiple toughening mechanisms at
different scales, which are often absent in synthetic mate-
rials.°" Due to their left-handed chiral arrangement, most
natural chiral structures generally reflect left circularly
polarized light. Figure 3 shows the metallic green beetle
Chrysina gloriosa reflecting left circularly polarized light
when exposed to unpolarized light,1***! with the remarkable
metallic color fading under a right circular polarizer. The
beetle's exoskeleton features hexagonal sections that are
green with a vibrant yellow core, where cholesteric nano-
structures are arranged in a nearly hexagonal pattern,
enabling left-handed reflection.®*! In recent years, scientists
have focused on incorporating responsive materials into
structural color films to develop novel structural color ma-
terials. This approach not only broadens the functional di-
versity of composite films but also allows color change to be
casily observed by the naked eyes. Based on this principle,
structural color materials have been developed to respond to
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FIGURE 3 Examples of structural color in nature. (a) Photographs of scarab beetle under a L-CPF, no polarizer, and a R-CPF. Reproduced with
permission.*** Copyright 2020, John Wiley and Sons. (b) Photograph of Pollia condensata fruit (left). TEM image (right) of cellulose microfibrils in P,
condensata. Reproduced with permission.'>” Copyright 2012, National Academy of Sciences. (c) Bragg reflection for structural coloration. (d) A 3D
illustration of the cellulose microfibril arrangement that generates structural color in P. condensate. Reproduced with permission.”™ Copyright 2012,
National Academy of Sciences. L-CPF, left-handed circularly polarized filter; R-CPF, right-handed circular polarized filter; TEM, transmission electron

microscopy.

humidity,> temperature,”® pH,” electricity,”® magne-
tism,°! and more. Structural color materials are applicable
not only in various responsive optical devices but also in
areas such as structural color encryption, anti-counterfeiting,
and the production of textiles with LC structural color.

3 | CELLULOSE LCs

3.1 | Preparation of CNCs

CNCs can be obtained from cellulose fiber sources, such as
cotton,'®! Whatman paper,[Gl] hardwood, softwood, and
microcrystalline cellulose.!®?) These materials have been
widely researched for CNCs production through techniques
like acid hydrolysis, enzymatic, oxidative degradation, and
ionic liquid processing!®! (Figure 4a). In the typical CNCs
extraction process, the amorphous regions of cellulose chains
are removed by breaking their 1, 4-8-glycosidic bonds via
acid hydrolysis. At the end of the process, only the crystalline
portions of cellulose maintain in suspension. The morphology
(shape and size), surface functional groups, and yield of
CNCs depend on the cellulose source, acid types, treatment
temperature, and reaction time.**! The resulting CNCs
display a needle-like structure, with lengths ranging from 100
to 500 nm and diameters between 5 and 50 nm (Figure 4b).
Advancements in science and technology have motivated the

development of new methods for synthesizing CNCs. How-
ever, acid hydrolysis remains the most traditional and
commonly employed technique in the CNCs production.[®!

The typical production of CNCs typically depends on
strong acid hydrolysis, which requires precise control over
acid concentration and type, temperature, acid-to-cellulose
ratio, and reaction time. These strong acids, including sul-
furic acid (H,SOy), hydrochloric acid (HCI), hydrobromic
acid (HBr), and phosphoric acid (H;PO,), as well as their
combinations, have been widely used for CNCs extrac-
tion.[*! Among these, the H,SO, is particularly favorable
for the CNCs synthesis due to the electrostatic stabilization
from the negatively charged sulfate half-ester groups on the
CNC surface.***”) During acid hydrolysis, the amorphous
regions of cellulose fibrils are specifically broken down until
the leveling-off degree of polymerization (LODP) is
attained. Once the LODP stage is reached, the reaction
almost stops, and the remaining intact CNCs are separated
from the suspension.[®® The CNCs produced through H,SO,4
hydrolysis introduces anionic sulfate (SOi_) groups onto its
surface via the esterification of hydroxyl groups by sulfate
ions. The SOﬁ_ groups on its surface enhance the colloidal
stability of CNCs. However, a significant drawback of sul-
furic acid-derived CNCs lies in its lower thermal stability.
These sulfate groups can be eliminated through post-
treatment with HCI hydrolysis, followed by water dial-
ysis.[®1%l The CNCs extracted using HCl exhibits the
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FIGURE 4 (a) Images of pulp, Whatman paper, Avicel MCC, sugar bagasse, and sugar straw used for the CNC extraction. (b) TEM images of

negatively stained cellulose whiskers derived from cotton, MCC, and tunicate cellulose through sulfuric acid hydrolysis. Reproduced with permission.

[5m]

Copyright 2008, American Chemical Society. CNC, cellulose nanocrystal; MCC, microcrystalline cellucose; TEM, transmission electron microscopy.

enhanced thermal stability but suffers from lower yield and
reduced surface charges, which may cause aggregation in
suspension. To improve the efficiency of HCI or other acid
hydrolysis, inorganic chloride catalysts are used in combi-
nation with HCLU” The addition of inorganic chlorides
serves as a catalyst, accelerating the hydrolysis process and
breaking down the amorphous regions more rapidly
compared to conventional HCI hydrolysis. Currently, the
preparation methods of CNCs typically involves the choice
of acid for hydrolysis, such as (i) combinations of sulfuric,
phosphoric, and hydrochloric acids,”"! (ii) deep eutectic
solvents,'”? or (iii) an FeCls-catalyzed deep eutectic solvent
system.!”*!

3.2 | LC phase of CNCs

LCs are well-known functional soft materials that exhibit
both the fluidity of liquids and the ordered structure of
crystals, which span molecular, supramolecular, and
macroscopic scales.!”* This phase, first termed by Lehmann
in 1888,17°! is now widely recognized as the fourth state of
matter, alongside gas, liquid, and solid. LCs science has
developed over the past century from the study of a simple
phenomenon to an interdisciplinary field integrating biology,
physics, chemistry, engineering, and nanotechnology. A
deeper understanding of LC components and their assembly
is essential for advancing the field of LC materials and their
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future applications. LC phases like nematic, smectic, and
cholesteric describe the organization of LC components,
which can be rods, discs, plates, and more. LCs are generally
categorized into thermotropic and lyotropic types.!”®! Ther-
motropic LCs are utilized in displays because they maintain
their LC state over a certain temperature range. Lyotropic
LCs, such as tobacco mosaic virus suspensions, transition to
the LC phase when their concentration in the solvent exceeds
a critical threshold. According to Onsager model, the aspect
ratio of colloidal particles significantly influences the onset
of LC and the volume fraction of different phases. The
Onsager model indicates that the rod-like structure of CNCs
exhibits lyotropic LC behaviors.*”) When the concentration
of CNCs exceeds a certain threshold, it forms both isotropic
and anisotropic phase, with the anisotropic phase adopting a
cholesteric structure.””! In the cholesteric phase, the helical
structure of CNCs shows the characteristic of angle-
dependent selective reflection of circularly polarized light,
producing iridescence when the helical pitch matches the
wavelength of visible light. In water, the CNC suspension
forms a cholesteric phase that can be maintained after air-
drying, resulting in an iridescent film (Figure 5)."*! These
features, combined with large surface area of CNCs, make
them an ideal candidate for templating porous inorganic
materials. Researchers constructed silica/CNC hybrid mate-
rials by combining the suspension of CNCs with a meso-
porous silica precursor, tetramethoxysilane. Polarized optical
microscopy (POM) images show the formation of fingerprint

textures during evaporation, indicating the emergence of
cholesteric phase in the presence of the silica precursor
(Figure 5b—d). Once dried, the CNCs composite films that
stood freely can be constructed. Visually, both POM and
scanning electron microscopy images illustrate that these
films closely resemble those made from pure CNCs.

4 | STIMULI-RESPONSIVE
CELLULOSE-BASED LCs

Stimuli-responsive functional materials have gained signifi-
cant attention because of their fundamental scientific
importance and promising technological applications, as
their physical properties can be actively regulated by
different stimuli.”® It is well-established that CLCs,
featuring self-organized helical superstructures,’**”"! are
capable of responding to external stimuli such as tempera-
ture, light, electric fields, and others.'®®! The properties of
cholesteric CNC films can be modified by altering the CNC
surfaces. However, external factors like temperature, hu-
midity, pressure, tension, electricity, magnetism, and light
have a significant impact on the characteristics of CNC
films. The CNC films with tunable helical pitch can be
realized by applying heat'®'! or sonication,®*! enabling the
adjustable chiral photonic properties of CNCs. Owing to the
diamagnetic anisotropy of CNC rods, both magnetic®*! and
electric field™* can be utilized to orient the CNC rods within

FIGURE 5 Schematic of the cholesteric ordering of CNCs (a) and POM images (b—d). Reproduced with permission.”*! Copyright 2010, Springer

Nature. CNCs, cellulose nanocrystals; POM, polarized optical microscopy.
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a suspension. When a constant field is applied to a drying
CNC suspension, it causes the CNC rods to align perpen-
dicular to the field, and this helical orientation can be
maintained in solid films. The CNC-based composites that
response to stimuli and their optical properties will be dis-
cussed in detail in the following section.

4.1 | Temperature-responsive cellulose-
based LCs

Developing encryption and decryption technologies that are
both secure and user-friendly are urgently needed to address
the increasing threat of information leaks, despite the sig-
nificant challenges exist. HPC, a water-soluble cellulose
derivative, can be produced by incorporating hydroxypropyl
groups into the cellulose polymer chains through ether-
ification.!'”) HPC can form a cholesteric structure in solu-
tions with <45 wt% water content, which remain preserved
when the solution is formed into a film.**) HPC and CNCs
differ notably in that HPC develops a right-handed chole-
steric arrangement, reflecting right-handed circularly polar-
ized (RCP) light, while CNCs arrange into a left-handed
configuration, reflecting LCP light. Li et al.!® introduced a

WILEY—

method for the encoding and decoding information that le-
verages time and temperature in conjunction with functional
photonic ink (Figure 6a). The ink's structural colors are
composed of HPC/propylene glycol mesophases that can
vary from colorless and transparent to encompassing
the entire visible-light spectrum by adjusting the ink's
composition and temperature. Furthermore, the ink is
adaptable for creating intricate designs, quick-response (QR)
codes, and multi-pixel arrays. This ink facilitates the precise
encoding of encrypted data by manipulating specific tem-
perature and time duration. The use of sophisticated
encryption techniques, including multichannel and Morse
coding, enhances information storage security and increases
decoding complexity. This study paves the novel way for
innovative dynamic photonic inks and encryption strategies
for anticounterfeiting applications.

Structural color results from the interaction of light with
periodic submicrometer structure within materials, providing
a unique mechanism for coloration.**>*%! In the natural
word, many organisms employ intricate regulatory systems
to alter their colors in response to external stimuli.l***”)
Drawing inspiration from this phenomenon, artificial mate-
rials with structural color have been developed by replicating
biomimetic photonic structures using methods such as

FIGURE 6 (a) Phase transition behaviors of HPC/PG solutions. Reproduced with permission.!®¥ Copyright 2022, John Wiley and Sons. (b) Optical
properties and nanostructure of HPC-AM CLCs. Reproduced with permission.!”!! Copyright 2021, John Wiley and Sons. (c) Thermal responsiveness of 3D
printed objects. Reproduced with permission.”*?! (d) Photographs depicting a 70wt% HPC-MA solution under different conditions, as well as photographs
of 3D-printed letters. Reproduced with permission.!>! Copyright 2022, John Wiley and Sons. CLCs, cholesteric liquid crystals; HPC-AM, hydroxypropyl
cellulose-acrylamide; HPC-MA, methacrylate-functionalized hydroxypropyl cellulose; HPC/PG, hydroxypropyl cellulose/propylene glycol.
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lithographic patterning, colloidal assembly, and layer-by-
layer stacking, etc.’**®¥) Among these materials, the
assembled CLCs exhibit periodic structures composed of
twisted layers, where the rod-like molecules are aligned in
parallel.**”) CLCs possess the unique capability to selec-
tively reflect circular polarized light and manipulate this
reflection through adjusting their helical pitch. This
distinctive characteristic opens new possibilities in the
realms of biology, physics, and various applied science-
5.[782:800.901 7hang et al.l’! developed novel cellulose-based
CLCs, which can serve as a biomimetic model for biological
structural coloration (Figure 6b). By using monomers rather
than polymers within the cellulose CLC system, the
hydrogen bonding interactions between cellulose molecules
and acrylamide (AM) monomers are strengthened, enabling
the self-assembly of the CLC and the generation of a wide
range of vivid structural colors. By modulating the irradia-
tion time during the polymerization of the mixtures with
different crosslinking degrees, the periodic internal struc-
tures of cellulose-based CLCs can be carefully controlled,
allowing for the fabrication of polymers with tunable
structural colors. When HPC-AM is heated from room
temperature to 70°C, the color transitions to red due to the
increase in the helical pitch, which is caused by the
disruption of hydrogen bonds and the intermolecular repul-
sion. These photonic-responsive materials, which display
dynamic and high-resolution structural color, show great
potential for applications in graphic displays, wearable
sensors, and information encryption technologies. In 3D
printing, achieving precise color reproduction is essential for
producing vibrant visuals with high accuracy and long-
lasting durability. The ink maintains a CLC state with
structural color, while the addition of gelatin improves its
rheological properties, enabling the smooth flow and the
formation of self-supporting structures (Figure 6¢).l°* The
addition of hydrogel contributes to maintaining the integrity
of the ink after printing, achieved through in situ UV
crosslinking. Consequently, diverse graphics and 3D objects
with angle-independent colors are produced, showcasing the
versatility of the ink on different substrates. Furthermore, the
produced objects display dual thermal responsiveness,
leading to observable color changes at temperatures close to
that of the human body. These attributes suggest that the
current ink represents significant progress in the develop-
ment of cutting-edge 3D printing technology. Chan et al.”**!
showed that integrating methacrylate-functionalized
hydroxypropyl cellulose (HPC-MA) with UV crosslinking
facilitated the development of filaments with internal helical
nanostructures, allowing for the 3D printing of solid objects
with structural color (Figure 6d). The iridescent color can be
tuned across the entire visible wavelength spectrum by tak-
ing advantage of the lyotropic and thermotropic character-
istics of HPC during the crosslinking process, producing a
variety of colored objects from a single material source. This
approach improves precision in controlling both micro- and
macro-scale structures and opens opportunities for devel-
oping sustainable photonic filaments for 3D printing.

4.2 | Humidity-responsive cellulose-
based LCs

Photonic films that can adapt to external stimuli are widely
used in optical communication, sensing, and anti-
counterfeiting applications. However, developing photonic
structures with customizable patterns that display significant
color changes under ambient environmental conditions re-
mains a challenge. Lu et al.* introduced a supramolecular
lyotropic LC system using cellulosic macromolecules, where
the addition of citric acid (CA) enhances the long-range
order of helical structures during evaporation-induced self-
assembly (EISA) and allows the precise tuning of their he-
lical pitch by changing its concentration. The hydrogen
bonding interactions between CA's carboxylic acid groups
and the hydroxyl groups facilitate the formation of a
moisture-responsive  supramolecular  helical structure
(Figure 7a,b). When the relative humidity (RH) increases,
water molecules are absorbed into the polymer networks,
disrupting hydrogen bonds and leading to an increase of the
helical pitch. In addition, a reduction in RH causes the film
to dehydrate, enabling hydrogen bonds to reform and the
pitch to contract. The helical pitch in HPC-CA films expands
and contracts in response to humidity variations, resulting in
reversible color shift. By optimizing the helical pitch, the
HPC-CA films can be tailored to produce desired color
changes. As depicted in Figure 7b, the HPC-15% CA film
initially appears violet and changes smoothly from violet to
red upon hydration. When dehydrated, the film gradually
reverts to its original color. This remarkable colorimetric
behavior emphasizes the adaptability and responsiveness of
the hydrogen-bonded supramolecular lyotropic LC system,
showcasing its potential for use in reflective displays, smart
windows, sensors, and adaptive optical devices. Moreover,
the dynamic hydrogen bonding within the supramolecular
networks imparts desirable qualities to the HPC films, such
as recyclability and reprocessability, which can be conve-
niently achieved by dissolving them in water. This study
presents a scalable approach for the development of envi-
ronmentally adaptive CLC polymers with tunable broadband
colorations and highly customizable photonic patterns.
Zhao et all”! developed a technique for the self-
assembly of chiral, humidity-sensitive coatings through
electrostatic interactions between CNCs and polyacrylic
acid (PAA) (Figure 7c,d). The chiral structures are formed
due to the electrostatic repulsion between CNC and PAA,
while their mutual affinity facilitates a swift response. The
transmitted colors change in response to variations in RH
and rotation angles, making them ideal for constructing
ternary anticounterfeiting systems that can encrypt infor-
mation and detect humidity. The CNC/PAA iridescent
coating displays adjustable visible colors that change
dynamically with variations in RH. The colors transition
sequentially from violet at 22% RH, to cyan at 43% RH,
orange at 75% RH, and ultimately red at 99% RH. The
effect is reversible, maintaining a color memory ratio >97%
after 10 cycles. The maximum wavelength (1. of the
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FIGURE 7 (a)Schematic diagram of the moisture-regulated helical pitch in H-bonded supramolecular HPC-CA CLCPs. (b) Photographs of the HPC-
15% CA film showing a reversible color shift from violet to red at 95% RH, and a reverse at 60% RH. Reproduced with permission.**! Copyright 2024,
John Wiley and Sons. (¢) Humidity response of CNC/polyacrylic acid iridescent coatings. (d) Anax of the iridescent coating at given RH, CD spectra, and g-
factor. Reproduced with permission.[! Copyright 2021, John Wiley and Sons. CA, citric acid; CD, circular dichroism; CLCPs, cholesteric liquid crystal
polymers; CNC, cellulose nanocrystal; HPC-CA, hydroxypropyl cellulose-citric acid; RH, relative humidity.
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CNC/PAA iridescent coating gradually increases as RH
increases from 22% to 68%. Significantly, a sharp increase
in Adnax 18 observed when RH shifts from 68% to 75%.
However, the increase in A,,,, becomes less noticeable as
RH approaches 99%. As a result, the CNC/PAA iridescent
films display minor color transitions from violet to green
within the 22% and 68% RH range. Above 75% RH, the
color change becomes significantly more pronounced,
shifting from orange to red. This charge-driven assembly
unlocks new opportunities for cholesteric materials,
enabling accurate optical sensing and sophisticated infor-
mation encryption.

4.3 | Pressure-responsive cellulose-
based LCs

In nature, some organisms possess dynamic structural colors
that play significant roles in communication, defense, or
camouflage.'*’ 880961 For instance, neon tetra and freshwater
fish can flexibly alter their body color across a wide spec-
trum range in response to changes in light, temperature, and
pressure.’”) These vivid and adaptable structural colors
result from the interaction of light with adjustable nano-
structures within their skin cells. Inspired by these biological
systems, the development of biomimetic structural color
devices with tunable schemochrome has garnered significant
interest from both academic and industrial fields.”®! The
self-organization of CNC promotes a helical multilayered
structure, which exhibits long-range cholesteric order that is
similar to the regularly arranged reflective layers observed in
the skin cells of neon tetras.l””! The majority of CNC-based
responsive materials have been developed through surface
coating technique,!'°”! primarily relying on the increase of
helical pitch due to water absorption or thermal swelling.
Many approaches have been developed to produce CNC-
based intelligent composites capable of displaying dynamic
structural color in respond to stimuli like strain,*>'! tem-
perature,' % humidity,!'®* or gas.['%* Cao et al.l'! devel-
oped a pressure-responsive CNC airgel by combing LC self-
assembly with ice-templating methods. Similarly, Shi
et al.l'%! fabricated structurally colored films that demon-
strated reversible color change when exposed to various
moist gases and liquids, achieved by filtrating nanofibrillated
cellulose through a porous hydrophobic membrane.
Recently, Li et al.l'%” presented a CNC-based schemo-
chrome hydrogel that responds to both pressure and tem-
perature with tunable CLC structure (Figure 8). Through the
integration of various interfacial noncovalent interactions,
they established dynamic links between the tunable helical
pitch of vertically oriented CLC phase and responsiveness of
flexible thermosensitive substrates, enabling diverse optical
properties and distinctive visual patterns. As the pressure
increases, the structural color transitions sequentially from
red to orange, yellow, green, and finally blue. When the
external pressure is removed, the structural color reverts to
its original state within 2 s, showcasing the reversible nature

of the structural change (Figure 8c). Furthermore, as tem-
perature increases, the dominant structural color shifts from
red to orange, yellow, and ultimately to blue (Figure 8d). The
reversible color behavior driven by temperature was further
analyzed using the Hue, Saturation, and Value (HSV) color
model (Figure 8e), which indicates a direct correlation be-
tween H value and temperature. The hydrogel's water con-
tent decreases when elevating the temperature from 25 to 55°
C, causing H value to increase from 9° to 203°, which covers
a wide range of the HSV color space (Figure 8f). Hydrogels
are employed for on-demand schemochrome patterning,
encompassing customizable dual-encryption labels, temper-
ature monitoring, smart digital displays, and intelligent
recognition/control systems. This innovative hydrogel, with
its dynamic structural color patterns, shows significant po-
tential for the development of next-generation smart optical
devices, including anti-counterfeiting systems, intelligent

control mechanisms, and temperature = monitoring
applications.

4.4 | Tension-responsive cellulose-

based LCs

The skin functions as a protective barrier, separating the
human body from the external environment, and is capable
of converting stimuli such as temperature, pressure, tension,
and twisting forces into electrical signals. Recently, broad
applications in intelligent robotics, medical diagnostics, and
wearable technologies have driven researchers to investi-
gate artificial flexible electronic skins that mimic multi-
sensory functionalities.!'®®! A variety of E-skins capable of
sensing external stimuli have been developed through the
incorporation of conductive materials, including alloys,
ionic liquids, liquid metals, and carbon-based materials.!'*"’
Among these, carbon nanotubes (CNTs) are extensively
utilized due to their superior electrical conductivity and
mechanical properties.!''”) However, many flexible CNT-
integrated E-skins depend on external electrical devices
for data processing and visualization. Additionally, the
single-output electrical signals from these devices often
struggle to identify the stimulation site and are susceptible
to interference errors. Consequently, there remains a need to
develop conductive E-skin that provides visible signal
output and can accurately identify the stimulation source.
The chameleon's skin can alter its color by adjusting in-
ternal periodic arrangements of guanine nanocrystal arrays.
To replicate this feature, smart structural color hydrogels
have been engineered by integrating responsive polymers
with periodic nanostructures that can regulate light prop-
agation.®®™ "] When cellulose CLCs are combined with
smart hydrogel scaffolds, the structural colors of the
resulting hydrogel can be produced at specific cellulose
concentration, with the color changing in response to
external stimuli,[86%-88¢-8888LI21 "Bageqd on these, Zhang
et al!'"! developed a multifunctional E-skin using LC
hydrogel composed of HPC, poly(acrylamide-co-acrylic
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FIGURE 8 (a) Schematic illustration showing changes in nanostructure during relaxation and compression. (b) POM images of the hydrogel in both
relaxed and compressed states. (c) Photographs of the sample taken during the compressing and relaxation processes. (d) Photographs, infrared thermal
images, and POM images of the sample during the heating process. (¢) Thermo-induced color changes illustrated using the HSV color model. (f) The
quantitative correlation between H value and temperature. Reproduced with permission.!"” Copyright 2023, John Wiley and Sons. HSV, Hue, Saturation,
and Value; POM, polarized optical microscopy.
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acid) (PACA),!""* and CNTs (Figure 9). The HPC can form
CLC photonic structures, where CNTs boost color satura-
tion and PACA polymerization helps maintain the periodic
arrangements. Upon exposure to different stimuli like me-
chanical pressure, strain, or temperature, the composite
hydrogel made of HPC and PACA exhibits noticeable color
as a result of volume or internal nanostructure alteration.
Furthermore, by incorporating CNTs, the hydrogel can
transform these stimuli into electrical resistance signals.
That is, the hydrogel E-skin offers quantitative feedback on
external stimuli through electrical resistance changes and
visually highlights stimulated regions via color changes.
This dual-signal sensing capability enables clear interaction
and enhanced resistance to interference, making the multi-
functional E-skin highly promising for a wide range of
applications.

The ability to selectively reflect circularly polarized light
across a broad spectral range in response to stimuli is sig-
nificant from both scientific and technological viewpoints.
Qu et al!'"™! developed chiral photonic cellulose films
capable of selectively reflecting circularly polarized light
when exposed to mechanical stimuli (Figure 10a). These
chiral photonic cellulose films exhibit superior flexibility,
within a strain-at-break of up to 40.8%, which is higher than
those have been reported. Moreover, these films exhibit

selective reflection of LCP light when bent or subjected to
uniaxial tension across the entire visible spectrum. In addi-
tion, the films display a reversible response to water vapor
(ranging from 10% to 100% RH) across the visible to the
near-infrared spectrum. The response to stimuli is facilitated
by the tunable helical structures based on supramolecular
chemistry. This research presents an effective method for the
strategic design of materials in response to multiple stimuli,
offering a flexible soft material platform for large-scale ap-
plications in camouflage and security technologies. Xu
et al.l''" reported luminescent CNC shape-memory poly-
mers (CNC-SMPs) that exhibit mechanically triggered
circularly polarized light emission. Through adjusting the
swelling ratio of the CNC film precursor, they established a
controlled polymerization method to create CNC-SMPs with
adjustable structural color. When the materials were heated
above their glass transition temperature (7,), mechanical
stress was applied to compress the cholesteric structures.
Through hot-pressing and thermal recovery, the CNC-SMPs
demonstrate reversible on/off circularly polarized light
emission (Figure 10b). Jia et al."**! reported a chiral photonic
crystal film that exhibits significant rigidity and superior
flexibility, capable of enduring multiple mechanical defor-
mation (Figure 10c). Without destroying cholesteric struc-
ture, the film can bear a strain of nearly 50%, which exceeds

FIGURE 9 (a) Temperature sensing evaluation of the E-skin. (b) Pressure and (c) tension sensing evaluation of the E-skin. Reproduced with

permission.!''*) Copyright 2020, National Academy of Sciences.
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FIGURE 10 (a)Photographs depicting chiral photonic cellulose film with varying GLU content, corresponding transmittance spectra, CD spectra, and
stress—strain curve of CNC/GLU. Reproduced with permission.!"'>! Copyright 2019, John Wiley and Sons. (b) Diagrams illustrating the chemical structure
and cholesteric structure of CNC film. Reproduced with permission.!''®! Copyright 2023, John Wiley and Sons. (c) Twists, pressure-proof, bends, rolls, and
tensile properties of the photonic crystal film. Reproduced with permission.!**! Copyright 2024, John Wiley and Sons. CD, circular dichroism; CNC,

cellulose nanocrystal; GLU, glucose.

most cellulose-derived materials. These photonic crystal
materials combine outstanding mechanical properties with
unique optical performance, with their film colors spanning
the entire visible region by tuning the photonic band gaps
(PBGs). As a result, these materials can be utilized in se-
curity and anti-counterfeiting applications due to their eco-
friendly, cost-effective, non-destructive, and user-friendly
authentication properties.

4.5 | Electricity-responsive cellulose-
based LCs

CNC:s possess unique properties that enable their applications
in high-value functional nanostructured materials. Integrating
anisometric dopants, such as plasmonic gold nanorods, into
the cholesteric structure is capable of improving the control
over their orientation and positional order.!"'”! However, self-
assembled structure often exhibits weak long-range order,
leading to polydomain structure with misalignment that
produces a rainbow-like appearance rather than distinct op-
tical effect.l''® Different approaches and stimuli have been
investigated to enhance the long-range order of cholesteric
CNC suspensions, but strong hydrodynamic shear often
disturbs the cholesteric arrangement, transforming it into
a nematic structure.l''”! Licen et al.l''"™"?% showed that
applying mild circular shear to a drying suspension in a round

container improves the local vertical alignment of the
cholesteric structure. However, a gradual distortion of heli-
coidal ordering was observed near the edge. Additionally,
extensive research has been conducted on the alignment of
colloidal LCs under the influence of electric or magnetic
field.!'*")

Frka-Petesic et al.'**) demonstrated that an electric field
can effectively manipulate the iridescent characteristics of
CNCs in an apolar solvent (Figure 11a), enabling precise
regulation of helical pitch, macroscopic sample uniformity,
and structural color. The influence of an electric field on the
alignment and periodicity of cholesteric phase was evaluated
through visual iridescent effect and laser diffraction analysis.
Specifically, the sample was positioned inside a vertical glass
capillary fitted with metal electrodes connected to a high AC
voltage source. A white light was placed slightly off-center
in the vertical plane behind the sample. At a low electric
field, the light intensity increases noticeably, followed by a
red shift in color. As the electric field increases, the color
shifts to a scattering white and eventually disappears.
However, under a strong field, it becomes uniform, signi-
fying the alignment of the CNCs parallel to the applied field
and a transition to a paranematic phase. Fernandes et al.!''®
fabricated a novel cellulose-based photonic structure that
can reflect both RCP and LCP light, whose reflection can be
tuned by temperature and electric field (Figure 11b). By
using an LC as an anisotropic half-wave retardation plate,
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FIGURE 11 (a)Iridescence changes of a cholesteric polydomain sample under electric field (top) and the formation of the laser diffraction pattern as
the electric field increases (bottom). Reproduced with permission.®*¥ Copyright 2017, John Wiley and Sons. (b) Thermal switching of reflected LCP and
RCP channels in chiral CNC/LC films. Reproduced with permission.!!'®! Copyright 2016, John Wiley and Sons. (c) Electrical switching of bioinspired
nanocomposites based on CNFs and hydrogen-bonded polymers. Reproduced with permission.!'>*) Copyright 2021, Springer Nature. Design and
performance of magneto-thermochromic (d) and electro-thermochromic (e), and devices based on CPCC. Reproduced with permission.'?*] Copyright
2024, John Wiley and Sons. CNC, cellulose nanocrystal; CNFs, cellulose nanofibrils; CPCC, cholesteric phase cellulose composites; LC, liquid crystal;

LCP, left-handed circularly polarized; RCP, right-handed circularly polarized.

the reflected RCP light and LCP light channels can be
controlled by changing the birefringence, which can be
induced by temperature variations. The reflected RCP and
LCP can be affected by the nematic-to-isotropic transition
(Tn1)- Above Ty, the red reflection of LCP light maintains,
while the reflection of RCP light becomes colorless. Notably,
the wavelength of the reflected LCP light increases when the
temperature exceeds 7. The wavelength of light reflecting
along the cholesteric axis can change due to two factors: the
average refractive index of the phase and the pitch. A
decrease in the refractive index of the material causes the
pitch of cholesteric phases to increase due to the isotropic
liquid between layers. The system's birefringence can be
regulated by applying an electric field to the stimuli-
responsive LC layer. The effect of the electric field and
temperature is similar: while the RCP light disappears, the
reflection in LCP light channel shifts towards large

wavelength. The application of an electric field prompts the
nematic molecules to align along the direction of the field
due to the positive dielectric anisotropy.

Jiao et al.l'*?! incorporated electrical switching into bio-
inspired nanocomposites, which demonstrate mechanical
property regulation under low direct current (DC) conditions
(Figure 11c). The application of DC induces significant
electrothermal softening by initiating the dynamization
and disruption of thermo-reversible supramolecular bonds.
The modified mechanical characteristics can be reversibly
modified through activation and deactivation of power. This
straightforward and versatile approach advances the devel-
opment of bioinspired nanocomposites, enabling applications
in structural materials, adaptive damping, and soft robotics.
Cellulose has garnered considerable attention across multiple
fields owing to its widespread availability, biodegradability,
non-toxicity, and ease of processing.!''®'**! HPC can
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spontaneously form CLC structures,®>!"*! which selectively

reflect light and exhibit vivid structural colors.!'®”) Inspired
by chameleons, a variety of external stimuli, such as me-
chanical forces,!'**! heat,[°!! electricity,[84d] and solvents,°!!
have been employed to modulate the pitch of CLC structures,
thereby altering the structural color. Achieving consistent
coloration at ambient temperature and facilitating multicolor
separation at elevated temperature is highly desirable.
However, the development of stable photonic devices
capable of inducing multicolor separation through straight-
forward and easily obtainable stimuli, like low voltage or
weak magnetic field, remains a challenge for practical ap-
plications. Wen et al..'**! proposed a flexible strategy for
achieving multicolor separation in cholesteric phase cellulose
composites (CPCC) (Figure 11d,e). The CPCC was synthe-
sized by combining a high-concentration self-assembled
HPC with a cross-linked poly(acrylic acid-acrylamide) (P
(AA-AM)) network. By modulating the cross-linking density
of P(AA-AM) in CPCC, thermally induced multicolor sep-
aration was achieved, transitioning from a uniform color at
room temperature to a multicolor pattern at elevated tem-
perature. Moreover, by leveraging the electric heating effect
of conductive carbon oil, the multicolor separation was
achieved under low voltage by incorporating FeNi; nano-
particles into CPCC. The multicolor separation effect was
improved by the pixelated distribution of FeNi; nanoparticles
and the variation of the concentration within each pixel.
Additionally, thermochromic, electro-thermochromic, and
magneto-thermochromic properties can be integrated into
CPCC, enabling advanced multilevel information encryption.

4.6 | Magnetic force-responsive cellulose-
based LCs

A magnetic field has been utilized to achieve uniform
alignment of lyotropic CLC phase in biopolymers, resulting
in a consistent global orientation and optical appearance.
Barhoumi Meddeb et al..'*®! demonstrated that the applica-
tion of a magnetic field can alter the anisotropic alignment of
cholesteric CNCs in both aqueous and non-aqueous sus-
pensions. Kim et al.'*”) demonstrated that the left-handed
cholesteric CNC films, featuring homeotropic concentric
helix orientations within planar textures, can be achieved by
the self-assembly of CNCs directed using a local radial
magnetic field (Figure 12a). These cholesteric CNC films
demonstrate left-handed circular polarization characteristics
and transform spontaneous emission into right-handed CPL
across the film's surface and its lateral surfaces due to the
PBGs. The Fe;04 nanoparticles spontaneously form particle-
like clusters, which are organized into linear assemblies that
grow and align along the magnetic field's direction. Simul-
taneously, birefringence accompanied by fingerprint textures
appears, evolving into ellipsoidal factoids and eventually
merging into cholesteric fragments through tactoid coales-
cence. This study marks a significant advancement in the
development of self-assembled chiroptical materials with

complex polarization properties, which are crucial for pho-
tonic applications. Li et al.l'*®! demonstrated that weak,
patterned magnetic field gradients can generate intricate
optical effects by spatially organizing needle-shaped,
magnetically modified CNCs (Figure 12b). The formation of
thin films with an optical pattern containing both chiral and
achiral regions are associated with vortices induced by local
magnetic gradient during the flow of the LC suspension. The
local tracking of the flow direction of the magnetically
modified nanocrystals reveals the interaction between
evaporation and field-driven localized flow, which influences
the formation of twisted structure within the magnetically
generated vortices. Frka-Petesic et al.'?! demonstrated that
neodymium (NdFeB) magnet can effectively control the
alignment of cholesteric domains, enabling colored CNC
films with precise manipulation of their optical characteris-
tics (Figure 12c¢). This is accomplished by evaporating the
suspension near NdFeB magnets, where the magnetic field
induces a long-range ordering in the cholesteric phase.
Modifying the spatial arrangement of the magnet relative to
the drying suspension can improve the alignment uniformity
of the cholesteric axes, resulting in large, uniform films with
accurate orientation control. This straightforward but highly
effective approach opens up new opportunities for designing
visual properties of iridescent films, enabling textures from
metallic to pixelated or matte finishes and advancing
development of sustainable photonic pigments for use in
coatings, cosmetics, and security labels.

5 | OPTICAL PROPERTIES OF
CELLULOSE-BASED LCs

5.1 | Circularly polarized light modulation
The regulation of light is essential for applications like
broadband reflectors and optical diodes.!'**! Photonic crys-
tals, characterized by periodic variations in dielectric prop-
erties, demonstrate significant potential in controlling light
propagation owing to their PBGs.*’™2%13!] I the periodic
structure, certain light wavelength will be forbidden from
propagating, resulting in the PBGs."*?! CPL describes the
differential emissions of left- and RCP light from chiral
luminescent clusters or systems in an excited state.!'*’]
Basically, helical nanostructure-based CLCs, acting as chiral
templates, represent the most widely employed approach for
generating tunable CPL with large gjum values.!'**! Stimuli-
responsive LC-based soft materials demonstrate selective
reflection of circularly polarized light with the same hand-
edness as the LC helical axis.['*>) Combining achiral lumi-
nescent dopants with CNCs provides a straightforward
approach to develop CPL composite films, serving as a
practical alternative to chiral luminophores.['**) CNC-
emitter films function as a “host-guest” dual system, with
luminescent materials embedded within the left-handed
cholesteric CNCs. Achiral emitters, such as rare earth
doped nanoparticles,'*”! organic luminophores,''**! carbon
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FIGURE 12 (a) Schematic illustration of the process for regulating localized chirality inversion in self-assembled CNCs using magnetic field gradient
patterns. Reproduced with permission.”"®”! (b) Monitoring the magnetic field-directed self-assembly of CNC-Fe;0O, using POM. Reproduced with

permission.[lzx] Copyright 2022, John Wiley and Sons. (¢) POM images of prepared films under different magnetic fields. Reproduced with permission.

[129]

Copyright 2017, John Wiley and Sons. CNCs, cellulose nanocrystals; POM, polarized optical microscopy.

dots (CDs),!"*” quantum dots,** and quantum rods!'*"’

have been utilized as luminescent guests. CNCs exhibit
significant optical iridescence and display a dynamic inter-
action between structures, photonic properties, and functio-
nalities.[''™'*?31 A" range of composite films has been
produced by integrating CNCs with achiral luminophores
like dyes,!'*** or lanthanide complexes,''*'! allowing for
right-handed CPL emission with elevated gy, values. These
composite materials can be utilized in polarization-based
anti-counterfeiting and cancer detection.!'*?! Jia et al.*?%
employed self-assembled CNCs as chiral templates to

produce CPL films (Figure 13a). By manipulating the PBGs,
the resulting films display a strong CPL signal with excellent
mechanical flexibility. In addition, the films achieve a
remarkable ultimate strain of 19%, surpassing most CNC-
based chiral luminescent assemblies while maintaining
CPL activities, making it a promising material for optical
sensors and wearable devices. Duan et al.l'**! developed a
novel dual PBG structure using CNC/fluorescent carbon
quantum dots films and CNC films, enabling real-time
control over intensity, wavelength, and direction of CPL
emission by simply tailoring the physical position of the
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FIGURE 13 (a) Preparation of dynamic and switchable dual-direction CPL optical films. Reproduced with permission.***] Copyright 2024, John
Wiley and Sons. (b) CPL spectra, gium values, and transmission spectra of CNC films probed by LCP light and RCP light. Reproduced with permission.!'#4]
(c) Preparation of luminescent CNC-SMP. Reproduced with permission.!''®! Copyright 2023, John Wiley and Sons. (d) CNC-PAA—Eu composite exhibits
visible color change, transitioning from green left-handed CPL to red right-handed CPL emission. Reproduced with permission.['*'™ Copyright 2021, John
Wiley and Sons. (e) Conceptual design of integrating aggregation-induced emission molecules into chiral photonic cellulose films to develop circularly
polarized light-emitting materials. Reproduced with permission.['*”) Copyright 2024, John Wiley and Sons. CNC-SMP, cellulose nanocrystal-based shape-
memory polymers; CPL, circularly polarized luminescence; LCP, left-handed circularly polarized; PAA, polyacrylic acid; RCP, right-handed circularly
polarized.
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films. This advancement improves the precision of manip-
ulating circularly polarized signals compared to those
methods involving chemical or photonic stimulation.

Tao et al.'** showed that the self-assembled CNC films
reflect circularly polarized light, reaching a peak reflectivity
of 68%. These films are capable of converting spontaneous
photoluminescence into both RCP and LCP luminescence,
with |gum| values of 0.796 and 0.120, respectively
(Figure 13b). The chiroptical characteristics arise from a left-
handed cholesteric structure, featuring a nematic-like phase
that functions as a half-wave retarder between two PBG
layers. The PBG layers are inherently incorporated into the
left-handed helical structure via rapid gelation of CNC
colloidal suspension. The chiroptical features can be finely
tuned by modifying the evaporation temperature, concen-
tration, and properties of the CNC suspension. So far, sci-
entists have incorporated luminophores, including organic
small molecules,mgb] CDs,BOb’B%] quantum do‘[s,[5 51451 and
upconversion nanoparticles,!'** into cholesteric CNC films
to generate right-handed CPL emission with notable |gj,m|
values. Achieving high |g.m| depends on the matching of the
PBGs of CNCs and the emission bands of the luminophores.
The PBGs of CNC films exhibit strong sensitivity to varia-
tions in humidity and solvent conditions, which makes them
excellent materials for CPL sensors.['*!®1%] However, the
CNC films are fragile and exhibit limited response to con-
ditions other than the humidity and different solvents. Xu
et al.l''® demonstrated that CNC-based shape-memory
polymers (CNC-SMPs) incorporating luminescent elements
can yield mechanically responsive CPL (Figure 13c). By
modulating the PBGs of CNC-SMPs, it is possible to
accurately control CPL emission with different wavelengths
and elevated gy, values. The CPL emissions can be
reversibly controlled by hot-pressing the luminescent CNC-
SMPs and then restoring them with heat. The pressure-
sensitive PBGs allow for pressure-responsive CPL with
tunable gy, values.

Kim et al.'*'®! developed biosynthetic light-emitting
adhesive materials composed of cholesteric CNC-
polyelectrolyte complexes, which demonstrate strong adhe-
sion to both hydrophilic and hydrophobic substrates
(Figure 13d). By incorporating europium doping, they ach-
ieved intense and dynamic photoluminescence with high
Zum, While preserving adhesive strength and iridescent
characteristics. The photoluminescence can be suppressed by
exposure to volatile acetone vapor or liquid and rapidly
restored to its original state upon drying. These unique
features—universal adhesion, improved and dynamic pho-
toluminescence, and tunable CPL—make these light-
emitting bio-adhesives particularly suitable for applications
in security optical coding, covert communication, and
biochemical sensing, especially in wearable stickers and
prints. Huang et al.'"*"! developed a novel system that com-
bines aggregation-induced emission molecules with optical
stability into cholesteric HPC materials, achieving robust
left-handed CPL emission (Figure 13e). This system was
developed through a helical co-assembly method, embedding

N-(3-(phenylamino) allylidene) aniline hydrochloride (PA)
derivatives into the cholesteric methacrylate-functionalized
HPCs, which were subsequently dispersed in dime-
thylformamide (DMF). By employing DMF solvent as the
medium, a uniform hybrid with remarkable iridescence and a
well-organized helical structure in HPC—PA film is formed
through photo-crosslinking. The obtained photonic film ex-
hibits remarkable flexibility, excellent mechanical strength,
and color changes that depend on the viewing angle.
Furthermore, the film shows a strong L-CPL emission with a
high gj.m value of 0.51. Importantly, the versatile modifica-
tion of PA skeleton plays a pivotal role in multicolored
emission. Moreover, the film shows outstanding resistance to
different organic solvents and maintained stability in water
for over 3 months. These chiral photonic materials based on
HPC hold significant potential for applications in fields such
as chiral molecular sensing, information storage and
encryption, and asymmetric catalysis.

Sun et al.l'**] fabricated an HPC film by incorporating a
curing agent, hydroxyethyl methacrylate (HEMA), into the
initial HPC solution, whereas a CNC film was produced by
mixing glucose (GLU) with a CNC suspension (Figure 14).
The chiroptical characteristics of these cellulose-based films
exhibit symmetry: the right-handed cholesteric HPC/HEMA
film allows the transmission of L-CPL (Figure 14a), and the
left-handed cholesteric CNC/Glu film permits the trans-
mission of R-CPL (Figure 14b). Both films display high gy
values, making them ideal options for inducing chirality in
azobenzene polymers. Integrating HPC and CNC films with
opposite handedness into a single material can achieve a
switchable circularly polarized light emitter (CPLE). How-
ever, switchable CPL is not achievable by directly
combining these two films. Therefore, a Janus-structured
CPLE was engineered by placing a luminescent layer be-
tween two cellulose-based films (Figure 14c). The emitter
can be switched between L-CPL and R-CPL through the
modulation of the emission mode. Furthermore, the chiral
helices in azobenzene polymer, which incorporate side
chains with diverse polar groups, were fabricated using this
highly efficient CPLE (Figure 14d). The chirality of the
polymer helices can be accurately regulated by adjusting the
luminescent modes of the CPLE. This research opens up
new possibilities for the design and construction of novel
cellulose-based CPL-active materials.

5.2 | Circular polarized phosphorescence

Stimulus-responsive CPL materials have attracted significant
attention for the development of advanced smart
photonic materials.!"**  Particularly, room temperature
phosphorescence (RTP) materials have been extensively
studied for applications in anti-counterfeiting and optical
imaging.!'*! Nevertheless, most RTP materials suffer from
short lifetimes due to the quenching of their triplet excited
states by atmospheric oxygen, which limit their practical
applications.!'*>) Organic RTP materials possess unique
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FIGURE 14 (a) Schematic illustration of right-handed helical structure of HPC/HEMA film and the formation of L-CPL. (b) Schematic illustration of
left-handed helical structure of CNC/Glu film and the generation of R-CPL. (¢) Schematic illustration of the CPLE with a Janus structure that emits L- and
R-CPL. (d) CPLE for the photoinduced supramolecular chiral helices of azobenzene polymer. Reproduced with permission.!'**! Copyright 2024, John
Wiley and Sons. CNC, cellulose nanocrystal; CPLE, circularly polarized light emitter; GLU, glucose; HPC/HEMA, hydroxypropy! cellulose/hydroxyethyl

methacrylate.

characteristics such as large Stokes shifts, extended emission
lifetimes, and excellent processability,!"***'*") making them
particularly appealing for multifunctional optical applica-
tions. Recently, circularly polarized room-temperature
phosphorescence (CP-RTP) materials, which integrate
RTP!'3" and CPL, have become a research hotspot for sci-
entists due to their long-lived lifetimes and the ability to
generate multiple optical signals that remain observable even
after the excitation source is turned off for. Yu et al.l'3%!
adjusted the intensity and wavelength of CPL emission by
controlling the fluorescence and chirality. The CPL com-
posite films are fabricated through the co-assembling of
fluorescent polymer and partially desulfurated CNCs, leading
to the formation of left-handed cholesteric structure in the
composite films. These films exhibit sensitivity to different
stimuli, such as acid/base conditions, water content, and polar
solvents. Additionally, the CPL composite films exhibit

tunable and reversible responsiveness, highlighting their
significant potential for advancing cutting-edge information
and display technologies.

Zheng et al.l'**¥ demonstrated that cellulose films with
left-handed helical arrangements naturally exhibit circular
polarization, resulting in PBG-based CPL with enhanced |
Zium| values, well-defined handedness, and tunable wave-
length. These cellulose films can convert incident light
ranging from near-UV to near-IR into passive L-CPL and R-
CPL, with handedness dependent on the viewing side,
achieving a |gum| value of up to 0.87. Xu et al.”* used the
EISA method to develop hybrid chiral photonic films that
exhibit both dual CPL and CP-RTP (Figure 15a). CDs serve
as the luminescent guest, whereas CNCs and polyvinyl
alcohol are utilized to construct a photonic host matrix with
adjustable properties. The matrix can stabilize triplet state
excitons by forming hydrogen bonds with the CDs,
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FIGURE 15 (a) Schematic illustration of the process for the fabrication of sustainable CP-RTP. Reproduced with permission.*® Copyright 2020,
American Chemical Society. (b) CNCs and phosphorescence-active lignosulfonate collaboratively to produce phosphorescent chiroptical films.
Reproduced with permission.!'>?! Copyright 2024, Springer Nature. (c) Images of NP-CNC films. Reproduced with permission.!'>* Copyright 2024,
Elsevier. (d) Large-scale preparation of full-color CPL films. Reproduced with perrnission.[15 4l CNCs, cellulose nanocrystals; CPL, circularly polarized
luminescence; CP-RTP, circularly polarized room-temperature phosphorescence; NP, naphthalene.
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effectively suppressing nonradiative relaxation. Meanwhile,
the cholesteric structure protects triplet excitons generated
via the intersystem crossing process, enabling their relaxa-
tion in a chiral environment. Thus, this hybrid nano-
structured material emits CPL under UV exposure and
exhibits CP-RTP upon cessation of the excitation light. Cao
et al.'*% developed biobased thin films that demonstrate
both CPL and RTP (Figure 15b). Phosphorescence-active
lignosulfonate biomolecules were co-assembled with CNCs
in a chiral framework. The lignosulfonate adopts the
chirality induced by CNCs within the films, producing CP-
RTP with a g, value of 0.21 and a phosphorescence life-
time of 103 ms. In contrast to traditional organic phospho-
rescence materials, this chiral-phosphorescent system
demonstrates remarkable stability, maintaining phosphores-
cence without significant degradation even under extreme
chemical conditions. Meanwhile, the luminescent films
exhibit water resistance and durability in humid environ-
ments. This environmentally friendly, bio-based CPP system
holds significant potential for advancing applications in in-
formation processing and anti-counterfeiting technologies.

Wang et al.l'>*! successfully synthesized CP-RTP mate-
rials by embedding polycyclic aromatic hydrocarbon-doped
polymethyl methacrylate into CNC films (Figure 15c). The
tunable |gjum| reaches the maximum value of 0.49, with an
afterglow lasting up to 8 s. The intensity, wavelength, and
chirality of CP-RTP and circularly polarized fluorescence
emission are controlled by tuning the PBGs of the CNCs.
The hybrid CNC films exhibit structural color, phosphores-
cence, and CP-RTP behaviors, making them promising
candidates for multi-channel data storage in anti-
counterfeiting applications. These findings highlight their
potential for diverse photonic applications, including chiral
polarizers, information security, and 3D displays. Jin
et al.'>* developed a straightforward method for producing
CP-RTP materials with tunable structural color, excellent
flexibility, and biodegradability, achieving a high gy, value
of 0.16 by optimizing hydrogen-bonding interactions within
cellulose chains (Figure 15d). Thes cellulose-derived CP-
RTP materials hold great promise for advancing applications
in optical devices, anti-counterfeiting, and visual sensing
technologies.

6 | APPLICATIONS

6.1 | Gas detection

Traditional CNC films derived from biomass typically
encounter challenges such as limited sensitivity and slow
response time owing to their dense structure. To address this
issue, Liu et al!'>®! utilized a unidirectional interlayer
freezing-photopolymerization method to introduce porous
structure into CNC photonic films, with vivid structural color
maintained (Figure 16a—c). CNCs are integrated with photo-
polymer polyethylene glycol diacrylate and organized into a
periodic spiral pattern, which forms the foundation for color
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generation. During the directional freezing process, ice crys-
tals in the CNC suspension grow unidirectionally within the
interlayer space of the arranged CNCs, preserving the original
structure and their cholesteric color properties. The resulting
porous CNC photonic films demonstrate a significant color
change and quick responsiveness to different solvents. This
approach represents a significant advancement in the devel-
opment of sustainable and highly sensitive sensor technolo-
gies. Song et al.l'% developed a controllable technique to
produce color patterns on solid substrates (Figure 16d). The
color can be adjusted by changing the assembly of the CNCs
solution during the dip-and-pull process. By adjusting the
pulling speed, the film thickness could be adjusted from 100 to
300 nm, producing different color films across the visible
spectrum. Previous studies report that adding CNCs to poly-
sulfone ultrafiltration membranes significantly improves their
anti-fouling performance, pure water flux, contaminant
removal efficiency, and mechanical properties.!'**) However,
these methods typically involve a low incorporation of CNCs,
which may leach or detach from the membrane surface over
time. Xie et al.l">” developed an eco-friendly approach to
produce anti-fouling ultrafiltration membranes by modifying
the surface of sulfonated polysulfone (SPSF) membrane
with CNCs (Figure 16e). The ultrafiltration membrane
was fabricated by filtering a CNC suspension through
SPSF ultrafiltration membrane. The membrane achieved
nearly 100% retention of pollutants with particle size
larger than 10 nm and showed almost double the water flux
compared to the SPSF membrane under sewage filtration
conditions. The application of CNCs for surface modification
on SPSF ultrafiltration membranes significantly enhances the
anti-fouling ability, providing a valuable benchmark for
enhancing ultrafiltration membrane performance.

6.2 | Anticounterfeiting

Currently, most advanced anti-counterfeiting labels aim to
encode information using stimulus-responsive luminescent
or structural color patterns, including quantum dots,!'>®
perovskite nanocrystals,''°”! time-dependent phosphores-
cence materials,'® and lanthanide luminescence.!'®!
Developing a cost-effective, user-friendly, and intricate anti-
counterfeiting method that enables convenient authentica-
tion remains a significant challenge. Zhang et al.l'*'?
employed a co-assembly approach to produce eco-friendly,
large-scale, quadruple-level chiral luminescent materials
(CNC/PEG-Eu) by integrating lanthanide complexes into a
poly(ethylene glycol) matrix and CNC films (Figure 17a).
The films exhibit full-spectrum structural color and tunable
fluorescence through control of the cholesteric structure.
The chiro-optical behaviors, shifting from azure to khaki,
could be controlled using a polarizing filter at specific
rotation angles. The CNC/PEG-FEu film was self-assembled
into a hollow mold, and once fully dried, the patterned
photonic labels were transferred onto the substrates. A glass
slide was coated with an adhesive plastic film featuring a
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FIGURE 16 (a—c) Application in visualized alcohol detection. Reproduced with permission.!'>>! Copyright 2025, Elsevier. (d) Schematic illustration
depicting the fabrication of CNC-based films on solid substrates using ionic liquids. Reproduced with permission.!'®! Copyright 2018, American Chemical
Society. (¢) Photos of contaminated membranes. Reproduced with permission.!'>”) Copyright 2025, Elsevier. CNC, cellulose nanocrystal.

hollow “DICP” pattern. A CNC/PEG-Eu suspension was
spread onto the exposed film. Following a 6-h drying period
and the removal of the mask, a blue “DICP” layer was
formed. This anti-counterfeiting system demonstrates char-
acteristics such as responsive photoluminescence, four-color
versatility, flexibility, and solvent resistance.

PA is a unique and efficient AIE-active skeleton mole-
cule that functions via halogen bond interactions, which
exhibits remarkable photophysical properties in contrast to
conventional AIE systems, such as intense solid-state
luminescence, high quantum efficiency, and good scalabil-
ity. HPC was esterified with methacrylic anhydride (HPC-
MA). The unique optical properties of poly(HPC-MA)/
PA (HMP) allow for the potential applications in

anticounterfeiting labels, which feature three different opti-
cal states. The HMP-Br precursor easily adheres to different
substrates, facilitating the simple self-assembly of HMP-Br
composites via photo cross-linking, making it suitable for
use on various substrates like wood, glass, and polyethylene
terephthalate (Figure 17¢).l'"*”! For patterning the letter Y on
a complex matrix surface, like a shirt, the “openwork
coating printing” method was utilized. Under L-CPL illu-
mination, the label becomes dark, while it turns brighter
when exposed to R-CPL. Furthermore, the light-modulating
properties of chiral photonic CNC films, along with the
integration of a QR code, highlight the potential of chirop-
tical materials for product authentication and security
(Figure 17d).['44]
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FIGURE 17 Chiral optical films for anti-counterfeiting applications. (a) Schematic illustration of the pattern printing process. (b) Schematic diagram
of CNC-derived photonic composite labels on a banknote for security and anticounterfeiting. Reproduced with permission.!'*!* Copyright 2022, John
Wiley and Sons. (c) Application as an anticounterfeiting label. Reproduced with permission.!*”? Copyright 2024, John Wiley and Sons. (d) Photographs
showing laminated films of a QR code. Reproduced with permission.!'**! CNC, cellulose nanocrystal; QR, quick-response.

6.3 | Displays

Wen et al.l'*! introduced a versatile strategy for multicolor
separation in CPCC. The CPCC was synthesized by
combining a high-concentration self-assembled HPC with a
cross-linked poly(acrylic acid-acrylamide) (P(AA-AM))
network. Figure 18 illustrates the applications of CPCC in
display and information encryption. First, thermochromic
patterned displays are showcased, featuring two unique
patterns: one with a low cross-linking degree at the four
corners and a high cross-linking degree at the center
(Figure 18a), and the other with a low cross-linking degree
in the “fish body” and a high cross-linking degree in the
surrounding areas. When these CPCC samples are positioned
on a heating platform, their colors shift in response to
increasing temperature, displaying unique color patterns at
different temperatures. Figure 18a shows patterned displays
that exhibit color change with temperature. An electro-
thermal device consisting of 9 pixels, each measuring
0.5 cm x 0.5 cm, was designed. The device was made from
CPCC with a consistent cross-linking degree, forming an
electro-thermochromic device (Figure 18b). When the same

voltage was applied to the four pixelated areas, they all
exhibited the same color. As the voltage increases, the color
shifts from blue to red over time. As voltage can be applied
to each pixel, applying voltage only to the central pixel
causes color display solely in that region; By applying
voltages to different pixels, multiple colors can be shown.
Thus, by adjusting the voltage, any color can be displayed or
changed as desired.

Zhang et al.l''¥ presented the E-skin based on HPC,
PACA, and CNTs LC hydrogel. To explore the potential
applications of the multifunctional E-skin, three red E-skin
patches were applied to different fingers, and their imme-
diate reactions to various stimuli were monitored. The E-
skin on the middle finger was used to monitor signal vari-
ations during repeated interactions with an ice pack
(Figure 19). Meanwhile, the E-skin on the index finger
measured pressure signals generated by a pair of tweezers,
and the E-skin on the thumb detected tension signals
resulting from thumb bending. The material colors were
observed to change visibly, including those exposed to ice,
touched by tweezers, and located at the thumb joints. In
addition, the electrical signals show that the material's
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FIGURE 18 Applications for multicolor separation. (a) Thermochromic patterned display featuring low cross-linking degree at four corners and a low

cross-linking degree in the “fish body.” (b) Diagram and images of the pixelated electro-thermochromic device. Reproduced with permission.

Copyright 2024, John Wiley and Sons.

resistance varied in direct proportion to color change,
allowing for easy measurement of stimuli (Figure 19b—d).
Moreover, when the type of stimuli is unclear, the visual
user interface acts as a guide for signal identification. A
quick color shift in a particular region signals a pressure
stimulus, while a gradual, directional color transition
throughout the whole area indicates a tension stimulus. This
signal detection capability enables visible-user interaction
and resistance to interference, enhancing the multifunctional
E-skin's potential for diverse applications.

6.4 | Advanced fabrics

HPC-based structurally colored fibers, known for their
chirality selectivity and optical stability, provide significant

[125]

advantages for the structurally colored fabrics and
cutting edging materials. To showcase their potential for
applications, two groups of HPC-based fibers were woven
at right angles to form cohesive, stable, and flexible fab-
rics. By utilizing fibers with different colors and polari-
zation states, the optical patterns and dimensions in the
woven fabrics can be tailored (Figure 20a—c).!'®* As proof
of concept, a monochromatic fabric was produced by
interweaving two sets of green fibers, yielding a flexible
and foldable material (Figure 20d). A fabric featuring an
HPC pattern was produced by weaving together yellow
and red, green and red, and blue and red fibers. When
viewed through the right-handed circular polarized filter
(R-CPF) or left-handed circularly polarized filter (L-CPF),
the color of the HPC-patterned fabric either becomes more
pronounced or is concealed, depending on the selective
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FIGURE 19 Application of multifunctional E-skins attached to human fingers based on HPC, poly(acrylamide-co-acrylic acid), and carbon nanotubes
LC hydrogel. (a) Diagrams and optical images showing E-skins positioned on human fingers. Three red E-skins are attached to different fingers to monitor
temperature, pressure, and strain, respectively. (b—d) Real-time resistance variations in E-skin during repeated (b) ice contact for 3 s, (c) pressure from
tweezer with a pressure of 20 kPa, and (d) thumb bending angle at 75°. Reproduced with permission.!''*! HPC, hydroxypropyl cellulose; LC, liquid
crystal.

FIGURE 20 HPC-based structurally colored fibers designed for advanced performance fabrics. (a—c) HPC-based high-performance fabrics featuring
color-and polarization-coded optical patterns (a), angle-dependent colors (b), and polarization-coded optical patterns (c). (d) Images of a woven fabric
using single-colored fibers. (¢) Images of an HPC-patterned fabric observed from various angles. (f) Images of a fabric with a trinity pattern observed under
normal light, R-CPF, and L-CPF, respectively. Reproduced with permission.!'® Copyright 2024, John Wiley and Sons. HPC, hydroxypropyl cellulose; L-
CPF, left-handed circularly polarized filter; R-CPF, right-handed circular polarized filter.
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reflection of RCP light. The dark green fiber, which re-
flects both LCP and RCP light, forms the trinity flower
design, whereas the light green fiber, reflecting only RCP
light, constitutes the background. The fabric with the
trinity pattern displays various visual effects based on the
viewing conditions. When observed under white light, the
fabric displays a dark trinity pattern against a light green
background. However, through an R-CPF, the trinity pat-
tern's color appears faded due to the diminished trans-
mission of LCP light. When viewing through the L-CPF, it
shows a green trinity pattern set against a dark back-
ground. These characteristics render the trinity-patterned
fabric a polarization-encoded design, enabling accurate
interpretation.

7 | SUMMARY AND PERSPECTIVES

Cellulose serves as the structural framework of plants, and
this polymer is essential to numerous daily human activ-
ities. Materials such as wood and cellulose microfibers,
which form the basis of furniture and paper, are among the
most widely used cellulose-derived substances. CNCs, as
one-dimensional, rod-shaped nanomaterials, are derived
from naturally occurring cellulose, which is both renew-
able and biodegradable. CNCs are highly appealing mate-
rials due to their non-toxic nature, nanoscale size, large
surface area, biodegradability, low thermal expansion, and
excellent mechanical strength. The preparation of CNCs is
largely dependent on their source, extraction method,
conditions, yield, and crystallinity. Generally, the produc-
tion of CNCs is achieved by using strong acid hydrolysis,
which requires precise control of acid concentration and
types, temperature, acid-to-cellulose ratio, and reaction
time, resulting in distinct surface functional groups and
thermal stability.

This review offers a comprehensive overview of the
latest progress in the design of multi-responsive cellulose-
based materials, covering the recent advances in the prep-
aration, the structural color regulation, the manipulation of
photonic properties of cellulose-based films, and potential
applications. Specifically, stimuli-responsiveness includes
temperature-responsiveness, humidity-responsiveness,
pressure-responsiveness, tension-responsiveness, electricity-
responsiveness, and magnetic force-responsiveness, and
optical properties of cellulose-based composites containing
circularly polarized light modulation and CPP properties
are demonstrated. Subsequently, we emphasize the practical
applications of these responsive materials in gas sensing,
anticounterfeiting, display technologies, multifunctional E-
skins, and advanced textiles, highlighting great potential
for the development of next-generation cellulose-based
composites in encryption and displays. Lastly, the critical
challenges in existing methods and processes of CNC-
based composites were highlighted, and potential

solutions were proposed, integrating insights from the latest
research findings. This review will foster the growth and
progress of CNC-based materials. Although significant
strides have been made in the fields of CNC-based com-
posites and multiple innovative methods have been intro-
duced to expedite the evolution of this promising area, the
CNC-based composites remain in the early stages of
development, and current research continues to face several
obstacles.

(1) CNCs function as materials that can generate scalable
chiral photonic films with superior optical properties.
However, the preparation for CNCs extraction is time-
consuming and the existing methods for CNCs extrac-
tion remain expensive and environmentally unfriendly.
To meet the need for functional materials with tailored
properties, the quest for optimal performance must be
balanced with the sustainability of raw materials and
their production methods. Further progress is necessary
to incorporate cost-efficient and eco-friendly chemicals
into the CNCs extraction process, which would greatly
enhance environmental sustainability. CNC-based ma-
terials demonstrate advanced properties that surpass
current cutting-edge standards. However, ongoing in-
novations and scientific advancements in this field will
drive the development of the next generation of optically
responsive materials.

(2) The understanding of CNC-based materials opens up
numerous research opportunities. With global efforts in
the research and development of CNC-based materials,
their potential in the different fields will be explored
more comprehensively. First, cellulose-based photonic
structures with chiral symmetry in luminescent mate-
rials offer potential applications in chiral sensing,
chiral medical imaging, enantiomer synthesis, multi-
modal security labels, wearable chiroptical devices, and
polarization-tailored patterns. The chiro-optical systems
are expected to promote the development of innovative
chiral materials based on chiral cellulose templates,
which could have wide-ranging applications in optical
communication, information encryption, chiral sensing,
advanced visual textiles, wearable chiroptical devices,
smart soft robots, chemistry, and medicine. Second,
CNC-based film sensors serve as affordable, dispos-
able, and eco-friendly aldehyde detection systems with
the ability for on-site monitoring. These CNC-based
materials can enhance the use of biophotonics in
areas such as optical anti-counterfeiting devices, in-
formation encryption, intelligent information interac-
tion, temperature monitor, smart digital displays, and
intelligent traffic recognition/control systems. Third, by
leveraging the benefits of CNCs, including their
availability, low cost, and biocompatibility, the CNC
color manifestation approach on solid surfaces will
hold great potential for the development of cost-
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effective and rapid colorimetric sensors to detect vol-
atile organic compounds and toxic gases in the near
future.

HPC can be utilized to develop films, microspheres, and
3D objects, showing great promise for applications in
optical sensors, chiroptical filters, 3D printing, photonic
pigments, anti-counterfeit coatings, and advanced fabrics.
The mechanochromic behaviors, along with the capa-
bility for large-scale manufacturing, widespread com-
mercial application, and approval for human
consumption, present HPC with significant promise for
biocompatible and affordable sensing applications.
Furthermore, the ability to construct HPC-gels in a scal-
able manner using only water and food-safe ingredients
will open up numerous possible applications, including
mechanochromic materials with tunable responses,
colorant-free food decorations, and temporary sensors in
eco-friendly “smart labels” for food packaging. In addi-
tion, HPC nanoimprinted crystals provide an efficient
method for generating color for packaging systems and
photonic papers, with the potential to act as washable and
edible detectors or labels in the food industry.

The integration of CNCs with other materials can
greatly expand their functionalities, and the develop-
ment of advanced technologies brings new opportu-
nities for fine processing. CNCs can serve as chiral
templates to guide the arrangement of functional
nanomaterials. CNC-decorated nanoparticles (CNC-
NPs), especially multifunctional nanoparticles like sil-
ver, plasmonic gold nanorods, iron-oxide, palladium,
and quantum dots, can be used to manipulate light
polarization in chiral photonic structures. These hybrid
nanocomposites take advantage of two promising ma-
terials, broadening their potential for diverse applica-
tions, including chiral lasing, energy, biomedical,
biosensing, and catalysis, optical gauges and the
development of multiresponsive displays and sensors.
In addition, biobased and biodegradable CNC-based
films like chiral CNC combined with RTP-active lig-
nosulfonates (LigCCNC films), demonstrate multicol-
ored CPL emission, mechanical flexibility, and
durability. These features make them highly promising
for practical applications, including information pro-
cessing, chiral polarizers, anticounterfeiting practica-
bility, photoinduced asymmetric polymerization, visual
sensing, and stereoscopic displays. The distinct features
of light-emitting bio-adhesives, featuring universal
adhesion and switched CPL, make them suitable for
applications in optical security coding, bio-optical
memory, hidden communication, and biochemical
sensing. They can be used as wearable stickers, tattoos
or prints, which directly attach to clothing, devices, and
skin through adhesive materials that emit tailored
photoluminescence. Luminescent shape-memory poly-
mer based on CNCs with stimuli-responsive CPL are

anticipated to be applied in smart skins of robotics and
chiroptical switches. Furthermore, CNCs can also be
used to assemble photonic membranes with a periodic
chiral helical structure, making them attractive for ap-
plications like humidity sensors, camouflage materials,
and smart windows. In addition, potential applications
encompass optically variable films and ink pigments for
security papers,''®¥ as well as cholesteric CNC inks for
3D structural coloration (e.g., the mixture of HPC,
gelatin, and poly(acrylamide-coacrylic acid), which
represent a leap forward in next-generation 3D printing.
Last, the CNFs are fascinating cellulose-derived mate-
rials that provide substantial reinforcement to polymer
composites, effectively improving mechanical proper-
ties while preserving structural color. All these CNC-
based composite structures are particularly attractive
for materials development in this field, which pushes
CNC-based materials a step toward a wide range of
real-world applications.
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