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Outline of the work:

Cellulose is the most abundant natural polymer, and it is one of the major plant components
biosynthesized from atmospheric CO,. Prof. Akira Isogai has succeeded in preparing new cellulose nanofibers
(CNFs), from plant celluloses that are completely nanodispersible in water. The CNFs were prepared by
catalytic reaction under aqueous conditions, which is similar to enzymatic reactions in living bodies. The
dispersion mechanism and surface nanostructures of the CNFs were clarified from various analytical data.
The CNFs can be converted into versatile functional bulk materials and composites owing to the unique
nanostructures and morphologies of the CNFs. Prof. Isogai has, therefore, taken a leadership role in the
scientific field of nanocelluloses based on his great achievements through domestic and international
collaborations.

Crystalline cellulose microfibrils are the smallest elements of terrestrial plants and they have widths of
~3 nm and high aspect (i.e., length/width) ratios in plant cell walls. Each cellulose microfibril consists of
20-40 fully extended cellulose chains. Plant cellulose microfibrils coexist with non-crystalline hemicelluloses
and lignin in cell walls at the molecular level. Such natural nanocomposite structures of plant cell walls inside
plant living bodies allow plants to be resistant to weather, gravity, and biological attack. However, because
cellulose microfibrils are tightly bound to each other through numerous hydrogen bonds in plant cell walls,
individual cellulose microfibrils have not previously been separated and used as bio-nanofibers.

Prof. Isogai has investigated catalytic oxidation of cellulose using water-soluble and stable nitroxyl
radicals under aqueous conditions (refs. 9, 30, and 31). When catalytic oxidation of plant cellulose fibers is
performed, the oxidized celluloses maintain the original crystal structures, crystallinities, crystal sizes, and
fibrous morphologies. Nevertheless, the sodium carboxylate content of the oxidized celluloses significantly
increases by 170 times (refs. 4 and 9).

When the oxidized wood cellulose fibers are mechanically disintegrated in water, the fiber/water
suspensions transform to transparent and highly viscous gels (refs. 4 and 9). Transmission electron and atomic
force microscopy images show that the gels consist of nanofibers with homogeneous 3-nm widths and high
aspect ratios, which originate from plant cellulose microfibrils. Therefore, Prof. Isogai was the first to prepare
new CNFs from plant celluloses (refs. 4, 9, 30, and 31). Studies of the nanostructures and surface structures
of the CNFs reveal that catalytic oxidation occurs position-selectively at the primary C6-hydroxy groups
present on the crystalline cellulose microfibril surfaces, resulting in dense and regular formation of sodium
C6-carboxylate groups on the cellulose microfibril surfaces (refs. 7 and 30).

All of the CNFs prepared from gymnosperm and angiosperm celluloses under optimum oxidation or
nanofibrillation conditions have the same ~3-nm widths, irrespective of the plant species, which is
scientifically interesting and also advantageous for use of CNFs as industrial nanomaterials (ref. 30). The
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Young’s moduli and tensile strengths of the single CNF elements are high and similar to those of multi-walled
carbon nanotubes (ref. 14). Such high mechanical strengths of the CNFs originate from their crystalline
nanostructures consisting of fully extended cellulose chains with high molar masses. Therefore, CNFs are
new and unique bio-nanofibers with high mechanical strengths, large specific surface areas, and characteristic
surface nanostructures and morphologies.

The CNF elements have high and stable nanodispersibility in water because electrostatic repulsion
efficiently occurs between the CNFs owing to their high surface-anionic charges in water. CNF hydrogels
prepared from aqueous CNF gels are self-standing and highly stiff owing to the high mechanical strengths of
the CNF's and their high aspect ratios. CNF aerogels prepared from the CNF hydrogels by supercritical drying
are transparent and stiff, and they can be used as new bio-based super insulators (refs. 19, 24, 26, and 27).
Because abundant sodium carboxylate groups are densely present on the crystalline CNF surfaces, versatile
ion-exchange of sodium to other metal and alkylammonium counterions can be achieved as for efficient
modification of the CNF surfaces under aqueous conditions. This ion-exchange allows improvement of the
mechanical strength and oxygen-barrier properties of the CNFs under high humidity conditions, efficient
switching of the hydrophilic/hydrophobic properties, and stable/biodegradable characteristics (refs. 18 and
25). CNF-containing composites prepared using natural and synthetic polymers, carbon nanotubes, and metal
nanoparticles have characteristic functionalities for practical applications (refs. 8, 12, 13, 15-17, 21, 22, and
28).

Large CNF production plants are already operating according to the procedure developed by Prof. Isogai.
Various CNF-containing products have been commercialized, such as diapers with super-deodorant
properties, dispersants, thickeners, functional packaging films, and electronic devices (ref. 30). Qualitative
and quantitative expansion of CNFs produced from abundant wood resources in the world may contribute to
creation of a sustainable and environmentally friendly society based on renewable biomass resources,
hopefully leading to prevention of global warming (ref. 30).

References

(1) Tsogai, A., Usuda, M., Kato, T., Uryu, T., and Atalla, R. H., “Solid-state CP/MAS "C NMR study of
cellulose polymorphs”, Macromolecules, 1989, 22, 3168-3172.

(2) Nishiyama, Y., Isogai, A., Okano, T., Miiller, M., and Chanzy, H., “Intracrystalline deuteration of native
cellulose”, Macromolecules, 1999, 32, 2078-2081.

(3) Saito, T. and Isogai, A., “TEMPO-mediated oxidation of native cellulose. The effect of oxidation
conditions on chemical and crystal structures of the water-insoluble fractions”, Biomacromolecules,
2004, 5, 1983-1989.

(4) Saito, T., Nishiyama, Y., Putaux, J.-L., Vignon, M., and Isogai, A., “Homogeneous suspensions of
individualized microfibrils from TEMPO-catalyzed oxidation of native cellulose”, Biomacromolecules,
2006, 7, 1687-1691.

(5) Fukuzumi, H., Saito, T., Iwata, T., Kumamoto, Y., and Isogai, A., “Transparent and high gas barrier films
of cellulose nanofibers prepared by TEMPO-mediated oxidation”, Biomacromolecules, 2009, 10,
162-165.

(6) Konno, N., Ishida T., Igarashi, K., Fushinobu, S., Habu, N., Samejima, M., and Isogai, A., “Crystal
structure of polysaccharide lyase family 20 endo-S-1,4-glucuronan lyase from the filamentous fungus
Trichoderma reesei”, FEBS Letters, 2009, 583, 1323-1326.

(7) Hirota, M., Furihata, K., Saito, T., Kawada, T., and Isogai, A., “Glucose/glucuronic acid alternating co-



27

polysaccharides prepared from TEMPO-oxidized native celluloses by surface peeling”, Angewandte
Chemie International Edition, 2010, 49, 7670-7672.

(8) Koga, H., Tokunaga, E., Hidaka, M., Umemura, Y., Saito, T., Isogai, A., and Kitaoka, T., “Topochemical
synthesis and catalysis of metal nanoparticles exposed on crystalline cellulose nanofibers”, Chemical
Communications, 2010, 46, 8567-8569.

(9) Isogai, A., Saito, T., and Fukuzumi. H., “TEMPO-oxidized cellulose nanofibers”, Nanoscale, 2011, 3,
71-85.

(10) Shimotoyodome, A., Suzuki, J., Kumamoto, Y., Hase, T., and Isogai, A., “Regulation of postprandial
blood metabolic variables by TEMPO-oxidized cellulose nanofibers”, Biomacromolecules, 2011, 12,
3812-3818.

(11) Fukuzumi, H., Saito, T., Iwamoto, S., Kumamoto, Y., Ohdaira, T., Suzuki, R., and Isogai, A., “Pore size
determination of TEMPO-oxidized cellulose nanofibril films by positron annihilation lifetime
spectroscopy”’, Biomacromolecules, 2011, 12, 4057—4062.

(12) Koga, H., Azetsu, A., Tokunaga, E., Saito, T., Isogai, A., and Kitaoka, T., “Topological loading of Cu(I)
catalysts onto crystalline cellulose nanofibrils for the Huisgen click reaction”, Journal of Materials
Chemistry, 2012, 22, 5538-5542.

(13) Fujisawa, S., Ikeuchi, T., Takeuchi, M., Saito, T., and Isogai, A., “Superior reinforcement effect of
TEMPO-oxidized cellulose nanofibrils in polystyrene matrix: Optical, thermal and mechanical studies”,
Biomacromolecules, 2012, 13, 2188-2194.

(14) Saito, T., Kuramae, R., Wohlert, J., Berglund, L. A., and Isogai, A., “An ultrastrong nanofibrillar
biomaterial: The strength of single cellulose nanofibrils revealed via sonication-induced fragmentation”,
Biomacromolecules, 2013, 14, 248-253.

(15) Fujisawa, S., Saito, T., Kimura, S., Iwata, T., and Isogai, A., “Surface engineering of ultrafine cellulose
nanofibrils towards polymer nanocomposite materials”, Biomacromolecules, 2013, 14, 1541-1546.

(16) Wu, C.-N., Yang, Q., Takeuchi, M., Saito T., and Isogai, A., “Highly tough and transparent layered
composites of nanocellulose and synthetic silicate”, Nanoscale, 2014, 6, 392—-399.

(17) Saito, T., Oaki, Y., Nishimura, T., Isogai, A., and Kato, T., “Bioinspired stiff and flexible composites of
nanocellulose-reinforced amorphous CaCO,”, Materials Horizons, 2014, 1, 321-325.

(18) Shimizu, M., Saito, T., and Isogai, A., “Bulky quaternary alkylammonium counterions enhance the
nanodispersibility of 2,2,6,6-tetramethylpiperidine-1-oxyl-oxidized cellulose in diverse solvents”,
Biomacromolecules, 2014, 15, 1904—1909.

(19) Kobayashi, Y., Saito, T., and Isogai, A., “Aerogels with 3D ordered nanofiber skeletons of liquid-
crystalline nanocellulose derivatives as tough and transparent insulators”, Angewandte Chemie
International Edition, 2014, 53, 10394-10397.

(20) Hiraoki, R., Ono, Y., Saito, T., and Isogai, A., “Molecular mass and molecular-mass distribution of
TEMPO-oxidized celluloses and TEMPO-oxidized cellulose nanofibrils”, Biomacromolecules, 2015, 16,
675-681.

(21) Yang, Q., Saito, T., Berglund, L. A., and Isogai, A., “Cellulose nanofibrils improve the properties of all-
cellulose composites by the nano-reinforcement mechanism and nanofibril-induced crystallization”,
Nanoscale, 2015, 7, 17957-17963.

(22) Soeta, H., Fujisawa, S., Saito, T., Berglund, L., and Isogai, A., “Low-birefringent and highly tough
nanocellulose-reinforced cellulose triacetate”, ACS Applied Materials & Interfaces, 2015, 7,
11041-11046.

(23) Tanaka, R., Saito, T., Hondo, H., and Isogai, A., “Influence of flexibility and dimensions of
nanocelluloses on the flow properties of their aqueous dispersions”, Biomacromolecules, 2015, 16,



28

2127-2131.

(24) Nemoto, J., Saito, T., and Isogai, A., “Simple freeze-drying procedure for producing nanocellulose
acrogel-containing, high-performance air filters”, ACS Applied Materials & Interfaces, 2015, 7,
19809-19815.

(25) Shimizu, M., Saito, T., and Isogai, A., “Water-resistant and high oxygen-barrier nanocellulose films with
interfibrillar cross-linkages formed through multivalent metal ions”, Journal of Membrane Science,
2016, 500, 1-7.

(26) Sakai, K., Kobayashi, Y., Saito, T., and Isogai, A., “Partitioned airs at microscale and nanoscale: thermal
diffusivity in ultrahigh porosity solids of nanocellulose”, Scientific Reports, 2016, 6, 20434.

(27) Pan, Z.-Z., Nishihara, H., Iwamura, S., Sekiguchi, T., Sato, A., Isogai, A., Kang, F., Kyotani, T., and
Yang, Q.-H., “Cellulose nanofiber as a distinct structure-directing agent for xylem-like microhoneycomb
monoliths by unidirectional freeze-drying”, ACS Nano, 2016, 10, 10689-10697.

(28) Vipin, A. K., Fugetsu, B., Sakata, 1., Isogai, A., Endo, M., Li, M., and Dresselhaus, M. S., “Cellulose
nanofiber backboned Prussian blue nanoparticles as powerful adsorbents for the selective elimination of
radioactive cesium”, Scientific Reports, 2016, 6, 37009.

(29) Funahashi, R., Okita, Y., Hondo, H., Zhao, M., Saito, T., and Isogai, A., “Different conformations of
surface cellulose molecules in native cellulose microfibrils revealed by layer-by-layer peeling”,
Biomacromolecules, 2017, 18, 3687-3694.

(30) Isogai, A., “Development of completely dispersed cellulose nanofibers”, Proceedings of the Japan
Academy, Series B, 2018, 94, 161-179.

(31) Isogai, A., Hanninen, T., Fujisawa, S., and Saito, T., “Review: Catalytic oxidation of cellulose with
nitroxyl radicals under aqueous conditions”, Progress in Polymer Science, 2018, 86, 122—148.



