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Twisted structures are ubiquitous in plants and animals. Cellulose and chitin are natural
polymers that form the structural skeleton of various twisted systems observed across different
length scales, ranging from the molecular to the nano, micro, and macro scale. In addition,
cellulose and chitin helicoidal structures were found to be responsible for structural coloration,
enhanced mechanical properties, and motion. This review first addresses cellulose and chitin-
based chiral molecular systems and nanoscale helicoidal arrangements. Attention is given to
cellulose nanocrystals, water interactions, out-of-equilibrium structural colorful structures
formed by cellulose derivatives, and chitin's optical and mechanical properties.

The discussion progresses to the micro and millimeter scales, where specific examples are
presented to showcase specialized helical cellulose-based organizations. The chosen examples
illustrate the formation of different helicities, adaptative shapes, and movements at varying
length scales, such as in vascular leaf petioles at the micro-scale and millimeter-scale in tendrils
and awns of Erodium fruits. So far, the results indicate that significant work should be done on
out-of-equilibrium systems. In addition, much must be learned from nature to produce novel
twisted functional materials. This work aims to provide a comprehensive overview of the state-

of-the-art study of twisted cellulose and chitin-based structures and their potential applications.
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1. Introduction

Cellulose and chitin are carbohydrates that play important structural roles in living organisms.
While plants are the most abundant source of cellulose, chitin in the animal world is the second
most abundant polysaccharide after cellulose. Cellulose exists in the cell walls of plants,
forming their structural component (skeletal support system) as anisotropic aggregates
(nanocrystals, microfibrils, or fibrils). At the molecular level, cellulose comprises repeating
glucose units connected by B(1—4)-glycosidic bonds in a linear chain.l! The orientation of
these chains relative to each other gives rise to the characteristic helical structure of cellulose.
This chirality is further manifested at larger scales as cellulose chains aggregate.l?) However,
the handedness of the cellulose-based structures at different length scales can differ from the
chirality of the main cellulose chain at the molecular level indicating that cellulosic helical
structures appear due to other mechanisms than the chirality of cellulose. Some examples from
the macro- to the microscale include the trunks of the trees that can be right-handed, left-handed,
or untwisted; The helical shapes of tendrils existing in climbing plants, for instance, in
Passiflora edulis (Figure 1a and 1b),[®! that can turn left and right along the same filament
(Figure 1a); The cell walls of plants that can possess right-handed and left-handed helicoidal
structures, at the nanoscale, as the known example exhibiting brilliant and iridescent colors
Pollia condensata fruit (Figure 1c);1*®°! Erodium belonging to the Geraniaceae plant family
possess humidity responsive awns that can switch from straight configurations when wet
(Figure 1d) to right-handed helices (R) in the dry state (Figure 1e):[ The helical left-handed
microfilaments in the xylem vessels of plants leaves (Figure 1f and 1g).I"]

Chitin is mainly found in the exoskeletons or cuticles of arthropods — i.e., in the carapace of
crustaceanst® (Figure 1h), insects!® (Figure 1i), myriapods and arachnids —, the cell walls of
fungi and the cartilage of mollusks;!*?! the development of our knowledge about chitin
throughout the 220 years of its history is reviewed in reference ', Chitin is a glucose derivative
consisting of a long-chain polymer of (1,4)-p-N-acetylglucosamine units,*2*3! forming, as

cellulose, hierarchical structures from the nano to the macroscale.
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Figure 1. Twisted cellulose and chitin-based structures in animals and plants: a) Passiflora
edulis tendrils supported by both ends showing right and left-handed helices separated by a
straight segment, indicated by the white arrow, and b) spiral from a tendril supported by one
end. Used with permission of The Royal Society of Chemistry, from B! Copyright © 2010;
permission conveyed through Copyright Clearance Center, Inc. ¢) Bluish pixelated Polia
Condensata fruit. Reproduced under the terms of the CC BY 3.0 license.’! Copyright © 2014,
The Authors, published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Straight
wet and e) Right-handed dried, Erodium gruinum awn. Reprinted with permission from ref. !
Copyright 2012 by the American Physical Society. f) Agapantus africanus flower and leaves.
g) Left-handed microfilament existing in the xylem vessel of Agapantus africanus leaves.
Adapted with permission from ). Copyright © 2014, American Chemical Society. h) The
exoskeleton of Charybdis japonica is an example in which a helicoidal chitin structure can be
found. Reproduced under the terms of the CC BY 4.0 license.®l Copyright © 2022, The
Authors, published by Springer Nature. i) Bright structural coloration in the carapace of C.
aurata beetle, scale bar represents 0.5 cm. Reprinted from [l Copyright © 2018, with
permission from Elsevier.

Cellulose and chitin self-assembled helicoidal main chain polymer molecules and nanorods,
such as in plant cell walls and skeletal structures, resemble chiral nematic (cholesteric) liquid
crystalline phases with no fluid characteristics. In this sense, we dedicate the following section
to liquid crystalline (LC) phases and the relationship between the structures found in helicoidal
LCs and biological systems.

Then we will look at cholesteric structures in plants responsible for coloration and how water
interactions can affect these structures. Recent results related to coloration by self-assembling
in cellulosic systems, namely cellulose nanocrystals (CNCs)/water and cellulose derivatives,

will be addressed, as how these structural colors can be affected by water interactions and out-
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of-equilibrium systems. The following sections will explore the twisted plywood chitin
Bouligand structures found in some organisms and their optical and extraordinary mechanical
properties.

Finally, at the micro and millimeter scales, cellulose-based left-handed micro helices from
vascular leaf petioles, tendrils with both left and right-handed helices, and movements observed
in helical plants' awns will be addressed along with some applications.

2. Biological helicoidal liquid crystalline systems

Assemblies of nano and micro cellulose fibers are at the genesis of typical series of arced
patterns that can be observed in sections of the cell wall of the plants (Figure 2a and 2g).1*41]
Similarly, the insect's cuticle shows hierarchical patterns made of chitin fibers with protein
molecules. A succession of nested arcs was observed in the crab cuticles in cytoplasmic
inclusions, the organic matrix of several animal skeletal structures, in Invertebrates, in the
nucleus of many Bacteria, and in the Dinoflagellate chromosomes.[*®! Multifunctionality arises
from this structural complexity and avoids chemical diversity, allowing a sustainable saving of
materials and favoring recycling.[*™]

Drach, in 1951, tried to explain the arced structures observed in the cuticle of a Crustaceans,
Decapod Reptantia, using phase contrast and electronic microscopy. The model developed by
Drach involved the existence of curved fibers that joined successive layers of chitin. Bouligand,
in 1965, showed that this model could not interpret the experimental results obtained for
arced patterns observed in the skeleton of many Arthropods (Figure 2a).**1% Yves Bouligand
showed that these patterns reveal a liquid crystalline structure of fibers throughout the cuticle.?%
Bouligand's model is based on several equidistant planes that contain molecules, represented
by straight lines, that rotate from one plane to the next by a slight and constant angle. Half of
the pitch of the helicoidal structure corresponds to a rotation of 180° of the whole planes (or the
rotation of the molecular directions in the planes). The observation of this structure in planes
oblique to the helical axis reveals a series of parallel nested arcs, as highlighted in Figure 2a.
The helicoidal structure inferred from experimental results was justified by the variation of the
orientation of the parabolas in sections cut at different angles, by the presence of discrete lengths
of the constituent fibers, and by the optical activity of structures with arced patterns found in
many scarab beetles.?! Neville, 1976, used the helicoidal model to explain the arced

architectures found in the cell wall of Chara vulgaris oospores (Figure 2a and 2e).1*%]
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Different types of twisted structures were identified in biological systems depending on the
organization of the twisted plywood structure involving flat, coaxial cylinders, and toroidal
geometries that imposes planar, cylindrical, and toroidal twist, respectively.??]

The supramolecular organizations of cellulose in the cell walls resemble helicoidal liquid
crystalline structures but in dense consolidated solid structures. The solidification of the
mesomorphic helicoidal structures happens, according to Bouligand,[?®?? via covalent
crosslinks that occur gradually in skeletal structures, and the term pseudomorphosis was
introduced in 1972[2% to designate these anisotropic structures that do not exhibit the rheological
properties characteristic of the fluids. In insects, sclerotization is a chitin matrix crosslinking
reaction that increases the rigidity of the cuticle; insect growth and morphogenesis depend on
the capability to remodel chitin structures. The mineralization of the chitin matrix by calcium
and magnesium carbonates solidifies the matrix in crustaceans.[?®l The twisted plywood is
continuous, like a synthetic liquid crystalline structure, and not stratified. The planes are virtual
and have no physical meaning.[2425]

Next, a description of liquid crystalline phases is outlined to understand better the self-
assembled helicoidal structures in cellulose and chitin-based systems.

Liquid crystals or mesophases exist between the isotropic liquid and the crystalline phase
exhibiting the liquids' fluidity and the crystals' anisotropy.[?6-281 Mesomorphic substances are
subdivided into two main types, depending on how they can be obtained; thermotropic, which
presents, through a thermal process, one or more mesophases (polymorphism), and lyotropic,
which displays mesomorphic behavior in an appropriate solvent, within a given range of
concentration, pressure, and temperature. The anisometric shape of the constituent molecules
also characterizes the liquid crystalline phases. This review paper will refer to mesophases
formed by rod-like shape entities and polymeric mesophases made of semi-rigid or rigid chains
containing mesogenic parts. Liquid crystals are also characterized by different structures,
including the nematic, the smectic, and the cholesteric (chiral nematic) phases. In uniaxial
nematic phases, the calamitic molecules present the centers of mass randomly distributed, with
no positional order, in the same manner as in an isotropic fluid. However, simultaneously, the

uniaxial nematic phase presents a long-range orientational order. The uniaxial nematic phase is
characterized by the quadrupolar uniaxial order parameter S;; = S (ni]- - gai]-) in which the unit

vector n, called director, is parallel to the common orientation of molecules, S represents the
amplitude of the orientational order that varies between 0 in the isotropic phase and +1 in the

perfectly oriented phase.[?"2%l In the smectic phase, which lost one translation degree of freedom
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compared to the nematic phase, the molecules remain aligned in one direction but are distributed
inside equidistant 2D liquid layers. Depending on the orientation of the rods inside the layers,
the distribution of their mass centers, and the thickness of the layers, different types of smectic
are obtained. The cholesteric phases are characterized by a helical structure that can be idealized
as a twisted nematic along an axis (optical axis) normal to the plane containing the aligned rods.
The cholesteric phase or chiral nematic phase is characterized by the pitch P of the helix and
the sense of its torsion (left or right-handed). The periodic structure with the pitch P reflects the
light (Bragg reflection). The wavelength A of the light reflected by the structure varies with the
pitch, the angle 8, and the refraction index 11, accordingly to the de Vries equation:?1 A = P,
where 0 is the angle between the incident beam and the helix axis of the cholesteric structure.
When the pitch is in the visible range (0.4- 0.8 um), the material is iridescent. For 6 = 0, the
circularly polarized (CP) light having the same handedness of the helix is reflected, while CP
light with opposite handedness is transmitted.

When the incident beam is normal to the helix axis, and the pitch is in the range of 1-100 pum,
a characteristic fingerprint texture can be observed under a polarized optical microscope (POM)
between crossed polars (Figure 2b and 2c, 2f and 2g).13%*2 The fingerprint texture consists of
alternating light and dark bands corresponding to the parallel and perpendicular alignment of
the molecules to the plane of the sample preparation. The distance between two light or two
dark bands equals to 180° twist of the molecular orientations, i.e., % of the cholesteric pitch.
Apart from fingerprints, the cholesteric samples can present other characteristic textures
resulting from dislocation and disclination lines (Figure 2d and 2h).[¥1 While disclinations lines
appear in fan-shaped textures, dislocations can be observed in fan-shaped textures, polygonal

fields, and planar textures (Figure 2h).[?]
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Figure 2. Bouligand, cholesteric structures, and textures: a) Twisted Bouligand structure.
Cylinder cut at different angles to the helix axis (S1 and S2), a sketch of arcs (S'1) seen in Sy.[*4l
Copyright © 1968, Springer-Verlag. Reproduced with permission from SNCSC. b) Schemes of
droplets with the homeotropic and planar alignment of the cholesteric layers (represented by
lines). The distance between lines represents the 180° rotation of the director, i.e., half of the
pitch of the cholesteric helix. Reproduced with permission.! Copyright © 1984, EDP
Sciences. ¢) Idealized cholesteric structure with the optical axis parallel to the slide and the
cover slide. Between cross polars, alternate white and black bands (fingerprints) can correspond
to molecules aligned parallel or perpendicular to the observation plane. Reprinted from B,
Copyright © 1991, with permission from Elsevier. d) Scheme showing an example of an oily
streak, a defect that occurs in a cholesteric when molecules align parallel to the slide and cover
slide (planar anchoring).!®¥ Copyright © 2001, Springer-Verlag New York, Inc. Reproduced
with permission from SNCSC. e) Arcs appear in an oblique cut of the cell walls of Chara
vulgaris oospores.* Copyright © 1976, Springer-Verlag. Reproduced with permission from
SNCSC.f) and g) fingerprints (in f) cholesteric droplets dispersed in an isotropic phase), and h)
planar cholesteric structure with oily streaks, between cross polarizers, textures f) to h) are
characteristic of cholesteric cellulosic phases. The scale bar represents 2.5 pm.? Reprinted by
permission of the publisher (Taylor & Francis Ltd).

3. Helicoidal cellulosic structures responsible for colors in plants

The structural color obtained from helicoidal cellulose designs has been observed in different
parts of several plant species comprising leavest® 271 and fruits.[*3-4% Mapania caudata®¥ and
Microsorum thailandicum!®3 are examples of plants with leaves showing bright structural
coloration. The colors observed in the leaves of Mapania caudata were associated with a left-
handed cellulose helicoidal structure combined with silica grains uniformly distributed in the
adaxial epidermal cell wall. The presence of the silica particles in multiple layers was referred
to improve the iridescent blue color of the leaves efficiently.*¥ The mechanism found by
Mapania caudata to enhance the coloration of the leaves through the dispersion of silica
particles in a helicoidal matrix is an inspiration to produce photonic coatings with selective
handedness. For Microsorum thailandicum, the photonic behavior of both sides of the leaves
was investigated. Different techniques were used, including polarized optical microscopy,
transmission electron microscopy, and cryogenic scanning electron microscopy. It was found
that the adaxial and abaxial surfaces own left-handed helicoidal cellulose microfibrils
structures, with the adaxial side coloration more intense than the one reflected by the abaxial
side.l®8:371 The existence of cholesteric left-handed structures on both sides of the leaves, with
different pitches, suggests that the selective reflection of the left circular component of the
polarized light (LCP) and transmission of the right circular polarized light (RCP) could be
related to the protection of the plant against photodegradation and harvesting of light.[%!

Nevertheless, further research is needed to understand the role of the helicoidal cellulose layers
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and to elucidate the origin of the distinct reflection observed in the adaxial cell walls, contrasting
to the reflection observed in the abaxial cell walls.

Helicoidal cellulose architectures are also responsible for the vibrant metallic coloration found
in some fruits, such as Margaritaria nobilist®® (Figure 3a and 3b) and Pollia condensata.
Margaritaria nobilis fruits can be found in Brazil™*® and Mexico.[*Y! The fruits possess a green
exocarp that exposes the inside fruit's blue-metallic color after opening. In Brazil, it was
reported that the green exocarp opens on the floor after the fruit has fallen from the tree, while
for Margaritaria nobilis in Mexico, the capsules open in the tree. Seed birds’ dispersal studies
made with the fruits from Margaritaria nobilis in Brazil indicate that the birds were much more
attracted to the blue-metallic color of the fruits in the ground than to the green fruits in the tree.
It was reported that only Turdus leucomelas was seen to swallow the green fruit, while jays
(Cyanocorax chrysops), guans (Penelope superciliaris), doves (Geotrygon montana) and
collared peccaries (Pecari tajacu) were found to eat the blue metallic units dispersed in the
ground.® In this way, it was recognized®4% that birds seem highly responsible for the
dispersion of Margaritaria nobilis seeds playing the metallic coloration of the fruit units a
relevant role. In 2016 S. Vignolini et al. used light microscopy, scanning and transmission
electron microscopy to study Margaritaria nobilis fresh fruits. Their work demonstrated the
existence of the helicoidal Bouligand multilayer structure in the endocarp of the fruit. The
authors also reported changing the metallic blue-green to white as the fruit dried (Figure 3b).F8!
The color variation was attributed to an air layer between the helicoidal endocarp structure and
the seeds. This layer develops when the seeds shrink due to water removal. The white color was
attributed to the air layer that scattered the light, as shown in Figure 3¢.l%! The blue coloration
was found to reappear when the fruit was rehydrated. It is interesting to follow the variation of
the colors of the Margaritaria nobilis fruits as they dry. Figure 3b shows an intriguing reddish
fruit before the white dried fruit. This also indicates that the mechanisms concerning the
development of structural color in nature, as stated by S. Vignolini and al.,[*8% are still poorly
understood. The intense coloration associated with the multilayer and curved geometry of the
coating of Margaritaria nobilis seeds inspired the production of hollow photonic fibers
responsive to different solvents.?]

Pollia condensata fruits present a pixelated coloration that was first correlated with a cellulose
arrangement similar to the Bouligand structure in 2012.[41 The authors also reported that the
cellulose helical structures existing in the epidermal cell wall of the same fruit could be right

and left-handed. Contrary to the metallic coloration of Margaritaria nobilis fruits, which
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changes with humidity, the intense blue coloration and pixelated features of Pollia condensata
fruits persist when the fruit dries.

Recent studies!*! address the formation of the helicoidal colored structures in Pollia japonica
fruits and understanding of the underlying mechanisms responsible for their appearance.
Noninvasive and nondestructive optical techniques were used to follow and measured structural
modifications of the helicoidal cell wall structures over a period of one month. Four stages of
development were identified based on the visual coloration of the fruits, as shown in Figure 3e
to 3h.[*l Contrary to the fruits of Pollia condensata, the fruits from Pollia japonica were
reported to display only left-handed helicoidal cellulose arrangements. Moreover, the variation
of the colors at the macroscale corresponds to the same value of the pitch of the helicoidal
cellulose structure at the micro/nanoscale. The authors also concluded that the helicoidal
deposition of the cellulose nanorods should mainly be influenced by the chemical composition
of the cell wall and less by the reorientation promoted by mechanical constraints due to water
removal and compression. Indicating that the sequence of colors observed over time needs a
deeper understanding and further investigation.

The following two sections focus on creating structures derived from liquid crystalline phases
of cellulose nanocrystals and cellulose derivatives. Specially, we will explore the impact of

water and non-equilibrium systems on forming cellulose-based helicoidal structures with

distinct colors.

P
Fﬁ’qﬂp :
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Figure 3. Evolving iridescence in fruits a) Margaritaria nobilis fruits showing the blue-metallic
color of the inside fruit after opening the green exocarp. b) Development of the color and shape
as the fruits dehydrate from blue to white, respectively. Scale bar 1 cm.8 ¢) and d) Cross
section of Margaritaria nobilis wet and dry pericarp, respectively, according to reference [81,
Reproduced under the terms of the CC BY 4.0 license.*8l Copyright © 2016, The Authors,
published by the Royal Society. €) to h) Maturation stages of Pollia japonica fruits according
to reference [*3l. i) to 1) optical microscopy photos, between cross polarizers, respectively.[*3l m)
Reflection spectra of LCP light showing the evolution of the fruit color from white to blue
according to images e) to h) and i) to I). Reproduced under the terms of the CC BY 4.0
license.[*31 Copyright © 2021, The Authors, published by John Wiley and Sons.
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4. Cellulose water interactions and liquid crystalline phase formation

In systems ranging from the nano to molecular scale (Figure 4a), the water interactions with
cellulose chains play an important role in the liquid crystalline phase formation, although their
complexity gets often neglected.[4%51 Cellulose synthesis occurs at the plasma membrane of
plant cells (Figure 4b and 4c).[*6-%% The nascent polysaccharide is synthesized by an enzyme
called cellulose synthase (CesA), which is arranged in a trimeric configuration (Figure 4b),
producing chains that subsequently aggregate into protofibrils. These protofibrils are the
genesis of microfibrils, being assembled by the rosette (hexameric organization of CesA
trimers).1?! Recent work demonstrates that water molecules play an essential role in the cellulose
biosynthesis mechanism during the polymerization step.

Molecular dynamics (MD) and atomistic simulations have been valuable tools for investigating
the role of water in cellulose interactions, alignment, and twist®®2%°1. Nonetheless, to our
knowledge, no research has investigated the presence of water during the protofibril to
microfibril aggregation and alignment, being the latter considered the elementary crystalline

structure of cellulose.
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Figure 4. Cellulose biosynthesis towards cell wall formation. a) Plant cell wall hierarchy.
Reproduced with permission.[® Copyright © 2004, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. b) Hexameric organization of CesA trimers comprising the rosette. From [,
Reprinted with permission from AAAS. c) Artistic rendition of a cellulose synthase complex
embedded in a plasma membrane during microfibril synthesis. Reproduced under the terms of
the CC BY 4.0 license.[%% Copyright © 2022, The Author, published by Oxford University Press
on behalf of American Society of Plant Biologists.

Recent MD simulations have demonstrated that introducing water molecules at the interior
microfibril interfaces results in a lower free energy state compared to the reference state where
no water is present between the microfibrils (Figure 5a).1®" In addition, various types of water
which interact differently with cellulose chains depending on the surface between and within
the microfibril bundle or aggregates are known. This feature is associated with both mobile and
immobile water environments.[®2

The water molecule hydrogen bonding with the crystal surface has a minimal effect on cellulose
twisting.[’”1 However, studies have shown that the water molecule can impact the polymer
conformation if an intramolecular hydrogen bond between two glycosidic units is broken to
form new intermolecular ones with water (Figure 5b).°! The water effect may translate into
more or less twisting of the cellulose molecule.®

The interplay between chirality, water, and materials is a complex topic that demands further
research and investigation. While there are some observations and correlations, there is still
much to uncover about the fundamental nature of these phenomena and how they interact.

The microstructure in the crystalline elementary fibril (microfibril) theory, characterized by
strains-distorted tilted and twisted regions, makes them easily accessible (Figure 5c).[5
Consequently, these regions can be readily hydrolyzed, releasing rod-shaped cellulose
nanocrystals (CNCs).[*4¢%1 Acid hydrolysis is the most used method for CNCs production due
to its simplicity and high yield. Although sulfuric acid is the most used reagent (Figure 5d),
hydrochloric and phosphoric acids have also been utilized.

During acid hydrolysis, the acid protonates the oxygen atoms in the glycosidic bonds of
cellulose in the disordered regions of the microfibril, which weakens the bond and promotes its
cleavage.[®657] As a result, enhanced electrostatic stabilization is achieved in the suspension due
to introduction of sulfate half-ester groups on the cellulose crystallite’s surface.[®® Introducing
such groups with high electronic density on the surface of CNCs plays a crucial role in colloidal
stability.[® The sulfate half-ester groups repel each other due to their negative charges,
preventing the CNCs from aggregating and causing precipitation. In addition, the presence of

11
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these groups also facilitated the dispersion of the CNCs in aqueous solutions, as they interacted
favorably with water molecules.

These suspensions of highly polydisperse rod-like colloids exhibit significant deviations from
Raoult’s law and may separate into phases depending on the diameter (D) and length (L) values.
Onsagert™ predicted that a high aspect ratio (L/D) colloidal anisometric particles could form
liquid crystalline phases. When the anisotropic (LC) and isotropic (1) phases coexist, the volume
fractions (@) of both phases can be calculated using the following equations: ®.c = 4.2 D/L and
®=3.3D/L.

The reason for the long-range alignment of nematic nanorod suspensions is that the ordering
arises from entropic effects. Specially, the gain in translational entropy that results from rods
aligning along a common direction compensates for the loss in orientational entropy. This
alignment enables the rods to move freely over long distances without being hindered by other
rods, thus increasing their overall translational freedom. The system’s free energy is reduced,
making nematic order appear as a result.

Although the theory relates nematic LC phase formation for flat rod-like colloids, it cannot
explain the twist observed during the chiral nematic phase formation. Revol, in 1992, predicted
that the nanorods of both chitin and cellulose would be right-handed twisted structures (Figure
5e) based on the demonstration of left-handed liquid crystalline phase formation of both

nanocrystal suspensions.[6471

a Freely

Cellulose fibril aggregates

F "N Cellulose
chain

Figure 5. Water interactions and twist in cellulose at different length scales. a) Interior
microfibril interfaces interacting with water resulting in a lower free energy state. Reproduced
under the terms of the CC BY 4.0 license.[Y Copyright © 2022, The Authors published by
American Chemical Society. b) A hydrogen bond through the glycosidic bond. The green-

12
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circled water molecule can form a hydrogen bond with close hydroxyl groups, which affects
the glucose units rotation. On the other hand, the blue-circled water molecules do not affect the
twist, although they interact with cellulose. Reprinted from ref. 551, Copyright © 2015, with
permission from Elsevier. c) Strains-distorted tilted and twist regions. Reproduced with
permission.[®3 Copyright © 1972, John Wiley & Sons, Inc. d) Schematic representation of half-
ester groups on the CNC surface after acid hydrolysis using H.SO4."?l Copyright © 2014, The
Author(s), published by Springer Nature. Adapted with permission from SNCSC. e) A right-
handed twisted crystalloid. Adapted from B®1 Copyright © 2016, with permission from
Elsevier.

The process of phase separation from an initially isotropic suspension begins with phase
nucleation at various points of the isotropic phase, forming anisotropic microdroplets. It
requires a balance of attractive forces to assemble the mesogens into tiny droplets and repulsive
forces to arrange mesogens into a liquid crystalline order.’>7® The observation of the
anisotropic spindle-like shape domains was first reported in 1925 in a suspension of needle-like
crystals of vanadium pentoxide,["®! commonly seen in nematic phases from colloidal
particles.’”-" In the same work, they demonstrate that a more concentrated fraction of the same
system forms large homogeneous anisotropic patches in which only biangular holes are filled
by the isotropic suspension. The term tactoid (taktoide) was introduced later®® to describe the
drops of anisotropic sol (taktosol) in the isotropic sol (ataktosol). As an analogy, they termed
the drops of isotropic sol in an anisotropic sol as atactoid or negative tactoid (ataktoide or
negative taktoide) (Figure 6a and 6b).[8%

Due to the rod-like shape of CNCs, their colloidal suspensions also usually undergo a phase
separation into an atop isotropic and a bottom anisotropic phase. In 1992, the spontaneous
formation of small tactoids with chiral nematic order was observed for the first time, resulting
in an anisotropic phase formation (Figure 6¢).I% The chiral nematic tactoids coalesce,
increasing the bottom anisotropic phase volume fraction to form a cholesteric phase (Figure 6d)
with only a left-handed helicoidal arrangement.[®22% Solid iridescent films with Bouligand-
resembling structures can be obtained upon drying.[72848%]

Cholesteric tactoids formed in CNC suspensions are spherical or ellipsoidal microdroplets.
Fingerprint texture can be seen on the tactoid if weak or homeotropic CNCs anchoring is
established at the biphase interface, usually observed for CNC liquid crystalline colloidal
suspensions.[”®!

An efficient method was achieved to capture the tactoids formed in CNC aqueous suspensions.
Using electron microscopy, the CNCs organization was directly observed at the nanoscale from
tactoids stabilized into a solid matrix.®®! Different-sized tactoids presented distinct CNC
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arrangements. In the small captured tactoids, the CNCs are uniformly aligned due to the
boundary conditions, so they appear as unwound nematic. In contrast, a series of periodic bands
are observed for the larger tactoids, with a left-handed cholesteric structure.[]

During the coalescence process (Figure 6e), where the fusion of smaller tactoids affords larger
ones, the combination of initially random orientation in the microdomains causes the director
field topological defects of the resulting tactoid. The thermodynamically unstable defects could
be healed by the director’s field reorientation. The cholesteric phase nucleation and growth were
observed to be substantially influenced by the boundary conditions, by analyzing the
topological defects and liquid crystalline tactoids evolution of the suspensions in the

geometrical confinemet of nonspherical droplets.[®"]

Figure 6. Phase nucleation and time evolution of tactoid coalescence. a) Vanadium pentoxide
suspensions with different concentrations forming tactoids and b) atactoids. Reproduced with
permission.[’®! . Copyright © 1925, John Wiley & Sons, Inc. ¢) Chiral tactoids formation from
CNC suspension and d) cholesteric phase formation after phase separation. c-d) Reprinted from
41 Copyright © 1992, with permission from Elsevier. €) Time evolution of chiral nematic
tactoids coalescence. Used with permission of The Royal Society (U.K.), from [®l: permission
conveyed through Copyright Clearance Center, Inc.
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Although the colloidal suspensions of CNCs form cholesteric phases after chiral nematic
tactoids coalescence,®¥ the source of chirality in CNCs suspensions is still under debate. [0
It has been shown in a recent work an unusual behavior of density phase inversion (Figure
7a).°Y It was reported for the first time the formation of atactoids (Figure 7b) in CNC aqueous
suspensions. The authors pointed out the crucial role of water in never dried sources during the
freeze-thaw step before the dialysis. They suggested that the entrapped water within CNCs
freezes out, leaving the air inside the nanoparticle's structure. Thus, the anisotropic phase of the
interacting nanorods turns less dense than water and separates into an upper anisotropic phase
and a bottom isotropic phase (Figure 7a). A change in chain conformation was also suggested
based on XPS and contact angle experiments. The water behavior was also demonstrated to be
different by *H NMR relaxometry in the upper LC phase compared with the usual high-density
one (Figure 7c). In contrast, the low-density LC phase forms atactoids (Figure 7b) instead of
tactoids (Figure 7d), which phenomena remains to be addressed.

As stated above, cellulose nanocrystals (CNCs) exist in different plants' cell walls. They can be
responsible for their spectacular bright iridescent coloration when isolated and, above a critical
concentration in water, can form a left-handed cholesteric phase.[®? It was demonstrated that
the water evaporation rate upon CNC film drying affects the properties of the photonic film
(Figure 7¢).1%9 |t was also shown that a new approach for patterning CNC films produces
materials with drastically different optical properties by changing the time of water evaporation
across distinct zones of a drying CNC colloidal suspension (Figure 7f).?4 With careful drying
rate control during the casting process, an inverse relationship between the evaporation rate and
the pitch and its uniformity is observed, thus leading to a larger pitch upon rapid evaporation

and a more significant disordered structure in the film.[
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Figure 7. Colloidal suspensions after phase separation and water removal. a) Density inversion
at the isotropic-anisotropic phase separation in CNC suspensions from never dried source. b)
Observation of atactoids formation in the low-density LC phase. a-b) Reproduced under the
terms of the CC BY 4.0 license.®M Copyright © 2022, The Authors, published by Wiley-VCH
GmbH. c¢) Usual phase separation in CNC suspensions with a high-density LC phase.
Reproduced under the terms of the CC BY 4.0 license.[*™ Copyright © 2018, The Author(s),
published by Springer Nature. d) Tactoids observed in the high-density LC phase. Reproduced
under the terms of the CC BY 4.0 license.’l Copyright © 2022, The Authors, published by
Wiley-VCH GmbH. e) Cartoon of a coalescence of tactoids and water evaporation that origins
structural colored films. Reproduced under the terms of the CC BY 4.0 license.®®! Copyright ©
2016, The Author(s), published by Springer Nature. f) CNC film patterned with cellulose
acetate masks placed at the beginning of CNC suspension casting. Adapted with permission
from 4. Copyright © 2018, American Chemical Society.

Considering the range of direct applications of CNC photonic films,[®2%] they can also be used
indirectly as a template for constructing novel advanced inorganic-organic composite materials,
followed by the removal of CNC structure, being useful in the future for the mineralization of
Bouligand structures.® Other applications involve the addition of small molecules or polymers
in the starting suspension, which enables the control of the pitch value of the CNCs composite
suspension while inducing flexibility in the final products.[®®®! Several reviews can be found
where one can survey the multitude of studies done.!*°%1%1 The system is so versatile that Qu et

al. recently explored the photonic response of CNCs-based materials to external stimuli,
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including electric, mechanical, magnetic, or optical triggers, in in-depth state-of-the-art

revision.[192]

5. Cellulose derivatives self-assembled colored systems

Alongside cellulose nanocrystals, several cellulose derivatives self-assembly into cholesteric
liquid crystalline phases. They can form thermotropic or lyotropic, or even both LC
mesophases. This derivatives' LC behavior depends on the polymers' molecular weight and
temperature. Still, it is primarily related to the chemical structure of the substituent, the length
of the side chain of the substituent, and the degree of substitution.[1%%]

The earliest finding of structural coloration on a cellulosic derivative was presented by
Werbowyj & Gray when a highly concentrated hydroxypropylcellulose (HPC) aqueous solution
showed coloration.[** The authors observed that the solution presented fluidity and
birefringence. Later, the authors showed that the system presents right-handed cholesteric
organization and self-assembly into a LC phase in other solvents.['%! In aqueous solutions, HPC
forms cholesteric phases with a polymer content equal to and above 58 wt.% and presents strong
colorations from red to blue if concentrations range from 60 to 66% wt., respectively, are
used.[1%1 Please note that these data are dependent on the average molecular weight, the degree
of substitution (defined as the average substitution of hydroxyl groups linked directly to the
cellulose main chain), molar substitution (defined as the average substitution of all hydroxyl
groups in the polymer, even branched chains) and for a specific temperature and pressure
conditions.

Meanwhile, Shimamura et al.'l demonstrated the thermotropic behavior of HPC, with a
microscope coupled with hot stage and rheology studies, on a lower average molecular weight
HPC. Years after, Charlet & Gray showed thermotropic behavior on HPC films solvent-casted
from LC HPC/H0 solutions.[*%®! The authors observed that rising the temperature of the films
led to increased pitch values, although this process was not proven to be reversible. The
presence of the lateral side chain plays the role of the solvent as in a lyotropic LC since it assists
in the mobility of the macromolecules by incrementing the space between the polymer chains.
Several authors prepared and researched ethers and esters of cellulose, although not to the same
amplitude as the cellulose nanocrystals. Revisiting all these derivatives is not the scope of this
review, and information on this can be found elsewhere;1% still, one should notice that the
chemistry of the substituent, the control of the degree of substitution, and for lyotropic systems,

the type of solvent and polymer content, allow tunning the pitch value of the helical structure
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given by the derivative, but also its handedness; this is if the system self-assembly into a right-
or left-handed cholesteric supramolecular organization.

For instance, Zugenmaier & Haurand showed that by controlling the amount of dichloroacetic
acid (CH2CI2.COOH - DCA) in a lyotropic solution of ethyl cellulose (EC) and acetic acid
(CH3COOH - AcOH) they could change the helical handedness from left- to right-handed. "]
Previous data showed that EC dissolved in AcOH forms left-handed and when in DCA give
rise to right-handed LC structures.[**] The preparation of different lyotropic solutions, where
the content of DCA was increased from 0 to 100 % vol., led to the observation of the effect of
the solvent on the handedness of the helical self-assembly of this lyotropic system. Indeed, the
interaction of a solvent with the chiral cellulosic chain plays a pivotal function in forming the
lyotropic phase by allowing its twisting into a helical structure or inhibiting it. Similar behavior
was attained when ethyl cellulose was acetylated with different degrees of substitution.[** Guo
& Gray!**3l were able to show that the now (acetyl)(ethyl)cellulose self-assembly into a left-
handed phase with an average acetyl degree of substitution (DS) of 0.06, and right-handed when
DS increased to 0.5, maintaining constant the ethyl substitution (DS=2.5), and the polymer
concentration (50 wt.% in chloroform). Figure 8a shows the control of ellipticity of these
lyotropic systems, also as a function of temperature between 26-42°C, where interestingly, for
the right-handed system, the increase of temperature gives rise to a redshift in the maximum
wavelength, and the opposite effect is observed for the left-handed helicoidal system. This
example clearly shows the importance of the chemistry of the substituents on the LC formation
but also highlights the influence of the number of substituents as just a small change, as seen
here, originates an inversion of the supramolecular helicoidal arrangement of the cellulosic
system.

Even if the production of new cellulosic LC cholesteric systems in the last decade is not as
intense as from 1980 to 2000, it is still possible to find some interesting new structures that can
be promising starting materials for producing advanced functional materials. For instance,
recently, Ohlendorf and Greiner prepared (methylthiopropionated)hydroxypropylcellylulose
with a broader thermotropic LC phase, between -33 to 165°C, being cholesteric above 90°C.[1%4]
This high range of temperature allows its introduction in several systems and composites with
nanoparticles. Although the authors do not explore the handedness of the cholesteric
organization, an iridescent yellow-green film can be observed in a photographic image. Ishii et
al.l'*® synthesized HPC with butyryl (Bu) and heptafluorobutyryl (7FBu) substituents with

different DS, with the condition that the sum of both DS was equal to 3. The thermotropic
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system, analyzed by circular dichroism, showed to be right-handed and reflected visible light
from violet to red if 7FBu DS ranges from 0.04 to 0.8. The variation of 7FBu DS allows the
authors to observe an increase in pitch; however, no change in handedness was detected. The
authors attributed this behavior to the decrease of the twist angle in the adjacent nematic layer,
which might be related to dipolar interaction between the side 7FBu groups.

Lately, hydroxypropylcellulose has attracted pronounced attention from the scientific
community since it can produce strong structural coloration in water, as discussed before, allied
to its biocompatibility.

Liang et al.[*16] created a colorimetric pressure sensor based on cholesteric LC aqueous solutions
of HPC with polymer content ranging from 63 to 70 wt.%. Since this is an aqueous system, to
overcome the problem of solvent evaporation while using these sensors, the HPC/H»O solutions
were encapsulated between polyethylene terephthalate rolls. The authors established that if
working with a sensor that reflects coloration with a wavelength in the border between the near-
infrared and the visible (red) regions of the electromagnetic spectrum, a blueshift in the reflected
wavelength occurs when a maximum pressure of 10 kPa is applied. The larger scale of the
laminated constructs and the optical response to pressure open the application of colorimetric
aqueous HPC to advanced functional materials and highlight HPC/H>O LC solutions as ideal
candidates for mass production.

Using a similar principle of encapsulation HPC solution between flexible substrates, although
silicone-based, Wei et al. printed hydroxypropylcellulose composite systems, where carbon
nanotubes (CNT; 0.1 wt.%) and carbon nanofibers (CNF; 0.4 wt.%) were added to render
conductive properties and the appropriate rheologic properties, respectively.!71 Figure 8b
shows the optical response of the printed and encapsulated, with polybutylene adipate
terephthalate, composite system when submitted to stretching. Panel ¢ of the same figure shows
the optical response to the temperature variation, evidencing that the presence of the CNT and
CNF does not affect the LC behavior of HPC. With this new printing technique, the authors
produced display demonstrators (Figure 8d) that respond to external electric stimuli, and it was

possible to control each panel individually, as shown in Figure 8d2-4.
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Figure 8. Colored cellulose liquid crystalline materials: a) Ellipticity of the lyotropic solution
of (acetyl)(ethyl)cellulose in chloroform (50 wt.%) showing a blueshift of the maximum
wavelength on the left-handed derivative, with a low degree of acetyl substitution (0.06), or a
redshift of the maximum wavelength on the right-handed derivative with a higher degree of
acetyl substitution (0.5) as the temperature increase. Adapted with permission from [1%3l,
Copyright © 1989, American Chemical Society. b-d) Printed cholesteric solution of HPC in
water reinforced with conductive carbon nanotubes and carbon nanofibers that give rise to b)
stretchable and reversible colored changing system when encapsulated between flexible
substrates (65 wt.% HPC; CNT 0.1 wt.%; CNF; 0.05 wt.% in H20) scale bar 2 cm, c) thermal-
responsive photonic systems, d) printed electric stimuli displays as outlined in d1, showing
individual response on panels d2-4. Reproduced under the terms of CC BY 4.0 license.[*'"]
Copyright © 2022, The Authors, published by Wiley-VCH GmbH.

Balcerowski et al. explored the use of extrusion-based direct ink writing (DIW) to induce shear-
orientated alignment of the cholesteric organization of HPC aqueous solutions (Figure 9a).[*8l
With this additive manufacturing technique, the authors intended to extend the surface area of
the HPC films with fewer defects. Glutaraldehydel*'°! was chosen as the crosslinking agent, and
a typical small redshift on the reflected wavelength of the printed structures was observed.

However, there is no angular photonic dependence when the structure is observed between 20
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to 50 degrees. The authors suggested that this behavior was due to the wrinkling surface
obtained in the 3D printing structures drying process observed on SEM images at different
magnifications (Figure 9b).

Combining the thermotropic behavior of HPC films with structural coloration, Ming et al.[*?%
created microdroplets from LC aqueous solutions, starting from the same 45 wt.% HPC/H20
solution, following emulsification with 2 wt.% of Span 80 in paraffin oil. The attained
microdroplets are allowed to rest, and the appearance of cholesteric polydomains is noticeable.
Different thermal treatment was applied and allowed producing microparticles that reflected
blue (Figure 9c), green, and red structural coloration, owing to the helical organization retained
within the solid microdroplets of HPC. Although the polydispersity of the microdroplets is very
high (ranging from 50 to 550 um), Bouligand’s arc-textures are observed on SEM micrographs
of a sphere cross-section revealed in Figure 9d, and at higher magnification, the helicoidal
arrangement can be seen Figure 9e. With this work, the authors demonstrate that it is possible
to produce edible HPC structural colored microspheres with an example of decorating a food
article.

Figure 9. HPC-based 3D structures. a-b) Temperature crosslinked 3D printed structure of
HPC/H.O/glutaraldehyde LC solution where the authors notice the absence of photonic angular
dependence saw between 20-50°, attributed to the wrinkled surface. Adapted under the terms of
the CC BY 4.0 license.!8 Copyright © 2022, The Authors, published by Wiley-VCH GmbH.
c-e) Edible microdroplets of an emulsion of LC aqueous suspension of HPC with Span 80 in
parafilm oil after thermal treatment, where the strong blue structural coloration is attributed to
the cholesteric organization confirmed by the presence of Bouligand arc-texture visualized by
d-e) SEM images of cross-sections of dried samples. Adapted under the terms of the CC BY
4.0 license.[*?T Copyright © 2023, The Authors, published by Wiley-VCH GmbH.
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Chan et al. combined the thermotropic and lyotropic behavior on crosslinking a LC
methacrylate-hydroxypropylcellulose solution to prepare 3D structures using extrusion
printing.[!?! The authors observed that after UV crosslinking and solvent evaporation, a
blueshift on the maximum reflected wavelength is attained for all the range of starting
concentrations studied (58-72 wt.% of polymer content), showing coloration between 62 to
70 wt.%. Structures from the same 70 wt.% HPC-MA LC solution can furthermore be
crosslinked at different temperatures to attain different colored systems. After water
evaporation, the films retained coloration, and the authors could blueshift the maximum
reflected wavelength, contrary to the usual redshift observed for HPC-MA films when subjected
to an increase in temperature (from 22 to 30 °C). In order to do so, the authors increased the
environmental humidity during the crosslinking step, inhibiting drying. Figure 10a shows a
schematic representation of the 3D printing systems with a UV source, where the model of the
alignment of the cholesteric domains along the extrusion process suggested by the authors is
shown, implying that radial aligned cholesteric domains are achieved when the filament is
extruded. Figure 10b exhibits a 3D gecko of HPM-MA from LC HMP-MA aqueous solution,
and Figure 10c presents 3D printed HPC letters with different structural colorations, produced
from the same starting solution, obtained at different crosslinking temperatures.

Using the ability that HPC has to self-assemble into a LC phase in water was also explored by
Zhang et al., to produce 3D objects non-iridescent that respond to temperature as an external
stimulus.t?? In this system, the authors combined the LC nature of aqueous HPC with gelatin,
which allows rheologic tunning, and poly(acrylamide-co-acrylic acid) pre-gel, which allows
photo-crosslinking in the printing process. From rheology, the authors determined that this ink
is printable at high shear rates and, at low shear rates, relaxes into a gel-gaining structure. The
authors were able to produce with the same system multicolored structures in a diversity of
shapes with good reproducibility and demonstrate that the same construct can change from
green to orange when a temperature change of 20 °C was induced.
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Figure 10. Colored Tunable HPC-based 3D printed structures. a) Schematic representation of
the alignment of cholesteric domains on the production of 3D structures by extrusion method
from a LC solution of HPC-MA crosslinking with UV light followed by drying at different
temperatures, b) printed gecko and c) H, P, C lettering dried at different temperature starting
from the same HPC solution. Adapted under the terms of the CC BY 4.0 license.l*?!] Copyright
© 2022, The Authors, published by Wiley-VHC GmbH.

More recently, and similar to the research done with CNCs, some works can be found where
compatible polymers are added to HPC solution to induce a kinetic arrest of the pitch at a
specific value. George et al. use polyethylene glycol, with low molecular weight (200 g.mol™?),
in 3D printed structures of HPC/PEG, and the authors were able to establish a set of parameters
that can be useful to obtain tailormade constructs.[*?3 If printed at low shear rates, this new ink
results in well-organized nanostructures with almost no angular color dependence. If, on the
contrary, printing occurs at high shear rates, the authors estimated that a preferred alignment of
the cholesteric pitch along the printing path with an angle of 20° occurred. The presence of PEG
allows the system to retain structural coloration in the visible range when the solvent was
removed at lower temperatures (for example, reducing 20 °C in the drying process) in a
postprocessing step.

Although these noteworthy results with HPC LC solutions shed light on using photonic
cellulose derivatives in additive manufacture and mass production materials, the handedness of
the cholesteric organization of such is not discussed. However, from previous works, it is known
that HPC aqueous solutions self-assemble into right-handed helicoidal structures, so the
increase in volume observed in these 3D printed systems is not expected to give an inversion in

handedness.
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6. Cellulose self-assembled out-of-equilibrium systems

If instead of water, organic solvents, weaker acids, or stronger acids are used to dissolve a
cellulose derivative, a liquid crystalline phase may also be formed, as seen with cellulose acetate
dissolved in trifluoracetic acid (TFA - CF3CO2H). Indeed, Ritcey et al. observed a rapid
esterification reaction, where the free hydroxyl groups of the derivative were substituted by
trifluoracetate groups %4l releasing water molecules. The left-handed liquid crystalline
structure evolved with time, increasing the maximum reflection wavelength after some hours.
After some days, a handedness inversion of the helicoidal structure from left- to right-handed
was detected. During the timescale of the experiment, no degradation was observed. In the
cellulose acetate system, the TFA had two roles: it served as the solvent that led to forming a
liquid crystalline phase and acted as a reactant via an esterification reaction.
Hydroxypropylmethylcellulose (HPMC), or Hypromellose, is a derivative highly used in the
pharmaceutical industry, but also in the food segment, mainly due to its gelation properties,
allied to biocompatibility and solubility in water, among other solvents. It forms liquid
crystalline solutions in TFA and as cellulose acetate, the free hydroxyl groups can undergo an
esterification reaction and be replaced by trifluoracetic ones (Figure 11a). This LC system was
recently revisited, and the striking evolution of structural coloration was followed with time
(Figure 11b, c) where a food grade HPMC, with low molecular weight, dissolved in TFA was
placed inside a capillary structure (optical path of 0.40 mm).l*%! If the capillary was closed or
open, an unexpected evolution of sequenced structural coloration was observed with time
(Figure 11b-c and d, respectively). These color sequences resemble the sequences encountered
on the concentric rings of structural colors detected on drop-casted films attained from aqueous
LC suspensions of CNCs. In these CNCs films this fact is attributed to the uneven capillary
flow alongside the droplet?] as the solvent evaporates and nanoparticles are pulled to the
periphery of the film. Nevertheless, this explanation does not justify what the authors observed
for the confined HPMC/TFA LC evolutive system, and 1D molecular diffusion reactions,
alongside the esterification reaction, were proposed. Figure 11b shows a sealed capillary one
hour after preparation, and the microscopic observation, in reflection mode, of the different
colored sections. After 2 days, the same capillary shows different colored domains (Figure 11c).
According to the authors, the diffusion of TFA from the center of the capillary to the periphery
as time passes happens, taking the system to an out-of-equilibrium state, where this phase is

now rich in the solvent, and the pitch of the LC phase around it increases. Contrarily, the next
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area of the capillary presents a higher content of polymer (product of esterification reaction),
and the pitch value of this section is reduced. So, the pitch changes from red to green to blue if
one looks at the bottom of the capillary, and in the next section, it undergoes a similar process
originating a color sequence of blue-green-red. It is worth mentioning that while the
esterification reaction happens, a molecule of water is released per hydroxyl group substituted,
and this molecule is also involved in the set of diffusion reactions, as not only TFA but also
water is diffused alongside the sample.

In Nature, one can find similar gradient-colored patterns as peacock feathers or beetle
Pachyrrhynchus congestus pavonius spots. Although the structural coloration on this last
animal is not attributed to the twisted structures but to 3D photonic crystals,*?” the appearance
of these eyespots is remarkable. On the other hand, color pigmentation seen on the eyespots on
peacock feathers was attributed to reaction-diffusion models®?® as in the HPMC/TFA LC

system proposed above.

The reaction-diffusion model for HMPC/TFA was further investigated by Silva et al. in a quasi-
2D construct (with 65 pum) where a droplet of HPMC/TFA in a LC mesophase was placed
between two glass substrates.[*?%1 At room temperature, the now open sample pocket allows the
solvents, TFA and HO, to diffuse and evaporate from the center of the droplet to the meniscus.
As the hours passed, this phenomenon originated differences in the structural colorations from
those observed from the 1D preparations. If observation of the structural color is followed in
time, as seen in the photographs of Figure 11d, the bright left-handed structural colors start only
to be intense at the center of the droplet, while at the edge of the droplet, a white color advances.
This evolution is followed by a faint right-handed circularly polarized light reflection (Figure
11d), where a pale blue coloration appeared around the time of 60 hours. Pitch value
determination, with microscopy in transmission mode with cross polarizers (Figure 11e), allows
the authors to see an increase of the pitch value from the center of the droplet, passing to a zone
with no pitch value, attributed to a nematic regime, and following a region with a decrease in
the pitch value as we travel to the outer zone of the droplet. With the application of the reaction-
diffusion model and evaporation of the solvents at the boundaries, simulation of the spatio-
temporal evolutive variation of the structural coloration observed experimentally on the droplets
of the HPMC/TFA in these quasi-2D preparations was achieved. Solid films were obtained from
each stage; this is when LCP or RCP light reflection was observed, which allows for obtaining
hydrophobic or hydrophilic surfaces on demand. The out-of-equilibrium systems pave the way

for using dynamic systems as time-evolution stamps or time-controlling tags.
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Figure 11. Out-of-equilibrium cellulosic systems with time-evolving coloration. a) The
chemical reaction involving the cellulose derivative and the carboxylic acid. Observation of the
sequenced structural coloration on a 1D preparation of HPMC/TFA LC solution after b) 1h of
preparation and c) 2 days after preparation followed by POM on reflection mode between cross-
polars. b-c) Reproduced from 2% with permission from the Royal Society of Chemistry. d)
Photographs of the evolution of structural coloration with time of a droplet of HPMC/TFA LC
on a quasi-2D geometry, where b) shows the sequential appearance and the reappearance of
color in d. f) Numerical simulation showing the spatio-temporal evolutive color variation based
on the reaction-diffusion model and evaporation of solvents from the boundaries, with the
corresponding e) evolution of color on the center of the square. Reproduced under the terms of
the CC BY 4.0 license.[*?] Copyright © 2021, The Author(s), published by Springer Nature.

Ackroyd et al. used reaction-diffusion systems to organize a composite system of
nanoparticles™" rather than macromolecules as the system described above. The authors
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observed the formation of the films as water evaporates from droplets of a suspension of
cellulose nanocrystals (CNCs) with L-(+)-tartaric acid (TA) deposit on a glass surface, on
chambers with different relative humidity, Figure 12a (ratio TA/CNC: 0-9). As the solvent
evaporates, saturation occurs, leading to local phase separation of the two components, followed
by precipitation and nucleation reactions. The process is repeated; this is phase separation,
followed by precipitation and diffusion leading to rings either rich in CNCs or TA, creating a
ringed pattern, as can be seen in the images of Figure 12a. The periodicity, here expressed by
the letter P (um), is controlled by the TA content on the mixture (Figure 12b) and relative
humidity imposed in the evaporation process. The proposed reaction-diffusion mechanism,
applied in a numerical simulation, fits the experimental results. This new methodology allows
producing new functional materials, where the precise control of separation of two components
in these rings can be controlled on demand, where a cholesteric organization (Figure 12c)
parallel to the plane of the film is retained in a CNCs solid section, followed by elongated
tartaric bundles aligned in a radial direction Figure 12d.

The out-of-equilibrium systems and their application to produce materials capable of being
employed by the end user seem to be gaining some interest within the scientific community.
Although in its early stages, this fosters the development of an edible colorful HPC/shellac
timer. In this new system, dry HPC films, derived from a cholesteric HPC solution, were
encapsulated between water-permeable shellac coatings. The authors examined the color
evolution with time and observed the difference between the evaporation and hydration process,
where 12 h were sufficient to induce a system with light reflection lower than the wavelength
of Vis light (Figure 12e and g). However, it took more than 24 h to rehydrate the system if
starting from a dryer state (Figure 12f and g). This disparity in time was attributed to the
difference in the diffusion dynamics of water within this these two stages, being slower if
starting from a dehydrated state. These interesting preliminary results also showed that the

authors could control the colored time dynamics by adjusting the thickness of the coating.
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Figure 12. Out-of-equilibrium of CNC and HPC-based systems a) POM images of CNC,
CNCltartaric acid, and tartaric acid films (from left to right), observed with cross-polars, where
R represents the ratio between TA/CNC. The concentric colorful rings were attributed to
diffusion reactions, where enrichment of a specific material is seen, giving rise to films with
separated phases of CNC/TA/CNC/TA, b) where the R allows modulation of the periodicity of
the rings. Differences in the morphology of the enriched phase of CNC c) and TA d) on a film
with R=4.5 can be seen in the SEM images. From 3%, Copyright © 2021, The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license. Adapted
with permission from AAAS. Colorful 2D system of cholesteric HPC film encapsulated in
water-permeable shellac coatings, where color evolution can be seen in a ) drying process and
f) re-hydration process. g) Schematic representation of the pitch difference during
evaporation/swelling process, attributed to water diffusion dynamics within the construct.
Reproduced under the terms of the CC BY 3.0 license.[**Y Copyright © 2023, The Authors,
published by The Royal Society of Chemistry.

7. Chitin-made structures

7.1. Helicoidal structures in vivo

7.1.1. Optical properties

The twisted plywood hierarchical structure (Figure 13a) is a ubiquitous motif across the
Arthropoda phylum. This structure can be part of the animals’ optical devices, which evolved

in the Cambrian period, and the earliest reflector acknowledged dates circa 508 million years
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ago (Ma). The eyes with lenses probably developed at about 521 Ma when the introduction of
vision led to the so-called Cambrian explosion. Until this time, all animals had soft bodies and
were mostly worm-like.[*32-131 Records from fossil specimens of beetles aged 15-47 Ma

demonstrate reflection colors,** as can be seen in Figure 13b.

Figure 13. Chitin self-assembled natural systems: a) SEM cross-sectional image showing the
arc-like texture in the exocuticle of the horseshoe crab Tachypleus tridentatus. Adapted from
ref. 1371 Copyright © 2022, with permission from Elsevier Ltd. b) Fossil jewel beetle found in
the Messel pit (Germany). (T. Wappler, Hessisches Landesmuseum Darmstadt, Germany. CC
BY-SA 3.0).['%1 ¢) Chrysina gloriosa. (P. Beckmann. Copyrighted free use).[**]

Light can act in animal evolution by explaining the diversity of natural photonic structures.[*4°]
Color and polarization in the living world influence the chance to survive and reproduce. 241142
In fact, animals may use their colors for sexual communication,*4344 for cryptic behavior, 4>
147 and for warning predators.[*48l Thin-film and multilayer interference, photonic crystals,
diffraction grating effects, or light scattering are responsible for most structural colors. Animals
have evolved designs to achieve, at the same time, light scattering in wide-angle values and
high reflectivity in a given wavelength scale. Both criteria appear to contradict one another, yet
both needs are met by integrating the structure's regularity and irregularity.[*4°]

It is challenging to replicate the natural structures due to the complexity of the fascinating
biological designs. Often, numerical optimization is used in photonics to predict optical
structures toward on-demand complexity and energy consumption inspired by natural
evolution.[** The evolutionary perspective might help us to understand how evolutionary
pressures led to the adaptation of material structure.[*> Besides numerical optimization, the
commonest stereotypical natural photonic structures were retrieved through the use of
evolutionary algorithms. For that, specific optimization methods were used, such as maximizing
reflection for a certain wavelength, for an extensive array of wavelengths, or maximizing the
dispersion of light. The evolutionary algorithms support the sense that evolution is a successful

29



Adv. Funct. Mater, 2304286 (2023) — Accepted version

optimization path by exhibiting that distinctive natural-based photonic structures are the best
solutions to significant societal issues.?l

The Coleoptera order, belonging to the Arthropoda phylum, comprises ca. 400 000 species,
several exhibiting interesting optical properties, such as iridescence, narrowband and broadband
metallic colors, brilliant whiteness, and distinct polarization signatures.[*531%1 In nature,
circular polarization is not a commonly observed optical effect, contrasting with linear
polarization. When CP light interacts with the beetles’ cuticle, left-handed circular polarized
light, at normal incidence, is reflected. An exception to this phenomenon is observed on the
jewel scarab Chrysina resplendens,**! which exhibits a cuticle with a specific construction
consisting of two spatially distinct left-handed cholesteric layers separated by an anisotropic
domain; This latter, for which the fibers are parallel, performs the function of a half-wave phase
retarder, leading to the cuticle’s reflection of both LCP and RCP waves.[**”] Biomimetics of the
three-layer system has been elaborated using polymers!**8l and CNCs.[*5%16% These works aim
to create both-handed circularly polarized reflectors with large reflected light fluxes, exceeding
the 50% limit of a CLC structure with a single helicity sense and polarization-independent
reflectors.[61]

The investigation of the optical and structural characteristics of scarab beetles’ cuticles has been
concentrated on a relatively small number of cases. However, one can find repeated descriptions
of identical structures.[*>%! Several works can be found where the authors analyzed the genus
Chrysina, often known as “jewel scarabs” due to their vibrant light reflection properties, ranging
from bright green to metallic silver-gold, i.e., giving rising to selective or broadband
reflection.*62-1651 Within this genus, the tessellated Chrysina gloriosa cuticle draws attention
because of its alternating silver and green bands (Figure 13c). Due to its complex photonic
structure, the cuticle of C. gloriosa shows, in a single and unique layer, extreme cases of
obliquity of the orientation of the helical axis.I* Its entire cuticle reflects LCP light. The silver
bands are not patterned and behave as specular broadband mirrors.[*6"1 The green bands have a
polygonal texture (insert in Figure 14a). TEM cross-sectional views reveal a pitch gradient
from the visible to the infrared spectrum (Figure 14a). The fingerprint (striped) texture then
progresses from the exocuticle (top part) to the endocuticule (lowest part). The undulations of
stripes in the exocuticle below the polygons indicate that the helicoidal axis is not constant in
space. Parallel stripes in the endocuticle are seen because these variances diminish in depth.
The texture in the endocuticle appears to be less uniform (stripes are disrupted) and grainy, as

seen in the Homarus americanus exoskeleton.[*881 |t is thought that the existence of a cholesteric
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grating with a bigger pitch in this section of the beetle’s cuticle might prevent overheating.
Polygons, with a mean size of 5 um, behave like micromirrors with a reflection pattern (donut
or spot) that varies with incident wavelength.[*6”1 With a spectral resolution of 6 nm and a spatial
resolution of 150 nm, the hyperspectral imaging approach relates the topography of iridescent
polygons to the complex twisted structure (Figure 14b).1*8] Hyperspectral datacubes show the
spatially resolved spectral reflectance in two cube sides (wavelength vs. each dimension of the
surface of the band) and the average reflectivity on the top of the cube (surface of the band).
The topographic data incorporates the geometrical variations (relief) and the internal twist
distribution in the exocuticle and endocuticle. It exposes similarities and variations in the
spectral-spatial characteristics of biological and synthetic samples, which are currently
designed.!*%®l Phase measurements provide evidence that the preservation of helicity in light
reflection coincides with changes in the dynamic phase linked to the length of the optical path.
This manipulation of light distinguishes itself from the characteristics of materials sensitive to
polarization, which shape light by modifying the geometric phase resulting from polarization
transformations. Polygons act as axicon cells generating Bessels beams with subwavelength
spot sizel'™ (Figure 14c). Bessel beams are non-diffractive beams; they offer some diffraction
resistance and may be used instead of Gaussian beams. Applications of these systems can
envisage optical trapping, long-distance self-healing beams, sharp focusing, or encryption in
optical communication.[*”* The colors of the Bessel beams may change with the distance from
the cuticle (Figure 14d). In polarization-sensitive light-shaping technology, potential bio-
inspired applications arise by integrating polarization-selective reflection and multibeam
interference. These applications offer spatial light modulation without the need for metasurface
design. A circularly polarized light-emitting random laser was fabricated on the surface of the
cuticle of C. gloriosa.l*”? The angular distribution of the random laser emission under various
pump illumination conditions was analyzed, and both left- and right-handed circularly polarized
light was emitted at different angles. The work presented before demonstrates potential
applications that include the development of 3D holography.[*”3l Another example that can be
used in optical cryptography is a high-fidelity biomimetic design of the C. gloriosa cuticle,
developed by Scarangella et al..[*™]
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Figure 14. Characteristics of self-assembled chitin structures: a) TEM cross-sectional image
showing the pitch gradient in the fingerprint texture in the scarab beetle Chrysina gloriosa
cuticle. Insert: Optical micrograph of the polygonal texture in the plane of the green bands.
Adapted from ref. [28%1, Copyright © 2020, The Author(s), published by the Royal Society. b)
Hyperspectral datacube of the green band. The black-to-yellow color bar indicates the overall
reflected intensity (i.e., not spectrally resolved), as plotted on the top of the cube (Y vs. X). The
second color bar (black-to-red) indicates the reflected spectral intensity, plotted on the cube
sides (wavelength vs. X, wavelength vs. Y). Adapted under the terms of the CC BY license.[266],
Copyright © 2020, Author(s), published by AIP Publishing. c) Optical imaging of Bessel beams
generated by axicon cells of C. gloriosa. Left: Array of Bessel beams created by individual cells
and the spatial spectrum measured in k-space (optical Fourier transform of the beam array).
Right: Cross-section of the propagating Bessel beam and its spots at different distances.
Adapted under the terms of the CC BY license. [!7° Copyright © 2019, Author(s), published by
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AIP Publishing. d) Colors of the Bessel beam shaped by C. gloriosa at different distances from
the cuticle. (i): Color image spots obtained by optical measurements. (ii): Color image spots
numerically reconstructed from a single axicon cell’s measured amplitude and phase (iii):
Change in the weighted axial intensity of the R, G, and B colors of the numerically reconstructed
Bessel beams as a function of the distance from the cuticle. Adapted under the terms of the CC
BY license.['™ Copyright © 2019, Author(s), published by AIP Publishing.

Chalcothea smaragdina's cuticle contains a blazed grating that modifies the diffuse appearance
of the reflected color, improving the angle-independence of the chafer's green hue and
camouflage.l*™!

It should also be noted that nature contains examples of cuticles that do not have a twisted
plywood structure. For instance, the cuticle of the scarab beetle Cyphochilus is made of a
network of filaments aligned parallel to the surface.[*’8! As such, the light scattering is increased
perpendicularly to the cuticle surface, resulting in high brightness and a reflectance of 70% over
the visible spectrum.

The exoskeletons of many crustaceans are not iridescent due to insufficient order in fibers’
organization.[!’"18] Despite the dull appearance of the king crabs' outer shells, slightly
iridescent colors may appear inside their exoskeletons.[*”® The endocuticle exhibits a twisted
configuration with a higher structural organization than the exocuticle. Nonetheless, the
arrangement of fibers gradually loses its orderliness from the inner to the outer regions of the
exoskeleton, similar to the findings documented by Bouligand.!?"]

The pitch tunability enables adjustment of the Bragg band (mean wavelength, bandwidth, and
bandgap shape). Because the direction of the twist axis is not constant in the plane of the cuticle,
the presence of tessellations in the carapace (like in the two-band cuticle of C. gloriosa) allows
tuning of Bragg band features and the nature of the polarization of the reflected light at oblique
incidence. These two features almost allow the tuning for a wide range of parameters without
changing the composition.

The similarity in the geometric arrangement of helicoidal fibers within extracellular matrices
has given rise to the hypothesis that they might be formed through a precursor liquid crystalline
phase rather than directly controlled by cells. In the tibia of the migratory locust Locusta
migratoria (Figure 15a), sets of fibers with unidirectional and helicoidal arrangements occur
during daily growth.[81 A helicoidal arrangement is formed at night, whereas a parallel one is
produced during the day (Figure 15b). The cellular control directly dictates the orientation of
the fibers in the unidirectional arrangement. On the other hand, the helicoidal structure is formed
through self-assembly away from the cell surface. The utilization of focused ion beam/scanning

electron microscopy (FIB/SEM) and scanning X-ray scattering reveals that the initial fiber
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orientation in the locust cuticle is determined by the epidermal cells. The ultimate architectural
formation occurs through the self-organized co-assembly of chitin and proteins. Hence, the fiber

orientation in the locust cuticle is influenced by both active and passive mechanisms.

Figure 15. Twisted chitin structure. a) Locusta migratoria, or migratory locust. (J. Hornung.
CC BY-SA 2.0 DE).[*81 b) Confocal light scanning microscopy image of a stained tibia cross-
section showing daily fiber growth in unidirectional and helicoidal fiber organizations, resulting
in non-striped and striped textures that alternate. Adapted under the terms of CC BY license. 8]
Copyright © 2020, American Chemical Society.

Protein and polysaccharide-based materials are made by nature for reuse. For all elements in a
given organism, it is preferable to have functionality brought via a unique structure rather than
secreting a novel material. Nature's strategy consists of a material lifetime tailored to the

purpose, followed by degradation and reuse.

7.1.2. Mechanical strength properties.

The mechanical properties of the American lobster's cuticle make it a perfect material for
studying.[*l Due to the twisted plywood arrangement of the fibers, the stiffness of the in-plane
direction is greater compared to the normal direction. By incorporating both twisted plywood
and honeycomb structures, the material achieves improved mechanical properties, reducing
weight and optimal utilization of materials. This design also contributes to energy savings for
the organism. The fibers are incorporated into the protein matrix and stabilized in a way that

resembles steel-reinforced concrete constructions.['®2 Because fibers rotate parallel to the
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cuticle’s plane, either gradually or abruptly, complex helicoidal designs and related textures
(arc patterns) emerge, which depend on the degree of rotational displacement.

The connection between the structure and damage tolerance of hammer-like dactyl clubs found
in stomatopods, a group of crustaceans, was made.[*8! They are well-known for their ability to
break shells using quick and forceful strikes of their appendages. Odontodactylus scyllarus,
belonging to the stomatopod order, exhibits a composite structure comprising an oriented
arrangement of crystalline hydroxyapatite and amorphous calcium phosphate and carbonate
alongside a helicoidal arrangement of the fibrillary matrix. The pitch-graded architecture of
such composite is responsible for dissipating the energy released by propagating micro-cracks.
The twisted plywood structure is proven to make a significant contribution in preventing cracks
from propagating.[*®*-1%1 Due to the inability to propagate along a linear path, the crack’s

trajectory enhances energy dissipation and increases impact resistance.

7.2. Twisted structures ex vivo

The insect exuvial dry mass is composed of a chitin content of up to 40%, depending on the
species.'®1 Fungal chitin would be an alternative to animal chitin.[*® Finding strategies to
obtain biomimetic twisted structures is challenging due to chitin's insolubility in aqueous
media® and the difficulties in maintaining the fibers twisting during processing.[** The
solubility depends on the crystal allomorph and the degree of surface acetylation.[:19]
Methods were developed based on self-assembly features and colloidal suspension structures
as templates to get materials combining the twisted plywood structure, the iridescence, and the
mesoporosity.[**31 Transferring chitin chirality into photonic porous materials offers potential
applications in photonic sensors, ¥ electrochemical biosensors with chiral recognition,%! and
enantioselective adsorption.[**®! Iridescent membranes are obtained after purification of the
cuticle removed from the inside shells of king crabs.}”® Furthermore, the mesoporosity of
cuticle membranes results from mineral and protein removal from the interstices between fibers
during this treatment. Cuticles formed by twisted chitin and calcite composites inspire the
production of templates and scaffolds for bioceramic materials with enhanced mechanical
properties.[*1%€1 They may exhibit a tensile strength of about 22 MPa, which is above the
mechanical strength of liquid crystalline chitin-assembled films (about 10 MPa).[*]

Although some advanced materials are produced from chitin, this naturally occurring polymer
is mainly used in its deacetylated form, known as chitosan, which shows solubility and

processability properties in acidic conditions.?®?! Chitosan can be produced by treating chitin
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with enzymes or alkaline solution at high temperatures.[2°:2021 |t js more functionally adaptable
than chitin.?%® Potential applications of mesoporous chitosan structures with a twisted plywood
structure address the energy storage,?°!l the optical sensing,[**® the chiral separation,*°! or
load-bearing functions (Figure 16).12%1 Nonetheless, because of its low crystallinity and high
gelation qualities, lyotropic liquid crystalline chitosan is challenging to obtain, and the amount
of waste generated during chitosan manufacturing can be seen as a barrier to long-term use.[2%¢!

Hence, the focus of this section has been on liquid crystalline formations based on chitin.[2%"]
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Figure 16. Chitin helicoidal hydrogels: a) From pure chitin to a twisted hydrogel. Calcium-
saturated methanol disintegrates chitin fibers generating a Ca—methanol gel (left). Ca®* ions are
removed by washing with alcohol and deionized water, thus generating alcohol gels with a
nematic N (middle) or a hydrogel with a twisted structure N” (right) structure. The yellow, pink,
and blue beads represent three different types of solvent molecules: methanol-solvated Ca?*,
alcohol and water. b) Mechanical reinforcement of twisted nanowires to epoxy resin. Young’s
modulus and toughness of pristine epoxy and chitin—epoxy composites. The inset pictures (i)
and (ii) show epoxy and composites, respectively. Both Young’s modulus and toughness
increase as the higher-ordered structures are formed. N: (achiral) nematic structure, N*: twisted
structure. Adapted under terms of the CC BY 4.0 license.[?®®! Copyright © 2016, The Author(s),
published by Springer Nature.

The difficulties in producing cholesteric chitinous materials with structure control resulting in
iridescence are described in reference [°31. Carefully controlling the acid hydrolysis conditions
and post-treatment steps yields significant results in the self-assembly behavior of ChNC
suspensions.[2%8.20%1 Some parameters can be controlled during the chitin extraction process,
such as the hydrolysis time and acidity, directly affecting the degree of acetylation, for example.
The effect of ionic strength, pH, and tip sonication energy also influences the tuning of the
liquid crystalline behavior (Figure 17a). The helicoidal ordering can be stored in dry films by
controlling water evaporation. The pitch can also be tuned in the infrared spectrum by varying
the HCI and NaCl concentrations in the chitin suspension.?® Even if all experimental
parameters are controlled, the resultant films are transparent in the visible light range. The
experimental difficulty in achieving sub-micrometer pitches and the intrinsically poor

birefringence of chitin hampered film coloring. Some authors claim that an in situ alkaline
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treatment can boost birefringencel?% (Figure 17b). This technique was combined with careful
control over the formulation of ChNCs suspension to create structurally colored films with
tunable reflectance from blue to near-infrared. When compared to shrimp ChNCs, the

mesophase behavior allowed access to substantially smaller pitches in solid films.

acidic self-assembly

pitch

hydrolysis of ChNCs

Figure 17. Optical characteristics of chitin helicoidal structures: a) A schematic illustrating the
extraction, formation, and self-assembly of ChNCs. (Adapted under the terms of the CC BY
4.0 license.?* Copyright © 2022, The Authors, published by Wiley-VCH GmbH). b)
Enhancing structural coloration by alkaline post-treatment of ChNC films. I. Optical
micrograph of an apparently colorless flake from a fungi ChNC film. II: The flake in | by using
crossed linear polarizers. Increasing the exposure reveals the presence of weak red and green
colorations. Il1: A flake after alkaline treatment, exhibiting strong blue and green colorations.
IV: The flake in 111, confirms higher reflectance and a blueshift of the reflected color. Adapted
under the terms of the CC BY 4.0 license.[?*] Copyright © 2022, The Authors, published by
Wiley-VCH GmbH.

Deacetylated chitin membranes (DCMs) obtained from cuticle membranes of king crabs used
as biotemplates to create photonic hydrogels were reported.1**1 DCMs’ presented iridescence
tunability from red to green upon drying, which shifts back to red rapidly after rehydration. The
quick color change is attributed to the absence of the N-acetyl group after deacetylation,
suggesting water interactions improvement in swelling and deswelling behaviors, implying that
the membrane works as a responsive photonic polymer.

Chiral nitrogen-doped (N-doped) carbon porous materials can be produced from purified chitin
membranes of crustacean exoskeletons for enantioselective adsorption.**¢! The membranes
were used to produce chiral hydrogels via calcium-mediated self-assembly, excusing chemical
etching and templating before thermal treatment to afford the N-doped carbon structures. The
carbonized material presented enantioselectivity over a racemic mixture by preferentially
adsorbing D-lactic acid and producing 16.3% of enantiomeric excess of L-lactic acid,
demonstrating the effectiveness in chiral separation. Lactic acid (LA) is a chiral natural

compound existing in the L- and D-lactic acid enantiomeric forms and is also the monomeric
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unit of polylactic acid (PLA). Industrial fermentation creates LA as a racemic mixture, whereas
PLA is produced by employing only one enantiomer to enhance molecular packing or
crystallinity. In other words, it is essential to resolve the LA racemate produced during the
industrial process. Chitin-based materials may adsorb LA due to their alkaline nature, and their
chiral geometries make them suitable for enantioselective adsorption.

Most of the research has focused on the photonic properties of cholesteric materials. However,
their potential for manufacturing high-performance nanocomposites based on ChNCs has also
been investigated. For instance, an electrically-assisted printing process was used to create a
reinforced structure with anisotropic layers of aligned surface-modified multiwalled carbon
nanotubes (MWCNT-S).[2*1 A rotating stage controls the alignment direction of MWCNTS,
and the role of this stacking of layers to increase mechanical properties is investigated. A
smaller rotation angle resulted in improved energy dissipation and impact resistance. Thin-ply
Carbon Fiber Reinforced Plastic laminates were created, inspired by the helicoidal geometry
of the dactyl club periodic area of the mantis shrimp.[?*2l However, an exception occurred and
the non-lamellar nature of biological twisted plywood was not attained. Very small pitch angles
are necessary to obtain the favorable damage mechanisms displayed by the twisted plywood

construction.

Following the above sections, which were dedicated to the helicoidal cellulose and chitin
molecular and nanostructures, in the next part of the work, helical cellulose systems at higher

length scales are addressed.

8. Left-handed micro helices from vascular leaf petioles

Long helical cellulosic elements with several centimeters in length can be isolated from leaf
petioles on a much higher length scale. Until now, only left-handed coils were isolated from the
vascular conduits of several plant species petioles.?'®l These coils can be collected by breaking
the leaves and the cellulosic skeleton isolated by chemical treatment with alkali and acid
chlorite.

The isolated helical thickenings were studied by polarized light microscopy, which allowed the
determination of the dimensions and the handedness of the helices.[?** The helices were found
to be birefringent, and after careful observation under an optical microscope between crossed
polars with a 530 nm red retardation plate, cellulose was found to be oriented along the

helices”main axis.[*3?14 \ascular elements of celery isolated in water were found to be formed
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by self-assembled filaments at the nanoscale. The surface morphologies of individual filaments
were also observed by atomic force microscopy (AFM).[2* Fibrils inside the left-handed
filaments seemed to form right-handed helices.[?*3?*4] Moreover, AFM revealed the existence
of randomly oriented nanorods with diameters of 3 nm, corresponding to the crystallite size of
celery cellulose determined by X-ray diffraction.?’¥ Tracheary coils were isolated from
different species of plants, and it was observed that they could be formed by single or multiple
coils with two, three, or four individual filaments. Other studies indicate that the surface
morphology of the filaments varies from plant to plant, which translates into different
mechanical properties.[*® To analyze the surface of these filaments, atomic force microscopy
and SEM remains the chosen techniques. However, more recently, nematic liquid crystal
droplets suspended on the microfilaments, observed by polarizing optical microscopy (POM),
were used to sense the surface morphology of helical microfilaments isolated from A. africanus
and O. thyrsoides leaves species from the same Asparagales order. Nematic droplets pierced in
O. thyrsoides showed a defect ring around the microfilament, contrasting with the ellipsoidal
fringes observed for droplets suspended in filaments from A. africanus. The textures observed
indicate a typical homeotropic anchoring for A. africanus tracheary microfilaments and a
tangential anchoring, along the microfilament main axis, for filaments isolated from O.
thyrsoides. AFM and stress/strain uniaxial tensile tests assessed the mechanical properties of
the microfilaments. The elastic modulus and adhesion determined by AFM revealed the
existence of different outer layers that granted more flexibility and less resistance to the
microfilaments of O. thyrsoides compared with the rigidity and adhesion properties found for
A. africanus microfilaments. Uniaxial mechanical tests revealed a higher value of Young’s
modulus for A. africanus than O. thyrsoides filaments. This difference was mainly attributed to
entanglements promoted by the smooth and rough surface morphologies of O. thyrsoid and A.
africanus filaments, respectively.[?*>261 |t was shown that despite the helicity, shape, and
common cellulose skeleton of microfilaments existing in the tracheary system of plant leaves,
their interaction with the environment is crucial for their diverse mechanical behavior.[21527]

Left-handed micro coils isolated from different vascular plant vessels were used as templates
to prepare conductingf'® magnetic microswimmers.l’! Micro coils templates from the rhizome
of Nelumbo nucifera (lotus) were used to fabricate silver-coated conducting springs.[?8l
Titanium/nickel helical microswimmers were also manufactured from coil vessels of
Rhaphiolepis indica, Agapanthus africanus, Cotoneaster lacteus, Passiflora edulis, and Musa

acuminata. These micro magnetic coils were found to move (250 pum/s) in organic fluids,
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including human serum (Figure 18a and 18b).[1 Helical cellulose filaments from vascular plant
vessels are soft, low-cost, biocompatible, and microswimmers!?'¥l are great candidates for bio-

applications.

9. Tendrils left and right-handed helices

On the length scale of millimeters, much larger than the helices from the vessels of plants,
tendrils of climbing plants, such as in Lathyrus spp., Parthenocissus quinquefolia, Clematis
vitalba, Vicia spp., and, Bryonia alba exhibit spirals, and helices (as shown in Figure 1 for
Passiflora edulis). These long filaments possess a cellulose skeleton, and the helices and spirals
develop from achiral millimetric straight filaments.[?2%] Despite the absence of chirality of the
initial filament, the long tendrils curl into spirals if held by one end and into right and left-
handed helices separated by a straight segment if held by both ends.??%]

Inspired by the shapes of tendrils, helical cellulose-based microfibers and jets were reported in
the literature.®?2?l Liquid crystalline solutions were used as precursor solutions, and nuclear
magnetic resonance imaging (MRI) and polarizing optical microscopy (POM) techniques were
used to investigate the morphology and structure of fibers and jets.I®! It was found that the fibers
and jets acquired intrinsic curvature during production due to the development of a core
disclination running out of the main axis of the fibers and jets.[®l After these findings, inspired
by asymmetric mechanisms, many studies were reported involving the production of curled
fibers by different techniques and from other polymers. Among these systems, micro/nanofibers
obtained by electrospinning have been reported.[??l Electrospinning allows the production of
non-woven membranes built up from fibers with micro/nano diameters.[2242261 Briefly,
electrospinning involves mainly applying an electric field to a polymer solution through a tip
of a metallic needle.[??"2281 The electric field causes the accumulation of electric charges at the
tip of the needle, which originate in the formation of a cone at the end of the needle. When the
value of the electric field overcomes the polymer solution's surface tension, a thin jet is
produced from the cone shape. The jet travels toward a target promoting the solvent's
evaporation and the filaments' stretching. The fibers are then collected on the target that can
have different geometries and be made of diverse materials.[?2%-231 Several parameters can be
optimized to obtain helices by electrospinning, including the percussor solutions' rheological
behavior and the mechanical properties of the polymers involved. The intrinsic curvature of the
microfibers can be achieved during the electrospinning process by coaxial and side-by-side

electrospinning or after the preparation of the filaments. Coaxial electrospinning involves off-
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centered core-shell spinnerets?®22%1 and side-by-side using two polymers that contract
differently after solvent removal.”4 To produce helices from straight electrospun filaments,
these must-have chemical reactive sites. These sites can be selectively activated to form an
asymmetry along the main axis of the filament.[?*® The surface of these filaments can be
smooth, as in young tendrils, or wrinkled, like the effect seen when the tendril ages and lignifies.
Wrinkled asymmetric elastic filaments were prepared through two chemical paths. First, tri-
and difunctional pre-polymers reacted to form elastic fibers, followed by UV irradiation of one-
half of the filament to create a top layer more crosslinked than the bulk. Wrinkles develop in
the top layer after extraction of the sol fraction in an appropriate solvent.[2%]

Inspired by tendrils shapes and movements, Wei Wang et al.I®" created soft clamps from
polymer-paper bilayer composite sheets with different patterns using 3D printing. These clamps
were designed to imitate plant tendrils' bending, spiral, and helical movements, making them
effective for lifting objects. The paper surface of the sheet provided excellent adhesion for the
printed polymer, which was stretched during printing to store internal strain as memory. This
memory strain was released upon heating, resulting in different shapes and movements
depending on the printed geometry. By using these shapes and movements, the researchers were
able to design clamps that could lift objects using movements similar to those of plant tendrils
(Figure 18c).[27

10. Movements at the macroscale from helicoidal plants’ awns

Helicoidal cellulosic structures in plants were also reported to possess adaptive movements in
response to environmental conditions, namely moisture. At the origin of these movements are
stiff cellulose fibers immersed in soft matrices.[?*®] Noteworthy is reversible motions in plant
dead tissues actuated by external stimulus. These movements indicate that programmed
cellulosic structures remain active even after leaving the plant. Plants have been using, among
other strategies, responsive dead tissues to disperse seeds. The mechanisms used to spread and
self-drill seeds in the soil involve cellulose-based helicoidal structures, such as the awns of
Erodium fruits. Erodium belongs to the Geraniaceae family, and each fruit is characterized by
having five seeds attached to a long (compared with the length of the seed) hydrated cellulosic
filament (awn) that is slightly twisted, as found by MRI, around a joint central dried cellulose-
based stiff rod.[?*®¥ When the awn dries contracts, relative to the central cellulosic rod, and
separates from the fruit transporting the seed in the air.[®?3%-243 Once on the ground, the awn

continues drying and forms a right-handed helix. When it is allowed to hydrate, the helix
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unwinds, and the awn adopts the shape of a straight filament. These movements allow the self-
burial of the Erodium seeds. The responsive helix, the active part, appears between the seed and
the tail. The dimension of the cross-section of the awn narrows from the active part to the
inactive tail. The helicoidal active part was studied by different techniques, which include LC-
PolScope retardance imaging, Scanning electron microscopy (SEM), Small-angle X-ray
scattering (SAXS), and POM. A tilted helix, with the axis at an angle to the long axis of the
cells, was found responsible for the coiling of the awn.[6:240-241 | eft-handed helices instead of
straight hydrated awns were reported to appear when the awns were soaked in alkaline
solutions.?*1 Furthermore, gentle chemical treatments were used to isolate from the awns the
helical left-handed wet ribbons, which switched to right-handed ribbons when dried.[?24% The
observed chirality inversion was explained by the chemical attack that did not destroy the
imprinted helicoidal tilted structures at the nano/micro scale but made the cellulose network
more accessible to water. At the macroscale, the treated ribbon contract and expand more than
the cells of the pristine awns in the presence of water; as the tilted cellulosic helix is not
destroyed, the reversal of the ribbon chirality occurs.[2!

It was proved that the isolated ribbons could be used as scaffolds to produce mesoporous silica
solid helices.!?*¥ Bioinspired self-drilling seed carriers were fabricated from thin wood sheets
after chemical treatment and wet molding. Chemicals were first used to remove hemicellulose
and lignin. The fabricated biocompatible, scalable, and low-cost awns were planned to work
well on flat and rough soils and optimized to transport seeds from different plants (Figure
18d).1244

A b *b.2 ‘b3 *b4 = #b5

5 Perversion
5 point

¢ Plant seed
Mycorrhizal fungl
' -

Ram'l|.|.'.lul:|.||
{ % =@ \C
I\ N \ = \ .
.&) \ >y =5 \{ \ ¢ B

Driling

Figure 18. Bioinspired functional materials based on helicoidal plant structures. a) SEM image
of a helical microswimmer from Rhaphiolepis indica leaves microfilaments after being coated
with titanium and nickel nanolayers. Scale bar, 5 um. b) Schematic of the corkscrew motion of
the helical microswimmer, from b.1 to b.5 (600 ms intervals), in pure human serum by the
action of a rotating magnetic field. Scale bar, 20 um. a-b) Adapted with permission from "1,
Copyright © 2014, American Chemical Society. ¢) Synthetic helicoidal robot inspired by
Cucumis tendril made from polyester and a sheet of paper lifting a rod (insets show the right
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and left-handed helices of the stripe. Adapted with permission from 231, Copyright © 2018,
American Chemical Society. d) Steps from spreading to germination of three-tailed awns made
from white oak lumbers, inspired in natural Erodium guinum movements. Reproduced with
permission.[* Copyright © 2023, The Author(s), under exclusive license to Springer Nature
Limited..

11. Conclusion and a Twisted Future

Cellulose and chitin are renewable, non-toxic, and available, which makes them great
candidates to replace oil-based polymers for many applications. We have shown that cellulose,
its derivatives, and chitin can mimic some natural materials' helicoidal structures and functions.
For instance, cellulose and chitin films produced from liquid crystalline solutions can self-
assemble into colorful iridescent films with similar optical characteristics found in some plants
and insects. Helical cellulose structures with selective circular polarized light reflection and
transmission response were integrated into transistor devices, opening various applications,
including optical fibers, communication, and imaging.

It was evidenced that reaction/diffusion mechanisms and the evaporation at boundaries could
control the formation of the colorful patterns in quasi-2D liquid cellulose-based liquid
crystalline samples. Cellulose/water interactions were found to determine the helicoidal
handedness and pitch of the liquid crystalline phase. It was also evidenced that the liquid
crystalline phase can be used to probe interactions between cellulose and water. Fundamental
questions persist about better understanding the role of water in non-equilibrium systems and
in the self-assembly process. All these systems inspire to the development of cellulose-based
colorimetric timers, time-dependent dynamical coloration, and their use for camouflage.
Contrary to chitin derivatives, such as chitosan, which has been widely explored, chitin
helicoidal self-assembled structures are expected to give rise to new functional materials in the
near future, in this sense, chitin extraction procedures must be improved.

Another interesting field of research with technological applications concerns the response of
helical cellulose-based structures to external stimuli, for example, moisture. In fact, the
interplay between cellulose and water greatly influences the helical structures at the micro and
millimeter length scales. Responsive cellulosic helical structures to humidity are at the genesis
of the production of self-burial systems that are suggested to be used for the reforestation of
lands after, for example, a fire. Furthermore, among the technological applications of these
responsive anisotropic structures are the development of autonomous micro and nanomachines
and systems for energy harvesting. In addition, nonwoven membranes with shape-responsive

nano and micro helical fibers are ideal for capturing water from the atmosphere, which is crucial
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for populations living in arid regions or countries subject to periods of drought. Self-cleaning
membranes can be idealized for water purification. Helical shapes are also a source of templates
for conducting wires for electronic devices.

Mimicking the twisted designs of cellulosic structures and using cellulose-based materials to
obtain objects used in everyday life are challenging fields of research and technology. For
example, cups, bottles, and other recipients with helical shapes that are easier to ply and recycle
from less material are target objects to replace oil-based materials such as water bottles with
twisted designs existing in the market.

Overall, the potential of helical structures made from cellulose and chitin is vast and promising,
with applications ranging from material science to biotechnology. More exciting and innovative

applications for these unique structures will likely emerge as research in this area progresses.
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