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Chitin is one of the most abundant biomaterials in nature, with 10%° tons produced annually as
hierarchically organized nanofibril fillers to reinforce the exoskeletons of arthropods. This green and
cheap biomaterial has attracted great attention due to its potential application to reinforce biomedical
materials. Despite that, its practical use is limited since the extraction of chitin nanofibrils requires
surface modification involving harsh chemical treatments, leading to difficulties in reproducing their
natural prototypal hierarchical structure, i.e. chiral nematic phase. Here, we develop a chemical
etching-free approach using calciumions, called “natural way”, to disintegrate the chitin nanofibrils
while keeping the essential moiety for the self-assembly, ultimately resulting in the reproduction of
chitin’s natural chiral structure in a polymeric matrix. This chiral chitin nanostructure exceptionally
toughens the composite. Our resultant chiral nematic phase of chitin materials can contribute to the
understanding and use of the reinforcing strategy in nature.

Natural hard tissues such as bones and exoskeleton are composed of organic/inorganic hybrid composites, in
which the hierarchically assembled one-dimensional fillers are impregnated to provide strong mechanical prop-
erties'~. The exoskeletons of arthropods are built from chitin nanofibrils embedded in calcium carbonate or/
and protein matrices (Fig. 1a)%~'*. The chitin nanofibrils (Fig. 1all), which consist of rigid crystalline and flexible
amorphous regions (Fig. 1allLIV), stack together to form the layered structures'®. These structures form the
basic units of the twisted plywood structure (Fig. 1al), which is a chiral nematic phase and critical for the strong
load-bearing property of the exoskeleton®!!-'4. This property has encouraged studies on the chiral nematic shape
of chitin, with the objective of reinforcing biocompatible nanocomposites. However, the harsh chemical treat-
ment is necessary to effectively detach the individual building blocks from chitin materials hinders the reproduc-
tion of the chiral nematic phase and hence its application.

In the absence of calcium carbonates or proteins, chitin nanofibrils strongly agglomerate, not in the exploita-
ble nanocomposite filler form, but rather in a meaningless lump due to the strong interfibrillar hydrogen bonding
(H-bond) (Fig. 1b)'6. The two most well-known chitin nanomaterials obtained using the harsh treatments are
chitin nanowhiskers®!” and chitin nanofibers (Fig. 2a,b)'®!1°. Both nanomaterials show no long-range ordered
optical textures in polarized optical microscopy (POM) images (Fig. 2¢,f). In enlarged views using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), chitin nanowhiskers and nanofibers
are randomly oriented (Fig. 2d,e,g,h).

Mostly, a rich amount of multivalent metals such as calcium (Ca), zinc (Zn), and iron (Fe) are found in most
load-bearing chitin-based exoskeletons®*'2. Although the relationship between the incorporated metals and the
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Figure 1. Hierarchically-ordered chitin microstructure in an arthropod cuticle. (a) (I) Plywood structure

of chitin nanofibrils, (II) chitin nanofibrils in the matrix (CaCOj or proteins), (III) crystalline and amorphous
domains of chitin nanofibril structure, and (IV) chitin structural formula. (b) Calcium-saturated methanol
disintegrates chitin nanofibrils with minimal chemical modification, generating a Ca-methanol gel (disordered)
(bottom-left panel). Ca*" are removed from the Ca-methanol gel by washing with alcohol (methanol or IPA)

and DI water, thus generating alcohol gels (methanol gel or IPA gel) in the N phase (bottom-middle panel) and a
hydrogel in the N* phase (bottom-right panel). The yellow, pink, and blue beads represent three different types of
solvent molecules: methanol-solvated Ca®*, alcohol (methanol or IPA), and water.
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Figure 2. Chemically modified chitin nanomaterials. (a) nanowhisker and (b) nanofiber. POM images of
(c) nanowhisker and (f) nanofiber solutions (aq). SEM images of (d) dried nanowhisker and (g) dried nanofiber.
Cryo-TEM images of (e) nanowhisker and (h) nanofiber solutions (aq).

mechanical properties is not clearly understood, it has been reported that chitin strongly binds the metals®!>2°.

Recently, the Tokura group reported that Ca-saturated methanol dissolves chitin at molecular level under mild
conditions without strong base or acid'%; it also shows the interaction between chitin and Ca*" ion. If Ca?* ions
fully surround the chitin nanofibrils, the interfibrillar H-bonds could be screened.

Based on the binding between Ca?* and the hydroxyl groups of chitin?*?!, we developed a new strategy 1)
to physically disintegrate chitin to a nanoscale 1D structure called “chitin nanowire” using our modified
Ca-saturated methanol (Ca-methanol) and 2) to control 3D hierarchical structure of the chitin nanowires (Fig. 1b
and 3a-c and Fig. S1). Empirically, the binding affinity of the methanol-solvated Ca?* in the Ca-methanol to the
chitin nanowire is comparable with the H-bond between chitin nanowires and the probability to replace the
densely cross-linked H-bonds inside the chitin crystalline structure is extremely low due to the limited diffusion
of methanol-solvated Ca**. However, the interfibrillar region is permeable to methanol-solvated Ca**, leading
to the dispersion of the chitin nanowires without damage to the acetyl groups if the concentration of Ca*" is
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Figure 3. Morphological change of chitin nanowires by solvent exchange. POM (left and centre panels) and
TEM (right panels) images of Ca-methanol gel (a—c), IPA gel (d-f), and hydrogel (g-i, with an inset scale of
50 um).

sufficient to partially replace the interfibrillar H-bond. After the disassembly process, Ca*" ions are removed
through solvent exchange using three different solvents: isopropanol (IPA), methanol, and deionized (DI) water:
DI water shows the highest binding affinity to Ca**, while IPA shows the lowest?. Thus, reassembled chitin nano-
wires generate different phases in IPA gel, methanol gel, and hydrogel. In IPA and methanol gel states, a nematic
liquid crystal (LC) (N) phase is generally observed (Fig. 3d-f), while in hydrogel state, it shows a chiral nematic
LC (N*) phase (Fig. 3g-i, for an illustration see the hydrogel panel in Fig. 1b).

Results and Discussion

The nanostructures of chitin nanowires at each gel state were visualized by POM and cryogenic TEM (Cryo-TEM)
(Fig. 3). Considering the long axis of chitin nanowires as director vector, n g, (Fig. 1b), POM can show the ori-
entation of chitin nanowires, i.e. the image is dark when molecules are disordered or n, is parallel to either
of polarizer or analyser. POM with the full-wavelength (530 nm) retardation plate can show the detailed ori-
entation, with the image showing a magenta colour when the sample is isotropic or disordered and blue/yel-
low domains when n,;;, is parallel/perpendicular, respectively, to the slow axis of the retardation plate. In the
Ca-methanol gel, there are no specific morphologies in POM images (Fig. 3a,b) due to the randomly oriented or
disordered chitin nanowires shown in the TEM image (Fig. 3c). POM images of the IPA gel show a well-oriented
domain in a large area (~mm?), in which the N phase is found®. This is confirmed by TEM (Fig. 3f), which shows
one-dimensionally aligned chitin nanowires. The chitin nanowire-hydrogel forms a N* phase, showing the fin-
gerprint patterns in POM images, in which alternating bright and dark lines are present (Fig. 3g). The periodicity
of the stripe pattern is given by the helical pitch P/2 (Fig. 1b), showing a pitch P of ~10 to 40 um with a broad dis-
tribution due to the irregular out-of plane arrangement of chitin nanowires. A corresponding TEM image shows
a Bouligand-type organization of chitin nanowires (Fig. 31), which is typically found in the N* phase**-?. The
counter-clockwise direction of the morphologies means the chitin nanowires assemble into left-handed helical
structures in the gel state!226%,

These N and N* phases are different from the natural states in terms of the domain size'!2. Unlike the pre-
viously reported N* phase of highly concentrated nanocellulose in silica?®, our resultant chiral hydrogel shows
a finite domain size of 200-600 um (Fig. 3g,h), which may be caused by an energetic penalty of having a large
domain size. Here, the charge level of the composite can be divided into 3 classes; i) neutral, when the natural
chitin materials are partially cationic are mixed with negatively charged matrix materials including ions and pro-
teins;? ii) slightly positively charged chitin materials?® made via natural way with minimal surface deacetylation
(Fig. 1b), and iii) strongly positively charged chitin materials made by severe surface deacetylation (Fig. 2). In
our resultant N* phase, due to the long-range nature of electrostatic interactions, the energetic penalty can be
increased as the domain grows much faster than the energetic gain of having H-bond, which is a short-ranged
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Figure 4. Mechanical reinforcing effects of chiral nematic chitin nanowires to epoxy resin. (a) Tensile
Young’s modulus and toughness of pristine epoxy and chitin epoxy composites. The inset pictures (i) and (ii)
show pristine epoxy and chiral nematic chitin epoxy composite films, respectively. (b) Tensile stress-strain
curves of epoxy composites with disordered, nematic (N), and chiral nematic (N*) phases of chitin nanowires.
(c) Tensile stress-strain curves of chitin nanowhisker and nanofiber epoxy composites are compared.

interaction and thus grows linearly. At a certain size of the domain, both energy loss and gain compensate each
other and the growing stops, resulting in finite N* domains. Contrary to this, chitin materials in nature can nucle-
ate and grow to form large or infinite-sized domains without any energetic penalty, despite the charged nature of
chitin, since in nature compensating opposite charges are present nearby?’, and charge neutrality is valid locally.

Since chitin has poor solubility in water and alcohol, the solvent exchange in absence of Ca*" results in
agglomerated structures. The binding affinity of Ca?" is the highest to water molecule and the lowest to IPA,
thus, Ca?" binds less to chitin in water than in IPA. The chitin concentration is the highest for hydrogel and the
lowest for IPA gel in an inverse order of the Ca?* concentration in the equilibrium condition (Fig. S2). Therefore,
the amorphous regions of the chitin nanowires are more hydrated and swollen than the rigid crystalline parts in
the chitin hydrogel (Fig. S3), not leading to the parallel stacked chitin nanowires but rather to its twisted form
(Fig. 3g-1). In this way, the helical pitch of the chitin nanowires in the N* phase can be controlled through the
water content of the hydrogel (Fig. S4). Evaporation of water generates water flow, which puts hydrodynamic
pressure on the nanowires to form more compactly stacked structures. This also reduces the thickness of the
hydration shells of amorphous and crystalline domains. Thus, the helical pitch in the N* phase can be decreased.
Meanwhile, the thickness of IPA solvation shells in both crystalline and amorphous regions is not substantially
different, leading to an N phase.

To demonstrate the versatility of our method, the gel-based composite patches were manipulated. The process
is simple, and three gel states of chitin nanowires including Ca-methanol gel (disordered), IPA gel (N), hydro-
gel (N*) were embedded in an epoxy resin, similar to sample preparation for Cryo-TEM (Fig. 3¢,f,i)?. Then,
we studied the mechanical properties of each type of gel structure. At a fixed chitin content of ~50g/L in the
patches, the Young’s modulus (E; stiffness) and the toughness (amount of energy stored per unit volume (J/m?)
during stretching until failure) were measured for each gel (Fig. 4). Both E and toughness increase as the higher
ordered structures are formed (Fig. 4a). However, even though we could not find any substantial difference in E
between the N and N* phases, the toughness of N* is much larger than that of N (Fig. 4a,b). In the macroscopic
perspective, the finite N and N* domains are randomly orientated in the patches, meaning that E does not depend
much on the hierarchical structures of the chitin nanowires embedded in the patches. During deformation, the
N* domains redirects the crack direction and prevents crack propagation in the composite'»'%!4%, giving rise
to the notable enhancement in the toughness. It is practically difficult to remove high concentrations of CaCl,
(~670g/L) from the Ca-methanol using acetone at —80 °C. Therefore, the epoxy resin was not effectively impreg-
nated in mineral-containing chitin nanowires, and the poor interfacial adhesion between the CaCl, aggregate and
the epoxy resin may explain why the composite from the Ca-methanol gel has the weakest mechanical properties.

To confirm the morphological characteristics and the chemical intactness of chitin nanowires, the chitin
nanowhiskers and nanofibers were also impregnated in the epoxy resin with the same chitin content of ~50 g/L.
Both nanowhisker and nanofiber composites gave much poorer tensile properties in terms of E and toughness
when compared to our resultant nanowire patches (Fig. 4c). This shows that the degradation of chitin molecules
during the chemical modification softens chitin nanowhiskers and nanofibers, and the resulting high density
charges prevent the formation of high ordered structures.

Our chiral nematic chitin nanowires can be applied to the biocompatible composite of polyethylene glycol
(PEG) hydrogel (Figs S5 and S6). The tensile properties of the PEG hydrogel patches also show that the chitin
nanowire based patch has the highest toughness.

Conclusions

In summary, we tried to understand and reproduce the chiral plywood structures using chitin nanowires
extracted from the crustacean shell via natural way. A chiral nematic arrangement of minimally modified chitin,
an unprecedented hierarchical assembly of nanofibril natural polymers in aqueous phase, was obtained. The
mechanical properties of the resultant composites demonstrated changes according to the conformation of chiral
nanomaterials. Our resultant chiral chitin nanowires can contribute to the understanding of the load bearing
systems in nature and potentially enable new biocompatible reinforcing applications.
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