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Abstract: Although chitin is a representative abundant polysaccharide, it is mostly unutilized as a
material source because of its poor solubility and processability. Certain specific properties, such
as biodegradability, biocompatibility, and renewability, make nanofibrillation an efficient approach
for providing chitin-based functional nanomaterials. The composition of nanochitins with other
polymeric components has been efficiently conducted at the nanoscale to fabricate nanostructured
composite materials. Disentanglement of chitin microfibrils in natural sources upon the top-down
approach and regeneration from the chitin solutions/gels with appropriate media, such as hexafluoro-
2-propanol, LiCl/N, N-dimethylacetamide, and ionic liquids, have, according to the self-assembling
bottom-up process, been representatively conducted to fabricate nanochitins. Compared with the
former approach, the latter one has emerged only in the last one-and-a-half decade. This short review
article presents the preparation of composite materials from the self-assembled chitin nanofibers
combined with other polymeric substrates through regenerative processes based on the bottom-
up approach.

Keywords: bottom-up; chitin nanofibers; composite materials; deep eutectic solvents; ionic liquids;
nanochitins; regeneration; self-assembling

1. Introduction

The conversion of biomasses into value-added materials as alternatives to petroleum-
based conventional materials has increasingly attracted much attention based on views
revolving around the environmental aspects of the earth [1]. Chitin is one of the most
abundant polysaccharides comparable to cellulose and, accordingly, has been expected to
be used as a biomass source in bio-based practical materials. It is an aminopolysaccharide
consisting of repeating 3(1—4)-linked N-acetyl-D-glucosamine units (Figure 1), which
occurs mainly in the exoskeletons of crustacean shells, such as crab and shrimp shells, in
nature [2—-4]. However, chitin is mostly unutilized in practical applications even today;,
principally because of its poor solubility and processability owing highly to crystallinity
and stiff polymeric chain packing by numerous hydrogen bonds. Therefore, research
regarding the conversion of chitin into value-added bio-based materials has continued
diligently in recent years [5]. Nanofibrillation is one of the most efficient approaches
for the functionalization of chitin, which involves the fabrication of nanocrystals and
nanofibers (nanochitins) because of the remarkable properties of bio-based nanomaterials,
such as their lightweight character, high tensile strength, low thermal expansion coefficient,
biocompatibility, and nanosheet formability for sensing and electronic devices [6-13].
There are two practical processes to fabricate nanofibrillated chitins from native chitin
sources, consisting of disentanglement of chitin microfibrils upon the top-down approach
and regeneration from the chitin solutions/gels with appropriate media according to the
self-assembling bottom-up process [14].
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Figure 1. Chemical structure of chitin.

Native chitin in crustacean shells is arranged as microfibrils embedded in a protein
matrix, which comprises nanofibers with 2-5 nm diameters and extended fibrous crystalline
structures [15,16]. Accordingly, some top-down techniques, including acid hydrolysis [17],
mechanical treatment by grinding technique [18-21], and 2,2,6,6-tetramethylpiperidine-
1-oxyl radical (TEMPO)-mediated oxidation [22-24], have been developed to fabricate
nanochitins with different morphologies and sizes (Figure 2a). The resulting chitin nanofibers
(ChNFs) are currently used as additives to mix with cosmetics and biomedical materials
for increasing the moisture and water content of skin and suppressing inflammation from
skin damage.

Acid hydrolysis
Mechanical treatment
TEMPO-mediated oxidation

Chitin microfibril  Top- dOWH

a—

-—

Nanochitins
Q
Bottom-up

Chitin solution/gel ,
Regenration

Figure 2. Fabrication of nanochitins upon: (a) top-down; and (b) bottom-up approaches.

Compared with the above top-down approach, bottom-up techniques for the fabrica-
tion of nanochitins have only emerged in the last one-and-a-half decade [25,26]. Such tech-
niques have mainly been achieved by the simple regeneration from chitin solutions/gels,
resulting in self-assembled ChNFs (Figure 2b). The composition of resulting ChNFs with
other polymeric components at the nanoscale has been further conducted to fabricate
ChNEF-based nanocomposite materials for improving properties and providing new func-
tions [27]. This short review article presents an efficient approach for the preparation of
the nanostructured composite materials, ranging from the self-assembled ChNFs com-
bined with other polymeric components, to the facile regenerative processes based on the
bottom-up approach, where CNFs and other constituent materials are merged to create
new materials with properties different from the individual components. The bottom-
up process for the fabrications of composite materials has an advantage regarding easy
preparation compared with the top-down process, because the former technique does not
generally require any special equipment. Therefore, the regenerative bottom-up method
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will contribute to finding further fundamental properties and potential exploitation of the
self-assembled CNF-based composite materials.

2. Fabrication of Self-Assembled Chitin Nanofibers upon the Bottom-Up Approach

The self-assembled ChNFs were prepared by regeneration from the solutions of
chitin [28]. Hexafluoro-2-propanol (HFIP) and LiCl/N, N-dimethylacetamide (DMAc)
were used as the solvents for this process [4]. The self-assembling process successfully
progressed either via solvent evaporation for the HFIP system or via the addition of water
for the LiCl/DMAc system (Figure 3). The self-assembling process from the solution of
chitin in HFIP was simply conducted, in which slowly drying the solutions of appropriate
concentrations led to long (10-100 pm) nanofibers with a small diameter (2.8 £ 0.7 nm).
Owing to the low volatility of LiCl/DMAc, on the other hand, such a drying process was not
applicable. Alternatively, the addition of ample amounts of water into the solution of chitin
in LiCl/DMAc resulted in precipitation of chitin, which had nanofiber morphology with a
larger diameter (10.2 & 2.9 nm) than those prepared from HFIP, but similar length as above.
The above mild conditions during regeneration remarkably did not cause deacetylation of
acetamido groups and depolymerization of chitin chains.

Figure 3. A schematic of the chitin nanofiber preparation routes (reproduced and adapted with
permission from reference [28], Copyright 2010, Royal Society of Chemistry.

Structure-properties-processing relationships were developed to fabricate flat and
high-quality chitin nanofiber films from the self-assembled ChNFs, forged from the
chitin/HFIP solution, by different methods (cold-press, vacuum drying, and vacuum-
assisted filtration) [29]. Processing method, drying time, and solution concentration
affected and provided control over nanofiber film density, network structure, and me-
chanical properties. Free-standing micropatterned substrates were also obtained from
the self-assembled ChNFs [30]. The resulting ultrathin micropatterned substrates were
mechanically robust yet flexible and easy to manipulate. A paper-like ChNF sheet was
fabricated—using a centrifugal casting technique from the chitin/HFIP solution—into a
large-area uniform sheet that exhibited good paper properties (foldability and printability),
an optical transmittance of ~92%, and an elastic modulus of 4.3 GPa [31].

Ionic liquids (ILs) have been used as the media in preparing ChNFs via a regenerative
self-assembling approach [26,27]. ILs are molten salts melted at temperatures below the
boiling point of water. They have been identified as quality solvents for cellulose [32-37]
since Rogers et al. have found the dissolution of cellulose in an ionic liquid, 1-butyl-3-
methylimidazolium chloride (BMIMCI) [38]. Separate from the cellulose dissolution, ILs for
the dissolution of chitin were rarely found until almost one-and-a-half decade ago [39-43].
A first study for the dissolution of chitin in ILs was reported in 2008, which was achieved
using 1-butyl-3-methylimidazolium acetate [44]. In 2009, another ionic liquid, 1-ally-3-
methylimidazolium bromide (AMIMBr), was found to dissolve chitin in concentrations up
to 4.8 wt% by heating at 100 °C (Figure 4a) [45]. Moreover, it formed gel-like materials with
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4.8 wt%

Chitin

chitin in higher concentrations (6.5-10.7 wt%) by standing mixtures at room temperature,
followed by heating at 100 °C (Figure 4b). The dissolution of chitin with deep eutectic
solvents (DESs), as ionic liquid analogs, composed of mixtures of choline halide-urea,
chlorocholine chloride-urea, and choline chloride-thiourea were also reported [46,47].
DESs are fluids formed by the adequate mixtures of the hydrogen bond acceptors and
donors, which are capable of self-association through hydrogen bonding interactions to
form eutectics with lower melting points in comparison to each individual component.
DESs, prepared from imidazolium ionic liquids having different substituents, e.g., 1-butyl-
and 1-ethyl-3-methylimidazolium bromides and chlorides, as well as thiourea, were also
found to dissolve chitin (~5 wt%) [48].
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Figure 4. (a) Dissolution and (b) gelation of chitin with AMIMBr and preparation of (c) self-assembled ChNF dispersion/film

and (d) ChNF/PVA composite film (reprinted with permission from ref. [27]. Copyright 2020, Elsevier).

From the 6.5-10.7 wt% chitin ion gels with AMIMBr, ChNF dispersions were obtained
by immersion in methanol at room temperature for 24 h for the slow regeneration of
chitin, followed by sonication (Figure 4c) [49]. The SEM image of the sample, which was
prepared by dilution of the resulting dispersion with methanol, showed the nanofiber
morphology with ca. 20-60 nm diameters and several hundred lengths, indicating the
self-assembling formation of ChNFs upon the bottom-up process from the ion gels. When
the resulting self-assembled ChINFs were isolated by filtration of the dispersion, a ChNF
film was fabricated. The SEM image of the resulting film observed the morphology of
highly entangled nanofibers, in which such an entangled structure from ChNFs probably
contributed to the formation of the film. The regeneration from the chitin ion gels with
AMIMBr using calcium halide-2H,O/methanol solutions affected the morphologies of self-
assembled chitin nanofibers, in which the self-assembled chitin nanofibers with a higher
aspect ratio were fabricated by the regeneration using CaBr,-2H,O/methanol solution in
lower concentration [50].

Moreover, in the following study, the TEM image of the ChNF dispersion supported
that the self-assembled ChNFs were constructed by bundles upon hierarchically assembling
from thin fibrils (Figure 5a) [51]. The self-assembled ChNF film was treated with aqueous
NaOH for partial deacetylation of acetamido groups and subsequently disintegrated by
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cationization and electrostatic repulsion in 1.0 mol/L aqueous acetic acid, with ultrason-
ication giving a dispersion of thinner nanofibers named ‘scaled-down (SD)-ChNFs’ [52].
Disintegration of the bindles was confirmed by the TEM image of the resulting dispersion
(Figure 5b). Isolation of the SD-ChNFs via filtration of the dispersion resulted in a highly
flexible film that bent and twisted with ease.

Figure 5. TEM images of: (a) self-assembled ChNFs; and (b) SD-ChNFs.

The self-assembled ChNFs were also formed by gelation of chitin with the choline
chloride-thiourea DES system (10% w/w), followed by dilution with water [53]. Further-
more, a paper-like chitin sheet comprising longer ChNFs, named ‘chitin paper’, was fabri-
cated via regeneration from the solution of chitin in DES of 1-allyl-3-methylimidazolium /
thiourea [54]. The chitin paper exhibited better mechanical properties than the abovemen-
tioned self-assembled ChNF film.

3. Preparation of Composite Materials from Self-Assembled Chitin Nanofibers

The self-assembled ChNFs, fabricated from the solutions in HFIP, were employed as a
biomimetic extracellular matrix for the attachment of primary neurons in vivo. Surfaces on
ChNFs were deacetylated to form 4 nm and 12 nm diameter chitosan nanofibers that were
further composited with poly(D-lysine) to examine combinatory effects and structurally
analyzed by atomic force microscopy [55]. The combination promoted neuron attachment,
neurite coverage, and cell survival compared with ChNFs alone.

A ChNF-silk biocomposite was facilely co-assembled from the homogeneous chitin
(extracted from squid pen)-silk (fibroin extracted from B. Mori cocoon)/HFIP solutions [56].
ChNFs self-assembled inside the silk matrix to fabricate the biocomposite that mimicked
the organic phase of the insect cuticle and the exoskeleton of crustaceans, which were made
of ChNFs embedded in a silk-like protein matrix. The biocomposite was structured by
strong hydrogen bonding between ChNFs and the surrounding silk matrix, resulting in an
increase in elastic modulus.

The co-assembling approach was also applied to fabricating ultrastrong and flexible
hydrogels from ChNFs and gelatin methacryloyl (GelMA) (Figure 6) [57]. To forge the
GelMA-chitin hydrogels, chitin and GelMA, co-dissolved in HFIP, were first dried on a
polydimethylsiloxane mold to form films. Exposure of the films to UV light at 365 nm for
3 min in the presence of a photoinitiator led to the crosslinking of the methacryloyl groups
in GelMA, producing a covalently bonded matrix intertwined with ChNFs. The ChNF
reinforcement increased the hydrogel elastic modulus by one-thousand-fold and train-to
failure by >200% improving handling and integrity for tissue engineering applications.
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Figure 6. (a) Schematic illustration for the self-assembling process of the biomimetic ChNF-GelMA films; (b) molecular

structure of GelMA; and (c) molecular structure of chitin (reprinted with permission from ref. [57]. Copyright 2016, Royal

Society of Chemistry).

The self-assembled ChNFs, obtained from the ion gel with AMIMBr, were composited
with poly(vinyl alcohol) (PVA) by a co-regeneration process to fabricate the ChNF/PVA
composite material (Figure 4d) [49]. After a solution of PVA (DP = ca. 4300) in a small
amount of hot water was mixed with the 9.1 wt% chitin ion gel with AMIMBr, the co-
regeneration of the two polymeric components progressed by immersing the mixture in
methanol as a poor solvent for both the polymers. The subsequent filtration and Soxhlet
extraction with methanol resulted in the self-assembled ChNF/PVA composite film. The
SEM image of the composite film observed that the nanofiber morphology remained and
PVA components filled in spaces among ChNFs. The DSC profile of the composite film
exhibited an endothermic peak assignable to a melting point of PVA, suggesting that PVA
in the composite film formed a crystalline structure owing to the relative immiscibility of
chitin and PVA. However, the melting point peaks from PVA shifted to lower temperatures
accompanied by broadening when the contents of chitin in the composite films increased,
indicating that chitin and PVA might be partly miscible at the interfacial area between
the two polymeric components in the composite films by the formation of hydrogen
bonding between them. Furthermore, the tensile testing of the composite films showed the
enhancement of the mechanical properties by increasing the ratios of PVA to chitin.

The self-assembled ChNFs were used as stabilizers for the Pickering emulsion poly-
merization of styrene [58]. Pickering emulsions are those of any type, either oil-in-water,
water-in-oil, or even multiple, stabilized by solid particles or other types of solid materials
in place of surfactants in general emulsions. Prior to the emulsion polymerization, anionic
carboxylate groups were introduced to ChNFs by reaction with maleic anhydride in the
presence of perchloric acid, which were dispersed well in aqueous ammonia. Radical
polymerization by potassium persulfate as an initiator was then conducted at 70 °C in
the emulsion, in which styrene droplets were stably surrounded by ChNFs in aqueous
ammonia to fabricate the composite particles. The particle sizes were changed depending
on ChNF/styrene feed ratios. Furthermore, the composite particles were facilely converted
into the ChNF-based hollow particles by solubilizing out the styrene core with toluene.
However, isolating the hollow particles from the toluene dispersion and redispersing
them in water was attempted, the SEM image of a spin-coated sample from the aqueous
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dispersion warned against retaining the hollow morphology. This observation indicated
instability of the shells in the hollow structure against the above isolation and redispersion
procedures, which were formed by the physical interaction of polystyrene with ChNFs.
When the abovementioned SD-ChNFs were used as stabilizers for the Pickering emulsion
polymerization of styrene, smaller composite particles than those using the self-assembled
ChNFs were produced [59].

In addition to anionic maleyloyl groups on ChNFs, polymerizable methacryloyl
groups were also substituted as a second functionalization to provide the ability in copoly-
merization with styrene for stabilization of the hollow structure [60]. After the formation of
styrene-in-water (aqueous ammonia) Pickering emulsion using the resulting bifunctional
ChNFs as stabilizers, radical polymerization progressed by potassium persulfate at 70 °C
to obtain the composite particles (Figure 7a). The hollow particles were then formed by
solubilizing out inner polystyrene with toluene (Figure 7b), which stably redispersed in
water (Figure 7c). A fluorescent dye, pyrene, was encapsulated into the cavity of the hollow
particles by hydrophobic interaction with polystyrene present on the inner walls. The dye
was ready to be released following treatment of the resulting fluorescent hollow particles
with surfactant and oleyl alcohol in water.

(@)
OR
o O Aqueous ammonia Styrene Potassium persulfale
/(R%% Ultrasonication D Stirred at 70°C
Bifunctional ChNF film
HO 0 Pickering emulsion " 600 nm
R=H

O=<_>=O , >_( SEM image composite particles
CH,

Maleyl group

Methacryl group

(b) (©

_
Filtration
Re-dispersed in water

Immersed in toluene ( X 6)

600 nm
SEM image of hollow particles SEM image of hollow particles
(Toluene dispersion) (Aqueous dispersion)

Figure 7. (a) Preparation of ChNF/polystyrene composite particles by Pickering emulsion polymer-
ization; (b) conversion into hollow particles by treatment with toluene; and (c) redispersion of hollow
particles in water.

The self-assembled ChNFs have been used as a reinforcing agent through composition
with other polymers. Since chitin was regarded a cationic polysaccharide because of the
presence of several percent of free amino groups in total repeating units by deacetylation
of acetamido groups, the self-assembled ChNFs were used as a reinforcing agent for an
anionic polysaccharide, that is, carboxymethyl cellulose (CMC), by electrostatic interac-
tion [61]. CMC films, prepared by casting technique, were immersed in the self-assembled
ChNF/methanol dispersions with the different contents, followed by centrifugation and
drying, to fabricate the ChNF-reinforced films (Figure 8a). The SEM image of the resulting
film observed the presence of nanofibers on the surface.
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Figure 8. Preparations of ChNF-reinforced: (a) CMC film; (b) cellulose film; and (c) NR sheet.

The self-assembled ChNF-reinforced cellulose films were also fabricated [62]. An ionic
liquid, BMIMCI, was found to form an ion gel with cellulose [63]. Therefore, when the
cellulose/BMIMCl ion gels were immersed in the self-assembled ChNF/methanol disper-
sions with varying contents, two polysaccharides were composited through regeneration
of cellulose to fabricate the ChNF-reinforced cellulose films (Figure 8b). The unit ratios
of ChNFs to cellulose in the films increased in accordance with ChNFs contents in the
methanol dispersions. The SEM image of the cross-sectional area in the resulting film
showed the tips of ChNFs extending from the solid, indicating that ChNFs were present
not only on the surface but also inside the film. The amounts of ChNFs in the CMC and
cellulose composite films strongly affected the enhancement of the mechanical properties
under a tensile mode, supporting their reinforcing effect.

Fabrication of the self-assembled ChNF-reinforced natural rubber (NR) sheet was
investigated [64]. The self-assembled ChNF dispersion with aqueous ammonia was mixed
with NR latex stabilized with aqueous ammonia, followed by drying under reduced
pressure to obtain the ChNF-reinforced NR sheet (Figure 8c). The SEM image of the
resulting sheet observed the independent ChNF morphology in the area of NR solid,
suggesting that ChNFs were dispersed well in the NR latex. The tensile testing of the
sheet indicated the reinforcing effect of ChNFs in the sheet. When the above ChNF/NR
dispersions with aqueous ammonia were heated to evaporate ammonia, followed by
lyophilization, a porous material was obtained. By evaporating the ammonia stabilizer,
the nanofibers were aggregated with NR, which were then agglomerated to form spaces
between them, resulting in porous morphology.

A composite film of the abovementioned SD-ChNFs with i-carrageenan, a sulfated
anionic polysaccharide, was produced via multi-point ionic cross-linking [52]. The stress-
strain curve of the SD-ChNF/ i-carrageenan composite film under tensile mode exhibited
an enhanced elongation at break and a tensile strength comparable to that of the SD-ChNF
film. These enhanced mechanical properties and efficient compositing properties were
attributed to the scaling down of the ChNFs.
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4. Conclusions and Outlook

Based on a regenerative bottom-up approach for the fabrication of ChNFs, in this
short review article, the preparation of ChNF-based composite materials with the differ-
ent polymeric components has been overviewed. Several practical forms, such as films,
sheets, scaffolds, and particles, were obtained by efficient compositions from self-assembled
ChNFs and other polymeric substrates. As the self-assembled ChNFs show considerable
advantages in various application fields, such as food, agricultural, and biomedical indus-
tries, the studies on the fabrication of ChINF-based composite materials upon the bottom-up
approach have been significantly developed in the last one-and-a-half decade and will
increasingly attract much attention in the application fields related to biomedical and envi-
ronmental industries in the future. In particular, the regenerative bottom-up process can be
facilely conducted without use of special equipment, which is advantageous compared
with the top-down process. Based on these viewpoints, therefore, further investigations
in developing new regenerative preparation methods for the self-assembled ChNFs with
different morphologies and sizes will be attempted in laboratory and bench scales to find
new properties and applications. New solvent systems will be also developed for the
cost-effective fabrication of ChNFs upon the bottom-up process.

Funding: This work was supported by Izumi Science and Technology Foundation (2020-]-018).

Data Availability Statement: Not applicable.

Acknowledgments: The author is indebted to the co-workers, whose names are found in references
from his papers, for their enthusiastic collaborations.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Daramola, M.O.; Ayeni, A.O. (Eds.) Valorization of Biomass to Value-Added Commodities: Current Trends, Challenges, and Future
Prospects; Springer: Berlin/Heidelberg, Germany, 2020.

2. Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603-632. [CrossRef]

3. Kaurita, K. Chitin and chitosan: Functional biopolymers from marine crustaceans. Mar. Biotechnol. 2006, 8, 203-226. [CrossRef]

4. Pillai, CK.S,; Paul, W,; Sharma, C.P. Chitin and chitosan polymers: Chemistry, solubility and fiber formation. Prog. Polym. Sci.
2009, 34, 641-678. [CrossRef]

5. Muzzarelli, R.A.A. Biomedical exploitation of chitin and chitosan via mechano-chemical disassembly, electrospinning, dissolution
in imidazolium ionic liquids, and supercritical drying. Mar. Drugs 2011, 9, 1510-1533. [CrossRef]

6.  Muzzarelli, R.A.A; El Mehtedi, M.; Mattioli-Belmonte, M. Emerging biomedical applications of nano-chitins and nano-chitosans
obtained via advanced eco-friendly technologies from marine resources. Mar. Drugs 2014, 12, 5468-5502. [CrossRef]

7. You,]J.; Li, M.; Ding, B.; Wu, X,; Li, C. Crab chitin-based 2D soft nanomaterials for fully biobased electric devices. Adv. Mater.
2017, 29, 1606895. [CrossRef]

8. Anraku, M,; Tabuchi, R,; Ifuku, S.; Nagae, T.; Iohara, D.; Tomida, H.; Uekama, K.; Maruyama, T.; Miyamura, S.; Hirayama, F,; et al.
An oral absorbent, surface-deacetylated chitin nano-fiber ameliorates renal injury and oxidative stress in 5/6 nephrectomized
rats. Carbohydr. Polym. 2017, 161, 21-25. [CrossRef]

9.  Koizumi, R.; Azuma, K.; Izawa, H.; Morimoto, M.; Ochi, K.; Tsuka, T.; Imagawa, T.; Osaki, T.; Ito, N.; Okamoto, Y.; et al. Oral
administration of surface-deacetylated chitin nanofibers and chitosan inhibit 5-fluorouracil-induced intestinal mucositis in mice.
Int. . Mol. Sci. 2017, 18, 279. [CrossRef]

10. Satam, C.C.; Irvin, CW.; Lang, A.W,; Jallorina, J.C.R.; Shofner, M.L.; Reynolds, J.R.; Meredith, ]J.C. Spray-coated multilayer
cellulose nanocrystal—Chitin nanofiber films for barrier applications. ACS Sustain. Chem. Eng. 2018, 6, 10637-10644. [CrossRef]

11.  Mushi, N.E.; Nishino, T.; Berglund, L.A.; Zhou, Q. Strong and tough chitin film from «-chitin nanofibers prepared by high
pressure homogenization and chitosan addition. ACS Sustain. Chem. Eng. 2019, 7, 1692-1697. [CrossRef]

12.  Naghdi, T.; Golmohammadi, H.; Yousefi, H.; Hosseinifard, M.; Kostiv, U.; Horak, D.; Merkogi, A. Chitin nanofiber paper toward
optical (bio)sensing applications. ACS Appl. Mater. Interfaces 2020, 12, 15538-15552. [CrossRef]

13. Sharma, PR.; Sharma, S.K,; Lindstrom, T.; Hsiao, B.S. Water purification: Nanocellulose-enabled membranes for water purification:
Perspectives. Adv. Sustain. Syst. 2020, 4, 2070009. [CrossRef]

14. Kadokawa, J. Preparation and applications of chitin nanofibers/nanowhiskers. In Biopolymer Nanocomposites; Wiley: Hoboken,
NJ, USA, 2013; pp. 131-151.

15. Raabe, D.; Romano, P.; Sachs, C.; Fabritius, H.; Al-Sawalmih, A.; Yi, S.B.; Servos, G.; Hartwig, H.G. Microstructure and

crystallographic texture of the chitin-protein network in the biological composite material of the exoskeleton of the lobster
Homarus americanus. Mater. Sci. Eng. A 2006, 421, 143-153. [CrossRef]


http://doi.org/10.1016/j.progpolymsci.2006.06.001
http://doi.org/10.1007/s10126-005-0097-5
http://doi.org/10.1016/j.progpolymsci.2009.04.001
http://doi.org/10.3390/md9091510
http://doi.org/10.3390/md12115468
http://doi.org/10.1002/adma.201606895
http://doi.org/10.1016/j.carbpol.2016.12.057
http://doi.org/10.3390/ijms18020279
http://doi.org/10.1021/acssuschemeng.8b01536
http://doi.org/10.1021/acssuschemeng.8b05452
http://doi.org/10.1021/acsami.9b23487
http://doi.org/10.1002/adsu.202070009
http://doi.org/10.1016/j.msea.2005.09.115

Polymers 2021, 13, 3548 10 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Chen, P-Y,; Lin, A.Y.-M.; McKittrick, J.; Meyers, M.A. Structure and mechanical properties of crab exoskeletons. Acta Biomater.
2008, 4, 587-596. [CrossRef]

Yang, T.; Qi, H.; Liu, P; Zhang, K. Selective isolation methods for cellulose and chitin nanocrystals. ChemPlusChem 2020, 85,
1081-1088. [CrossRef]

Ifuku, S.; Nogi, M.; Abe, K.; Yoshioka, M.; Morimoto, M.; Saimoto, H.; Yano, H. Preparation of chitin nanofibers with a uniform
width as a-chitin from crab shells. Biomacromolecules 2009, 10, 1584—1588. [CrossRef]

Ifuku, S.; Nogi, M.; Yoshioka, M.; Morimoto, M.; Yano, H.; Saimoto, H. Fibrillation of dried chitin into 10-20 nm nanofibers by a
simple grinding method under acidic conditions. Carbohydr. Polym. 2010, 81, 134-139. [CrossRef]

Ifuku, S.; Saimoto, H. Chitin nanofibers: Preparations, modifications, and applications. Nanoscale 2012, 4, 3308-3318. [CrossRef]
[PubMed]

Ifuku, S. Chitin and chitosan nanofibers: Preparation and chemical modifications. Molecules 2014, 19, 18367-18380. [CrossRef]
[PubMed]

Fan, Y; Saito, T.; Isogai, A. Chitin nanocrystals prepared by TEMPO-mediated oxidation of alpha-chitin. Biomacromolecules 2008,
9, 192-198. [CrossRef] [PubMed]

Fan, Y.M,; Saito, T.; Isogai, A. TEMPO-mediated oxidation of b-chitin to prepare individual nanofibrils. Carbohydr. Polym. 2009,
77,832-838. [CrossRef]

Fan, YM.; Fukuzumi, H.; Saito, T.; Isogai, A. Comparative characterization of aqueous dispersions and cast films of different
chitin nanowhiskers/nanofibers. Int. J. Biol. Macromol. 2012, 50, 69-76. [CrossRef] [PubMed]

Rolandi, M.; Rolandi, R. Self-assembled chitin nanofibers and applications. Adv. Colloid Interface Sci. 2014, 207, 216-222. [CrossRef]
Kadokawa, ]. Fabrication of nanostructured and microstructured chitin materials through gelation with suitable dispersion media.
RSC Adv. 2015, 5, 12736-12746. [CrossRef]

Kadokawa, ]. Chapter 2—Processing techniques of chitin-based gels, blends, and composites using ionic liquids. In Handbook of
Chitin and Chitosan; Gopi, S., Thomas, S., Pius, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 47-60.

Zhong, C.; Cooper, A.; Kapetanovic, A.; Fang, Z.H.; Zhang, M.Q.; Rolandi, M. A facile bottom-up route to self-assembled biogenic
chitin nanofibers. Soft Matter 2010, 6, 5298-5301. [CrossRef]

Hassanzadeh, P.; Sun, W.; de Silva, ].P,; Jin, J.; Makhnejia, K.; Cross, G.L.W.; Rolandi, M. Mechanical properties of self-assembled
chitin nanofiber networks. J. Mater. Chem. B 2014, 2, 2461-2466. [CrossRef]

Hassanzadeh, P.; Kharaziha, M.; Nikkhah, M.; Shin, S.R; Jin, J.; He, S.; Sun, W.; Zhong, C.; Dokmeci, M.R.; Khademhosseini, A.;
et al. Chitin nanofiber micropatterned flexible substrates for tissue engineering. J. Mater. Chem. B 2013, 1, 4217-4224. [CrossRef]
Jin, J.; Lee, D.; Im, H.-G.; Han, Y.C,; Jeong, E.G.; Rolandi, M.; Choi, K.C.; Bae, B.-S. Chitin nanofiber transparent paper for flexible
green electronics. Adv. Mater. 2016, 28, 5169-5175. [CrossRef]

Pinkert, A.; Marsh, K.N.; Pang, S.S.; Staiger, M.P. Ionic liquids and their interaction with cellulose. Chem. Rev. 2009, 109, 6712-6728.
[CrossRef]

Zakrzewska, M.E.; Bogel-Lukasik, E.; Bogel-Lukasik, R. Solubility of carbohydrates in ionic liquids. Energy Fuel. 2010, 24, 737-745.
[CrossRef]

Gericke, M.; Fardim, P.; Heinze, T. Ionic liquids—Promising but challenging solvents for homogeneous derivatization of cellulose.
Molecules 2012, 17, 7458-7502. [CrossRef]

Isik, M.; Sardon, H.; Mecerreyes, D. Ionic liquids and cellulose: Dissolution, chemical modification and preparation of new
cellulosic materials. Int. ]. Mol. Sci. 2014, 15, 11922-11940. [CrossRef] [PubMed]

Li, Y.; Wang, J.; Liu, X.; Zhang, S. Towards a molecular understanding of cellulose dissolution in ionic liquids: Anion/cation
effect, synergistic mechanism and physicochemical aspects. Chem. Sci. 2018, 9, 4027-4043. [CrossRef] [PubMed]

Bhat, A.H.; Khan, I.; Usmani, M.A.; Umapathi, R.; Al-Kindy, S.M.Z. Cellulose an ageless renewable green nanomaterial for
medical applications: An overview of ionic liquids in extraction, separation and dissolution of cellulose. Int. J. Biol. Macromol.
2019, 129, 750-777. [CrossRef] [PubMed]

Swatloski, R.P.; Spear, S.K.; Holbrey, ].D.; Rogers, R.D. Dissolution of cellose with ionic liquids. J. Am. Chem. Soc. 2002, 124,
4974-4975. [CrossRef] [PubMed]

Wang, W.T.; Zhu, J.; Wang, X.L.; Huang, Y.; Wang, Y.Z. Dissolution behavior of chitin in ionic liquids. J. Macromol. Sci. Phys. 2010,
49, 528-541. [CrossRef]

Jaworska, M.M.; Kozlecki, T.; Gorak, A. Review of the application of ionic liquids as solvents for chitin. J. Polym. Eng. 2012, 32,
67-69. [CrossRef]

Kadokawa, J. Ionic liquid as useful media for dissolution, derivatization, and nanomaterial processing of chitin. Green Sustain.
Chem. 2013, 3, 19-25. [CrossRef]

Silva, S.S.; Mano, J.E; Reis, R.L. Ionic liquids in the processing and chemical modification of chitin and chitosan for biomedical
applications. Green Chem. 2017, 19, 1208-1220. [CrossRef]

Shamshina, J.L. Chitin in ionic liquids: Historical insights into the polymer’s dissolution and isolation. A review. Green Chem.
2019, 21, 3974-3993. [CrossRef]

Wu, Y,; Sasaki, T.; Irie, S.; Sakurai, K. A novel biomass-ionic liquid platform for the utilization of native chitin. Polymer 2008, 49,
2321-2327. [CrossRef]


http://doi.org/10.1016/j.actbio.2007.12.010
http://doi.org/10.1002/cplu.202000250
http://doi.org/10.1021/bm900163d
http://doi.org/10.1016/j.carbpol.2010.02.006
http://doi.org/10.1039/C2NR30383C
http://www.ncbi.nlm.nih.gov/pubmed/22539071
http://doi.org/10.3390/molecules191118367
http://www.ncbi.nlm.nih.gov/pubmed/25393598
http://doi.org/10.1021/bm700966g
http://www.ncbi.nlm.nih.gov/pubmed/18159931
http://doi.org/10.1016/j.carbpol.2009.03.008
http://doi.org/10.1016/j.ijbiomac.2011.09.026
http://www.ncbi.nlm.nih.gov/pubmed/22001722
http://doi.org/10.1016/j.cis.2014.01.019
http://doi.org/10.1039/C4RA15319G
http://doi.org/10.1039/c0sm00450b
http://doi.org/10.1039/C3TB21550D
http://doi.org/10.1039/c3tb20782j
http://doi.org/10.1002/adma.201600336
http://doi.org/10.1021/cr9001947
http://doi.org/10.1021/ef901215m
http://doi.org/10.3390/molecules17067458
http://doi.org/10.3390/ijms150711922
http://www.ncbi.nlm.nih.gov/pubmed/25000264
http://doi.org/10.1039/C7SC05392D
http://www.ncbi.nlm.nih.gov/pubmed/29780532
http://doi.org/10.1016/j.ijbiomac.2018.12.190
http://www.ncbi.nlm.nih.gov/pubmed/30593803
http://doi.org/10.1021/ja025790m
http://www.ncbi.nlm.nih.gov/pubmed/11982358
http://doi.org/10.1080/00222341003595634
http://doi.org/10.1515/polyeng-2011-0145
http://doi.org/10.4236/gsc.2013.32A003
http://doi.org/10.1039/C6GC02827F
http://doi.org/10.1039/C9GC01830A
http://doi.org/10.1016/j.polymer.2008.03.027

Polymers 2021, 13, 3548 11 of 11

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Prasad, K.; Murakami, M.; Kaneko, Y.; Takada, A.; Nakamura, Y.; Kadokawa, ]. Weak gel of chitin with ionic liquid, 1-allyl-3-
methylimidazolium bromide. Int. J. Biol. Macromol. 2009, 45, 221-225. [CrossRef]

Sharma, M.; Mukesh, C.; Mondal, D.; Prasad, K. Dissolution of x-chitin in deep eutectic solvents. RSC Adv. 2013, 3, 18149-18155.
[CrossRef]

Ozel, N.; Elibol, M. A review on the potential uses of deep eutectic solvents in chitin and chitosan related processes. Carbohydr.
Polym. 2021, 262, 117942. [CrossRef] [PubMed]

Idenoue, S.; Yamamoto, K.; Kadokawa, J. Dissolution of chitin in deep eutectic solvents composed of imidazolium ionic liquids
and thiourea. ChemEngineering 2019, 3, 90. [CrossRef]

Kadokawa, J.; Takegawa, A.; Mine, S.; Prasad, K. Preparation of chitin nanowhiskers using an ionic liquid and their composite
materials with poly(vinyl alcohol). Carbohydr. Polym. 2011, 84, 1408-1412. [CrossRef]

Tajiri, R.; Setoguchi, T.; Wakizono, S.; Yamamoto, K.; Kadokawa, J. Preparation of self-assembled chitin nanofibers by regeneration
from ion gels using calcium halide dihydrate/methanol solutions. J. Biobased Mater. Bioener. 2013, 7, 655-659. [CrossRef]
Kadokawa, J.; Kawano, A.; Yamamoto, K. Fabrication of semi-crystalline film by hexanoylation on self-assembled chitin nanofibers.
ChemistrySelect 2019, 4, 797-801. [CrossRef]

Hashiguchi, T.; Yamamoto, K.; Kadokawa, J. Fabrication of highly flexible nanochitin film and its composite film with anionic
polysaccharide. Carbohydr. Polym. 2021, 270, 118369. [CrossRef]

Mukesh, C.; Mondal, D.; Sharma, M.; Prasad, K. Choline chloride-thiourea, a deep eutectic solvent for the production of chitin
nanofibers. Carbohydr. Polym. 2014, 103, 466—471. [CrossRef]

Kadokawa, ].; Idenoue, S.; Yamamoto, K. Fabricating chitin paper from self-assembled nanochitins. ACS Sustain. Chem. Eng. 2020,
8, 8402-8408. [CrossRef]

Cooper, A.; Zhong, C.; Kinoshita, Y.; Morrison, R.S.; Rolandi, M.; Zhang, M.Q. Self-assembled chitin nanofiber templates for
artificial neural networks. J. Mater. Chem. 2012, 22, 3105-3109. [CrossRef]

Jin, ] H.; Hassanzadeh, P.; Perotto, G.; Sun, W.; Brenckle, M. A ; Kaplan, D.; Omenetto, F.G.; Rolandi, M. A biomimetic composite
from solution self-assembly of chitin nanofibers in a silk fibroin matrix. Adv. Mater. 2013, 25, 4482-4487. [CrossRef] [PubMed]
Hassanzadeh, P.; Kazemzadeh-Narbat, M.; Rosenzweig, R.; Zhang, X.; Khademhosseini, A.; Annabi, N.; Rolandi, M. Ultrastrong
and flexible hybrid hydrogels based on solution self-assembly of chitin nanofibers in gelatin methacryloyl (GelMA). ]. Mater.
Chem. B 2016, 4, 2539-2543. [CrossRef]

Noguchi, S.; Sato, K.; Yamamoto, K.; Kadokawa, J.I. Preparation of composite and hollow particles from self-assembled chitin
nanofibers by Pickering emulsion polymerization. Int. J. Biol. Macromol. 2019, 126, 187-192. [CrossRef]

Watanabe, R.; Izaki, K.; Yamamoto, K.; Kadokawa, J. Preparation of nanochitin/polystyrene composite particles by pickering
emulsion polymerization using scaled-down chitin nanofibers. Coatings 2021, 11, 672. [CrossRef]

Noguchi, S.; Yamamoto, K.; Kadokawa, J.I. Preparation of chitin-based fluorescent hollow particles by Pickering emulsion
polymerization using functional chitin nanofibers. Int. J. Biol. Macromol. 2019, 157, 680-686. [CrossRef]

Hatanaka, D.; Yamamoto, K.; Kadokawa, J. Preparation of chitin nanofiber-reinforced carboxymethyl cellulose films. Int. J. Biol.
Macromol. 2014, 69, 35-38. [CrossRef]

Kadokawa, J.; Endo, R.; Hatanaka, D.; Yamamoto, K. Preparation of chitin nanofiber-reinforced cellulose films through stepwise
regenerations from individually prepared ion gels. J. Polym. Environ. 2015, 23, 348-355. [CrossRef]

Kadokawa, J.; Murakami, M.; Kaneko, Y. A facile preparation of gel materials from a solution of cellulose in ionic liquid. Carbohydr.
Res. 2008, 343, 769-772. [CrossRef]

Kawano, A.; Yamamoto, K.; Kadokawa, J. Preparation of self-assembled chitin nanofiber-natural rubber composite sheets and
porous materials. Biomolecules 2017, 7, 47. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijbiomac.2009.05.004
http://doi.org/10.1039/c3ra43404d
http://doi.org/10.1016/j.carbpol.2021.117942
http://www.ncbi.nlm.nih.gov/pubmed/33838819
http://doi.org/10.3390/chemengineering3040090
http://doi.org/10.1016/j.carbpol.2011.01.049
http://doi.org/10.1166/jbmb.2013.1393
http://doi.org/10.1002/slct.201803779
http://doi.org/10.1016/j.carbpol.2021.118369
http://doi.org/10.1016/j.carbpol.2013.12.082
http://doi.org/10.1021/acssuschemeng.0c02625
http://doi.org/10.1039/c2jm15487k
http://doi.org/10.1002/adma.201301429
http://www.ncbi.nlm.nih.gov/pubmed/23788326
http://doi.org/10.1039/C6TB00021E
http://doi.org/10.1016/j.ijbiomac.2018.12.209
http://doi.org/10.3390/coatings11060672
http://doi.org/10.1016/j.ijbiomac.2019.11.225
http://doi.org/10.1016/j.ijbiomac.2014.05.022
http://doi.org/10.1007/s10924-015-0723-x
http://doi.org/10.1016/j.carres.2008.01.017
http://doi.org/10.3390/biom7030047
http://www.ncbi.nlm.nih.gov/pubmed/28671578

	Introduction 
	Fabrication of Self-Assembled Chitin Nanofibers upon the Bottom-Up Approach 
	Preparation of Composite Materials from Self-Assembled Chitin Nanofibers 
	Conclusions and Outlook 
	References

