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Preface to “Emerging Functions of Nano-Organized
Polysaccharides”

Sustainable biomass has strongly attracted much attention from the international community,
as well as academic and industrial circles, since further utilization of renewable bioresources will
provide a key clue to solve various environmental issues for energy and materials production in the
world.

Natural polysaccharides, such as cellulose and chitin, are the major biomasses in large quantity.
More to the point, they possess unique hierarchical nanoarchitectures, e.g., crystalline, fibrous,
and needle-like structures, in which each macromolecular component assembles in a regular
and organized manner during bio-synthesis and/or physicochemical processing. Such organized
nanoarchitectures can never be artificially reconstructed. Among the various nano-organized
polysaccharides, nanocellulose obtained from plants and bacteria is the most promising natural
nanomaterial in practical applications due to its high aspect ratio, high elastic modulus, high
transparency, low thermal expansion coefficient, and other fascinating properties. Chitin nanofibers
from crabs and shrimps are also expected to produce advanced nanomaterials for cosmetics and
biomedical applications. Starch, xylan, and other polysaccharides have recently been studied for
novel applications as nanomaterials, instead of traditional bulk uses. Research on and development
of natural polysaccharides are classified into two categories: (1) greener alternatives to existing
products from ecological and sustainability viewpoints and (2) emerging functional nanomaterials
from scientific encounters with the unknown. Both approaches are important for advancing the
utilization of natural polysaccharides.

This Special Issue book, entitled “Emerging Functions of Nano-Organized Polysaccharides”,
aims to showcase the current challenges involved with conceptual and functional designs of
nano-polysaccharide materials for a diverse range of future applications. The unexpected novel
functions arising from the inherent nanoarchitectures of natural nano-organized polysaccharides will
provide new insights into polysaccharide-driven nanomaterial chemistry and engineering. This book
comprises one editorial, one review paper and ten research articles, all of which will inspire readers to
learn more for various natural polysaccharides and unique strategies for functional materials design.
In this context, this international book will give the active readers perspectives different before, to
open up new avenues for various emerging functions of natural nano-polysaccharides.

The Editor expresses the greatest appreciation to all the contributors for their excellent works,
and the editorial board members for their support throughout the process of setting up this Special
Issue book.

I'hope you enjoy reading this reprint.

Takuya Kitaoka
Editor
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Natural polysaccharides, such as cellulose and chitin, possess unique hierarchical
nanoarchitectures, e.g., crystalline, fibrous, and needle-like structures, in which each macro-
molecular component assembles in a regular and organized manner during biosynthesis
and/or physicochemical processing. Among the various nano-organized polysaccharides,
nanocellulose obtained from plants and bacteria is the most promising natural nanomaterial
in practical applications due to its high aspect ratio, high elastic modulus, high transparency,
low thermal expansion coefficient, and other fascinating properties. Chitin nanofibers from
crabs and shrimps are also expected to produce advanced nanomaterials for cosmetics and
biomedical applications. Starch, xylan, and other polysaccharides have recently been studied
for novel applications as nanomaterials. Research on and development of natural polysaccha-
rides are classified into two categories: (1) greener alternatives to existing products from
ecological and sustainability viewpoints and (2) emerging functional nanomaterials from
scientific encounters with the unknown. Both approaches are important for advancing the
utilization of natural polysaccharides.

The aim of this Special Issue, entitled Emerging Functions of Nano-Organized Polysaccharides,
is to showcase the current challenges involved with new conceptual and functional designs
of nano-polysaccharide materials for a diverse range of future applications. The unexpected
new functions arising from the inherent nanoarchitectures of natural nano-organized
polysaccharides will provide new insights into polysaccharide-driven nanomaterial
chemistry and engineering. This Special Issue comprises one review paper and ten research
articles. The combination of various natural polysaccharides and unique strategies for
functional material design will open up new avenues for the emerging functions of natural
nano-polysaccharides.

First of all, the review article provided by Miyagi and Teramoto comprehensively
covers the recent advances in the construction of functional materials in various material
forms from cellulosic cholesteric liquid crystals [1]. The spontaneous and controllable
self-assembling features of cellulosic nanomaterials are the most fascinating phenomenon
for materials design, and this review provides information on both the fundamentals and
the structure-driven functions of cellulosic cholesteric nanomaterials in various forms.

Strong, tough, and high-performance nanocellulose composites are typical materials that
draw public attention. Sakuma et al. successfully fabricated millimeter-thick, transparent
cellulose nanofiber (CNF)/polymer composites using CNF xerogels with high porosity
as a template [2]. The as-designed composites demonstrate high flexural modulus, low
thermal expansion, and good flame-retardant properties. Beaumont et al. highlight the
solvent-free sol/gel process for the facile preparation of mechanically robust CNF/silica
nanocomposites in combination with methylcellulose and starch [3]. Strong and shapable
3D CNEF/silica hydrogels can act as adsorbers for heavy metals and dyes. Zhu et al,,
developed 3D nanocarbon materials via the polydopamine doping and pyrolysis of CNF
paper [4]. This work achieved a high yield of 3D porous nanocarbons with good specific
capacitance up to 200 F g~ !. Tsuneyasu et al. exhibit the successful enhancement of luminance
in powder electroluminescent devices using smooth and transparent CNF films [5]. The
optical and morphological properties of CNF substrates make a great contribution to
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increasing both the current density and luminance of the devices. Fukuda et al. introduce
the enzymatic preparation of spherical microparticles from artificial lignin and CNF for
cosmetic applications [6]. Lignin is also an abundant, renewable, and biodegradable
biopolymer, comparable to natural polysaccharides, and the combination of lignin and CNF
will attract much attention in a carbon-neutral eco-society. Studies like those can expand the
possibility of creating high-value nanomaterials with nano-polysaccharides like CNF.

Apart from nanocellulose, other polysaccharides are also promising for the design of
advanced functional materials. Xylan is a highly abundant, plant-based form of biomass and is
expected to find further uses. Wang and Xiang successfully prepared a highly stable Pickering
emulsion with xylan hydrate nanocrystals with a uniform size [7]. This is a pioneering work
in the use of xylan-derived nanomaterials as a solid surfactant emulsifier. Chitin is the second
most abundant polysaccharide after cellulose and has unique hierarchical nanoarchitectures
similar to those of nanocellulose. Wang et al. report the thermal conductivity of chitin
and deacetylated-chitin nanofiber films and reveal the relationship between the in-plane
thermal conductivity and surface chemistry [8]. A computational and theoretical study on
non-covalent interactions with nano-polysaccharides is of great significance to advancing
the materials science of natural biomaterials. Yui et al. provide computational predictions
for the molecular and crystal structures of a chitosan—-zinc chloride complex [9]. Chitosan
chains of antiparallel polarity form zigzag-shaped chain sheets, and the coordination of
Zn ions with chitosan has been proposed. In the days ahead, the digital transformation of
materials science will become more and more important for the unexpected discovery of
unknown functions of nano-organized polysaccharides.

The biomedical applications of natural nano-polysaccharides have recently aroused
great interest in tissue engineering and various therapeutics. Noda et al. report on the
unique combination of surface-carboxylated nanocellulose and surface-deacetylated chitin
nanofibers to promote the adhesion, migration, and proliferation of fibroblast cells [10].
Bioinert CNF can be designed to prepare bioadaptive materials by surface carboxylation,
and cellular migration can be controlled using special nano-polysaccharides with a core—
shell structure of chitin and chitosan, respectively. Moreover, bacterial nanocellulose is also
a fascinating nanomaterial, as well as plant-derived nanocellulose. Ando et al. emphasize
the feasibility of nanofibrillated bacterial cellulose as a carrier of doxorubicin to promote
therapeutic outcomes in gastric cancer [11]. Bacterial cellulose is very effective for the drug
loading and release of various anticancer agents, making it a promising nanomaterial for
advanced drug delivery systems in cancer therapy.

In summary, pioneering work on the extraordinary and emerging functions of nano-
organized polysaccharides, such as nanocellulose, chitin/chitosan nanofibers, and other
nano-polysaccharides, will signal a new trend in the research and development of natural
nanomaterials as we move towards achieving the UN’s Sustainable Development Goals.
All the papers published in this Special Issue will present readers with new concepts and
ideas for the next-generation material design of nano-organized polysaccharides. Last but
certainly not least, I would like to express my great appreciation to all the authors for their
excellent work, the reviewers for their constructive contributions, and the editorial board
members for their support throughout the process of setting up this Special Issue.

Funding: This research was funded by the JST-Mirai Program (grant no. JPMJMI21EC) from the
Japan Science and Technology Agency.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Wide use of bio-based polymers could play a key role in facilitating a more sustainable
society because such polymers are renewable and ecofriendly. Cellulose is a representative bio-based
polymer and has been used in various materials. To further expand the application of cellulose, it
is crucial to develop functional materials utilizing cellulosic physicochemical properties that are
acknowledged but insufficiently applied. Cellulose derivatives and cellulose nanocrystals exhibit
a cholesteric liquid crystal (ChLC) property based on rigidity and chirality, and this property is
promising for constructing next-generation functional materials. The form of such materials is
an important factor because material form is closely related with function. To date, researchers
have reported cellulosic ChLC materials with a wide range of material forms—such as films, gels,
mesoporous materials, and emulsions—for diverse functions. We first briefly review the fundamental
aspects of cellulosic ChLCs. Then we comprehensively review research on cellulosic ChLC functional
materials in terms of their material forms. Thus, this review provides insights into the creation of
novel cellulosic ChLC functional materials based on material form designed toward the expanded
application of cellulosics.

Keywords: cellulose derivatives; cellulose nanocrystal; cholesteric liquid crystal; functional materials;
material form

1. General Introduction: Need for and Overview of Cellulosic Liquid-Crystals as
Functional Materials

1.1. Introduction

Cellulose is the most abundant bioderived organic polymer. Because of its excellent
physical properties, including its mechanical and sorption properties, cellulose is widely
used in areas such as the manufacture of paper, textiles, and structural components. In
addition to conventional utilization, developing applications of unused but attractive
physicochemical properties of cellulose is important to realize the wealth of a sustainable
society because cellulose is reproducible and eco-friendly.

Liquid crystallinity is one of the characteristic physical properties of cellulosic molecules,
although it is not fully employed in the real world. The high stimuli-responsivity and
high-order structure of liquid crystals may enable cellulosic functional materials. It is also
interesting that the liquid crystal property develops spontaneously. Numerous funda-
mental studies on cellulosic liquid crystals have been reported. The creation of functional
materials that take advantage of the insights gained in those studies may contribute to
expanding the areas in which cellulosics can be used.

There are several excellent reviews on the fundamental science and possible appli-
cations of cellulosic liquid-crystals. For instance, Gray [1] summarized initial research
on the liquid-crystallinity of several cellulose derivatives. Lagerwall et al. [2] recently
reviewed the phase diagrams of aqueous cellulose nanocrystal (CNC) dispersions and
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discussed ordered assembly of CNCs in suspensions as well as films. The Lagerwall group
has most recently published a significantly detailed review on equilibrium and kinetically
arrested liquid crystalline structure based on CNC [3]. Giese et al. [4] reviewed cellulosic
liquid crystalline structures in terms of their structural templates. Moreover, a review
by Nishio et al. [5] surveyed both the fundamental aspects and potential applications of
liquid crystalline cellulose derivatives and nanocrystals in terms of their stimuli responses.
However, to our knowledge there is no review on cellulosic liquid crystalline functional
materials in the context of material forms.

The material form is an important factor involving the function and application of
materials. For example, films are applied for electronic and optical devices, hydrogels
are compatible with biomedical applications, and porous materials are applied for water
purification. In the present review, we therefore categorize previous studies on cellu-
losic liquid crystalline functional materials in broad terms to solid and liquid types, and
comprehensively review various material forms corresponding to the respective types.

1.2. Cellulosic Liquid-Crystals

We here briefly describe the basic fundamentals of cellulosic liquid-crystals before
considering their applications as functional materials.

Cellulose has a backbone chain consisting of 3-1,4-linked glucose units that impart
(semi-)rigidity and chirality. These structural features endow cellulosics with the potential
to form a cholesteric liquid crystal (ChLC) phase. ChLC is often modeled as being formed
from stacked virtual planes, each of which is composed of molecules or particles with a
uniaxial orientation. The vector indicating such orientation is called director. The director
of each plane (termed as pseudonematic plane) twists periodically around the normal of
the stacked pseudonematic planes, rendering a helical nature to ChLC. Figure la presents
a schematic illustration of ChLC with polysaccharides as component molecules. Although
the schematic ChLC in Figure 1a seems to be a discretely layered structure, pseudonematic
planes should be continuously stacked in actual ChLC. Figure 1b is a schematic diagram
focusing on the short-range structure of a ChLC to emphasize such continuously stacked
pseudonematic planes.

ChLCs can be attained for rigid and chiral particles or molecules in the dispersed or
solution state (at a sufficiently high concentration) termed a lyotropic ChLC, or in a molten
state termed a thermotropic ChLC. The classification of lyotropic and thermotropic states
applies not only to ChLCs but also to liquid-crystals in general.

ChLCs exhibit a unique optical property: selective reflection of circularly polarized
light (CPL) with a wavelength equivalent to the helical pitch and with a rotation direction
that is the same as that of the helix. The reflection wavelength (Ay;) and the helical pitch
(P) are related by de Vries’ equation, Ay = 7iP (7i is the refractive index) [6]. Accordingly,
ChLCs exhibit circular dichroism (CD) as well as coloration, when P is comparable with a
wavelength in the range of visible light. As stated in this equation, the cholesteric helical
pitch P of ChLC samples can be calculated from their Ay and 7i values, which can be
acquired with a spectrophotometer and refractometer, respectively. The P value can also
be estimated by microscopy; polarized optical microscope (POM) and scanning electron
microscope (SEM) images of ChLC samples demonstrate the characteristic fingerprint-
like texture (Figure 1c), and the distance between the adjacent dark lines corresponds to
half of P. It should be noted that SEM can be used to estimate the P of solid-state ChLC
samples, but not for solution-state (lyotropic) ones. Solidification of such solution samples
by polymerization of their solvents described in Section 2.1 enables the measurement of
P from an SEM image, although the solidification process can affect P to some extent.
In accordance with the ChLC structure indicated in Figure 1a,b, P can be described as
P =360°d/ ¢, where d is the interplanar spacing of the stacked pseudonematic planes and
@ is the twist angle in degrees. This indicates that P and thus Ay change with d and ¢. The
value of d can be obtained from wide-angle X-ray diffraction analysis as shown in Figure 1d
by approximating the short-range order of a ChLC with the hexagonal model [7]. The
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helical handedness of a ChLC is determined by CD or optical rotatory dispersion (ORD)
spectroscopy. ChLC samples with a left-handed helix exhibit a positive peak in CD spectra
and a positive Cotton effect in ORD spectra, whereas ChLC samples with a right-handed
helix exhibit a negative peak in CD spectra and a negative Cotton effect in ORD spectra
(Figure 1e). The helical handedness can also be discriminated by visual inspection of ChLC
samples with circular polarizers, because left-handed and right-handed CPL (L-CPL and
R-CPL, respectively) reflected from the samples can transmit through a left-handed circular
polarizer (LCP) and a right-handed circular polarizer (RCP), respectively.

Expression of lyotropic ChLC requires rigid and chiral molecules or particles to
have good solubility or dispersity in solvents, and thermotropic ChLC requires them to
have good meltability. The native cellulose molecule has poor solubility and thermal
meltability because of its strong inter- and intramolecular hydrogen bonding. Instead,
cellulose derivatives and nanocrystals have typically been adopted to achieve a cellulosic
ChLC phase.

The CNC is the structural unit of a cellulose crystal and can be produced by acid
hydrolysis of cellulose microfibrils [8,9]. Cellulose microfibrils in wood are generally
considered to be composed of bundles of 6 x 6 cellulose molecular chains, although
there are recent reports on cellulose microfibrils comprising 18 molecular chains [10].
Such cellulose bundles exhibit alternating amorphous and crystalline regions along the
molecular chain direction. Acid hydrolysis of cellulose bundles preferentially degrades the
amorphous regions. After degrading most of the amorphous regions, the degradation is
substantially decelerated, resulting in residual highly crystalline particles which are the
CNCs. According to this characteristic, the degree of polymerization of cellulose chains
in the crystalline regions is called the level-off degree of polymerization (the degradation
“turns off” at this degree of polymerization) [11]. CNCs prepared by hydrolysis with
sulfuric acid are an especially active area of research. CNCs can express lyotropic ChLC
in aqueous suspensions based on CNCs’ good water-dispersity, which is attributable
to the introduced surface sulfate ester groups [12,13]; whereas CNCs generally do not
express thermotropic ChLCs because of CNCs’ lesser meltability. Since the first report of
liquid-crystallinity in CNCs [14], fundamental research on CNC-based ChLCs have been
made [15-20]. CNC-based ChLCs typically form a left-handed helix, and to our knowledge
there has been no report on formation of a right-handed helix from CNCs to date.

Cellulose derivatives can be obtained by substituting the hydroxy groups in cellulose,
typically by etherification or esterification [21]. Because substituents suppress the strong
intra- and intermolecular hydrogen bonding of cellulose, cellulose derivatives often exhibit
good solubility and meltability. Such properties facilitate expression of lyotropic and
thermotropic ChLCs. The first reports of formation of ChLCs by cellulose derivatives were
for an aqueous hydroxypropyl cellulose (HPC) solution system [22]. Since then, many
important fundamental studies on cellulose derivative-based ChLCs have been presented—
such as the effects of concentration, temperature, solvent, side chain structure, and degree
of substitution on the selective reflection properties [23-29].

In contrast to CNCs, left- and right-handed cholesteric helices have been observed
for cellulose derivative-based ChLCs. Most recently, Nishio et al. [30,31] proposed that
the effects of the substituents and temperature on the helical handedness of cellulosic
ChLCs can be systematically interpreted in terms of the balance between the dispersion
interaction and steric repulsion, based on their experimental data and the theoretical work
of Osipov [30,31].

There is a difference between the lyotropic ChLCs of cellulose derivatives and CNCs.
For the former, the building blocks of the ChLC structure are molecules of cellulose
derivatives, and the component molecules completely dissolve in solvents. Conversely,
for the latter, CNC “particles” that disperse in solvents (rather than dissolve) provide the
ChLC structure. Accordingly, ChLC systems comprising cellulose derivatives and CNCs
are sometimes termed molecular ChLCs and colloidal ChLCs, respectively. The structural
difference between cellulose derivatives and CNC leads to different characteristics of
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Figure 1. (a) Schematic that illustrates the helical pitch P, director, twist angle ¢ for a cholesteric liquid crystalline (ChLC)
phase composed of polysaccharides. (b) Schematic illustrating the pseudonematic planes and interplanar spacing d for
a short-range structure of a polysaccharide-based ChLC phase (reprinted with permission from [7] Copyright (2021)
American Chemical Society). (c) Representative polarized optical microscope (POM) image of solution-state polysaccharide-

based ChLC sample and scanning electron microscope (SEM) image of solid-state sample (reprinted with permission
from [33] Copyright (2021) American Chemical Society). (d) Representative wide-angle X-ray diffraction profiles of
solution-state polysaccharide-based ChLC samples with different polysaccharide concentrations (reprinted with permission
from [7] Copyright (2021) American Chemical Society). (e) Representative circular dichroism (CD) and optical rotary
dispersion (ORD) spectra of a right-handed ChLC sample (Reprinted with permission from [34] Copyright (2021) American

Chemical Society).

Various insights accumulated by previous fundamental studies on cellulosic ChLCs
have led to increased research activity dedicated to processing ChLCs into material forms
intended for practical use. The present article reviews information on functional materials
with diverse material forms produced from cellulose derivative-based and CNC-based
ChLCs. The following review is divided into sections based on material forms, and we
concurrently review both cellulose derivative-based and CNC-based functional materials.
Please note that the difference in characteristics between the aforementioned ChLCs leads
to different experimental conditions and procedures to construct the functional materials
even in the same material forms.
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2. Cellulosic ChLC-Based Solid Functional Materials
2.1. Cellulosic ChLC Films

Cellulose derivatives and CNC are useful components for producing films incorporat-
ing a ChLC structure. Representative methods for preparing cellulose derivative-based
ChLC films are solution-casting [35-37] and in situ polymerization [38—43] of a lyotropic
ChLC solution of cellulose derivatives. In solution-casting methods, typically the cellulosic
ChLC solutions are first spread into a film-like shape and sandwiched (i.e., packed) between
two glass plates, followed by slow evaporation of the solvents. Although this method
is operationally simple, it insufficiently immobilizes ChLC structure with a long helical
pitch P corresponding to a red wavelength because the cholesteric helical pitch decreases
in accordance with increasing cellulosic concentration of the solutions over the course of
drying. However, it is straightforward to immobilize a ChLC structure with a short P in
considerably concentrated cellulosic solutions because of the extremely low mobility of the
cellulosic chains. Regarding the in situ polymerization method, lyotropic ChLC solutions
are prepared by dissolving cellulose derivatives in polymerizable solvents (e.g., acrylate
and acrylamide monomers) and polymerization-initiator, and then the solution samples—
molded between the glass plates—are subjected to heating or ultraviolet (UV) irradiation to
initiate polymerization of the monomeric solvents. The ChLC structure formed in the solu-
tion state is retained even after the monomeric solvents are converted to polymeric matrices
(e.g., polyacrylate and polyacrylamide), and these matrices help to further immobilize the
ChLC structure. Thus, in situ polymerization methods can immobilize ChLC structures that
have not only a short P but also a long P, unlike solution-casting methods. This renders in
situ polymerization a general method for preparing cellulose derivative-based ChLC films.
However, the ability to immobilize the ChLC structure strongly depends on compatibility
between cellulose derivatives and the resultant synthetic polymers, because interaction of
mesogenic cellulosic chains may be distorted when cellulose derivatives completely mix
with the synthetic polymers, as described in Section 2.1.1.

For CNC-based ChLC films as well, solution (dispersion)-casting [2,12,44] and in
situ polymerization [4,5] are representative preparation methods. In contrast to cellulose
derivative-based ChLC films, not only in situ polymerization but also casting is frequently
adopted for CNC-based films. In colloidal ChLCs formed by CNCs, the length scale of the
interplanar spacing of the pseudonematic planes is longer than that of molecular ChLCs
formed by cellulose derivatives. As a result, the cholesteric helical pitch of the CNC ChLC
dispersion remains in the visible-wavelength region, even at high concentration. The
ChLC structure with concentrated dispersion is then immobilized in the obtained film after
complete evaporation of the solvent, because of the low mobility of CNC rods under high
concentration. Whereas cellulose derivative-based ChLC solutions can be prepared by sim-
ply dissolving dried cellulose derivatives in solvents, completely dispersing dried CNC in
solvents is difficult. Therefore, CNC-based lyotropic ChLCs are prepared by concentrating
dilute CNC dispersions obtained after acid hydrolysis (and purification) of cellulose. The
typical concentration methods are solvent evaporation [4] and dialysis [14,45].

2.1.1. Mechanochromic Films

Materials that exhibit a color change in response to mechanical stimuli—i.e., mechanochromic
materials—have applications as e.g., mechanical damage sensors and energy-saving display
devices. A representative approach to developing mechanochromic materials is using
structural color [46]. Structurally colored materials present color that is typically ascribed
to Bragg reflections from the materials” internal periodic layered structures, and this color
can change when a given mechanical stimuli varies the periodicity [47-50]. ChLCs also
exhibit structural color that can change in accordance with the helical periodicity, and
thus ChLCs can be key structures for constructing structurally colored mechanochromic
materials. In addition, ChLCs also exhibit CD and thus optical chirality. This unique
property of ChLCs may bring new concepts to the field of mechanochromic materials.
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Miiller and Zentel [51] prepared structurally colored mechanochromic films from cellu-
lose derivative-based ChLC. They prepared lyotropic ChLC solutions by dissolving 44 wt%
cellulose 3-chlorophenylcarbamate (Figure 2a) in acrylate monomer with crosslinker, and
then subjecting the solutions to in situ thermal polymerization. The researchers compressed
the ChLC film between two glass slides and evaluated the mechanochromic properties of
the film by UV-visible (Vis) spectroscopy. The selective reflection wavelength of the ChLC
film is blue-shifted by compression (Figure 2b). Furthermore, thermal treatment of the film
recovered the original reflection wavelength.

Liang et al. [52] reported large-area photonic films from HPC by the roll-to-roll method.
They produced the photonic films by laminating HPC in aqueous ChLC but did not
conduct immobilization through solution-casting or in situ polymerization. The roll-to-
roll fabrication consisted of coating the lyotropic ChLC on a polyethylene terephthalate
substrate, glue-deposition to seal the edge of the film, UV-curing the glue, and laminating
the film (Figure 2c). The laminated ChLC films exhibited a decrease in the reflection
wavelength in accordance with increasing applied compression stress. The reflection
spectra broadened by compression, probably because of misalignment of the ChLC domain
induced by lateral shear flow. The researchers presented an excellent touch-sensing function
of the laminated ChLC films through visualizing footprints by color change (Figure 2d).

Boott et al. [53] developed mechanochromic elastomeric films by compounding CNC-
based ChLC films with synthetic polymers. They cast 4 wt% CNC aqueous suspensions
to conduct EISA to obtain CNC ChLC films. The researchers then soaked the films with
a dimethylsulfoxide (DMSO) solution of ethyl acrylate, 2-hydroxyethyl acrylate, and
initiator to infiltrate these reagents into the films. They heated the vial to initiate polymer-
ization of the acrylate monomers adsorbed in the films, resulting in CNC-based ChLC
elastomeric films.

UV-Vis spectra of the stretched ChLC elastomeric film indicate that the film’s color
blue-shifted in accordance with increasing tensile strain (Figure 2e). This shift indicates a
decrease in the cholesteric helical pitch of the film by stretching. CD spectra also supported
this result and exhibited a positive CD signal—demonstrating preservation of CNC-based
left-handed ChLC in the stretched film (Figure 2f). Relaxation recovered the original color
of the film. To evaluate the effect of the tensile stress on the internal ChLC structure,
Boott et al. [53] conducted two-dimensional X-ray diffraction analyses for the relaxed
and stretched sample. They observed a diffraction peak corresponding to unwinding
of the ChLC structure into a pseudonematic structure when they stretched the sample.
Accordingly, the researchers proposed a structural model of CNC assembly in a stretched
film whereby some of the CNC rods were almost parallel to the stretch direction before
stretching, and these CNC rods completely aligned with the stretched direction upon
application of stress, giving rise to a small nematic region (Figure 2g).

Whereas most studies on cellulosic ChLC-based mechanochromic materials inves-
tigated force-induced color changes, Miyagi and Teramoto [54] focused on an effect
of mechanical stimuli on the CD of cellulosic ChLC films. They prepared ethylcellu-
lose/poly(acrylic acid) (EC/PAA) ChLC films by dissolving 47 wt% EC in AA solvent with
photoinitiator followed by in situ photopolymerization of AA.

Miyagi and Teramoto [54] subjected 47 wt% EC/PAA ChLC films to compression at
130 °C, which is higher than the glass transition temperature (Tg) of the films, and measured
the CD spectra of the compressed films. The original (i.e., not compressed) EC/PAA films
exhibited a positive CD signal, indicative of selective reflection of L-CPL; whereas the
compressed films exhibited a negative CD signal corresponding to selective reflection of
R-CPL (Figure 2h). In addition, the researchers visually inspected the EC/PAA films with
circular polarizers before and after the compression. The reflected light from the original
films transmitted through LCP, whereas the reflected light from the compressed films
passed through RCP; which is consistent with the spectroscopic measurements (Figure 2i).
These CD and circular polarization results are indicative of stress-induced circular dichroic
inversion (SICDI) of the ChLC films. The researchers hypothesized that the mechanism of
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this circular dichroic inversion is as follows: the component polymers of the ChLC films
were partially linearly oriented, resulting in birefringence of the transmitted CPL that was to
undergo handedness inversion. They derived a mathematical model, taking this hypothesis
into account, to calculate theoretical CD spectra of the compressed EC/PAA films by
modifying the equation reported by Ritcey et al. [55]. The obtained theoretical CD spectra
of the compressed films exhibited good agreement with corresponding experimental
spectra (Figure 2j), indicating the validity of the researchers” hypothesis for the mechanism
of SICDI [56].

In prior work EC/PAA films expressed SICDI only above 130 °C because of the Tg of
the films. Thus Miyagi and Teramoto [57-59] also expanded the conditions where such films
can manifest SICDI. Accordingly, they prepared propionylated HPC (PHPC; Figure 2k),
which has a low Ty (ca. —20 °C) and high ChLC-formability in a wide range of monomeric
solvents. In this system, the ability to immobilize ChLC structures into films by in situ poly-
merization depended on the species of the in situ-generated polymers. Fukawa et al. [60]
reported a similar phenomenon. Spin-lattice relaxation analyses of PHPC/synthetic poly-
mer ChLC films by solid-state nuclear magnetic resonance spectroscopy indicated that the
immobilization efficiency was high for the films where PHPC and synthetic polymers were
not completely compatible [57,58]. This can be attributed to the way that the complete mix-
ing of cellulose derivatives and synthetic polymers disturbs the interaction of mesogenic
cellulosic chains. PHPC/synthetic polymer films with an immobilized ChLC structure
exhibited SICDI by compression at room temperature (Figure 21).

2.1.2. Biomineralized Films

Living organisms build structurally strong tissues in their bodies by compounding
organics and minerals—so-called organic-inorganic hybrids, such as vertebrate bones and
teeth, fish scales, crustacean exoskeletons, and shells. Representative minerals are e.g.,
hydroxyapatite, calcium carbonate, and magnetite. Inspired by these natural structures,
functional material designs based on biomineralization are an active area of research [61,62].
There has been research on biomineralization of cellulosic ChLC films, as discussed next.

Ogiwara et al. [63] conducted calcium phosphate biomineralization using a cellulose
derivative-based ChLC as an organic scaffold. This concept likely mimics the mineralized
supramolecular helical structure that is seen in the crustacean exoskeleton. Although
they investigated EC and HPC-based ChLC films, we focus on only the EC system. The
researchers prepared EC/PAA films by in situ photopolymerization of 40-57 wt% EC/AA
ChLC solutions and soaked the obtained films in mineral solutions containing CaCl,,
(NH4),HPOy,, and NaCl at pH 9.0. They then rinsed the mineralized films with water
and vacuum-dried the films. In this material design, PAA is a crucial component that has
the two roles of immobilizing the cellulosic ChLC structure and absorbing the ions, thus
facilitating mineralization on the ChLC scaffold.

Energy-dispersive X-ray analyses of the fracture surface of mineralized 55 wt%
EC/PAA films (m-EC(55)/PAA) indicate that the elements Ca and P were uniformly
distributed inside the films by mineralization (Figure 3a). Wide-angle X-ray diffraction pro-
files of unmodified 55 wt% EC/PAA films (EC(55)/PAA; Figure 3b) showed a diffraction
peak that is attributable to the stacked pseudonematic planes of ChLC at 6 = 9.6° and a halo
corresponding to an amorphous region at 6 ~ 19°. Both the unmodified and as-mineralized
EC/PAA films exhibited no clear crystalline diffraction pattern, whereas the mineralized
films subjected to posttreatment in aqueous NaOH (p-m-EC(55)/PAA) exhibited diffraction
peaks from crystalline hydroxyapatite (Figure 3b). The NaOH posttreatment results are
probably attributable to alkali hydrolysis of amorphous calcium phosphate or less-ordered
precursors of hydroxyapatite.
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Figure 2. (a) Chemical structure of cellulose 3-chlorophenylcarbamate and (b) ultraviolet (UV)-visible spectra of a cholesteric
liquid crystalline (ChLC) film before compression (solid line), directly after compression (dashed line), and after heating at
¢) Schematic of roll-to-roll preparation of hydroxypropyl
cellulose (HPC) ChLC films and (d) footprint exhibited by the films (adapted from [52] by permission of Springer Nature).
(e) Visual appearances and (f) circular dichroism (CD) spectra of a stretched cellulose nanocrystal ChLC elastomeric
film under tensile ((e—g) were reproduced from [53] by
permission of Wiley). (h) CD spectra of ethylcellulose/poly(acrylic acid) (EC/PAA) ChLC films before and after compression
at 130 °C and (i) visual appearance through circular polarizers (LCP: left-handed circular polarizer; RCP: right-handed
circular polarizer) (reproduced from [54] by permission of the Royal Society of Chemistry). (j) Experimental and theoretical
CD spectra of compressed EC/PAA films (adapted with permission from [56], copyright (2021) American Chemical Society).
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Figure 3. (a) Scanning electron microscope (SEM) image and energy-dispersive X-ray mappings of Ca and P for the
fracture surface of an m-EC(55)/PAA film. (b) Wide-angle X-ray diffraction intensity profiles of EC(55)/PAA (bottom),
m-EC(55)/PAA (center), and p-m-EC(55)/PAA film (top). (c) Temperature dependence of the storage modulus E’, loss
modulus E”, and loss factor tan § for EC (dashed line), EC(55)/PAA (dotted line), and m-EC(55)/PAA film (solid line).
(d) Thermogravimetric analysis profiles for EC(55)/PAA and m-EC(55)/PAA films ((a—d) were reprinted with permission
from [63], Copyright (2021) American Chemical Society).

In dynamic mechanical analyses of the film samples, the storage and loss modulus of
EC(55)/PAA films substantially diminished from 140 °C, whereas those of m-EC(55)/PAA
films retained relatively high values even above 200 °C (Figure 3c). Thermogravimetric
analyses of these samples indicate that the temperature at which polymer degradation
began and the residual weight at 700 °C for m-EC(55)/PAA films were higher than those of
EC(55)/PAA films (Figure 3d). These dynamic mechanical analysis and thermogravimetric
analysis results reveal that biomineralization enhanced the thermomechanical properties
and thermal stability of EC/PAA ChLC films.

Katsumura et al. [64] and Nakao et al. [65] reported calcium carbonate mineralization
of EC/PAA, CNC/poly(2-hydroxyethyl methacrylate), and CNC/poly(HEMA-co-AA)
ChLC films. All of these systems exhibited improved thermomechanical properties and
thermal stability, as well as calcium phosphonate mineralization system.

2.1.3. Optical Filters

Although ChLC can act as an optical filter to separate the CPL of particular wave-
lengths and handedness, this reflection-selectivity is sometimes too specific. However,
by combining ChLC with a nematic liquid crystalline phase or substances that affect
the cholesteric helical structure, the reflection-selectivity can be expanded. This enables
fabrication of optical filters with a filtering function tailored to assumed applications.

De la Cruz et al. [66] produced optical filters that reflect both L-CPL and R-CPL with a
certain wavelength, by combining ChLC films and nematic liquid crystalline films, both
prepared from CNCs. These filters have a reflection-selectivity for wavelength and no
selectivity for handedness. The researchers designed the optical filters by a sandwich
structure with top and bottom left-handed ChLC CNC layers, and a middle nematic CNC
layer as a wave-plate (Figure 4a). In this system, the first ChLC layer selectively reflected
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L-CPL, and the birefringence inverted the transmitted R-CPL in the middle nematic layer.
The L-CPL thus generated was reflected from the second ChLC layer, inverted back into
R-CPL in the middle layer, and transmitted through the first ChLC layer. This mechanism is
analogous to the SICDI by the compressed EC/PAA ChLC films described in Section 2.1.1.

De la Cruz et al. [66] prepared CNC-based ChLC films by curing mixtures of a
CNC aqueous dispersion, 1,2-bis(trimethoxysilyl)ethane (organosilica precursor), and
low-molecular-weight polyethylene glycol (plasticizer) in ambient conditions. Curing was
in the presence of a static magnetic field normal to the film surface for uniform orientation
of the helical axis: i.e., perpendicular to the film surface. The helical pitch, and thus a
selective reflection wavelength, of the films can be tuned by varying the feed ratio of the
CNC aqueous dispersion, organosilica, and polyethylene glycol. The researchers prepared
CNC-based nematic films by linear shear deposition of a 3.5-5.0 wt% CNC aqueous disper-
sion on the ChLC films, and subsequent drying at 30 °C to 35 °C. They prepared sandwich
films by attaching the ChLC film with the nematic layer to the pristine ChLC film with
an adhesive.

UV-Vis reflection spectroscopy of the single ChLC CNC layer exhibited no reflection
of R-CPL because of the selective reflection of L-CPL. In addition, the reflectance of linearly
polarized (LP) light was half that of L-CPL because LP light is the vector sum of R-CPL and
L-CPL (Figure 4b). In contrast, the sandwich film exhibited almost the same reflectivity
for LP light, L-CPL, and R-CPL; indicating the handedness-independent reflection of CPL
(Figure 4b). This interpretation is supported by CD spectra that exhibited no peak for the
sandwich film because of equal reflection of both L-CPL and R-CPL, and transmission
spectra where the minimum transmittance of the sandwich film was half that of the single-
ChLC film. Such handedness-independent optical filters can achieve full reflection of both
L-CPL and R-CPL, enabling twice the efficiency of the resulting photoenergy in comparison
with single-ChLC films.

Fernandes et al. [67] fabricated CNC ChLC films that also reflect both R-CPL and
L-CPL, by incorporating a small-molecule nematic liquid-crystal in the films. Although the
concept of this material to accomplish handedness-independent reflection is the same as
in de la Cruz et al. [66], their material designs are different. Whereas de la Cruz et al. [66]
constructed the optical filters from completely separated ChLC films and nematic liquid
crystalline films, Fernandes et al. [67] integrated the ChLC films and nematic liquid-crystal
as one material system.

Fernandes et al. [67] prepared ChLC films by casting a 1.9 wt% CNC aqueous dis-
persion on a Petri dish and drying the dispersion at 20 °C for 4 w to allow EISA. They
prepared sample cells by placing the ChLC films between two glass slides and filled the
sample cells with the nematic liquid-crystal 4-pentyl-4’-cyanobiphenyl (5CB) to obtain
CNC-5CB composite liquid crystalline films.

Fernandes et al. [67] observed the pristine CNC ChLC films and the CNC-5CB com-
posite films with circular polarizers. Whereas the CNC films exhibited the reflection color
in the LCP image but no color in the RCP image, the composite films exhibited the reflec-
tion color in both the LCP and RCP images (Figure 4c). These differing reflection results
indicate that the composite films reflected both L-CPL and R-CPL. Analogously to de la
Cruz et al.’s [66] strategy, the birefringence in the nematic region inverted the R-CPL trans-
mitted through the outer ChLC region, reflected this inverted transmission from the inner
ChLC region, reinverted this reflection as R-CPL in the nematic region, and transmitted the
reinversion through the outer ChLC region.

Because 5CB is a small-molecule liquid crystal, it has high stimuli-sensitivity and a
fast response. Taking advantage of this characteristic, the researchers can modulate the
reflection properties of CNC-5CB composites by external stimuli—such as the temperature
and electric field. The composite films exhibited handedness-independent reflection of
CPL at 30 °C, whereas they exhibited selective reflection of L-CPL at 34.5 °C (Figure 4d).
This is attributable to 5CB not exhibiting birefringence because of the nematic—isotropic
phase transition at ~35 °C. Applying an electric field parallel to the cholesteric helical
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axis eliminated the reflection of R-CPL (Figure 4e), because no birefringence occurs when
the orientation direction of an anisotropic material is parallel to the light direction. The
CNC-5CB composite is promising for applications as an optical filter that can dynamically
switch their filtering mode.
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Figure 4. (a) Schematic describing the sandwich film composed of cellulose nanocrystal (CNC)-based
cholesteric liquid crystal (ChLC) outer layers and a nematic inner layer, and the mechanism of
the handedness-independent circularly polarized light (CPL) reflection. LCP, left-handed circular
polarizer; RCP, right-handed circular polarizer. (b) Reflection spectra of a single CNC ChLC film
(top) and a sandwich film (bottom) with linearly polarized (LP) light, right-handed CPL (R-CPL), and
left-handed CPL (L-CPL) incident light ((a,b) were reprinted with permission from [66], copyright
(2021) American Chemical Society). (c) Reflection images of a simple CNC ChLC film and a CNC—4-
pentyl-4’-cyanobiphenyl (5CB) composite through LCP and RCP. (d) Reflection image of a CNC-5CB
composite through LCP and RCP at 30 °C (top) and 34.5 °C (bottom). (e) Reflection image of a
CNC-5CB composite through LCP and RCP; before (left) and after (right) applying an electric field
parallel to the cholesteric helical axis ((c—e) were reproduced from [67] by permission of Wiley).
(f) Schematic presenting formation of the ChLC structure with a distributed helical pitch in the
presence of N-stearoyl-L-glutamic acid (C18-L-Glu micelles). (g) Circular dichroism spectra and
(h) transmission spectra of broadband cellulose films (BCFs) with various portions of C18-L-Glu
((f,g) were reproduced from [68] by permission of Wiley).
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Cao et al. [68] developed optical filters that reflect L-CPL with a wide range of wave-
lengths in the visible region, by combining ChLC films with a surfactant. These films
have reflection-selectivity for the handedness and no selectivity for the wavelength. The
concept of the material design is that nanometer-scale micelles formed from the surfactant
disturb the self-assembly of CNC to give a nonuniform cholesteric helical pitch, resulting
in broadband reflection of L-CPL (Figure 4f).

Cao et al. [68] obtained CNC-based ChLC films compounded with micelles by adding
a controlled quantity of micelle solution composed of a water/methanol mixture and
anionic surfactant N-stearoyl-L-glutamic acid (C18-L-Glu) into a 4 wt% CNC aqueous
dispersion at neutral pH, followed by EISA at room temperature for 3 d. The researchers
termed the prepared films as broadband cellulose films (BCFs).

Figure 4g shows CD spectra of BCFs with various proportions of C18-L-Glu (BCF1-
BCF5; the C18-L-Glu content increases from BCF1-BCF5). These spectra indicate that the
reflection peak of the films broadened in accordance with increasing C18-L-Glu concentra-
tion. The sample with the highest content of C18-L-Glu in the researchers’ experiments
(BCF5) exhibited a broad reflection peak covering the visible region. CPL transmission
spectra verified the prevention of the transmission of L-CPL over a wide range of wave-
lengths by ChLC films incorporating C18-L-Glu (Figure 4h). Such ChLC films that exhibit
broadband selective reflection of CPL can be applied to optical filters that separate R-CPL
and L-CPL regardless of wavelength.

2.1.4. Conducting Films

Lizundia et al. [69] fabricated conducting materials by depositing a conducting poly-
mer, polypyrrole (PPy), on CNC ChLC films. They prepared the ChLC films by casting
4 wt% CNC aqueous dispersions on Petri dishes, and then air-drying the dispersions
for 96 h to induce EISA. To prepare CNC ChLC films with various functional groups
on the surfaces, the researchers conducted surface modification of the films by (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl-oxidation, acetylation, alkaline desulfation, and cationiza-
tion. They obtained CNC/PPy composite films by in situ oxidative polymerization of
pyrrole on a series of CNC films as substrates (Figure 5a). The researchers soaked the CNC
films in distilled water; then added pyrrole, aqueous FeCls as an oxidant, and HCl as a
dopant, before finally conducting the reaction at 0 °C for 5 h.
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Figure 5. (a) Schematic for preparing cellulose nanocrystal (CNC)/polypyrrole (PPy) composite films. (b) Cyclic voltammo-

grams of CNC /PPy composites, where the CNCs were subjected to various surface modifications ((a,b) were reproduced
from [69] by permission of Wiley). TEMPO, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

Lizundia et al. [69] performed cyclic voltammetry using CNC/PPy composite films
as electrodes to characterize the conductivity of the films (Figure 5b). Whereas the neat
CNC film without PPy exhibited zero current over the range of applied voltage, CNC/PPy
composite films exhibited rectangular cyclic voltammetry curves. The specific capacitance
calculated from the voltammogram of the acetylated CNC /PPy film was 4 x that of the
unmodified CNC/PPy film. These cyclic voltammetry results indicate that the capacitance
can be improved by surface modification of composite films. The researchers considered
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this improvement to be related to the hydrogen bonding between the carbonyl and hydroxy
groups on the CNC film, and the amine groups of the PPy.

2.2. Cellulosic ChLC Gels

A polymeric gel is composed of a polymer network constructed by chemical or
physical crosslinking of the polymer chains, and swells by uptaking solvents into the net-
work. Although Section 2.1 introduced some film materials—such as the mechanochromic
films created by Miiller and Zentel [51] and the biomineralized films reported by Ogi-
wara et al. [63] that had a polymer network structure, these materials express their func-
tions in a dried state. We consider materials (incorporating cellulosic ChLC) that express
their functions through swelling with a solvent as cellulosic ChLC functional gels.

Because cellulosic ChLC can be formed in an aqueous solution or a dispersion using
HPC or CNC, these cellulosics enable production of ChLC hydrogels. This hydrogel
characteristic facilitates fabrication of ecofriendly, biocompatible, cellulosic ChLC-based
functional gels.

Researchers prepare cellulose derivative-based ChLC gels by in situ polymeriza-
tion of lyotropic ChLC solutions of cellulose derivatives in monomeric solvents with a
crosslinker [70]. Another method is formation of lyotropic ChLC solutions of cellulose
derivatives with crosslinkable side groups followed by crosslinking [51]. A representative
preparation of CNC-based ChLC gels is as follows: first mix a relatively dilute non-ChLC
dispersion with a crosslinkable monomer, and then subject the mixture to EISA and in situ
polymerization [71,72].

2.2.1. Salt-Responsive Color Gels

Chiba et al. [70] reported cellulose derivative-based ChLC hydrogels that exhibit a
salt-responsive color change. They prepared lyotropic ChLC by dissolving 60-72 wt%
HPC in a solvent mixture composed of di(ethylene glycol) monomethyl ether methacrylate
(DEGMEM), methanol, water, and tetra(ethylene glycol) diacrylate. The researchers added
glutaraldehyde and a small quantity of hydrochloric acid into the lyotropic ChLC, followed
by in situ photopolymerization and crosslinking to obtain the ChLC gels. In this gel system,
they immobilized the ChLC structure with an interpenetrating polymer network consisting
of HPC crosslinked with glutaraldehyde, and poly(DEGMEM) (PDEGMEM) crosslinked
with tetra(ethylene glycol) diacrylate.

The 65 wt% HPC/PDEGMEM composites were orange in the original dried state,
whereas the color redshifted by swelling in aqueous LiSCN and subsequent drying
(Figure 6a). Chiba et al. [70] restored the original color by washing the gels with distilled
water and drying. However, after immersing these gels in aqueous KNOj the reflected
color of the gels blueshifted. The researchers explained this salt-dependent color variation
in terms of the chaotropic effect of the salt ions. Because chaotropic ions act as water-
structure breakers (and antichaotropic ions act as water-structure formers), the salts likely
affected the water-solubility of HPC, inducing an increase in the cholesteric helical pitch in
the context of chaotropic ions and a decrease in the cholesteric helical pitch in the context
of antichaotropic ions. Ions with a stronger chaotropicity corresponded to a larger change
in the helical pitch.

In addition, Chiba et al. [70] achieved color control of the gels with an electric field
(Figure 6b). After applying an electric field to HPC/PDEGMEM gels salted with LiSCN,
negative thiocyanate ions migrated to the positive side of the gels, and the coloration of the
positive side redshifted because of the chaotropicity of thiocyanate.

2.2.2. Humidity-Responsive Color Gels

Miiller and Zentel [51] produced cellulosic molecular ChLC hydrogels that changed
color in accordance with the water content. They introduced crosslinkable acryl groups
into HPC by an esterification reaction between acryloyl chloride and the hydroxy groups
of HPC (Figure 7a). The researchers set a relatively low degree of substitution (0.22) to

17



Nanomaterials 2021, 11, 2969

maintain the water solubility. They dissolved the modified HPC in water at 66 wt% to
obtain lyotropic aqueous ChLC, and then subjected the solutions to photocrosslinking to
prepare ChLC hydrogels.

(a)

LiSCN

KNO,

(b)

LiSCN

KNO,

Figure 6. (a) Visual appearance of hydroxypropyl cellulose (HPC)/poly(di(ethylene glycol)
monomethyl ether methacrylate) (PDEGMEM) gels (1) in the original state, (2) swollen in salt solutions,
(3) dried after salting-in, and (4) washed with water followed by drying. The researchers used LiSCN
and KNOj as salts. (b) Visual appearance of HPC/PDEGMEM gels (1) in original state, (2) swollen
in salt solutions, (3) after applying the electric field, and (4) dried after turning off the electric field
((a,b) are reprinted with permission from [70], copyright (2021) American Chemical Society).

The obtained HPC-based ChLC hydrogel originally exhibited a red color, whereas the
color blueshifted after air-drying for 3 d and shifted to the UV region after 3 w (Figure 7b).
These color shifts are likely because shrinking the hydrogel by air-drying shrank the
cholesteric helix incorporated in the hydrogel. The coloration of the gel returned to the
red region after swelling with water, and Miiller and Zentel [51] cycled the color change
between the red to UV regions.

Wu et al. [71] fabricated composites (of a CNC-based ChLC gel and a polyamide film)
that exhibit a humidity-responsive color change and three-dimensional deformation. They
produced the composite by sandwiching a uniaxially oriented polyamide film between
two CNC ChLC gel layers.

Wu et al. [71] mixed a 1.5 wt% CNC aqueous dispersion with 5 wt% aqueous polyethy-
lene glycol diacrylate (PEGDA) to reach several weight ratios of CNC and PEGDA. They
used PEGDA to construct a polymer-network structure through polymerization and
to impart flexibility to the resultant polymerized product. The researchers added the
CNC/PEGDA mixture to one side of a uniaxially oriented polyamide-6 (PA-6) film, and
then dried the product. They subjected another side of the PA-6 film to the same process
and exposed the sample to UV-irradiation for photopolymerization, resulting in a CNC
ChLC gel/PA-6 film composite (Figure 7c).
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Figure 7. (a) Chemical structure of hydroxypropyl cellulose (HPC) acrylate and (b) effect of swelling
and drying on UV-Vis spectra of an HPC-based cholesteric liquid crystal (ChLC) hydrogel (Reprinted
from [51] by permission of Wiley). (c) Schematic of cellulose nanocrystal (CNC) ChLC gel/polyamide-
6 (PA-6) film sandwich composites. PEGDA, polyethylene glycol diacrylate. (d) Schematic and visual
appearances of water-vapor-induced color change as well as actuation of the sandwich composite.
R: red; G: green. (e) Wet-air response of an artificial flower prepared from a sandwich composite
(c—e) were reproduced from [71] by permission of The Royal Society of Chemistry).

19



Nanomaterials 2021, 11, 2969

Wau et al. [71] evaluated the humidity response of a specimen cut from the composite
with a CNC/PEGDA mass ratio of 54.5/45.5 along the orientational axis of the PA-6 film.
They placed the sample in a 10-mL bottle with water, and provided wet air to the sample by
heating the bottle to 75 °C. The humidity-response tests indicate that the color of the side of
the sample exposed to wet air redshifted, whereas the other side exhibited no color change
(Figure 7d). In addition, the sample exhibited a bending deformation in response to the
humid environment. These color-change and deformation phenomena are attributable to
asymmetric swelling of the CNC-based ChLC gel outer layers, originating from a blockage
of the water vapor by the hydrophobic PA-6 interlayer film. The researchers flattened
the composite by wetting both sides and observed the original color after drying. They
also prepared an artifact mimicking a four-petal flower from the sandwich composite
and demonstrated the composite’s humidity-responsive behavior (Figure 7e). Providing
wet air to the flower mimic gave rise to folding due to the bending force of the petals,
whereas removing the moisture source caused recovery of the original shape by water
desorption. A composite material expressing humidity-responsive color change as well
as three-dimensional deformation is attractive as a potential application in, for example,
humidity sensors or wet air-driven actuators.

The humidity response of CNC-based ChLC gels is an active area of research [73-77].
The substantial hydrophilicity and useful coloration properties of CNC-based ChLCs are
suitable for achieving a humidity response.

2.2.3. Colored Gels with Tailored Stimuli-Responsivity

Kelly et al. [72] produced stimuli-responsive photonic hydrogels incorporating a
CNC ChLC structure. They concentrated 3 wt% CNC aqueous dispersions containing the
monomers, crosslinker, and photoinitiator 2,2-diethoxyacetophenone to >60 wt% CNC, to
obtain ChLC dispersions with visible color through EISA. The researchers then prepared
photonic hydrogels by in situ photopolymerization of the monomer in the colored ChLC
dispersions for 1 h. They used several types of monomer and crosslinker for preparing the
hydrogels, such as acrylamide, N-isopropylacrylamide, polyethylene glycol methacrylate,
N,N’-methylenebisacrylamide, and polyethylene glycol dimethacrylate.

The color of the CNC/polyacrylamide hydrogels was red-shifted after swelling in
water because the CNC was diluted inside the gels (Figure 8a). Immersing the hydrogels
in water corresponded to rapid swelling, reaching the swelling equilibrium after ca. 150 s
(Figure 8b). Hydrogels briefly subjected to photopolymerization exhibited faster swelling
than those that were sufficiently irradiated because of the loose polymer network in the
former. Taking advantage of this property (controllable swelling rate), Kelly et al. [72]
spatially modulated the swelling behavior by masking a section of the hydrogels during
photopolymerization. Such photonic hydrogels can be used to produce a security device
that exhibits a latent image by swelling in water (Figure 8c).

Because diverse monomers can be used to prepare CNC-based ChLC hydrogels,
a wide range of functionality can be imparted to the hydrogels by simply changing the
monomer species in the aqueous dispersions. To demonstrate this functionalization strategy,
Kelly et al. [72] prepared hydrogels composed of CNC and poly(acrylic acid) (PAA), and
demonstrated a pH-responsive color change originating from pH-dependent ionization of
PAA (Figure 8d).

2.3. Cellulosic ChLC Mesoporous Materials

Constructing a mesoporous structure can impart valuable physical properties to cellu-
losic ChLC materials, such as flexibility and substantial solvent absorption. Furthermore,
chiral mesoporous structures will facilitate fabrication of unprecedented functional materi-
als, such as chiral reaction fields and optical resolution columns.
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Figure 8. (a) Visual appearance of a cellulose nanocrystal (CNC)/polyacrylamide (PAAm) cholesteric
liquid crystal (ChLC) hydrogel swollen in water for 30 s. (b) Time dependence of the selective
reflection wavelength of a CNC/PAAm ChLC hydrogel swollen in water. (c) Swollen state in
water for a CNC/PAAm ChLC hydrogel prepared by in situ photopolymerization of the precursor
ChLC dispersion with a photomask. (d) Time dependence of the selective reflection wavelength
of a CNC/poly(acrylic acid) (PAA) ChLC hydrogel swollen in water at pH 7 and 9.5 (a-d) were
reproduced from [72] by permission of Wiley).

2.3.1. Flexible and Solvent-Responsive Mesoporous Films

Khan et al. [78] produced flexible mesoporous ChLC films by compounding CNC
with phenol-formaldehyde (PF) resin. In a typical procedure, they mixed a 3.5 wt% CNC
aqueous dispersion with 35 wt% PF solution in water/methanol, and then dried the
mixture under ambient conditions for EISA. The researchers heated the obtained films
at 75 °C for 24 h to cure the PF resin, resulting in CNC/PF resin composite films. They
prepared mesoporous films upon treatment of the composites with an alkali solution or
an alkali/urea mixture to remove the internal CNC, followed by supercritical drying with
CO; (Figure 9a).

Khan et al. [78] retained coloration of the films, derived from selective reflection of CPL,
even after removal of the CNCs. This retained coloration indicates that the researchers
obtained a CNC-based ChLC morphology on the mesoporous structure. In addition,
the mesoporous ChLC films were pliable and readily bent without structural damage
(Figure 9b), in contrast to the brittle nature of composites before removing the CNCs.
Tensile stress—strain curves indicate that the mesoporous films exhibited higher flexibility
(lower elastic modulus) and toughness (higher elongation at break) than the corresponding
nonporous films (Figure 9c). The researchers also examined the solvent-responsivity of the
mesoporous ChLC films. The reflection color of the film red-shifted upon immersing the
film in a water/ethanol mixed solvent, and the color corresponded to the water/ethanol
ratio (Figure 9d). This is attributable to an increase in the cholesteric helical pitch originating
from swelling of the mesoporous structure (Figure 9¢). The color change was reversible by
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deswelling. Such CNC-based mesoporous ChLC films may find use as e.g., structurally
colored plastics and solvent sensors.
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Figure 9. (a) Schematic for preparing mesoporous cholesteric liquid crystal (ChLC) plastics from cellulose nanocrystal
(CNC)/phenol-formaldehyde (PF) resin ChLC dispersions. (b) Visual appearance of a mesoporous ChLC plastic de-
formed by bending. (c) Stress—strain curves of a nonporous CNC/PF resin composite film and a mesoporous ChLC
plastic. (d) Ultraviolet—visible transmission spectra of mesoporous ChLC plastics immersed in a water/ethanol mixture.
(e) Schematic of the swelling behavior of mesoporous ChLC plastics in water/ethanol mixtures (a—e) were reproduced
from [78] by permission of Wiley).

2.3.2. Cellulose Derivative-Silica Mesoporous Hybrids for Chiral Chromatography

Sato et al. [79] prepared cellulose chlorophenylcarbamate derivative—silica hybrids
with ChLC as well as mesoporous structures by a sol-gel process, and evaluated their
optical and chiral resolution properties. They added 3- and 4-chlorophenyl isocyanate
into 2.8 wt% cellulose in dimethylacetamide/LiCl, and carried out the reaction at various
temperatures and times under nitrogen. The researchers purified the obtained cellulose
3-chlorophenylcarbamate (3CI-CPC) and 4-chlorophenylcarbamate (4CIl-CPC; Figure 10a)
by dissolution—precipitation and Soxhlet extraction. They prepared lyotropic ChLC solu-
tions of 3C1-CPC by dissolving 3Cl-CPC in 3-aminopropyltrimethoxysilane at 3240 wt%,
and prepared ChLC solutions of 4Cl-CPC by dissolving 4C1l-CPC in a tetramethyl orthosili-
cate/dimethylformamide/dichloroacetic acid mixed solvent at 3248 wt%. The researchers
exposed the ChLC solutions of 3C1-CPC and 4CIl-CPC to air to solidify the solutions through
the sol-gel process, resulting in cellulose chlorophenylcarbamate—silica hybrids.

In CD spectroscopy, the concentrated 3Cl-CPC/3-aminopropyltrimethoxysilane solu-
tions exhibited negative peaks originating from the right-handed cholesteric helix, whereas
4Cl-CPC/tetramethyl orthosilicate/dimethylformamide/dichloroacetic acid solutions ex-
hibited positive peaks originating from a left-handed helix (Figure 10b). Sato et al. [79] also
observed the selective reflection peaks in CD spectra of silica hybrids obtained by sol-gel
processing of those ChLC solutions, indicating immobilization of the ChLC structure in
the hybrids (Figure 10b). The reflection peaks of the solidified samples blue-shifted com-
pared with those of the corresponding parent solutions, likely because the samples shrank
during gelation.

Sato et al. [79] attempted a chiral resolution of a racemic compound by column
chromatography with the cellulose chlorophenylcarbamate—silica ChLC hybrid as the
column filler. A concept of this column system is two-chirality with different scales, which
are the molecular chirality of the cellulose derivative and the supramolecular chirality of
the ChLC structure; whereas conventional chiral columns adopt only molecular chirality.
The researchers carried out an open-column chromatographic separation of a racemate
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of trans-stilbene oxide (TSO) into two enantiomers [i.e., (R,R)-TSO and (S,5)-TSO] with
a column filled with 4Cl-CPC-silica ChLC hybrid granules (¢ <~120 pm). The resultant
chromatogram exhibited a broad peak composed of two signals (Figure 10c), although a
conventional chiral column manufactured from 4Cl-CPC enable chiral separation of TSO.
The researchers attributed this insufficient chiral resolution by 4Cl-CPC-silica ChLC hybrid
to fewer contacts of the filler with the chiral molecules, itself attributable to the nonuniform
particle size of the filler. Technical optimization will validate the concept of two-chirality
with different scales.
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Figure 10. (a) Chemical structures of cellulose, 3-chlorophenylcarbamate (3C1-CPC), and 4-chlorophenylcarbamate (4CI-
CPC). (b) Circular dichroism spectra of 3CI-CPC/3-aminopropyltrimethoxysilane (left) and 4Cl-CPC/tetramethyl orthosil-
icate/dimethylformamide/dichloroacetic acid (right) cholesteric liquid crystal solutions with various cellulosic concen-
trations. (¢) Chromatographic profile for racemic trans-stilbene oxide using an open column filled with a 4Cl-CPC-silica

hybrid (a—c) were reproduced from [79] by permission of Elsevier).

2.4. Other Cellulosic ChLC Solid Functional Materials

There are additional reports on diverse cellulosic ChLC solid functional materials—such as
structurally colored liquid marbles [80] and clay composites [81], photonic skins to visualize
human motion [82,83], transistors for CPL-sensing [84], solvent-resistant photonic films [85],
mechanically anisotropic composites [86], CPL-luminescent films incorporating quantum
dots [87], pressure-sensitive aerogels [88], humidity-responsive photonic microarrays [89],
and inkjet-printed photonic patterns [90]. These studies will facilitate expansion of the
range of applications of cellulosic materials to industrial sectors in which cellulose is often
considered to be incompatible with high performance.

3. Cellulosic ChLC-Based Liquid Functional Materials
3.1. Cellulosic ChLC Solutions

A representative material form of cellulosic ChLC liquid materials is solution; that is,
lyotropic ChLC. Although the basic physical properties of cellulosic ChLC solutions have
been thoroughly investigated to date, research on functionalization of the solutions have
been limited. A core reason for this lack of research may be the high viscosity of cellulosic
ChLC solutions, which leads to handling difficulties and slow stimuli-responses.

Nishio et al. [91] and Chiba et al. [92] reported cellulose derivative-based ChLC
solutions doped with salts and modulated the solutions’ color with an electric field. This
system is a precursor of the salt-responsive color gels described in Section 2.2.1.

Nishio et al. [91] prepared ChLC solutions by dissolving HPC into aqueous salt. They
accelerated dissolution of HPC by repeated centrifugation of the mixture. The selective
reflection wavelength of 62.5 wt% HPC ChLC aqueous solution blue-shifted in accordance
with increasing concentration of LiCl, whereas the wavelength red-shifted in accordance
with increasing concentration of LiSCN (Figure 11a). This difference is likely related to the
chaotropicity of the salt ions as aforementioned in Section 2.2.1. Chiba et al. [92] applied
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an electric field to HPC ChLC aqueous solutions containing LiSCN, and found that the
positive electrode side of the solutions red-shifted and the negative electrode side blue-
shifted (Figure 11b). Which electrode side exhibited a blue-shift and which side exhibited
a red-shift depended on the salt species. A long time (~3 h) was necessary to reach the
equilibrium solution color under the applied electric field, because of the high viscosity of
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Figure 11. (a) Ultraviolet—visible (UV-Vis) spectra of hydroxypropyl cellulose (HPC) cholesteric liquid crystal (ChLC)
aqueous solutions with various concentrations of LiCl and LiSCN. (b) Visual appearance of HPC ChLC aqueous solutions
with LiSCN under application of an electric field (a,b) were reprinted with permission from [91,92]. Copyright (2021)
American Chemical Society). (¢) Chemical structure of azo-cellulose. (d) UV-Vis spectra of an azo-cellulose ChLC solution
prior to irradiation, after irradiation at 356 nm, and after irradiation at >400 nm. (e) Schematic of the change in the cholesteric
helical pitch of azo-cellulose ChLC solutions by irradiation (d,e) were reproduced from [51] by permission of Wiley).

Miiller and Zentel [51] produced cellulosic ChLC solutions in which light modulates
the color. To induce the photoresponsive color changes, they synthesized cellulose with
two types of side groups: the trifluoromethyl phenyl carbamoyl group required for express-
ing ChLC, and the azobenzene side group that imparts photoresponsivity (Figure 11c).

Miiller and Zentel [51] synthesized a cellulose derivative (azo-cellulose) by reacting
3-(trifluoromethyl)phenyl isocyanate and isocyanoazobenzene with cellulose in dimethy-
lacetamide/LiCl solution at 80 °C for 4 d, followed by dissolution—precipitation with
acetone and a methanol/water mixture. They determined the quantity of azobenzene side
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groups to be 5.4 wt% by UV-Vis spectroscopy. The researchers prepared ChLC solutions
by dissolving azo-cellulose in diethylene glycol dimethacrylate at 44.3 wt%.

In the UV-Vis spectra of the azo-cellulose ChLC solution prior to irradiation, Miiller
and Zentel [51] observed the selective reflection peak at ca. 500 nm (Figure 11d). By
irradiating the ChLC solution at 365 nm, the selective reflection peak shifted to 630 nm, and
shifted back to ca. 500 nm by irradiation at 400 nm. This photoresponsive color change is
attributable to light-induced cis—trans isomerization of the azobenzene side groups, which
gives rise to a change in the cholesteric helical pitch that is attributable to the steric effect
(Figure 11e). The researchers exposed the azo-cellulose ChLC solutions to irradiation for
1 h. This is indicative of a long time to reach the equilibrium of the photoresponsive color
change, because of the high viscosity of the solutions.

3.2. Cellulosic ChLC Emulsions

A liquid-crystal emulsion is a system composed of dispersed liquid-crystal phase and
a continuous liquid phase. Because the liquid-crystal phase is confined in a microscopic
droplet, there are characteristic physical properties that are not observed in a bulk liquid-
crystal. There have been many studies on liquid-crystal emulsions for applications to e.g.,
biosensors [93-96], omnidirectional laser emission [97-100], photonic pigments [101], and
counterfeiting [102] This material form is expected to exhibit high macroscopic fluidity (in
particular for molecular liquid-crystals, because polymer chains entangle only within each
microdroplet) and high stimuli-responsivity originating from the large surface area of the
microscopically dispersed liquid-crystal phase. Liquid-crystal emulsions therefore have
great potential for liquid-type ChLC functional materials that overcome the drawbacks of
lyotropic ChLCs mentioned in Section 3.1.

Li et al. [103] fabricated CNC-based ChLC emulsions by the microfluidic technique,
and evaluated the particle size-induced topological transition of ChLC microdroplets. They
also studied functionalization of the ChLC emulsions by loading nanoparticles (NPs) into
the droplets.

For preparation of the ChLC emulsions, Li et al. [103] injected a CNC ChLC aqueous
suspension as a droplet phase into the central channel of a microfluidic device, and injected
a continuous phase consisting of a fluorinated oil and a copolymer surfactant into the side
channels (Figure 12a). They ranged the droplet size from the micron order to hundred-
micron order with low polydispersity by changing the flow rate of the oil phase.

Li et al. [103] evaluated the effect of the droplet size on the topology of the CNC ChLC
droplets by POM (Figure 12b). For the larger droplets with radius (R) in the range of
40 < R <115 pm, they observed a concentric ring pattern with the Maltese cross. This opti-
cal pattern is attributable to the radial topology of the ChLC helices, where the helical axes
of the ChLC are oriented perpendicular to the droplet surface (the pseudonematic planes
are tangentially aligned to the droplet surface). The double distance between two adjacent
concentric rings, corresponding to the cholesteric helical pitch, was 6.1 & 0.3 um; and the
helical pitch in the droplets was independent on the droplet size. For the middle size of
droplets, 10 < R < 40 pm, the researchers observed a stripe pattern at the core and the
aforementioned concentric ring pattern at the periphery. This stripe pattern originates from
the bipolar topology of the ChLC helices, where the helical axes of the ChLC tangentially
oriented to the droplet surface. For the smaller droplets, R < 10 pum, the stripe pattern
accounted for almost all of the droplets. The researchers explained this size-dependent
topological transition of the ChLC microdroplets in terms of a balance between the elastic
energy of spherical packing of the ChLC helices and the surface anchoring energy of the
pseudonematic planes.

To impart a range of functionalities to their CNC-based ChLC emulsions, Li et al. [103]
loaded various NPs into the microdroplets. The inside of the droplets phase-separated into
a CNC-rich ChLC region and an NP-rich isotropic region, whereby the ChLC structure
was maintained even after loading the NPs. A ChLC emulsion with gold NP-loaded
microdroplets exhibited extinction that is attributable to the surface plasmon resonance,
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and a ChLC emulsion with carbon dot-loaded microdroplets exhibited photoluminescence.
In a CNC-based ChLC emulsion with magnetic NP-loaded microdroplets, the droplets
moved in accordance with an applied magnetic field (Figure 12c).

Cho et al. [104] studied a system in which the dispersed ChLC microdroplets in CNC-
based ChLC emulsion converted into microgels. They investigated the swelling behavior
and microreactor characteristics of the ChLC microgels.

Cho et al. [104] prepared their ChLC emulsions by microfluidic emulsification of a
CNC ChLC aqueous suspension containing a monomer (2-hydroxyethyl acrylate), crosslinker
[poly(ethylene glycol) dimethacrylate], and photoinitiator in a similar manner as aforemen-
tioned. The precursor droplets exhibited a size-induced topological transition, which is
consistent with the aforementioned microdroplets prepared from a simple CNC ChLC aque-
ous dispersion. The researchers then subjected the emulsions to UV-irradiation to transform
the droplets into microgels by photopolymerization of the monomer and crosslinking the
polymer chains.

Cho et al. [104] transferred the CNC-based ChLC microgels from oil to water, and
examined the swelling behavior by POM (Figure 12d). The microgels obtained from
the larger precursor droplets (126 um) with radial topology exhibited isotropic swelling
in water, giving rise to an increase in the particle size as well as a cholesteric helical
pitch estimated from the distance between the adjacent concentric rings. However, the
microgels prepared from smaller precursors (20 um) with a bipolar topology anisotropically
swelled, resulting in prolate microgels. There was preferential swelling along the direction
perpendicular to the pseudonematic planes.

CNC-based ChLC microgels have the potential to act as microreactors because of
the catalytic ability facilitated by the hydroxy groups that impart nucleophilicity, and
anionic sulfate ester groups that impart cation-deposition properties. Cho et al. [104]
examined the catalytic performance of the microgels for hydrolysis of 4-nitrophenyl acetate
to 4-nitrophenolate, by monitoring the UV-Vis spectra of aqueous 4-nitrophenyl acetate
mixed with CNC-based ChLC microgels. UV-Vis spectroscopy indicated that the inten-
sity of the absorption peak at 270 nm (corresponding to 4-nitrophenyl acetate) decreased,
whereas the intensity of the peak at 400 nm (corresponding to 4-nitrophenolate) increased,
over the course of the reaction (Figure 12e). The researchers also produced Ag NPs in the
microgels, where CNC acted as a reducing agent and an Ag* ion-absorber. The CNC-Ag
NP composite ChLC microgels exhibited catalytic capability for reducing 4-nitrophenol.

Wang et al. [105] produced CNC-based ChLC emulsions and ChLC microgels. They
prepared the emulsions by mixing a 4 wt% CNC aqueous suspension with acrylamide,
a crosslinker, and a photoinitiator; followed by emulsification in cyclohexane with the
surfactant. Moreover, the researchers exposed the ChLC emulsions to UV-irradiation
for photopolymerization of the acrylamide in the microdroplets to fabricate microgels
incorporating the ChLC structure. Although this work did not focus on the functionalities
of the ChLC emulsions and microgel suspensions, monitoring the growth of the ChLC
structure in the microdroplets by POM and direct observations of the internal ChLC
structure of the microgels by SEM are noteworthy.

As described previously, emulsification of CNC-based colloidal ChLC was achieved
by a microfluidic technique and simple mixing with a surfactant. However, these methods
are difficult to apply to cellulose derivative-based molecular ChLC because ChLC solutions
of cellulose derivatives have a higher viscosity than CNC ChLC dispersions. Therefore,
other approaches are required to prepare cellulose derivative-based ChLC emulsions.

Chakrabarty et al. [106] prepared cellulose derivative-based ChLC emulsions from
a cellulose derivative-g-block copolymer (BCP) without using a microfluidic technique
or adding external surfactants. In this system, the grafted BCP-side chains underwent
self-assembly in a water/oil mixture because of their amphiphilicity, resulting in ChLC
emulsions containing microdroplets with an inside cellulose derivative-based ChLC so-
lution and an outside BCP layer. The researchers evaluated the relationships between
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the chemical structure of cellulose derivative-g-BCP and the physical properties of the
ChLC microdroplets.
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Figure 12. (a) Optical microscopy image of microfluidic emulsification of a cellulose nanocrystal (CNC) cholesteric liquid
crystal (ChLC) aqueous dispersion in oil. (b) Polarized optical microscope (POM) images of CNC-based ChLC microdroplets
with dimensions in the range of 40 < R < 115 um, 10 < R < 40 um, and R < 10 um. (c) Optical microscopy images of
CNC-based ChLC microdroplets loaded with magnetic nanoparticles with and without an applied magnetic field ((a-c) were
reproduced from [103] by permission of Nature Springer). (d) POM images of CNC-based ChLC microgels in water, with
insets showing the corresponding bright field images. (e) Time dependence of the UV-Vis spectra of aqueous 4-nitrophenyl
acetate mixed with CNC-based ChLC microgels ((d,e) were reproduced from [104] by permission of Wiley). (f) Schematic for
hydroxypropyl cellulose (HPC)-g-block copolymer (BCP) synthesis. GMA, glycidyl methacrylate; OEGMA, oligoethylene
glycol methacrylate; P(OEGMA-co-GMA, poly(oligoethylene glycol methacrylate-co-glycidyl methacrylate); PS, polystyrene.
(g) POM images of ChLC microdroplets formed by HPC-g-BCPs with various PS block lengths and comparable DSpcp
(left three images), and with different DSgcp and comparable PS block lengths (right three images). (h) Circular dichroism
spectra of the ChLC emulsions formed by HPC-g-(BCP-6.7)¢ oo With various concentrations of LiSCN ((f-h) were adapted
with permission from [106], copyright (2021) American Chemical Society).
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Chakrabarty et al. [106] synthesized a series of BCPs composed of hydrophilic poly
(oligoethylene glycol methacrylate-co-glycidyl methacrylate) and hydrophobic polystyrene
blocks by reversible addition—fragmentation chain transfer polymerization. They varied
the ratio for the degree of polymerization of the hydrophilic and hydrophobic blocks
(x) by changing the polystyrene block length. The researchers then grafted a series of
BCPs onto HPC by ring-opening etherification involving the epoxy groups of glycidyl
methacrylate and the hydroxy groups of HPC to obtain the graft copolymers HPC-g-
(BCP-x), (Figure 12f), where y represents the average number of grafted BCP chains per
anhydroglucose unit (DSpcp). They prepared the ChLC emulsions by adding HPC-¢g-BCPs
into a water/xylene mixture and subsequent 30-min sonication. These are water-in-oil
emulsions where the HPC ChLC aqueous solution is the dispersed phase and xylene is the
continuous phase. The researchers determined the quantity of water such that the HPC
aqueous concentration inside the droplets was 50-70 wt%, which is required to impart
a visible color to the bulk system. They formed the ChLC emulsions by sonicating the
mixture for only 30 min, whereas preparation of cellulose derivative-based ChLC bulk
solutions requires mixing for several days.

POM observations of the ChLC emulsions, prepared from HPC-g-BCPs [HPC-g-(BCP-
1.3)0.007, HPC-g-(BCP-4.1) 019, and HPC-g-(BCP-6.7)0 ggs] with various BCP compositions
and comparable (low) DSgcp values, indicate that the topological transition of the ChLC
core from the radial to the bipolar occurred through an increase in the hydrophobic
polystyrene length of the BCP side chains (Figure 12g). The topology of the liquid crystalline
microdroplets in the emulsion was sensitive to the chemical environment at the droplet
surface [93,107]. The topological transition can be interpreted as a change in the orientation
state of HPC chains in response to the increase in the hydrophobicity of the droplet
surface, which is imparted by the increased polystyrene block length. POM observations of
ChLC emulsions, prepared from HPC-¢g-BCPs [HPC-g-(BCP-6.7) 935, HPC-g-(BCP-6.7)0 020,
and HPC-g-(BCP-6.7) 012] with various DSpcp values and an identical BCP composition,
indicate that the ChLC region inside the droplets increased in accordance with increasing
DSgcp (Figure 12g). These POM results indicate that the mobility of the HPC molecular
chains when BCP was relatively densely grafted tended to be constrained by the shell of
the droplets, rendering it difficult to supply HPC segments that would form a ChLC phase
to the core.

To examine the effect of adding salt to the ChLC emulsions, Chakrabarty et al. [106]
prepared emulsions from HPC-g-(BCP-6.7)¢ gos with LiSCN aqueous solutions at various
concentrations as the water-based phase. CD spectroscopy of the ChLC emulsions with
LiSCN indicated that increasing the concentration of LiSCN gave rise to a broadened
CD peak of the emulsions (Figure 12h), which differed from the systematic blue-shift
observed in the simple HPC aqueous solution system described in Section 3.1. This peak-
broadening phenomenon is attributable to the distribution of the mobility-restricted states
of the HPC chains anchored onto the BCP shell, which leads to a heterogeneous response
of the cholesteric helical pitch to the salt. This unique salt-response of cellulose derivative-
based ChLC emulsions can be applied to fabricate a broadband CPL filter, as revealed in
Section 2.1.3.

4. Summary

We briefly described the fundamentals of cellulosic liquid crystals and reviewed
research on fabricating cellulosic ChLC functional materials. As a concept of the review,
we broadly organized such materials into the solid and liquid types, and further divided
these in terms of their material forms, because the material form is foundational to the
applications of the materials.

In cellulosic ChLC-based solid functional materials, films have been studied mostly
because of the high film-formability of cellulosics. This material form is typically suitable for
producing mechanochromic materials to visualize mechanical stimuli, such as compression
and tensile. Large-scale manufacturing of touch-responsive cellulosic ChLC films using
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the roll-to-roll method is possible. Cellulosic ChLC films are also applicable as optical
filters, and expansion of the filtering function has been accomplished by compounding
cellulosic ChLCs with nematic liquid crystals and a surfactant. Cellulosic ChLC gels
also are an active field of research. A typical function achieved by this material form
is humidity-responsive color change. In particular, there are many reports regarding
humidity-responsive hydrogels prepared from CNC-based ChLC aqueous dispersions
because of the high hydrophilicity of CNC. Cellulosic ChLC gels can also exhibit a salt-
responsive color change, and other responsivities can be imparted by compounding the
gels with diverse synthetic polymers. Cellulosic ChLC-based mesoporous materials enable
fabrication of structurally colored flexible plastics.

Regarding cellulosic ChLC-based liquid functional materials, studies on functionaliza-
tion of cellulosic ChLC solutions have been limited; whereas fundamental aspects have
been thoroughly investigated. This lack of functionalization research is likely because of the
high viscosity of the solutions, leading to handling difficulties and slow stimuli-responses.
The cellulosic ChLC emulsion is a material form that is expected to overcome these prob-
lems because of its high fluidity and the large surface area of the ChLC microdroplets.
Although there are few reports on cellulosic ChLC emulsions, several interesting physical
properties were found that were not observed in the bulk system. The topological transition
of ChLC microdroplets in response to the surrounding chemical conditions will facilitate
applications to chemical sensors. Because cellulosic ChLC microdroplets can load various
NPs without disrupting the ChLC structure, researchers will develop useful functions by
compounding cellulosic ChLCs with NPs. Furthermore, cellulosic ChLC microdroplets
may serve as microreactors for chiral-selective reactions based on the chiral scaffold inside
the droplets.

Cellulosic ChLC materials have the potential to exhibit diverse functions and possi-
ble applications, depending on their material forms, as presented in the current review.
Whereas previous studies on cellulosic ChLC-based functional materials have generally
focused on the coloration properties of cellulosic ChLCs, developing functions that take
advantage of their chirality has been limited. Few researchers have produced functional
materials, such as biomineralized films, conducting films, and mesoporous fillers, by using
cellulosic ChLCs as a chiral scaffold; the relationship between the functionality of these
materials and the ChLC structure remains to be clarified. To extend applications of cellu-
losic ChLC materials to more diverse fields of research, it may be important to facilitate
such research. Another challenging subject on cellulosic ChLCs is the investigation of the
relationship between the chemical structure of cellulosics and their liquid crystallinity,
using precisely synthesized cellulosics. There has been no research on liquid crystallinity
of cellulosics with regioselectively introduced side groups, as far as we know. In addition,
the number of side groups on one repeating unit is intra- and intermolecularly random,
for cellulosics used in previous research on cellulosic ChLCs. Controlling these structural
parameters may enable excellent cellulosic ChLC-based functionalities. Accomplishing
the subjects mentioned here will facilitate a more sustainable society by expanding the
application scope of cellulosic materials.
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Abstract: Cellulose nanofibers (CNFs) have excellent properties, such as high strength, high specific
surface areas (SSA), and low coefficients of thermal expansion (CTE), making them a promising
candidate for bio-based reinforcing fillers of polymers. A challenge in the field of CNF-reinforced
composite research is to produce strong and transparent CNF/polymer composites that are suffi-
ciently thick for use as load-bearing structural materials. In this study, we successfully prepared
millimeter-thick, transparent CNF/polymer composites using CNF xerogels, with high porosity
(~70%) and high SSA (~350 m? g~ 1), as a template for monomer impregnation. A methacrylate was
used as the monomer and was cured by UV irradiation after impregnation into the CNF xerogels. The
CNF xerogels effectively reinforced the methacrylate polymer matrix, resulting in an improvement in
the flexural modulus (up to 546%) and a reduction in the CTE value (up to 78%) while maintaining
the optical transparency of the matrix polymer. Interestingly, the composites exhibited flame retar-
dancy at high CNF loading. These unique features highlight the applicability of CNF xerogels as a
reinforcing template for producing multifunctional and load-bearing polymer composites.

Keywords: cellulose nanofibers; nanocomposite; xerogel; flame-retardant

1. Introduction

Polymers reinforced with stiff fillers are candidates for use as low-density structural
materials. The effect of reinforcement can be enhanced by nanoscale reinforcement with
a large interfacial area between the polymer matrix and reinforcement [1]. Cellulose
nanofibers (CNF) are representative nanoscale bio-based reinforcements with excellent
mechanical properties and thermal dimensional stability [2]. Therefore, the production of
CNF composites with various polymer matrices through diverse preparation processes has
been explored in past research studies [2—4].

To maximize the potential of CNF composites as structural materials, the following two
points are required: (1) high CNF content in the polymer matrix without aggregation, and
(2) sufficient thickness, to enable support of high loads. In the field of cellulose nanofiber
science, solvent casting is commonly used for the preparation of CNF composites. This
process offers transparent, homogeneous, and high-CNF-content polymer composites [4,5].
However, the resulting composites are typically in the form of thin films with thicknesses
of around 100 pum or less. To overcome this drawback in solvent casting, the lamination of
such thin films using polymers has been proposed [6]. Although the laminated composites
were highly transparent and had excellent mechanical properties, the mechanical properties
decreased as the number of laminated films increased. Another method of preparing CNF
composites is melt compounding, which is practically used and is scalable [7]. Despite
these advantages, the addition of CNF leads to increases in the viscosity of the molten
polymer, which have been an obstacle to achieving a high CNF content [8]. In addition, in
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the melt-compounding process, the low dispersibility of CNFs in molten polymers has to
be overcome. To improve their dispersibility, CNFs were commonly subjected to surface
modification to alter their hydrophilic nature to hydrophobic. However, this modification
often decreased the strength of the CNF network by prohibiting strong interactions between
the CNFs [9].

One solution to these problems is to impregnate the monomer into the CNF network,
followed by curing of the monomer [4,8,10-13]. Through this method, CNF-rich composites
with a highly dispersed CNF network can be obtained without surface modification.
In previous studies, thin CNF sheets or delignified wood structures were used as CNF
networks [14,15]. The former, being thin materials, cannot be used as structural materials,
whereas the latter have a low specific surface area (SSA) and thus cannot maximize the
potential of CNFs.

Recently, we developed optically transmissive mesoporous CNF xerogels with high
porosity (70-80%) and high SSA (>350 m? g~!) [16,17]. Xerogels are porous materials
produced through the ambient pressure drying of wet gels. Due to this scalable drying
process, xerogels with thicknesses of several millimeters were obtained. Moreover, the CNF
xerogels combined high stiffness and high SSA, making them ideal for use as a template
for preparing strong and transparent CNF composites.

This study was thus aimed at preparing strong, transparent, thick CNF-rich polymer
composites from CNF xerogels using an impregnation method. The CNF content in the
composite was varied within a range of 30-80 vol% via the simple densification of CNF
xerogels prior to monomer impregnation.

2. Materials and Methods
2.1. Materials and Chemicals

TEMPO-oxidized pulp with a carboxylate content of approximately 1.8 mmol g~ !,
which was kindly provided by DKS Co. Ltd., (Kyoto, Japan) was used as the starting
material for the CNFs (see Figure Sla for Fourier transform infrared (FTIR) spectroscopy
analysis) [18]. Aluminum chloride hexahydrate was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). 1-hydroxycyclohexyl phenyl ketone (UV-sensitive
radical initiator) and 1,6-hexanediol dimethacrylate were purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). All chemicals were used as received.

2.2. Preparation of CNF Xerogels

The CNF xerogel was prepared in accordance with our previously reported procedure
(Figure 1) [16,17]. A CNF water dispersion was prepared via mechanical disintegration of
the TEMPO-oxidized pulp using a high-pressure water jet system (HJP-25005X, Sugino
Machine Limited, Toyama, Japan). The width and length of the dispersed CNFs were ap-
proximately 2-3 and 300-500 nm, respectively (see Figure S1b for atomic force microscopy
(AFM) image). The dispersion was then concentrated to 1.0 wt%. A 0.1 M AICl3 solution
was dropped onto the dispersion to obtain the CNF hydrogels. After the solvent of the
hydrogels was exchanged with ethanol and hexane, the wet gels were evaporated under
ambient pressure at room temperature. The porosity and SSA of the xerogels were 70% and
350 m? g~ !, respectively. After the xerogels were processed into a certain dimension via
sawing and polishing, the CNF content in the final composites was adjusted to be between
30 and 80 vol% via the uniaxial compression of the xerogels. The xerogels were dried at
70 °C for 3 h under reduced pressure prior to the following impregnation procedures.

2.3. Preparation of CNF Composites

The initiator was mixed with the monomer at 0.5 wt% for 10 min. After nitrogen
purging of the mixture for 5 min, the xerogels were dipped into the monomer solution and
then placed under reduced pressure (<1 Pa) until the bubbles arising from the xerogels
disappeared. The monomer-containing xerogels were sandwiched between PET films
(250 pm thick) with a silicone rubber spacer, and the set was sandwiched between glass
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plates. Each side of the specimen was then subjected to UV curing for 90 s (for a total of
3 min per specimen) using a high-pressure UV lamp unit (OPM2-502HQ), Ushio Inc., Tokyo,
Japan). A pristine polymer matrix (denoted as 0 vol% CNF) was prepared using the same
protocol as that used for the composites. The specimens were conditioned at 23 °C and
50% relative humidity for at least 1 d before use.

——
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Figure 1. Scheme of CNF composite preparation.

2.4. Analysis

FTIR spectrum of the CNFs was collected using a FT /IR-6100 (JASCO Corp., Tokyo,
Japan). AFM observation of the CNFs was conducted using a MultiMode 8 microscope
(Bruker, Billerica, MA, USA) equipped with a NanoScope V controller. Diluted CNF water
dispersion (0.0005 wt%) was dropped onto a mica plate, and the dried plate was used
for the observation. The total light transmittance of the specimens was measured using a
UV-Vis V670 (JASCO Corp., Tokyo, Japan) equipped with a horizontal sampling integrating
sphere unit (PIN-757). The haze values of the specimens were calculated according to the
ASTM D1003 “Standard Test Method for Haze and Luminous Transmittance of Transparent
Plastics” [15,19]. The transmittances of composites with different thicknesses were fitted
using the following equation, which describes the transmittance of a material at a certain
refractive index and wavelength [20]:

T = (1—R)*exp(—ax), 1)

where R, &, and x are the coefficient of reflection, attenuation coefficient, and specimen
thickness, respectively. The « value represents the intensity of attenuation; the higher the
«, the more intense the attenuation as the thickness increases. The fitting was carried out
with varying values of R and a. A three-point bending test was performed using a EZ-SX
(Shimadzu Corp., Kyoto, Japan) equipped with a 500 N load cell. The dimensions of the
specimens, span, and crosshead speed were set to 1 x 5 x 30 mm?, 20 mm, and 5 mm
min~!, respectively. Cross-sectional scanning electron microscopy (SEM) observations
of the composites were performed using a 5-4800 field emission microscope (Hitachi
Ltd., Tokyo, Japan) at 1 kV. The specimens were pretreated with a Neo Osmium Coater
(Meiwafosis Co., Ltd., Tokyo, Japan) at 5 mA for 10 s. X-ray diffraction measurements were
conducted using a MicroMax-007 HF (Rigaku Corp., Tokyo, Japan). The degree of CNF
orientation was calculated from the azimuthal profile of 200 reflections [21]. The thermal
expansion behaviors of the composites were analyzed using a TMA-60 (Shimadzu Corp.,
Kyoto, Japan) with a load of 0.03 N and a heating ratio of 2 °C min~! under a nitrogen
atmosphere. The dimensions of the specimens and the span were set to 1 x 5 x 12 mm?
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and 10 mm, respectively. Before measurement, the specimens were dried in the instrument
at 120 °C for 90 min. The coefficients of thermal expansion (CTE) of the composites at
30-120 °C were calculated for the thermal expansion curves. The thermal degradation of
the composite was investigated using a TA-50 (Shimadzu Corp., Kyoto, Japan) at a heating
rate of 10 °C min~! up to 500 °C under a nitrogen or artificial air atmosphere. The starting
points of the thermogravimetric (TG) curves were shifted to the value at 100 °C to ignore
the weight loss due to humidity in the composites. To investigate the flame retardancy of
the composites, the edges of the specimens were exposed to a flame for 3 s and then for 6 s.
The dimensions of the specimens were 1 x 5 x 20 mm?>. All experiments were conducted
at least 3 times for each condition.

3. Results and Discussion
3.1. Preparation of CNF Composite

Translucent CNF xerogels became highly transparent after impregnation and curing
of the monomer (Figure 2a and Figure Slc). The match of reflective indices between the
polymer and CNFs suppressed light scattering [15]. All of the CNF composites exhibited
clear birefringence when observed between crossed polarizers, because of the optical
anisotropy of the CNFs (Figure 2b) [22]; crystalline CNFs were present throughout the
amorphous polymer matrix. The scalable preparation process of the xerogels enabled
the production of a thick composite (Figure 2c). To the best of our knowledge, this is the
first ever successful one-shot production of a several-millimeter-thick transparent CNF-
reinforced polymer composite. The density of the composite exhibited a roughly linear
dependence on the CNF content, but the value of the pristine polymer was slightly lower
than the extrapolated value at 0 vol% (Figure 2d). This result suggests that the density
of the polymer matrix varied based on the presence or absence of a CNF network. The
extrapolated value at 100 vol% was also slightly lower than the density of the CNF skeleton
(1.58 g cm~3). Therefore, limited air voids of up to 9 vol% is one possibility, or increased
free volume in the polymer matrix.
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Figure 2. (a) Appearance of CNF composites (1 mm thickness); (b) appearance of composites
observed between crossed polarizers; (c) large CNF composite (30 vol%) with 4 mm thickness;
(d) densities of composites with different CNF contents.
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3.2. Optical Properties

The optical properties of the composite were investigated using UV-Vis spectroscopy.
As mentioned in the previous section, all the composites showed high transparencies in
the visible-light range, regardless of the CNF content (Figure 3a). At a CNF content of
50-70 vol%, the total transmittance and haze value at a wavelength of 600 nm exhibited
their lowest and highest values, respectively (Figure 3b). This phenomenon is likely
explained by light scattering at the interface between the polymer matrix and the CNF. The
number of scattering interfaces should increase as the CNF content increases. However,
over a certain threshold of the CNF content, CNFs should start to contact with one another.
Accordingly, the scattering interfaces between the polymer matrix and the CNFs are
supposed to decrease at such a high CNF content [23]. Therefore, we assumed that the
number of scattering interfaces reached its maximum value at a CNF content of 50-70 vol%
and then decreased in the CNF content from 70 to 80 vol%, resulting in an increase in
transmittance and a decrease in haze value. It should be emphasized that the reduction in
transmittance relative to that of the pristine polymer matrix was only 10% for the composite
with a high CNF content of 80 vol% and a thickness of 1 mm.
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Figure 3. (a) Total light transmittance spectra of CNF composites with different CNF contents at
1 mm thickness; (b) transmittance and haze values at wavelength of 600 nm as a function of CNF
content, same thickness; (c) total light transmittance spectra of composites (30 vol%) with different
thicknesses; (d) transmittance and haze values at wavelength of 600 nm as functions of specimen
thickness.

To examine the relationship of the optical properties with the thickness, 30 vol% CNF
composites with different thicknesses were prepared. As the thickness was increased, the
total transmittance and haze value of the composites gradually decreased and increased,
respectively (Figure 3c,d). The transmittances at different wavelengths were fitted using
Equation (1) (Figure 4a). At a wavelength of 600 nm, the « value in Equation (1) was
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calculated to be 0.06 mm ™!, which is lower than the previously reported value for a
delignified-wood-based polymer composite without surface modification (0.16 mm~1) [24].
The low dependence of the optical properties on thickness implies the absence of micron-
sized voids in the composite and the favorable match in refractive index between the
polymer and the CNFs [24].
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Figure 4. (a) Total light transmittance of CNF composites (30 vol%) with different specimen thick-
nesses at different wavelengths; (b) attenuation coefficient () plot as function of inverse fourth
power of wavelength (A9,

The a value has a proportional relationship with the number of scattering centers per
unit volume (N), the radius of scattering centers (r), and wavelength (1) as follows [20]:

x=AN0174 ()

where A is a constant. This simplified equation for Rayleigh scattering involves the
following assumptions: (1) negligible light absorption; (2) the constant refractive index of
the polymer and CNF as a function of wavelength; and (3) a much smaller r value compared
to the wavelength. Interestingly, the « values of our composites exhibited a nearly linear
dependence on A~* in the wavelength range of 400-800 nm (Figure 4b). Therefore, the
number of scattering centers per unit volume (N) and radius (r) of centers (i.e., CNFs in the
composite) are constants in Equation (2). These results indicate that the CNF composites
have a highly homogeneous structure throughout the material with a thickness of up to
6 mm.

3.3. Mechanical Properties

The mechanical properties of the composites were evaluated using a three-point
bending test. The CNF network in the polymer exhibited a significant reinforcement effect
(Figure 5a). The addition of 30 vol% CNF doubled the modulus and strength of the pristine
polymer. Furthermore, the composite with 80 vol% CNF reached a strength of 160 MPa,
which is comparable to those of glasses [25]. The strain at failure of the composite was
slightly lower than that of the pristine polymer, although the matrix also has low strain
to failure. The moduli of the composites exhibited a linear relationship with CNF content
(Figure 5b). A simple mixing model was used [26]:

Ec = EnpVi + Em(1 - V§) 3)

where E., En, and Enp are the elastic moduli of the composite, polymer matrix, and
neat CNF nanopaper, respectively, and Vi is the volume fraction of CNF (note that the
CNF nanopaper refers to a film obtained through the evaporative drying of CNF water
dispersion). Epp, or effective reinforcement modulus, was set to be a free parameter
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and estimated from linear regression of the experimental data. The obtained Enp for
the reinforcement phase, 11.3 GPa, was within the range of that of neat, dense CNF
networks (9-15 GPa) [21,26], suggesting that the network structure of the xerogel has a
dominant role in the stiffness of the composites [10,26]. One of the challenges in the field
of CNF composites is the decrease in the reinforcement efficiency at high fiber content
due to CNF aggregation [8]. This study avoided critical aggregation and achieved a linear
reinforcement effect in a wide range of CNF content. The values of flexural strength and
work of fracture (area under stress—strain curve) were very scattered, probably because
of technical problems in the composite preparation, such as voids in the composites
(Figure S2a,b). Nonetheless, improvements in the strength and work of fracture due to
CNF addition were still confirmed.
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Figure 5. (a) Stress—strain curves estimated from three-point bending test of CNF composites;
(b) flexural modulus of composite as function of CNF content; (c) SEM images of fractured surfaces
of composites.
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Through SEM observations of the fractured surface, a macroscopically rough structure
was confirmed for the CNF composite, whereas a smooth fracture surface was observed for
the pristine polymer (Figures 5c and S2c). These morphologies suggest more complex crack
propagation due to the CNFs [27,28]. This consumes more energy and may contribute
to an increase in work of fracture. A homogeneous CNF network was observed in the
composites even at a high CNF content, without any sign of layered structures (inset
of Figures 5c and S2c). In addition, the individual fibers appear to be uncovered by the
polymer, implying pull-out of the CNFs although the lengths are short.

These results indicate that the mechanical properties of the composites were governed
by the CNF reinforcement network.

3.4. Thermal Expansion Behavior

In the case of thick and large structural materials, dimensional changes due to thermal
expansion are more pronounced. In this study, the nanoscale CNF network successfully
restricted the expansion of the polymer matrix in thick composites (Figure 6a). The CTE
values, which were calculated from the slopes of the thermal expansion curves, decreased
as the CNF content increased (Figure 6b). The composite with 80 vol% CNF exhibited a
78% reduction in the CTE value with respect to that of the pristine polymer. Meanwhile,
a number of previous studies on thin-film CNF composites with low CNF content re-
ported comparable or even lower CTE values [5,29-31]. Such low CTE values for thin-film
composites may have been achieved through strong in-plane orientations of CNFs in the
composites [32,33]. By comparison, in this study, the degree of CNF in-plane orientation in
the composite was not as high as those of thin-film composites (Figure S3).
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Figure 6. (a) Thermal expansion behavior of CNF composites; (b) CTE values of composites as
functions of CNF content.

3.5. Flame Retardancy

The CNF xerogels used in this study have a flame self-extinguishing functionality [17].
Thus, the composites were expected to inherit a similar functionality. After being exposed
to flame for 3 s, the pristine polymer was rapidly and completely consumed by the flame
(Figure 7a and Video S1). By contrast, the CNF composite with 30-42.5% CNF burned
slowly, and a black residue remained (Figures 7a and S4a, and Video S2). Interestingly,
for the composites containing more than 55 vol% CNF, no flame ignition was observed
(Figures 7a and S4a, and Video S3). The non-combusted specimens were further exposed
to a flame for 6 s. For the composites with 67.5% and 80 vol% CNE, the ignited flame was
self-extinguished (Figure S4b and Video 54).
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Figure 7. (a) Flammability test of CNF composites; (b) TG curves of CNF composites under nitrogen
conditions; (c) residue weight at 500 °C based on TG analysis under nitrogen conditions.

Figure 7b shows the TG curves under nitrogen conditions. The CNF composites started
to degrade at approximately 200 °C prior to polymer degradation at 250 °C (Figure 7b).
The initial thermal degradation of the composite was derived based on the decarboxylation
of TEMPO-oxidized cellulose [34,35]. The non-flammable carbon dioxide emitted from
cellulose possibly dilutes the flammable gases [36,37]. The residue weight at 500 °C
increased as the CNF content increased (Figure 7c). In contrast, the pristine polymer
completely degraded to volatile gas at 450 °C; the CNF composite with 80 vol% CNF
retained 35% of its weight at 500 °C. The increase in the residual weight is likely explained
by the thermally stable char formation promoted by metal ions on the cellulose fiber
surface [35-38]. In addition, aluminum hydroxide structure on the CNF surface dehydrates
into aluminum oxide via an endothermic reaction during flame exposure [17]. The formed
involatile residues, including char and aluminum oxide, should contribute to the flame
retardancy of the CNF composites [36,37]. Meanwhile, the TG curves under air conditions
demonstrated similar trends to those under nitrogen conditions (Figure S4c,d). This
indicates that oxidation is suppressed, possibly because of barrier function of CNF and
CNF char.

4. Conclusions

In this study, thick CNF/polymer composites were prepared via an impregnation
method using nanocellulose xerogels. The composite exhibited high optical transmittance
over a broad range of CNF content. Analysis of the relationship of the transmittance with
thickness suggested that the composite has a homogeneous structure with well-dispersed
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CNF fibrils. The fine CNF network efficiently reinforced the polymer matrix, resulting in
improvements in modulus, strength, and work of fracture. The network also contributed
to the thermal stability of the composite, with a reduction in the CTE value of up to 78%.
Additionally, the wood-derived nanofibers endowed the composite with flame retardancy.
These unique features highlight the applicability of CNF xerogels as a reinforcing template
for producing multifunctional and load-bearing polymer composites.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11113032/s1, Figure S1: FTIR spectrum and AFM height image of the CNFs, and
appearance of CNF xerogels, Figure S2: Flexural strength, work of fracture, and fractured surfaces
of CNF composites, Figure S3: X-ray diffraction patterns of composites, Figure S4: Flammability
test for CNF composites and TG data under air conditions, Video S1: Flammability test for pristine
polymer, Video S2: Flammability test for CNF composite (30 vol%), Video S3: Flammability test for
CNF composite (55 vol%), Video S4: Additional flammability test for CNF composite (80 vol%).
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Abstract: Nanoporous silica gels feature extremely large specific surface areas and high porosities
and are ideal candidates for adsorption-related processes, although they are commonly rather frag-
ile. To overcome this obstacle, we developed a novel, completely solvent-free process to prepare
mechanically robust CNF-reinforced silica nanocomposites via the incorporation of methylcellulose
and starch. Significantly, the addition of starch was very promising and substantially increased the
compressive strength while preserving the specific surface area of the gels. Moreover, different silanes
were added to the sol/gel process to introduce in situ functionality to the CNF/silica hydrogels.
Thereby, CNF/silica hydrogels bearing carboxyl groups and thiol groups were produced and tested
as adsorber materials for heavy metals and dyes. The developed solvent-free sol/gel process yielded
shapable 3D CNEF/silica hydrogels with high mechanical strength; moreover, the introduction of
chemical functionalities further widens the application scope of such materials.

Keywords: nanocellulose; functional nanocomposite; aqueous process; sol-gel; hydrogels; aerogels;
freeze-drying; cryogels

1. Introduction

Nowadays, biodegradable and renewable materials play an important role in research
and industry. The most abundant biopolymer on Earth, cellulose, has been used by our
society for centuries and is indispensable in today’s economies. In cellulose-related research,
the interest in nanostructured celluloses is steadily rising. This group of celluloses includes
cellulose nanocrystals (CNC), bacterial cellulose (BC), and cellulose nanofibrils (CNF) [1,2].
Significantly, CNF and BC, as high aspect ratio nanocelluloses, are frequently used to
reinforce composite materials, e.g., 3D silica composites [3,4]. Three-dimensional silica
composites based on alkoxysilanes are usually prepared from tetraethyl orthosilicate (TEOS)
via sol-gel chemistry in a two-step gelation process: (A) TEOS is hydrolyzed in the presence
of an acid catalyst, an organic solvent, and water (usually EtOH/water) [5], yielding a low-
viscous precursor consisting of partially or completely hydrolyzed TEOS monomers and
oligomers, i.e., the silica sol [6-8]. (B) The gelation of this precursor is then induced under
basic conditions, e.g., through the addition of a base catalyst, which causes condensation
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reactions and the formation of a siloxane polymer network, i.e., the silica gel [5]. The
preparation of silica gels via sol-gel chemistry has many advantages: it is a robust and
well-investigated method, and functional gels can be easily obtained using special silanes
(e.g., 3-aminopropyl triethoxysilane and 3-mercaptopropyl trimethoxysilane) to tune the
properties of the end products [9]. Moreover, a variation of the synthesis and drying
parameters gives access to a variety of materials, such as fine powders, ceramics, glasses,
spherical particles, and nanocomposites gels [5]. Pure silica aerogels feature large specific
surface areas (SSAs) ranging from 500 to 1000 m? /g [10]. However, the application of pure
silica gels is limited due to their fragility [11]. Their mechanical properties can be improved
through the introduction of polymeric materials [12] or (nano)celluloses [3,4,13,14]. CNF-
based and BC-based silica composites were produced through the immersion of porous
cellulose aerogels into the silica sol followed by subsequent gelation induced by the addition
of ammonia acting as a base catalyst. The main drawbacks of these methods are: (1) The
required drying step to produce a cellulose aerogel precursor is time-consuming and limits
the processability into arbitrary 3D shapes. (2) Most methods are based on organic solvents,
whose use should be avoided or at least reduced for sustainability reasons. (3) Finally,
CNF-silica nanocomposites are handled as dry aerogels, and the direct preparation and
utilization of CNF-silica hydrogels remains largely untapped.

The focus of this work lies in the fabrication of shapable, mechanically robust CNF-
silica hydrogels, using an environmentally benign and solvent-free process. We studied
first the influence of the solvent on the properties of the gels and tested methylcellulose
(MC) and starch as an additive to increase the compressive strength of CNF-silica gels.
Finally, we demonstrate the versatility of our approach through the in situ introduction
of functional silanes bearing thiol or carboxylate groups and examined the functionalized
gels for utilization as adsorbers for heavy metals and dyes.

2. Materials and Methods
2.1. Materials

Cellulose nanofibers were produced from never-dried bleached birch pulp through
disintegration in an M110P microfluidizer (Microfluidics Crop., Newton, MA, USA). The
pulp was fibrillated by 12 passes through the microfluidizer. Methylcellulose (product
number: M0262, 413 cps, 30.3% methoxyl content) and potato starch (product number:
54251, 25.9 um granule size, 31% amylose, DP,, of amylopectin subfraction: 35) [15] were
purchased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Munich, Germany). N-
[3-Trimethoxysilyl)propyl] ethylenediamine triacetic acid trisodium salt was purchased
from abcr (abcr GmbH, Karlsruhe, Germany) as a 45% aqueous solution. All other used
chemicals were, if not otherwise noted, purchased from Sigma-Aldrich with a purity of at
least 99%.

2.2. Methods
2.2.1. Preparation of CNF-Silica Hydrogels

Here, 12 mL of 1 wt% CNF dispersion (0.12 g dry cellulose), TEOS (98% purity, 2 mL,
1.9 g, 9.1 mmol), and aqueous HCl (0.16 mL, 0.29 M, 46 umol HCI) were stirred overnight
to hydrolyze TEOS to yield the CNF-silica sol. Then, 0.85 mL of 0.1 mol/L NHj3 (85 umol)
were added and mixed quickly to start the condensation. The solution was filled into
syringes to obtain hydrogels with cylindric shape (the shape can be freely adjusted by
using different molds or other processing techniques). After complete gelation, the silica
nanocomposites were aged in water at 50 °C for at least 10 h to stiffen the silica gel network.
The gels were stored in DI water in the fridge.

2.2.2. Preparation of CNF-MC-Silica Hydrogels

Here, 7 mL of 1.7 wt% CNF dispersion (0.12 g of dry cellulose), 3.5 mL of water,
methylcellulose (1.5 mL, 2 wt%, 0.03 g), 2 TEOS (2 mL, 1.9 g, 9.1 mmol), and HC1 (0.16 mL,
0.29 M, 46 pmol HCI) were stirred overnight to hydrolyze TEOS. Then, 0.85 mL of 0.1 mol /L
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NHj3 (85 umol) was added and mixed quickly to start the condensation. The solution was
filled into syringes to obtain hydrogels with cylindrical shapes. Finally, CNF-MC-Silica
hydrogels were aged in water at 50 °C for at least 10 h to stiffen the network.

2.2.3. Preparation of CNF-Starch-Silica Hydrogels

TEOS (2 mL; 1.9 g, 9.1 mmol) was hydrolyzed in the presence of 7 mL of 1.7 wt% CNF
(0.12 g dry cellulose), HCI (0.16 mL, 0.29 M, 46 pmol HCl), and 4 mL of water. Then, a
3 wt% dispersion of starch was prepared by adding the starch into cold deionized water
and heating under agitation to 80 °C to allow gelatinization. Then, 1 mL of this mixture was
cooled down to 60 °C at room temperature, and then directly added into the CNF-silica
sol. Then, 0.85 mL of 0.1 mol/L NHj (85 umol) was added and mixed quickly to start the
condensation. The solution was filled into syringes to obtain hydrogels of a cylindrical
shape. Finally, CNF-Starch-Silica hydrogels were aged in water at 50 °C for at least 10 h to
stiffen the network.

2.2.4. Preparation of Thiol-Functionalized CNF-Starch-Silica Hydrogels

The respective hydrogels were prepared according to the above procedure for the
preparation of CNF-silica hydrogels, using the same quantities of reactants. After acidic
hydrolysis, (3-mercaptopropyl)trimethoxysilane (MTMS) (95% purity, 0.13 mL, 0.14 g,
0.7 mmol) was added into the prepared CNF-silica sol (before the addition of ammonia).
Upon addition of the mercapto silane, the sample was protected from light with aluminum
foil. Then, 0.85 mL of 0.1 mol/L NHj3 (85 umol) was added, and the sample was transferred
into a mold. After complete gelation, the silica nanocomposites were aged in water at 50 °C
for at least 10 h to stiffen the network. The gels were stored in DI water in the fridge.

2.2.5. Preparation of Carboxylate-Functionalized CNF-Starch-Silica Hydrogels

The respective hydrogels were prepared according to the above procedure for the
preparation of CNF-silica hydrogels, using the same quantities and procedure. Directly
after the addition of ammonia, the functional silane, N-[3-trimethoxysilyl)propyl] thylenedi-
amine triacetic acid trisodium salt (0.13 mL, 0.16 g, 0.3 mmol), was added to the CNF-silica
mixture. The sample was directly transferred into a mold. After complete gelation, the
silica nanocomposites were aged in water at 50 °C for at least 10 h to stiffen the network.
The gels were stored in DI water in the fridge.

2.2.6. Compression Tests

The mechanical properties of the composites were measured on a universal testing
machine Zwick/Roell Z020 (Ulm, Germany). Compression tests were performed in a wet
state, with a 500 N load cell. The strain rate was set to 2.4 mm/min and samples were
compressed to 30%. The compressive strength was defined as the maximum stress in the
performed strain range. Measurements were performed in triplicate and compared with
Student’s t-test (unpaired, n = 3).

2.2.7. Solvent Exchange to Tert-BuOH and Freeze-Drying

Samples were freeze-dried from the respective tBuOH gel to avoid ice-templating
effects and to preserve the gels’ nanostructure upon the freeze-drying process [16]. The sam-
ples were solvent-exchanged first with 1:1 {BuOH /water, second with 8:2 tBuOH /water,
and finally with pure tBuOH (each solvent exchange step was conducted with solvent
amounts of approx. ten times the respective sample volume and equilibrated for 24 h on a
shaker). All samples were freeze-dried in a Christ Beta 1-8 LD Plus freeze-dryer. After the
last step of solvent exchange with 100% tBuOH, the samples were taken out of the system
and frozen at —80 °C in a glass vial. The frozen samples were quickly transferred into
the lyophilizer. All samples were freeze-dried for at least 24 h and stored afterward in an
airtight container.
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2.2.8. Specific Surface Area

The 3D composites for the BET measurement were prepared by cutting the dried
samples into small pieces, pre-drying them at 60 °C for at least 24 h, and storing them in an
airtight beaker with drying beads to keep the samples dry. The samples were degassed in a
FlowPrep 060 (Mircomeritics, Norcross, GA, USA) at 80 °C under N, flow for at least 6 h.
Afterward, the measurement was performed on a Micromeritics TriStarll instrument.

2.2.9. Porosity of Samples

The porosity of the 3D composites was calculated according to Equation (1).

P = (1—P>*100 1)

Ws * Ps + We * Pc

where p is the bulk density of the sample (measured by gravimetric means from dried
samples with defined volume), and the porosity was calculated in percent. p; is the density
of silica, at 2.19 g/ cm? [17], and ¢ is the density of cellulose, at 1.59 g/ cm? [18]. ws and w,
are the mass fraction of silica and cellulose, respectively, calculated using Equation (2).

ws[%] = ("Pf")> 100 @)

where pg stands for the cellulose bulk density in the sample, calculated from native CNF or
BC gels cryogels. pg = 0.010 g cm 2 in case of CNF and 0.007 g cm ™~ in case of BC.

2.2.10. Scanning Electron Microscopy (SEM)

Micrographs of freeze-dried samples were measured on a Zeiss Supra 55 VP. Before
the measurement, the samples were sputtered with a 10 nm-thick gold layer (Leica EM
SCD050, Wetzlar, Germany).

2.2.11. Detection of Thiol Groups

The number of thiol groups in the composite sample obtained upon the addition
of MTMS was quantified using Ellman’s test according to the instructions of Thermo
Scientific [19]. Ellman’s test was performed in a reaction buffer containing 0.1 M sodium
phosphate solution and 1 mM of ethylenediaminetetraacetic acid at a pH of 8. Ellman’s
reagent solution was prepared as follows: 4 mg Ellman’s reagent (10 pmol), i.e., 5,5'-dithio-
bis-(2-nitrobenzoic acid), was dissolved in 1 mL of the reaction buffer. A solution of 2.5 mL
of reaction buffer and 50 uL of Ellman’s reagent solution were prepared for each sample
(including blank and positive control). For the blank sample, 250 pL of reaction buffer was
added to the prepared solution. For the positive control, 4 umol of MTMS and 246 uL of
reaction buffer were added. To measure the number of thiols in the hydrogels, 10-40 mg
hydrogel of each sample was added to the prepared solutions and the volume was adjusted
to 2.8 mL with reaction buffer. The total thiol content was detected by UV-VIS spectroscopy
(Perkin Elmer Lambda 35, Waltham, MA, USA) at a wavelength of 412 nm.

2.2.12. Adsorption of Copper(ll) Sulfate

A copper(Il) sulfate solution with a concentration of 500 ppm was prepared using
copper (II) sulfate pentahydrate. Here, 8.5 mL of this solution was added to the hydrogel
sample (0.9-1.2 g of hydrogel weight with approx. 6% solid content). The performance
of the carboxylate-functionalized CNF-silica composite was compared to native CNF-
silica composite and a blank sample. The amount of adsorbed copper(ll) was measured by
monitoring the residual copper(II) concentration in the solution after 8 days of equilibration,
which was determined by UV-VIS spectroscopy at 812 nm. The UV-VIS measurements for
this sample were carried out without further dilution.
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3. Results and Discussion

All composites were prepared via sol-gel chemistry starting from tetraethyl orthosil-
icate (TEOS). In combination with nanocellulose, mechanically robust hydrogels were
obtained. The first experiments aimed at studying the effect of EtOH/water ratio on the
mechanical properties and specific surface area (SSA) of cellulose/silica gels. These studies
were conducted with bacterial cellulose as a model material since it naturally provided
a stiff, pre-shaped and mechanically robust gel network. For follow-up experiments, BC
was replaced with CNF, a highly viscous, shapable suspension, which allows an easy
adjustment of the final shapes of the gels (Figure 1).
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< (CNF) Polysaccharide (PS)  (TEOS)
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sol gel
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v Straight-forward production v Multifunctional gels
v Moldable

Figure 1. Preparation of silica composite gels reinforced with cellulose nanofibers (CNF) and a soluble
polysaccharide (PS), starch, or methylcellulose. (A) The individual components are mixed in the
presence of catalytic amounts of HCI to catalyze the hydrolysis of tetraethyl orthosilicate (TEOS).
(B) Subsequently, ammonia is added to increase the pH and trigger the condensation and, thereby,
the gelation of the sample. This was followed by the aging of the samples at 50 °C to stiffen the
gel network and obtain the final CNF-PS-Silica gel (C). The respective hydrogel (D) was dried by
freeze-drying after solvent exchange to obtain highly porous CNF-PS-silica cryogels (E). The shape
of the gel can be controlled through molding or 3D printing of the CNF-PS-silica sol.

We compared the gelation in an EtOH /water ratio of 5:1 (v:v) with our completely
water-based and solvent-free method. The prepared hydrogels were tested with uniaxial
compression tests to evaluate their mechanical resistance (Figure S1 and Table S1). In
addition, the properties of respective dry gels were compared to study their specific sur-
face area, density, and porosity (Table S2). Cryogels [20] were prepared via freeze-drying
after solvent exchange to tBuOH [21]. This gives highly porous materials, which are very
similar to conventional aerogels prepared via supercritical CO, (scCO,) drying. We se-
lected this approach, since it is more frequently used and easier to perform than drying
with scCO;,, and the obtained composite cryogels featured comparable and even slightly
higher specific surface area values than supercritical CO, dried samples (Table S2). Silica
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hydrogels—prepared according to our organic, solvent-free method—had significantly
higher compressive strength values of 22 kPa in comparison to the 13 kPa of samples
obtained using the EtOH/water mixture (Figure S1). The higher compressive strength
can be explained by the higher density of the sample produced in the organic, solvent-
free process. The main reasons for this effect are most probably the higher rates of the
condensation reactions for increasing water content [22], which lead to a larger size of
silica particles deposited on the BC structure as shown by scanning electron microscopy
(Figure S2). Similar observations have been also made in TEOS model systems, showing
that the aggregate/particle size grows with increasing water content during TEOS gela-
tion [23]. The larger particle size in the organic, solvent-free process explains its smaller
specific surface area (759 m? g~! vs. 897 m? g~!) and lower porosity (Table S1). These
values are in the range of reported properties of BC silica composites [3]. In comparison to
previous approaches [3,4,13], no drying step of nanocellulose is required, and we were able
to directly use wet nanocellulose gels. To generate gels with high mechanical strength, we
used our organic, solvent-free approach in the subsequent CNF composite preparation.

We replaced BC with CNF to further increase the versatility of our method (Figure 1)
and allow the production of silica composite gels of arbitrary shape (Figure 1D,E). In
this process, TEOS was hydrolyzed in a CNF suspension in the presence of HCI as an
acidic catalyst for the preparation of CNF-silica gels or CNF in combination with soluble
polysaccharides (PS; methylcellulose (MC), starch) to obtain CNF-PS-Silica gels. After
complete hydrolysis (usually after stirring overnight), the respective sol (Figure 1B) can
be transferred into a mold or processed with an extrusion technique, such as 3D printing,
for shaping purposes. The addition of ammonia finally triggered the gelation of the silica
gels, and the gel network was densified and stiffened (causing gel shrinkage) through
curing/aging at 50 °C in water (Figure 1C,D).

The mechanical properties of the gels are compared to a BC-Silica gel (Figure 2 and
Table 1). Because of the already-strong gel network of native BC, the prepared BC—Silica
gels featured higher compressive strength than the CNF-Silica gel (22 kPa vs. 14 kPa).
Since our aim was the preparation of mechanically robust composite gels, we studied the
addition of two soluble polysaccharides—starch or MC—to the gel network to strengthen
it. The addition of MC slightly raised the compressive strength by approx. 10%, whereas
the starch addition almost doubled the compressive strength from 14 kPa (CNF-Silica gel)
to 26 kPa (CNF-Starch-Silica gel).

Table 1. Properties of CNF-silica gels and the influence of the addition of starch or methylcellulose
(MCQ). The standard deviation of the average compressive strengths is reported (1 = 3).

Samples Density (g cm—3)  Specific Surface Area (m* g—1) Porosity (%) Compressive Strength * (kPa)
CNF-Silica 0.061 603 97.1 14+1
CNEF-MC-Silica 0.062 740 97.1 15+2
CNF-Starch-Silica 0.065 625 96.9 26+ 4
CNF 0.010 135 99.0 -

* Measurements were conducted from 0 to 30% strain, and the highest compressive stress value in this range was
defined as compressive strength.

Respective cryogels were prepared by freeze-drying, after solvent exchange to tBuOH,
for analytical purposes. Native CNF cryogels featured a specific surface area of 135 m? g1
and a porosity of 99% (Table 1), which is comparable to other values in the literature [24,25].
CNF-Silica gels had a much higher specific surface area of 603 m? g~ ! and density due to the
incorporation of the silica network (Figure 3B). MC and starch increased the densities and
enlarged the SSA. The increase in SSA was especially evident in the case of CNF-MC-Silica,
which increased from 603 m?/ g (CNF-Silica) to 740 m?/ g. As shown in Figure 3, the native
CNF network is covered with silica particles in the composite samples. The CNF network
structure is visible in the case of CNF-Silica and CNF-MC-Silica cryogels (Figure 3B,C), in
which individual fibrils are covered with silica particles. In contrast to that, CNF-Starch—
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Silica featured a very different cauliflower-like nanostructure (Figure 3D), which covered
nearly completely the fibrillar skeleton of CNEF. The drastic change in nanostructure in the
case of CNF-Starch-Silica cryogels is in line with the higher density, lower porosity, and
increased compressive strength (Table 1).
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Figure 2. Mechanical properties of the prepared CNF-silica hydrogels and influence of the addition
of the soluble polysaccharides—starch or methylcellulose (MC)—on the compression behavior.
(A) Compression tests of the CNF-Silica hydrogels up to 30% strain (CNF-silica: dotted yellow line,
CNEF-MC-Silica: green dashed line, and CNF-Starch-Silica: blue solid line) in comparison to bacterial
cellulose (BC) silica gel (dash-dotted gray line). (B) Comparison of the average compressive strengths
and their standard deviation of the samples. Highlighted differences are statistically significant
(*p<0.04,**p<0.04,n=3).
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Figure 3. Scanning electron micrographs of CNF (A), CNF-Silica (B), CNF-Methylcellulose-Silica
(C), and CNF-Starch-Silica (D) cryogels.

As summarized in Figure 1, our proposed method is straightforward, organic, solvent-
free, and enables the preparation of moldable CNF-silica gels of high compressive strength.
The prepared CNF-silica gels also featured large specific surface areas in the range of
603-740 m? g~ 1.

Besides TEOS, alkoxysilanes are commercially available with a wide range of addi-
tional chemical functionalities, and those functional silanes were shown, e.g., to be suitable
for the functionalization of pristine CNFs [26-29]. The addition of chemical functional
groups onto the surface of the prepared composites would further increase their application
range and versatility. We tested the in situ modification of the CNF-Silica composites with
alkoxysilanes bearing thiol (Figure 4A1) and carboxylate groups (Figure 4A2).

Functional CNF-Silica gels were prepared with 0.3-0.7 mmol (3-8% functionalization de-
gree based on the total molar amount of TEOS) of the respective alkoxysilane (Figure 4A1,A2),
3-mercaptopropyl trimethoxysilane (MTMS), or N-[3-trimethoxysilyl)propyl] ethylenedi-
amine triacetic acid trisodium salt (3CTMS). In the following section, we focus on the
results of functional CNF-Silica hydrogels, this protocol can be also applied to the mechani-
cally robust polysaccharide-reinforced composites, CNF-MC-Silica, and CNF-Starch-Silica.
Since the sol-gel process of silica gels is largely dependent on the pH, the acidity /basicity
of the functional silane must be considered, e.g., an uncontrolled change of pH could
prevent gelation or cause uncontrolled gelation and the formation of isolated gelled lumps
(this has to be taken into account if the compatibility of our method to other functional
silanes is tested). The functional silanes were first added directly into the silica sol after the
TEOS hydrolysis step to avoid influences on the hydrolysis and early reaction of TEOS and
the functional silane. MTMS did not influence the pH and could be added into the silica
sol without any modification. Upon addition of MTMS, the gelation was triggered, as in
our standard protocol with ammonia, where we noted that no shrinkage occurred during
the aging step. A similar effect was observed in the literature in the case of hydrophobic
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silanes [30]. Due to the hydrophilicity of the thiol groups and their susceptibility to oxida-
tion, we assume that disulfide crosslinks are partially formed preventing shrinkage. We
proved the successful introduction of thiol groups into the composite with Ellman’s test,
which allows the quantitative detection of thiols [31]. The incorporated amount of thiols
was determined to be 1.3 pmol g~! gel. Due to the high reactivity of these groups, they
can be post-modified with high efficiency using, e.g., thiol-epoxy [32] or thiol-ene [33] and
A N0 0/

thiol-Michael [34] click chemistry.
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Figure 4. (A) Preparation of functional CNF-Silica hydrogels through the addition of either
3-mercaptopropyl trimethoxysilane (A1) or N-[3-trimethoxysilyl)propyl] ethylenediamine triacetic
acid trisodium salt (A2) to introduce either thiol or carboxylate structures onto the hydrogel. Car-
boxylated CNF-Silica gels were tested as adsorbers for Cu(Il) ions (B) and methylene blue (C). Vials
in (B,C) contain (left to right): solutions before the addition of gels, non-functional CNF-Silica gel,
and carboxylated CNF-Silica gel.

Due to the basicity of 3CTMS (carboxylate form), the first tests were unsuccessful and
the addition of 3CTMS into CNF-Silica sol neutralized the medium, causing rapid, uncon-
trolled gelation. To avoid this, we adapted the method and added ammonia directly before
3CTMS. Thereby, the condensation rate was reduced, and we were able to produce stable
CNF-Silica gels functionalized with carboxylate groups. We tested these carboxylated
silica hydrogels in two different adsorber applications: the adsorption of copper(Il) cations
and the adsorption of the cationic dye methylene blue. All adsorption experiments were
conducted for 8 days and the amount of adsorbed Cu(Il) was determined with photometry.
The carboxylated CNF-Silica gel adsorbed up 0.58 mg Cu(Il)/g of hydrogel, whereas the
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native CNF-Silica gel was able to bind only 0.04 mg/g (Figure 4B). This demonstrates a
higher adsorption capacity of the functional gel and proves as well the successful incorpo-
ration of the carboxylate groups. Furthermore, we tested the adsorption of methylene blue
(a 20 ppm test solution) as part of our qualitative experiments. Additionally, in this case
the dye adsorption capacity of the CNF-silica gel modified with 3CTMS was significantly
higher than that of the CNF-silica gel counterpart (Figure 4C).

4. Conclusions

In this contribution, we demonstrated that CNF-Silica hydrogels can be produced
straightforwardly with an organic, solvent-free process. In our process, no prior drying
step is required, and the CNF can be directly dispersed in the silica sol. Gelation is fi-
nally triggered through the addition of ammonia, and the samples can be easily shaped
through molding or other processing techniques suitable for CNFs. We further increased
the compressive strength of those hydrogels through the addition of soluble polysaccha-
rides. Significantly, the addition of starch was very promising and significantly increased
the compressive strength (26 kPa) while preserving the specific surface area of the gels.
Depending on the process, the specific surface area of the CNF-silica samples can be
tuned from 603 m? g~! to 740 m? g~!. Finally, we showed that alkoxysilanes bearing
thiol and carboxylate groups can be incorporated to introduce functional groups onto the
composite gels.
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Abstract: Biomass-derived three-dimensional (3D) porous nanocarbons have attracted much atten-
tion due to their high surface area, permeability, electrical conductivity, and renewability, which are
beneficial for various electronic applications, including energy storage. Cellulose, the most abundant
and renewable carbohydrate polymer on earth, is a promising precursor to fabricate 3D porous
nanocarbons by pyrolysis. However, the pyrolysis of cellulosic materials inevitably causes drastic
carbon loss and volume shrinkage. Thus, polydopamine doping prior to the pyrolysis of cellulose
nanofiber paper is proposed to fabricate the 3D porous nanocarbons with improved yield and volume
retention. Our results show that a small amount of polydopamine (4.3 wt%) improves carbon yield
and volume retention after pyrolysis at 700 °C from 16.8 to 26.4% and 15.0 to 19.6%, respectively.
The pyrolyzed polydopamine-doped cellulose nanofiber paper has a larger specific surface area and
electrical conductivity than cellulose nanofiber paper that without polydopamine. Owing to these
features, it also affords a good specific capacitance up to 200 F g~! as a supercapacitor electrode,
which is higher than the recently reported cellulose-derived nanocarbons. This method provides a
pathway for the effective fabrication of high-performance cellulose-derived 3D porous nanocarbons.

Keywords: polydopamine doping; cellulose nanofiber; pyrolysis; 3D porous nanocarbon; supercapacitor

1. Introduction

There has been rapid progress in the fabrication and design of three-dimensional (3D)
porous nanocarbon materials because they provide several advantages such as high surface
areas, short diffusion spaces for fast reaction kinetics, and efficient electron pathways [1,2].
As a result, 3D porous nanocarbons have been actively investigated for energy storage
applications [3-5], including supercapacitors [6,7] and batteries [8-10].

The majority of carbon-based materials have been conventionally fabricated using
petroleum-based precursors [11]. For example, carbon nanofibers have been produced
from polyacrylonitrile, pitches, and phenolic resins [12], while commercial carbon fibers,
including carbon nanofibers, are produced from petroleum-based precursors only [13],
more than 96% of commercial carbon fibers are made from polyacrylonitrile [13,14]. From
the viewpoint of sustainable development, there has been an increased demand to re-
place these non-renewable petroleum-based precursors with abundant and renewable
precursors [15,16]. Therefore, renewable biomass-derived 3D porous nanocarbons have
been actively developed [17-20].

Cellulose, which is directly produced from natural plants, is known as the most abun-
dant and renewable carbohydrate polymer on earth [21]. Cellulose intrinsically exists in
the plant cell wall [22], and it can be extracted in the form of nanofibers by physical and/or
chemical methods [23-25]. Because plant-derived cellulose nanofibers can be fabricated
into paper with 3D porous nanostructures by the solvent exchange and papermaking
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processes [26,27], cellulose nanofiber paper may be a promising precursor to the fabrication
of 3D porous nanocarbons by pyrolysis. Cellulose possesses the theoretical carbon content
of 44.4 wt%, which refers to the residual six carbon atoms per anhydroglucose unit in the
cellulose molecular structure [28]. However, the pyrolysis of cellulose is inevitably accom-
panied by combustion reactions, forming volatile low-molecular-weight carbon-containing
substances such as CO, CO,, alcohols, and ketones and resulting in low yield and drastic
volume shrinkage [28,29]. Thus, it is a challenge to fabricate cellulose-derived 3D porous
nanocarbons with improved yield and volume retention.

Thus, in this study, polydopamine doping prior to the pyrolysis of the cellulose
nanofiber paper is proposed. The small amount of dopamine, which is a well-known
biomolecule that is present in various animals [30] is polymerized in situ in the cellulose
nanofiber suspension, and it is then fabricated into paper with 3D porous nanostructures.
The resulting polydopamine-doped cellulose nanofiber paper is pyrolyzed to prepare
the 3D porous nanocarbon with improved yield and volume retention compared to that
pyrolyzed without polydopamine doping. Furthermore, polydopamine doping also yields
cellulose nanofiber papers with enhanced specific surface areas and electrical conductivity,
thereby providing high capacitive performances for energy storage applications.

2. Materials and Methods
2.1. Materials

Cellulose nanofiber water suspension (BiNFi-s cellulose, raw material: softwood
bleached kraft pulp) was obtained from Sugino Machine Ltd., Toyama, Japan. Dopamine
hydrochloride, tert-butyl alcohol, tris(hydroxymethyl)aminomethane, potassium hydroxide,
and 0.5 M hydrochloric acid solution were obtained from Nacalai Tesque, Inc., Kyoto, Japan.
All chemicals were of analytical reagent grade and were used without further purification.

2.2. In Situ Polymerization of Dopamine in Cellulose Nanofiber Suspension

In situ polymerization of dopamine in the cellulose nanofiber suspension was per-
formed according to a previous report [31]. Briefly, 0.24 g tris(hydroxymethyl)amino-
methane was first added to cellulose nanofiber water suspension (0.2 wt%, 200 mL), and
the pH was adjusted to 8.0 by means of a 0.5 M hydrochloric acid solution. Then, different
amounts of dopamine hydrochloride (0.025 g, 0.05 g, and 0.1 g) were mixed with the
suspension, and the suspension was then stirred for 1 day at approximately 25 °C. The
suspension turned black in color during the dopamine polymerization [32,33].

Neat polydopamine was also prepared by adding 0.24 g tris(hydroxymethyl)amino-
methane to 200 mL distilled water and by adjusting the pH to 8.0 with 0.5 M hydrochloric
acid followed by adding 0.1 g dopamine hydrochloride and stirring the mixture for 1 day
at approximately 25 °C. Subsequently, the suspension was centrifugated at 10,000 rpm
for 15 min (Model 7000, Kubota Corporation Co., Ltd., Tokyo, Japan). The precipitate
was washed with distilled water, and it was then centrifuged in the same conditions; this
washing treatment was repeated three times. Finally, the polydopamine was dispersed in
distilled water and frozen overnight in a refrigerator (SJ-23T, Sharp Corp., Osaka, Japan)
and freeze dried (EYELA FDU-2200, Tokyo Rikakikai Co., Ltd., Tokyo, Japan).

2.3. Preparation of Polydopamine-Doped Cellulose Nanofiber Papers

The aqueous mixture of polydopamine and cellulose nanofibers was dewatered by
suction filtration (KST-47, Advantec Toyo Kaisha, Ltd., Tokyo, Japan) through a commercial
membrane filter (H020A090C, hydrophilic polytetrafluoroethylene membrane with pore
size of 0.2 um, Advantec Toyo Kaisha, Ltd., Tokyo, Japan). Then, 200 mL distilled water
was gently added onto the wet sheet, and it was then vacuum filtrated to remove excess
reagents. To form the 3D porous nanostructures [27,34], 200 mL of fert-butyl alcohol was
further added, followed by vacuum filtration. The obtained wet paper was then peeled
off from the filter, stored at approximately —18 °C for over 2 h in a refrigerator, and
freeze-dried to prepare the polydopamine-doped cellulose nanofiber papers.
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2.4. Pyrolysis of Polydopamine-Doped Cellulose Nanofiber Papers

The polydopamine-doped cellulose nanofiber papers were cut into square-shaped
samples with the size of 1.5 x 1.5 cm?, followed by pyrolysis at 700 °C for 1 h under
N, gas using a desktop gas convertible vacuum furnace (KDF75, Denken-Highdental
Co., Ltd., Kyoto, Japan). The heating and cooling rates were set at 2 °C min~!. The N,
flux was set at 0.5 L min~!. The weight and volume of the original and polydopamine-
doped cellulose nanofiber papers were measured before and after pyrolysis. To calculate
the weight and volume retention after pyrolysis, five pieces of the paper samples were
prepared for each polydopamine content. The polydopamine particles were also pyrolyzed
under the same conditions. To calculate the weight retention after pyrolysis, three batches
of the polydopamine particles were prepared.

2.5. Electrochemical Tests as Supercapacitor Electrodes

The electrochemical tests as a supercapacitor electrode were performed by a three-
electrode system using 6 M KOH aqueous electrolyte (ModuLab XM, Solartron Analytical-
AMETEK Advanced Measurement Technology Inc., Berkshire, UK). Approximately 2-5 mg
pyrolyzed polydopamine-doped cellulose nanofiber paper was directly evaluated as a
working electrode, which was covered by nickel foam for electrical signal collection. A
Hg/HgO electrode was used as the reference electrode. A platinum wire was used as
the counter electrode. Galvanostatic charge/discharge tests and the cyclic voltamme-
try (CV) were operated at the current densities of 0.5—20 A g~! and the scan rate of
10 mV s~ !, respectively. Electrochemical impedance spectroscopy (EIS) was measured in
the frequency range from 0.1 to 100 kHz, with an amplitude of 5 mV. A single-electrode
gravimetric capacitance (C, F g~!) was estimated by the following formula, according to
charge/discharge curves:

C = IDt/(mAV) 1)

where I and Dt are the charge/discharge current (A) and the discharge time (s), respectively,
m is the weight (g) of the pyrolyzed polydopamine-doped cellulose nanofiber paper,
and AV is the voltage change (V), which excluded the internal resistance drop in the
discharge period.

2.6. Characterization

Thermogravimetric (TG) analyses were carried out under a nitrogen flux of 60 mL min !

at a heating rate of 10 °C min~! (TGA Q50N2, TA Instruments, New Castle, DE, USA), with
approximately 15 mg sample placed in the platinum pan. The surface and cross-section
observations were performed using field-emission scanning electron microscopy (FE-SEM)
(SU-8020, Hitachi High-Tech Science Corp., Tokyo, Japan). The acceleration voltage was set
at 2 kV. Before the FE-SEM observation, platinum sputtering was performed on the samples
at 20 mA for 10 s. The nitrogen physisorption measurements were operated at 77 K (NOVA
4200e, Quantachrome Instruments, Kanagawa, Japan). Brunauer-Emmett-Teller (BET)
analyses were carried out at relative pressures ranging from 0.01 to 0.3. X-ray diffraction
(XRD) analysis was performed by means of an Ultima IV X-ray diffractometer (Rigaku
Corp., Tokyo, Japan) with Ni-filtered Cu K« radiation (1.5418 A) at 40 kV and 40 mA, and
the scanning angle (20) was from 5° to 80° at the scanning rate of 1° min~!. Raman spectra
were recorded at a laser wavelength and a power of 532 nm and 0.1 mW, respectively
(RAMAN-touch VIS-NIR-OUN, Nanophoton Corp., Osaka, Japan). Elemental analysis was
operated by a JM10 instrument (J-Science Lab Co., Ltd., Kyoto, Japan). The volume resistiv-
ity measurements were performed by a four-probe resistivity meter (Loresta-GP, MCP-T610,
Mitsubishi Chemical Analytech Co., Ltd., Tokyo, Japan); three pieces of the pyrolyzed
polydopamine-doped cellulose nanofiber papers were prepared for each polydopamine
content, and three different positions were measured for each paper sample.
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3. Results
3.1. Pyrolysis of Polydopamine-Doped Cellulose Nanofiber Paper

Polydopamine doping and the pyrolysis of the cellulose nanofiber paper were per-
formed as shown in Figure 1. In brief, different amounts of dopamine were first added
to the cellulose nanofiber suspension for in situ polymerization to polydopamine. Then,
the black-colored aqueous dispersion of the polydopamine-doped cellulose nanofibers
was dewatered by suction filtration and solvent exchange, and the samples were then
freeze dried. As such, cellulose nanofiber papers with different polydopamine contents
(3.4-8.2 wt%) were obtained (Supplementary Figure S1) and pyrolyzed at 700 °C.

3o
9
A cellulose

nanofiber

Adjust to pH 8

Stirring and reaction
2 for 24 h
HO polydopamine

HO NH,

cellulose dopamine

tert-butyl _ - ;

alcohol \acui

u | filtration

D ———

Pyrolysis

Freeze drying Solvent exchange
e o1 1

Figure 1. Schematic illustration of the sequential procedure for polydopamine doping and pyrolysis
of the cellulose nanofiber paper.

As shown in Figure 2a, the original and polydopamine-doped cellulose nanofiber
papers shrank and became brittle to some degree after pyrolysis, but the papers were free-
standing, which enabled them to be handled easily for characterization and application
testing. Notably, polydopamine doping improved the volume retention (from 15.0%
to 23.6%) (Figure 2b), weight retention (from 8.6% to 14.6%) (Figure 2c), and carbon yield
(from 16.8% to 28.9%) (Figure 2d, see also Figure S2) of the pyrolyzed cellulose nanofiber
paper. Moreover, the weight retention and carbon yield of the pyrolyzed polydopamine-
doped cellulose nanofiber paper were higher than the estimated ones. For example, the
weight retention and carbon yield of the 4.3 wt% polydopamine-doped cellulose nanofiber
paper after pyrolysis were 13.0% and 26.4%, respectively, which were higher than those
(10.9% and 19.8%, respectively) estimated from the original cellulose nanofiber paper and
neat polydopamine after pyrolysis. Because the polydopamine content was low, it can be
expected that the increased weight retention and carbon yield are mainly due to the weight
retention of cellulose.

To explain the improved weight and volume retention by polydopamine doping,
the TG and derivative thermogravimetric (DTG) curves were analyzed. As it can be seen
in Figure 2e, the thermal decomposition temperature (5% weight decrease in the TG
curves [35]) of the original cellulose nanofiber paper increased after polydopamine doping
from 268.3 °C (polydopamine: 0 wt%) to 282.8 (3.4 wt%), 279.3 (4.3 wt%), and 277.8 °C
(8.2 wt%), while that of neat polydopamine was 220.2 °C. The DTG,k temperature and
derivative weight of the cellulose nanofiber paper decreased when the polydopamine
content increased (Figure 2f). These results suggested that polydopamine doping improves
the thermal stability of the cellulose nanofiber paper, thereby affording the increased weight
yield and volume. The improved thermal stability can be ascribed to the radical scavenging
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effect of the catecholic compounds (e.g., polydopamine [36] and melanin [37]). While
free radicals, which are generated from cellulose during pyrolysis, unfavorably generate

gaseous compounds to cause large weight loss [38], polydopamine can scavenge some of
these free radicals and can suppress the weight loss.
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Figure 2. Pyrolysis of the polydopamine-doped cellulose nanofiber paper. (a) Cellulose nanofiber
papers with different polydopamine contents before and after pyrolysis at 700 °C; (b) volume
retention and (c) weight retention (the red lines indicate the weight retention estimated from the
original cellulose and neat polydopamine) and (d) carbon yield (the red lines indicate the carbon yield
estimated from the pyrolyzed cellulose and pyrolyzed polydopamine) of the pyrolyzed cellulose
nanofiber papers with different polydopamine contents; (e) thermogravimetric and (f) derivative
thermogravimetric curves of the cellulose nanofiber papers with different polydopamine contents
and neat polydopamine.

3.2. 3D Porous Nanostructures of Pyrolyzed Polydopamine-Doped Cellulose Nanofiber Paper

The 3D porous nanostructures provide unique properties, including high surface areas
and permeability, which are beneficial for a variety of applications including energy storage.
Therefore, the 3D porous nanostructures of the original and the pyrolyzed polydopamine-
doped cellulose nanofiber papers were analyzed accordingly (Figure 3). The undoped
cellulose nanofiber paper with a thickness of approximately 270 um contained a porous
nanofiber network (Figure 3a) and a layered structure (Figure S3), comprising the 3D
porous nanostructures. The occurrence of these 3D porous nanostructures can be ascribed
to the solvent exchange from water to tert-butyl alcohol during the paper fabrication
process because the tert-butyl alcohol with low surface tension suppressed the aggregation
of the cellulose nanofibers upon drying [27].
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Figure 3. Three-dimensional porous nanostructures of pyrolyzed polydopamine-doped cellulose nanofiber papers. Field

emission scanning electron microscopy images of the cellulose nanofiber papers with different polydopamine content

(a—d) before and (e-h) after pyrolysis at 700 °C; N, adsorption and desorption isotherms of cellulose nanofiber papers with
different polydopamine content and the corresponding specific surface areas (i) before and (j) after pyrolysis at 700 °C.

Further, the 3D porous nanostructures were maintained even after polydopamine
doping (Figure 3b—d and Figure S3). The polydopamine particles formed by in situ poly-
merization in the cellulose nanofibers had a diameter <~50 nm (Figure 3b—d), which was
much smaller than the neat polydopamine nanoparticles prepared in the absence of cellu-
lose nanofibers (Figure 54), suggesting that cellulose nanofibers can restrict the growth and
aggregation of the polydopamine nanoparticles. Owing to the nanosized polydopamine
particles, the polydopamine-doped cellulose nanofiber papers had a higher specific surface
area (132-145 m? g_l) than the original (94 m? g_l) (Figure 3i).

It was also confirmed that the polydopamine-doped cellulose nanofiber papers main-
tained their 3D porous nanostructures after pyrolysis at 700 °C (Figure 3e-h and Figure S3).
The thicknesses of the pyrolyzed polydopamine-doped cellulose nanofiber papers were
approximately 108, 112, 129, and 142 um at a polydopamine content of 0%, 3.4%, 4.3%, 8.2%,
respectively. The N, adsorption and desorption isotherms of the pyrolyzed polydopamine-
doped cellulose nanofiber papers indicated an obvious increase of N, adsorption in the
low relative pressure range and a hysteresis loop in the high relative pressure range,
suggesting the presence of micropores (<2 nm) and mesopores (2-50 nm, characteristic
of type IV isotherm), respectively [39,40]. The 4.3 wt% polydopamine-doped cellulose
nanofiber paper showed the highest specific surface area (617 m? g~!) after pyrolysis,
which was much larger than that without polydopamine doping (506 m? g~!). However,
at 8.2 wt% polydopamine, a lower specific surface area (510 m? g~ !) after pyrolysis was
observed, suggesting that the excess amount of polydopamine decreases the resulting
specific surface area. The appropriate amount of polydopamine nanoparticles within the
cellulose nanofiber paper partially restrain the shrinkage of the porous nanofiber networks
upon pyrolysis and provide higher volume retention and specific surface areas (see also

64



Nanomaterials 2021, 11, 3249

Figure 2b), while an excess amount of polydopamine nanoparticles may block the porous
nanostructures, thereby decreasing the specific surface areas. Our results indicate that 3D
porous nanostructures with high specific surface areas can be obtained after the pyrolysis
of appropriately polydopamine-doped cellulose nanofiber paper.

3.3. Molecular Structure and Electrical Conductivity of Pyrolyzed Polydopamine-Doped Cellulose
Nanofiber Papers

The chemical structures and electrical properties of the pyrolyzed polydopamine-
doped cellulose nanofiber papers were also analyzed (Figure 4). The Raman spectra showed
the G band at approximately 1580 cm~! and D band at approximately 1340 cm ™!, which
are ascribed to the graphitic carbon domains and the disordered graphitic carbon structures
(e.g., edge of graphitic domains and in-plane imperfections) [41], respectively (Figure 4a).
This indicates the formation of graphitic carbon structures with disordered regions, such as
oxygen- and nitrogen-doped carbon structures, as a result of pyrolysis (see also Figure S2).
The graphitic structures after pyrolysis were also confirmed by the XRD spectra. Broad
peaks at approximately 23° and 43° (Figure 4b) were observed, which are assigned to
the (002) and (10) bands of graphite, respectively [42,43]. The crystallite sizes in the in-
plane (L;) and stacking (L. directions of the graphitic carbon can be estimated using
Scherrer’s formula from the (10) and (002) lattice planes, respectively [41,43]. As shown in
Figure 4c, the graphitic carbon domains increased their average width (L,;) from ~1.9 to
2.4 nm (interplanar distance da = ~0.2 nm) with increasing polydopamine content, while
their average thickness (L.) was almost constant at ~1.0 nm. Because neat polydopamine
pyrolyzed at the same temperature (700 °C) showed a lower average width of ~1.7 nm
than the pyrolyzed polydopamine-doped cellulose nanofiber papers, it was suggested
that the combination of polydopamine and cellulose nanofibers can promote the growth
of the graphitic carbon domains in the in-plane direction after pyrolysis. Such promoted
growth of electrically conductive graphitic carbon domains also contributed toward the
increased electrical conductivity (decreased volume resistivity); the volume resistivities
of the pyrolyzed polydopamine-doped cellulose nanofiber papers decreased from 8.8 to
5.5 (3 cm when the polydopamine content increased (Figure 4d), indicating high electrical
conductivity and the positive effect of polydopamine doping.

3.4. Application as an Electrode for a Supercapacitor

Tuning the porous structure and molecular structure of cellulose-derived nanocar-
bons by doping is effective in enhancing their energy storage performance [44—46]. To
demonstrate the significance of the polydopamine doping and pyrolysis of the cellulose
nanofiber paper, the pyrolyzed polydopamine-doped cellulose nanofiber paper was ap-
plied as a supercapacitor electrode in a 6 M KOH aqueous electrolyte with a three-electrode
system. The previously reported cellulose-derived porous carbons frequently required
additives, such as conductive carbon and binder [47-49]. On the other hand, our pyrolyzed
polydopamine-doped cellulose nanofiber papers were successfully applied as conductive
and free-standing electrodes. Such free-standing property can ensure sufficient transporta-
tion of electrons and electrolyte ions between the current collector and the electrodes [50].
The pyrolyzed polydopamine-doped cellulose nanofiber papers showed a larger surround-
ing area of the CV curve and longer discharge time in the galvanostatic charge/discharge
curve than those without polydopamine doping, indicating the higher capacitance of
the pyrolyzed polydopamine-doped cellulose nanofiber papers (Figure 5a,b). The spe-
cific capacitance values were plotted as a function of the current densities based on the
charge-discharge curves (Figure 5c). Notably, the pyrolyzed 4.3 wt% polydopamine-doped
cellulose nanofiber paper showed the highest specific capacitance of up to approximately
200 F g~ ! at current densities of 0.5—20 A g~!, which was considerably higher than that
without polydopamine doping (approximately 160 F g~1).
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Figure 4. Molecular structure and electrical conductivity of the polydopamine-doped cellulose
nanofiber papers pyrolyzed at 700 °C. (a) Raman spectra, (b) X-ray diffraction spectra, (c) crys-
tallite sizes of the graphitic carbon domains in the in-plane (L;) and stacking (L) directions, and
(d) volume resistivity.
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Figure 5. Electrochemical tests of the polydopamine-doped cellulose nanofiber papers
pyrolyzed at 700 °C. (a) Cyclic voltammetry curves (scan rate: 10 mV s~1); (b) galvanostatic
charge-discharge curves (current intensity: 0.5 A g_l) ; () specific capacitance at the current
densities of 0.5—20 A g~!; (d) Nyquist plots.

66



Nanomaterials 2021, 11, 3249

The mechanism that was responsible for the enhanced specific capacitance was dis-
cussed. Regardless of polydopamine doping, the pyrolyzed cellulose nanofiber papers
presented a rectangular shape with distortion in the CV curves and slight nonlinear charge-
discharge curves, which indicate an electric double-layer capacitor behavior with redox
pseudocapacitance [47] (Figure 5a,b). The redox pseudocapacitance is derived from disor-
dered carbon structures, such as oxygen- and nitrogen-containing groups [51], which can be
estimated as the coulombic efficiency obtained from the ratio of the discharge duration to
the charge duration in the charge-discharge curves [52]. The pyrolyzed cellulose nanofiber
papers with polydopamine contents of 0, 3.4, 4.3, and 8.2 wt% showed coulombic efficien-
cies of 111.11, 114.64, 112.96, and 110.76% at 0.5 A gfl, respectively, indicating minimal
difference in their redox pseudocapacitance. The resistance of electrolyte ion diffusion
within the electrodes and the interfacial charge-transfer at the electrode-electrolyte interface
was further analyzed by Nyquist plots, which consist of a linear line at low-frequency
region and a semicircle at high-frequency region [47] (Figure 5d). The pyrolyzed cellulose
nanofiber papers with and without polydopamine showed a nearly vertical line, represent-
ing efficient ionic diffusion [40], which is possibly due to their 3D porous nanostructures
(Figure 3e—f). It has been reported that K* (electrolyte ion) with a large radius can cause the
structural deformation of the electrode during the insertion and extraction processes [53,54].
In this study, however, the pyrolyzed polydopamine-doped cellulose nanofiber paper
maintained its porous nanostructures after electrochemical tests (Figure S5). Notably, the
pyrolyzed polydopamine-doped cellulose nanofiber papers showed a smaller diameter
of a semicircle than that without polydopamine doping. This indicates a more efficient
interfacial charge-transfer at the electrode-electrolyte interface [40] for the polydopamine-
doped samples, owing to their higher electrical conductivity as electrodes (Figure 4d).
Thus, the highest specific capacitance of the pyrolyzed 4.3 wt% polydopamine-doped
cellulose nanofiber paper is a result of its enhanced electrical conductivity and high specific
surface area (Figure 3j). Moreover, the pyrolyzed polydopamine-doped cellulose nanofiber
paper provided higher specific capacitance than previously reported cellulose- and other
biomass-derived porous nanocarbon materials such as carbonized cellulose aerogel [46],
wood-derived carbon nanofiber aerogel [49], and hybrid nanocellulose derived hierar-
chical porous carbon film [55], suggesting its great potential as promising electrodes in
supercapacitors (Table S1).

4. Conclusions

We have demonstrated that the polydopamine doping and pyrolysis of cellulose nanofiber
paper can be a promising method that can be used to fabricate the 3D porous nanocarbons
with improved carbon yield and volume retention. The pyrolyzed polydopamine-doped cel-
lulose nanofiber paper also offered higher specific surface areas and electrical conductivity
than that without polydopamine, thereby affording higher specific capacitance of up to
200 F g~1. The specific capacitance of the polydopamine-doped cellulose nanofiber paper
was superior to the cellulose-derived nanocarbons that have been reported previously. Our
results suggest that this method will facilitate the effective fabrication of high-performance
cellulose-derived 3D porous nanocarbons for energy storage and other electronic applica-
tions. This method can be extended to other bionanomaterials, paving the way for future
sustainable electronics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123249/s1, Figure S1: Elemental content of cellulose nanofiber papers with varying
dopamine content, Figure 52: Elemental content of the original and the polydopamine-doped
cellulose nanofiber papers pyrolyzed at 700 °C, Figure S3: Cross-sectional field emission scanning
electron microscopy images of the original and the pyrolyzed cellulose nanofiber paper with different
polydopamine content (0% and 4.3%), Figure S4: Field emission scanning electron microscopy images
of neat polydopamine, Figure S5: Field emission scanning electron microscopy images of electrode
(pyrolyzed 4.3% polydopamine-doped cellulose nanofiber paper) before and after electrochemical
tests, Table S1: Specific capacitance values of cellulose-derived porous carbon materials.
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Abstract: Powder electroluminescent (EL) devices with an electric field type excitation are surface
light sources that are expected to have a wide range of practical applications, owing to their high
environmental resistance; however, their low luminance has hindered their use. A clarification
of the relationship between the properties of the film substrates and the electroluminescence is
important to drastically improve light extraction efficiency. In this study, powder EL devices with
different substrates of various levels of surface roughness and different optical transmittances were
fabricated to quantitatively evaluate the relationships between the substrate properties and the device
characteristics. A decrease in the surface roughness of the substrate caused a clear increase in both
the current density and the luminance. The luminance was found to have a direct relationship with
the optical transmittance of the substrates. The powder EL device, which was based on a cellulose
nanofiber film and was the smoothest and most transparent substrate investigated, showed the
highest luminance (641 cd/cm?) when 300 V was applied at 1 kHz.

Keywords: powder electroluminescent device; cellulose nanofiber; paper electronic device; paper-based
light-emitting device

1. Introduction

The development of a flexible flat light-emitting device that includes organic and
inorganic light-emitting devices beyond the traditional solid and rigid displays of liquid
crystal or light-emitting diodes is useful for the establishment of a next-generation super-
smart society. A powder electroluminescent (EL) device is a traditional flexible flat light
source that involves inorganic EL particles and can be fabricated using a simple printing
system on a film substrate, such as copy paper and plastic films. Compared with the
conventional organic flat light-emitting devices with a current-type excitation (which are
very sensitive to the surrounding environment (i.e., water and oxygen)), the powder EL
device has a high environmental resistance, owing to its characteristic electric field type
excitation. Because of this advantage, the powder EL devices, which can be fabricated
by 3D printing [1,2], exhibit good mechanical durability, such as bending durability [3],
flexibility [4], and stretchability [5,6]. They can also be used as sensors for ammonia [7],
carbon dioxide [8], humidity [9], and temperature [10]. Unique functionalities, such as
the self-recovery of their structure [11-13] and the generation of sound [14-16], have also
been developed through the powder EL system. However, the practical use of powder EL
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devices has only been based on indirect illumination, owing to their low luminance. For a
long time, organic light emitting devices were thought to have difficulty in achieving laser
oscillation due to their low brightness. Recently, the laser action demonstrated in organic
semiconductors by the distributed feedback structure has exhibited optical confinement
effects [17]. If the luminance in powder EL devices with low luminance can be significantly
improved, the desired laser action might be observed by introducing the rib and slot-
waveguide structures [18,19]. The intrinsic improvement of the luminance for a powder EL
device is the key to develop flexible and versatile light-emitting devices.

In terms of achieving high luminance from a powder EL device, researchers have
focused their investigations on the phosphor [20] and the high dielectric polymer [21]
components. Additionally, a high luminance has been achieved by drastically modifying
the device structure [22,23]. However, we previously focused on the surface roughness
of the paper substrate and found that the planarization of the substrate is effective to
achieve high luminescence from a bottom emission-type powder EL device [24]. Therefore,
there is great potential to improve EL luminance by investigating the properties of the
film substrates. However, the direct effect of the film properties (which include surface
roughness and transparency) on EL luminance has not yet been clarified. This is because
EL luminance is complex and is affected by multiple factors, such as applied voltage and
frequency. Furthermore, powder EL devices with a paper substrate have often employed a
top emission-type structure that is unaffected by the optical transmittance of the substrate
films [25-27]. To essentially improve the light extraction efficiency in powder EL devices,
the direct effect of the properties of the film substrates needs to be investigated by using a
bottom emission-type device.

Recently, cellulose nanofiber (CNF) films have been developed from various phy-
tomass resources and have been shown to exhibit high transparency [28,29] and minimal
surface roughness [30,31], as well as good flexibility. Compared with conventional plastics,
CNF films are also known to display high strength [32,33] and thermal stability (a low
coefficient of thermal expansion) [34,35], owing to the extended chain crystals of natural
cellulose type I. This CNF film is a “paper” material in which the CNFs selfagglutinate
through the strong hydrogen bonds on their surface. Therefore, the CNF film is proposed
to be the most legitimate successor of a conventional paper substrate in powder EL devices,
owing to its high performance.

In this study, we aimed to elucidate the effects of surface roughness and the trans-
mittance of the film substrates on the luminance of powder EL devices and achieve a
high luminance that exceeds that of the devices composed of conventional paper and
plastic film substrates. Powder EL devices were fabricated with four different substrates:
tracing paper, polyethylene naphthalate (PEN) film, commercial CNF (C-CNF) sheets,
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized CNF (TO-CNF) films. Each
device had a different surface roughness and optical transmittance, and the luminance
performances of each device were compared.

2. Materials and Methods
2.1. Materials

Tracing paper (Sakae Technical Paper Co., Ltd., Tokyo, Japan), the C-CNF sheets
(WMa-100FM, Sugino Machine Ltd., Toyama, Japan), and the PEN film (Q65FA, Teijin
DuPont Films, Tokyo, Japan) were purchased and used as received.

The TO-CNF film was produced according to the previously reported method. In brief,
Japanese cedar (Cryptomeria japonica) chips (50 g) were dewaxed by immersion in 1 L of
acetone overnight. After removing the acetone, the resulting product was bleached in 1.5 L
of 1.0 wt.% NaClO, solution under acidic conditions at 80-90 °C for 6 h until the product
became white, in accordance with Wise’s method [36]. The product was then washed with
distilled water to obtain wood pulp. The pulp (with a dry weight of 5 g) was dispersed
in 500 mL of distilled water and 0.08 g of TEMPO with the addition of 0.5 g of NaBr [37].
Oxidation was initiated by adding 27 mL of 1.8 M NaClO aqueous solution, and the pH
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was kept higher than 10 by adding 0.5 M NaOH. After reacting for 7 h, the oxidation was
quenched by adding 5 mL of ethanol and then washed until the pH reached ~7 [38]. The
product was redispersed in 500 mL of distilled water, further treated by adding 5.0 g of
NaClO, under acidic conditions, and stirred for 48 h to selectively convert the aldehyde
group in the samples to a carboxylate group [39].

After washing, a TEMPO-oxidized pulp with a carboxylate content of 1.67 mmol/g
(determined via conductometric titration) was obtained. The TEMPO-oxidized pulp
was preliminarily agitated at 24,000 rpm by a high-speed blender for 10 min and was
then passed through a high-pressure water jet system (Star Burst 10, HJP-25008, Sugino
Machine Ltd., Toyama, Japan) at 180 MPa for 50 cycles to produce an aqueous suspen-
sion of TEMPO-oxidized cellulose nanofibers. After removing the bubbles, the viscous
nanofiber suspension (with a concentration of 1.5 wt.%) was cast on an acrylic plate by
using a metal formwork with internal dimensions of 7 x 7 cm? and a thickness of 2 mm,
and this cast was dried in an oven at 55 °C overnight to form the TO-CNF films.

Zinc sulfide-type particles (GG45, Osram Sylvania, Wilmington, MA, USA) were used as
a phosphor layer, barium titanium oxide (620-07545, Kishida Chemical Co., Ltd., Osaka, Japan)
was used as a dielectric layer, cyanoethyl polyvinyl alcohol (cyanoresin, CR-V, Shinetsu Chem-
ical Co., Ltd., Tokyo, Japan) was used as a high dielectric polymer, poly(2,3-dihydrothieno-
1,4-dioxin)—poly(styrenesulfonate) (PEDOT:PSS, 768650, Sigma-Aldrich Co., LLC., Tokyo,
Japan) was used as a transparent electrode, and Ag-paste (MP-6035, Mino Group Co., Ltd.,
Gifu, Japan) was used as a back electrode, all as received. Cyclohexanone (037-05096) was
purchased from Fujifilm Wako Pure Chemical Co., Osaka, Japan.

2.2. Characterization of the Substrate Films

The regular light transmittance was measured with a spectrophotometer (U-3900,
Hitachi High-Tech Corp., Tokyo, Japan). The haze was evaluated using a haze meter
(HZ-V3, Suga Test Instruments Co., Ltd., Tokyo, Japan). The surface roughness (the root
mean square (RMS)) was determined for an area of 20 x 20 um? using an atomic force
microscope (AFM, Nanocute, SII Nano Technology Inc., Chiba, Japan) in dynamic force
mode [40,41]. The three-dimensionally extended RMS of cross-sectional curves defined
in JIS B 0601 (ISO 4287) was calculated for the measured surfaces, and it is expressed as
the square root of the average of the square of deviation from the reference surface to
the specified surface. In this study, RMS was calculated for the entire 20 x 20 um? angle
of view.

2.3. Fabrication of the EL Devices

The cyanoresin was mixed in cyclohexanone at 30 wt.% to prepare the high-dielectric
polymer paste. Then, 40 wt.% of a zinc sulfide-type phosphor was dispersed in the
polymer paste. Barium titanium oxide was also dispersed in the polymer paste, in the same
weight ratio as the phosphor had been dispersed. The transparent electrode, phosphor
layer, dielectric layer, and back electrode were laminated by an automatic screen-printing
machine (TU2020-C, Seritech Co., Ltd., Osaka, Japan) on each substrate in this order. Each
layer was individually dried in an oven at 80 °C for 6 min; the transparent electrode layer
was dried for 10 min at 80 °C to fully evaporate the extra solvents. The light-emitting area of
the devices was set as 1.0 x 1.0 cm?. The cross-sectional layer structure for each EL device
was observed by an optical microscope (WPA-micro, Photonic Lattice Inc., Miyagi, Japan).

2.4. EL Measurements

The voltage dependences of the current and the luminance of the devices were
determined by using an EL measurement system (SX-1152, Iwatsu Electric Co., Ltd.,
Tokyo, Japan).
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Transmittance (%)

3. Results and Discussion

The regular light transmittance of the four films was investigated. Figure la—e shows
a photograph of and the optical transmittance of each film. The TO-CNEF, PEN, and C-CNF
films appeared highly transparent, as shown in Figure la—c, respectively; however, each of
these films had a different transmittance spectrum (Figure 1e). The TO-CNF film showed
the highest transparency among the four, and the transmittance in the visible light range for
this film reached approximately 90%. The PEN film showed almost the same transmittance
as the TO-CNF film at wavelengths greater than 700 nm, but the transmittance gradually
decreased at lower wavelengths. The C-CNF film had a transmittance of ~30% over a wide
wavelength range. The tracing paper was completely opaque with the lowest transmittance
of below 3%, as shown in Figure 1d, but it has long been used as a powder EL substrate in
previous studies [10,24].

(b) (d)
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Figure 1. Photographs of (a) 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofiber (CNF) (TO-CNF),
(b) polyethylene naphthalate (PEN), (c) commercial CNF (C-CNF), and (d) tracing paper films. (e) Transmittance spectra of
each film. (f) The relationship between root mean square (RMS) roughness and haze.

We evaluated the surface roughness of each film using the RMS values obtained
from the AFM measurement (Figure 2). The RMS roughness of each of the TO-CNEF, PEN,
C-CNE and tracing paper films were found to be around 6.78 £ 2.3 nm, 7.19 £ 0.54 nm,
560.9 £ 72.7 nm, and 769 + 64.5 nm, respectively (as shown in Table 1). We found that
the film with a smaller RMS value showed a higher transmittance. To evaluate the optical
properties, the haze of each film was also measured. The haze of the TO-CNF, PEN,
C-CNEF, and tracing paper substrates were approximately 1.99 + 0.06%, 1.15 £ 0.10%,
74.34 £ 0.41%, and 93.96 % 0.04%, respectively. We obtained a linear relationship between
the RMS values and haze, as shown in Figure 1f. The surface roughness of each film
was shown as directly related to its optical transparency. The negative linear correlation
between RMS and transparency in films was also found for microcrystalline diamond [42].
In general, it is also empirically self-evident that a rough surface leads to opacity, as seen
in frosted glass. Regardless of the chemical composition, the transparency of the film is
strongly correlated with the surface roughness, which is also shown in this study.
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Figure 2. Atomic force microscope (AFM) images of (a) TO-CNE, (b) PEN, (c) C-CNF, and (d) tracing paper substrates for
the calculation of RMS roughness.

Table 1. The characteristics of each film and the thickness of the functional layer on those devices.

Film Thickness RMS Roughness Haze Thlclfness of the
o Functional Layers
(um) (nm) (%)
(um)
TO-CNF 220+£20 6.78 +2.3 1.99 £+ 0.06 106.0 +£2.3
PEN 128.0 + 2.8 7.19 + 0.54 1.15 4+ 0.10 1294 + 3.8
C-CNF 54.0+04 560.9 £+ 72.7 74.34 £ 0.41 94.0 + 3.6
Tracing paper 820+ 1.4 769 + 64.5 93.96 £+ 0.04 122.6 £ 6.7

The powder EL devices were fabricated using these films as substrates. To explore the
electrode distance of each device, the cross-section of each EL device was observed using an
optical microscope (Figure S1). The thickness of the functional layers of the devices with the
TO-CNE, PEN, C-CNE and tracing paper substrates were measured to be 106.0 £ 2.3 um,
129.4 £ 3.8 um, 94.0 £ 3.6 um, and 122.6 £ 6.7 um, respectively, although the thicknesses
of the film substrates were significantly different. It was therefore suggested that almost
the same electric field intensity could be obtained when the same voltage was applied,
regardless of the type of substrate film.

Figure 3a—d shows photographs of the luminescence of each EL device with a different
substrate film under the application of an AC voltage of £170 V at 1.2 kHz. All of the
EL devices emitted blue light. The emissions from the devices with C-CNF and tracing
paper substrates were uneven and dark. This was proposed to arise from the variation of
the electrode distance, which could not be detected from local observation with an optical
microscope. The variation of the electrode distance occurred owing to the large surface
roughness of the substrate, which led to a variation in the electric field intensity. The EL
spectrum of these devices was investigated to ascertain the effect of the substrates on EL
emission. The EL intensity of the devices with the TO-CNF and PEN substrates under
application of the same voltage was higher than those with the C-CNF and tracing paper
substrates (Figure 3e). This was considered to arise from the differences in the surface
roughness and optical transmittance of the substrates. As shown in the inset of Figure 3e,
the EL band with an emission peak was observed at a wavelength of 490 nm, which was
almost identical to that observed from previous devices [24].
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Figure 3. Photographs of the powder EL devices with a substrate of (a) TO-CNF, (b) PEN, (c) C-CNEF, and (d) tracing paper
under the application of an AC voltage of +170 V at 1.2 kHz. (e) Electroluminescent (EL) spectra of the devices with
each substrate under the application of an AC voltage of 170 V at 1.2 kHz. The inset shows the normalized EL spectra
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To clarify the EL properties, the voltage dependence of the current density of the EL
devices with each substrate was measured (Figure 4a). We set the current density at 1 kHz
because the commercialized zinc sulfide-type particles (GG45, Osram Sylvania) used in
this study are known to give the best luminescence efficiency at 1 kHz [43]. The current
density of all devices increased as the applied voltage increased. The current density of
the devices with the TO-CNF and PEN substrates was significantly higher than those with
the C-CNF and tracing paper substrates. As shown in Figure 4b, under application of an
AC voltage of 300 V at 1 kHz, the current density exponentially decreased as the RMS
roughness of the substrate film was increased. Thus, the current density of the powder EL
device was found to be dependent on the RMS roughness of its substrate.
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Figure 4. EL property measurement. (a) The relationship between current density at an applied frequency of 1 kHz and

applied voltage. (b) The relationship between current density at an applied voltage of £300 Vo, at 1 kHz and the RMS

roughness of the substrate films.

The applied voltage dependence of the luminance of the EL devices with each substrate
was measured (Figure 5a). By scanning the applied voltage from +50-300 V, the luminance
of all devices increased with the increase of the applied voltage. Under the application
of £300 V at 1 kHz, the luminance from the device with the TO-CNF substrate was
approximately 641 cd/m? and was the highest compared with those of the devices with
the other substrates. Compared with previous reports on bottom emission-type EL devices,
which showed a maximum luminance of 150 cd/m? under application of an AC voltage
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of £150 V at 0.4 kHz [44], our 641 cd/m? demonstrated a drastic enhancement of the
luminance for the bottom emission-type EL device with a paper substrate.
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Figure 5. (a) The luminance of the EL devices versus the applied voltage characteristics at an applied frequency of 1 kHz.
The luminance of the EL devices at an applied voltage of 300 V¢, at 1 kHz versus (b) RMS roughness and (c) transmittance
of each substrate at a wavelength of 490 nm.

To quantitatively elucidate the relationship between the substrate characteristics and
the obtained luminance, the RMS roughness of the film substrates and their EL luminance
under application of an AC voltage of £300 V at 1 kHz is plotted in Figure 5b. The
luminance linearly increased with a decrease in RMS roughness in a similar manner as the
current density described above in Figure 4b. Thus, the current density can be increased
by an improvement of the RMS roughness of the substrates, which will lead to a high
luminance in powder EL devices. Figure 5c shows the clear relationship between the
transmittance of the substrate films at 490 nm (which is the wavelength of the emission
peak) and the luminescence of the EL devices. The luminance linearly increased with an
increase of the optical transmittance of the substrates. It is now clearly demonstrated that
the required traits of a substrate for obtaining high luminance in a powder EL device are
not only a smooth surface but also a high transparency. These findings are key factors for
suitably designing the luminance in powder EL devices.

4. Conclusions

We have clarified the effect of the physical state of the film substrate (surface roughness
and transparency) on the luminance of powder EL devices, which has not been focused
on before. At the same time, we have succeeded in producing the powder EL device with
the highest luminance of 641 cd/cm? when 300 V was applied at 1 kHz by using the sub-
strate of cellulose nanofiber film, a next-generation paper material with high smoothness,
transparency, and other excellent properties.

A typical application of powdered EL devices is as a surface emitting light source,
and displays and lighting are its most common applications. The present study, which
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clarified the physical guideline for improving the luminance (the lighting performance)
using natural materials that promote the elimination of plastics as the base material,
is expected to provide a significant guideline for the development of next-generation
high-performance lighting. We believe that the findings of this research will be useful in
the future for highly linear point light sources because the device might achieve a laser
oscillation by the introduction of rib and slot-waveguides structures.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/697/s1, Figure S1: Cross-sectional optical microscopy images of (a) TO-CNFE, (b) PEN,
(c) C-CNF, and (d) tracing paper substrates.
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Abstract: A one-pot and one-step enzymatic synthesis of submicron-order spherical microparticles
composed of dehydrogenative polymers (DHPs) of coniferyl alcohol as a typical lignin precursor
and TEMPO-oxidized cellulose nanofibers (TOCNFs) was investigated. Horseradish peroxidase
enzymatically catalyzed the radical coupling of coniferyl alcohol in an aqueous suspension of
TOCNFs, resulting in the formation of spherical microparticles with a diameter and sphericity
index of approximately 0.8 um and 0.95, respectively. The (-potential of TOCNF-functionalized DHP
microspheres was about —40 mV, indicating that the colloidal systems had good stability. Nanofibrous
components were clearly observed on the microparticle surface by scanning electron microscopy,
while some TOCNFs were confirmed to be inside the microparticles by confocal laser scanning
microscopy with Calcofluor white staining. As both cellulose and lignin are natural polymers known
to biodegrade, even in the sea, these woody TOCNF—DHP microparticle nanocomposites were
expected to be promising alternatives to fossil resource-derived microbeads in cosmetic applications.

Keywords: dehydrogenative polymer; enzymatic radical coupling; lignin; nanocellulose; microsphere;
TEMPO-oxidized cellulose nanofiber

1. Introduction

The adverse impact of microplastics on marine ecosystems has become an urgent
issue to solve [1-5]. In general, microplastics are small plastic debris derived from various
nonbiodegradable polymer materials used in daily life [3]. Initially, the gradual downsizing
of large polymer materials, such as plastic bags and bottles, to small fractions, known
as secondary microplastics, was considered a major issue. However, recently, primary
microplastics, such as microparticles (MPs) contained in facial cleaners and cosmetics, have
resulted in more serious problems [4,5]. These microplastics flow out to the ocean and
accumulate in the sea for a long time without any significant biodegradation. Therefore,
primary small plastics must immediately be substituted with biodegradable alternatives,
with many studies on enhancing the biodegradability of synthetic polymers having been
conducted to develop environmentally friendly polymer microparticles [6-9].

Cellulose and lignin are two major components of wood cell walls [10,11]. Cellulose
is a linear homopolymer composed only of 3-D-glucopyranose, which forms crystalline
microfibrils during biosynthesis owing to regular strong inter- and intra-molecular hydro-
gen bonds. The microfibrils in wood greatly contribute to its tough structure, endowing
trees with rigidity [12-14]. Cellulose is well known as biodegradable, owing to enzymatic
decomposition mediated by endo-/exo-cellulases and (3-glucosidases secreted by fungi,
bacteria, and microorganisms found in forests and the deep sea [15-17]. Meanwhile, lignin
is an aromatic polymer formed via enzymatic radical coupling of several tautomeric iso-
mers of phenylpropanoid monolignols [18]. Lignin in wood absorbs ultraviolet light and
endows the wood architecture with hydrophobicity through accumulation between the
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cell walls, known as lignification [18,19]. Lignin is also enzymatically degraded by the
action of white-rot fungi [20,21]. Furthermore, recent research has shown that deep-sea
microorganisms, such as Novosphingobium strains, can break down lignin-specific struc-
tures [22]. Therefore, many studies have focused on developing sustainable, biodegradable,
and ecofriendly materials from woody biomass for various applications [14,23-25].

In the last two decades, a new type of cellulose nanomaterial, cellulose nanofiber
(CNF), has attracted much attention owing to its extraordinary nanoarchitectures and
inherent crystalline fiber structure [14,23,24,26]. This novel nanomaterial is expected to
have applications as a natural filler for reinforced plastics [27-29], food and cosmetic addi-
tive [30,31], flexible electronic devices [32,33], and in optoelectronics [34,35] owing to its
fascinating physicochemical properties [14,23]. Recently, various MPs prepared by CNF-
stabilized Pickering emulsion templating methods, in which thin CNF shells cover polymer
cores, have received much interest regarding practical applications [36-39]. These CNF-
integrated MPs have shown high pH-responsive properties [36], adsorption/desorption
abilities for drug loading/release [37], and temperature-regulation capabilities [38]. Fur-
thermore, CNF-stabilized MPs are expected to have cosmetic and medical applications.
Fujisawa et al. reported using suspension polymerization to synthesize polystyrene and
poly(divinylbenzene) MPs from corresponding monomers in an oil phase, stabilized by
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)-oxidized CNFs (TOCNFs) [36,37,39]. These
TOCNF-covered MPs have unique core-shell structures, and TOCNFs decompose eas-
ily [16]. However, the polymer cores in the obtained MPs are not biodegradable, potentially
resulting in marine pollution [1,5]. Therefore, biodegradable components are promising for
use in the synthesis of MPs for cosmetic applications. In this context, cellulose and lignin
are attractive natural resources expected to undergo microbial degradation in the deep
sea. Therefore, the preparation of biodegradable MPs by combining CNF and lignin is a
promising approach to the functional design of marine-degradable MPs.

In previous reports, lignin derivatives extracted from natural woods by various proce-
dures have been used to fabricate MPs [40,41]. However, nature-derived lignin has crude
and complex structures, which strongly affect its biodegradability and biocompatibility. On
the other hand, to determine the biosynthesis mechanism of lignin in vivo, the in vitro syn-
thesis of dehydrogenative polymers (DHPs) of coniferyl alcohol has long been investigated
for use as an artificial lignin, enabling rough control of molecular structures [29,42,43].
Mi¢i¢ et al. found that synthetic DHP molecules self-assemble to form fine particles [44,45].
Although several researchers have attempted to prepare MP composites using cellulose
materials, few attempts to design spherical MPs combined with CNF have been reported
because cellulose has a low affinity for DHPs, resulting in phase separation to form large
aggregates [46,47]. Recently, our previous study revealed the affinity of CNF for DHP in
the interfacial enzymatic synthesis of CNF—DHP nanocomposites [29]. In this article, we
report the preliminary results of in situ enzymatic synthesis of DHPs from coniferyl alcohol
in the presence of TOCNF without any organic solvents. TEMPO-based biomass conversion
is expected as one of the promising green approaches to produce various nanomaterials
such as CNFs isolated by TEMPO oxidation [48], chemo-enzymatically nanofibrillated
lignocellulose [49], and biomass-derived chemicals by TEMPO-mediated catalysis [50].
In this work, nanoscale reconstruction of woody components was investigated to form
cosmetic microspheres by using TOCNFs and DHPs, respectively, as surface-carboxylated
cellulose microfibrils and artificial lignin (Figure 1). This one-pot green synthesis of spheri-
cal submicron-order TOCNF—DHP composite MPs is expected to provide new insight into
the fabrication of marine-degradable microplastics.
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Figure 1. Schematic illustration of the research strategy: a one-pot and one-step green synthesis of spherical submicron-order
TEMPO-oxidized cellulose nanofiber (TOCNF)-functionalized dehydrogenative polymer (DHP) microparticles.

2. Materials and Methods
2.1. Materials

TEMPO-oxidized CNF (TOCNF) used in this study was kindly provided by DKS
Co. Ltd., Kyoto, Japan (RHEOCRYSTA, 1-2SX, 2.3% (w/v), COONa = 1.55 mmol g’1
of TOCNF). Coniferyl alcohol, hydrogen peroxide (H,O,, 30% aqueous solution), and
horseradish peroxidase (HRP) were purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). Other chemicals and solvents were purchased from Sigma-Aldrich Japan,
Ltd. (Tokyo, Japan), Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). All chemicals were used as received without
further purification. Water used in this study was purified using a Barnstead Smart2Pure
system (Thermo Scientific Co. Ltd., Tokyo, Japan).

2.2. Characterization of TOCNF

The nano-order morphology of TOCNF was observed using transmission electron
microscopy (TEM; JEM-2100HCKM, JEOL Ltd., Tokyo, Japan) by staining with sodium
phosphotungstate, and scanning probe microscopy (SPM; Dimension Icon, Bruker
Japan Co. Ltd., Tokyo, Japan) equipped with a SCANASYST-AIR probe (k=04 N m™!,
Fo =70 kHz) (Figure 2a,b, respectively). The crystalline structure of TOCNF was recorded
by X-ray diffraction (XRD) analysis using a Rigaku SmartLab diffractometer (Rigaku Co.,
Tokyo, Japan) with Ni-filtered Cu Ko radiation (A = 0.15418 nm) at 40 kV and 20 mA. The
scanning rate was 0.5° min~! with 0.05° intervals (Figure 2c). The carboxylate content
of the TOCNF was determined by electrical conductivity titration [48]. The obtained
data for TOCNF corresponded well with reported data [48]. TEM was performed at
the Ultramicroscopy Research Center, Kyushu University. SPM and XRD analyses were
conducted at the Center of Advanced Instrumental Analysis, Kyushu University.

2.3. Preparation of TOCNF-Functionalized DHP Microparticles

TOCNF-DHP MPs were enzymatically synthesized using the conventional DHP
synthesis protocol, known as the Zulaufverfahren (ZL) method, i.e., “bulk” polymerization
method [29,42]. Briefly, coniferyl alcohol (50 mg), 30% HyO, (50 puL), and pure water
(950 uL) were added to TOCNF suspension (0-1.0% (w/v), 4 mL). HRP solution (500 pL,
500 pg mL~! in pure water) was then added to the reaction system. The reaction mixture
was gently stirred at room temperature for 24 h to obtain TOCNF-DHP MPs, which
were collected by centrifugation and thoroughly washed with purified water. The MP
recovery ratios were up to 85% by weight. Another conventional DHP synthesis method,
Zutropfverfahren (ZT; end-wise polymerization method) [29,42] was conducted as a control.
The as-prepared MPs were observed using an optical microscope (DMI 4000B, Leica,
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Wetzlar, Germany) by mounting a droplet of the MP suspension on a glass slide. The
C-potential of TOCNF—DHP MPs in an aqueous medium was measured at pH 7.0 using
a Zetasizer Nano ZS instrument equipped with a 632-nm HeNe laser operating at a 173-
degree detector angle (Malvern Panalytical, Tokyo, Japan). Fourier transform infrared
(FTIR) spectroscopy was carried out to characterize as-prepared MPs using an FT /IR-620
spectrometer (JASCO, Tokyo, Japan). Each freeze-dried sample (ca. 2 mg) was mixed
with 200 mg of KBr, followed by pressing it into transparent pellets. These samples were

analyzed in the spectral range of 400-4000 cm ! with a resolution of 2 cm 1.
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Figure 2. Characterization data of TOCNF used in this study. (a) transmission electron mi-
croscopy (TEM) image, (b) scanning probe microscopy (SPM) image (average height of each
fiber =2.1 £ 0.7 nm, n = 60 for each sample), and (c) X-ray diffraction (XRD) profile showing a
typical cellulose I crystalline structure.

2.4. Scanning Electron Microscopy (SEM)

MP suspension (1.0% (w/v), 3 uL) was dropped on a carbon tape and dried in a
desiccator at room temperature for 24 h. These samples were then coated using an osmium
coater (HPC-1SW, Vacuum Device, Ibaraki, Japan) for 1 s. SEM (SU8000, Hitachi High-Tech
Co, Tokyo, Japan) analysis was performed at 0.7-1.0 kV. The diameter and sphericity
index of MPs were manually calculated from the digital SEM images obtained. In brief,
the orthogonal minor axis was divided by the major axis for 80 particles of each sample.
The experiment was repeated twice to confirm the reproducibility. The cross-section
of MP samples embedded in resin, cut using an ultramicrotome (Ultracut-UCT, Leica,
Wetzlar, Germany), was observed by SEM analysis, performed at the Center of Advanced
Instrumental Analysis, Kyushu University.

2.5. Confocal Laser Microscopy (CLSM)

MP suspension (1.0% (w/v), 2 uL) was mixed with 0.001% Calcofluor white stain
solution (2 pL) on a glass slide, and the sample was then dried in the dark at room
temperature for 24 h. The MPs were observed by confocal laser microscopy (TCS SP8
STED, Leica, Wetzlar, Germany) with excitation/emission at 405/415-500 nm, respectively.
CLSM analysis was conducted at the Center for Advanced Instrumental and Educational
Supports, Faculty of Agriculture, Kyushu University.

2.6. Drug Loading Test

Methylene blue (MB) and arginine (Arg) were used as model drugs for loading on
MPs. MB and arginine hydrochloride were dissolved in phosphate buffer (pH 7.0, 10 mM)
and sodium hydrogen carbonate aqueous solution (pH 8.4, 50 mM), respectively. The initial
concentration of each model drug was adjusted to 5.0 mg L~!. Freeze-dried MPs (10 mg)
were dispersed in the solution (1.0 mL) and stirred at room temperature for 2 h. The MP sus-
pension was filtered through a 0.20-um polytetrafluoroethylene membrane filter. The con-
centration of MB in the filtrate was determined using a UV-vis spectrophotometer (UH5300,
Hitachi High-Tech Co., Tokyo, Japan) at the absorbance of MB (A = 665 nm). The final Arg
concentration in the solute was determined by reversed-phase high-performance liquid
chromatography (RP-HPLC) analysis (Prominence UFLC, Shimadzu Co., Kyoto, Japan), by
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determining the peak intensity of dabsylated Arg [51]. Separation was achieved using a
Shim-pack XR-ODS II column. Gradient elution mode with a flow rate of 1.0 mL min~!
was used, with 0.05% phosphate solution and acetonitrile used as mobile phases. The UV
detector wavelength was set to 450 nm.

3. Results and Discussion
3.1. Preparation of Wood-Mimetic CNF-Lignin MPs

DHPs were synthesized from coniferyl alcohol by HRP-mediated catalysis, namely
the ZL method, in which all reactants are mixed together in one pot to generate radicals
rapidly in 0.8% (w/v) TOCNF suspension. After washing MPs with pure water to remove
excess TOCNE, spherical MPs were observed by optical microscopy (Figure 3a) [44,45]. In
the absence of either HRP or H,O,, no MP formation occurred, as shown in Figure 3b,c,
respectively. These results indicated that the MPs were enzymatically synthesized, and
presumably composed of polymerized DHPs, but not precipitates of coniferyl alcohol
monomer [29,42]. DHP MPs were also synthesized by the stepwise Zutropfverfahren
(ZT) method, in which the radical generation rate is relatively slow [46]. ZT-type DHPs
synthesized with TOCNF afforded irregular-shaped aggregates in addition to spherical
MPs (Figure 3d). Sipponen et al. reported the successful fabrication of lignin nanoparticles
by nanoprecipitation from aqueous ethanol, where initial precipitation of lignin formed
small nuclei, followed by adsorption of other lignin components onto the as-formed
nuclei, which resulted in nanoparticle growth [52]. When lignin precipitation occurs
rapidly, numerous small nuclei are formed, eventually hindering the further growth of
nanoparticles. In our study, the one-pot ZL method possibly promoted the formation
of many small spherical precipitates in the presence of TOCNE, while slow generation
of DHP precipitates by the ZT method caused gradual DHP deposition, resulting in the
formation of relatively large nanoparticles. Furthermore, in the synthesis of ZT-type DHPs
with TOCNE, coexisting TOCNF might disturb the smooth generation of DHPs, resulting
in irregular-shaped aggregates. In contrast, the ZL method allowed the fabrication of
spherical MPs through rapid radical formation and then self-assembly of the as-prepared
DHPs, without inhibition by TOCNFE. Morphological characterization data from SEM and
CLSM analyses are presented in detail in the following section.

(a) (b) ) (d)

Figure 3. Optical images of DHP microparticles (MPs) synthesized (a) in the presence of 0.8% (w/v) TOCNF with HRP and
H,0,, (b) w/0 HRP, and (c) w/0 HyO;, using the Zulaufverfahren (ZL) method. (d) Zutropfverfahren (ZT) method using
0.8% (w/v) TOCNF with HRP and H,0O;.

3.2. Morphological Characterization of TOCNF-DHP MPs

Optical microscopy images of MPs prepared using various concentrations of TOCNF
are shown in Figure 4a—e. Spherical MPs were successfully synthesized with 0-0.8% (w/v)
TOCNEF suspension. Meanwhile, an irregular shape was observed in the case of 1.0% (w/v)
TOCNE, owing to the higher TOCNF concentration affording a viscous suspension that
inhibited DHP self-assembly [53]. The nanomorphology of as-prepared MPs was further
investigated by SEM analysis (Figure 4fj). As with optical microscopy results, TOCNF
concentrations below 0.8% (w/v) resulted in formation of spherical MPs, possibly due
to smooth DHP self-assembly. An increase in the TOCNF concentration provided MPs
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with fewer bumpy surfaces. Furthermore, nanofibrous components were observed on
the MP surface, presumably indicating TOCNF fractions present on MP surfaces (inset
of Figure 4i) [36,37], although TOCNF-free MP did not exhibit any similar components
on the surface in the inset of Figure 4f. Therefore, our one-step green synthesis of wood-
mimetic MPs enabled the formation of TOCNF-covered MPs containing DHP cores.
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Figure 4. (a—e) Optical images, (f-j) SEM images, and (k-o) particle size distribution histograms of MPs synthesized
with different concentrations of TOCNEF: (a,f k) 0% (w/v), (b,g1) 0.3% (w/v), (c,hm) 0.5% (w/v), (d,i,n) 0.8% (w/v),
and (e,j,0) 1.0% (w/v). Insets of (f,i) show magnified picture of each one microparticle.

Spectroscopic characterization by FTIR analysis clearly revealed the successful for-
mation of typical guaiacyl (G)-type DHP (Figure 5) [54]. A characteristic carbonyl peak
at 1610 cm ™!, originating from TOCNF [48], overlapped with the C=C stretching peak
of G-rings at 1601 cm™~!; however, the relative peak intensity at 1601/1510 for G-ring
stretching of DHP increased from 0.487 to 0.544 with increasing amount of TOCNF, ranging
from 0 to 0.5% (w/v). Therefore, as-prepared MPs were considered to contain the TOCNF
components. Excess amount of TOCNF reduced the peak intensity around 1600 cm ™!,
possibly indicating the MP formation in an inappropriate fashion. Neither X-ray diffraction
analysis nor X-ray photoelectron spectroscopy provided any significant peaks (data not
shown), due to a slight amount of TOCNF on the MP surface below each detection limit.

The particle diameter and sphericity index of MPs were calculated from the SEM
images (Figure 4f—i). The average diameter of MPs was about 0.8 um, in the submicrom-
eter (submicron) order, as listed in Table 1, which is expected to have practical cosmetic
applications [55]. Furthermore, the standard deviation of each diameter slightly decreased
as the TOCNF content increased from 0.3% (w/v) to 0.8% (w/v), while the diameter was
unchanged. This was possibly due to TOCNF adsorbed on the MP surface acting like a
Pickering emulsion stabilizer to improve MP stability in water [56]. The MP sphericity
index was up to 0.94. True spheres are an important requirement of cosmetic use to im-
prove cream spreadability of the foundation matrix [57]. The MP surface charges were
determined by (-potential measurement (Table 1), showing —32.5 mV for CNF-free DHPs,
which was consistent with the results of natural lignin nanoparticles [58]. The (-potential
values of TOCNF-DHP MPs were up to about —40.0 mV, indicating negatively charged
TOCNF adsorbed on MPs, which is expected to improve stability of the particle disper-
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sion [59]. It has been reported that wood-derived TOCNFs have strong negative charges
in the pH range of 5 to 7, equal to or greater than that at pH 7 [60]; therefore, as-prepared
TOCNF-DHP MPs are expected to effectively use in a slightly acidic environment on the
surfaces of human skins. Be that as it may, a long-term stability test is required to evaluate
product applicability at practical levels.

Absorbance (a.u.)

d) 3351

T T T T T T T T |
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™")

Figure 5. FTIR spectra of MPs synthesized with different concentrations of TOCNF: (a) 0% (w/v),
(b) 0.3% (w/v), (c) 0.5% (w/v), (d) 0.8% (w/v), and (e) TOCNF used.

Table 1. Diameter, sphericity index, and (-potential of TOCNF-DHP MPs.

TOCNF Concentration

(% (wlv) Diameter (um) ! Sphericity ! ¢-Potential (mV) 2
0.0 0.85 £ 0.24 0.97 £0.03 —325+638
0.3 0.83 £0.36 0.95 £ 0.08 —398+79
0.5 0.88 £ 0.31 0.94 £ 0.08 —40.7 £ 7.1
0.8 0.83 £0.26 0.95 + 0.07 —384+72
1.0 0.77 £ 0.49 0.80 £ 0.21 —404+78

! Calculated from SEM images at 1 = 80 for each sample. 2 Measured at 1 = 5 for each sample.

Purified TOCNF-DHP MPs were freeze-dried to obtain solid MPs in powder form. In
general, natural lignin is a dark brown color, which causes practical problems in cosmetic
use [61]. However, the DHP MP powder had a creamy white color, as shown in the insets
of Figure 6a—d. Very fine MPs were observed by SEM analysis (Figure 6a—d), but a high
TOCNF concentration of 0.8% (w/v) seemed to induce morphological collapse of the MPs.
This might be due to excess TOCNF on the MP surface aggregating during the freeze-
drying process, resulting in some MP distortion. Herein, TOCNF-DHP MPs synthesized
with 0.5% (w/v) TOCNF showed good shapes and were used in the following tests.

To evaluate the internal structure of the MPs, the MP cross-section was observed by
SEM analysis. The sample embedded in resin was sliced using an ultramicrotome for SEM
observation. The sliced image was not clear, but roughly exhibited furry TOCNF surround-
ing MPs, as shown in Figure 6e. This implied that TOCNF-DHP MPs had a shell layer
of TOCNF [37]. CLSM analysis using Calcofluor white dye was conducted to visualize
TOCNEF inside the MPs (Figure 6f-i) [56]. TOCNF-DHP MPs showed strong fluorescence
derived from Calcofluor white adsorbed to TOCNF (Figure 6h). In contrast, no significant
fluorescence was observed in DHP MPs prepared without TOCNF (Figure 6f). These re-
sults indicated that fluorescent dye molecules selectively adsorbed to TOCNEF. Furthermore,
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Z-stack imaging was conducted to show the interior distribution of TOCNF (Figure 6j).
Each sliced image of the MPs was taken at several depth levels, ranging from the top
to the middle of the MPs. In all pictures, fluorescence was detected over the whole MP
cross-section. This suggested that TOCNF was embedded inside the MPs as well as on the
surface. When DHPs were synthesized in the presence of TOCNF using the ZL method,
some TOCNF was captured in the spherical MPs formed, possibly through hydrogen
bonding and non-covalent m—interactions [62]. The TOCNFs adsorbed on the MP surface
were stabilized by van der Waals interaction [63]. Covalent bond formation like lignin—
carbohydrates complexes (LCCs) may be possible [64]. Accordingly, most TOCNF on
the MPs formed a shell structure, while a significant amount of TOCNF was also em-
bedded inside the MPs, although TOCNF inside the MPs was not observed in the SEM
image (Figure 5e). CNF has high crystallinity and high mechanical strength, and has been
widely used as a filler for reinforced plastics [27,28]. Therefore, incorporated TOCNE
exhibiting a rigid nanofiber form with the natural crystalline structure of cellulose I, as
shown in Figure 2, would contribute to reinforcing the MPs when synthesized with TOCNF
concentration of up to 0.5% (w/v). Moreover, different types of nanocellulose such as cellu-
lose nanocrystals (CNCs) are also expected to use as a promising candidate for producing
spherical CNC-DHP MPs, due to higher rigidity with more ordered alignments, possibly
causing the better surface coverage and physical properties of MPs.

Figure 6. Morphology of freeze-dried MP powders prepared using different TOCNF concentrations: (a) 0% (w/v), (b) 0.3%
(w/v), (c) 0.5% (w/v), and (d) 0.8% (w/v). Each inset corresponds to the optical image. (e) Cross-section SEM image of MPs
from (c), with orange triangle markers indicating TOCNF-shell structures. CLSM images of MPs stained with Calcofluor
white: (f,g) DHP MPs and (h—j) TOCNF-DHP MPs (TOCNF concentration, 0.5% (w/v)). (£h,j) are fluorescent images.
(g,1) are bright field images. Each panel of (j) is a Z-stacking image at each position, as illustrated.

3.3. Preliminary Test for Drug-Loading on MPs

Cosmetic MPs require many practical performances such as long-term stability [65],
biocompatibility [66], and UV-absorbing property [67]. Besides, drug-loading capability
is one of the important factor for MP use in cosmetic applications [68]. In this study, two
model compounds were subjected to adsorption behavior tests, namely, methylene blue
(MB, a major model drug [37,69]) and arginine (Arg, a typical moisturizing ingredient
for human skin [70]). MPs were poured into water solution containing each model drug,
and stirred for 2 h. The MPs maintained their original spherical structures without any
TOCNEF peeling from the MP surface (Figure 7a—d). The drug loading was determined to
measure the residual amount of each component in the supernatant. MB and Arg loadings
of 94.9 + 1.8% and 38.3 & 0.2%, respectively, were obtained on the TOCNF-DHP MPs.
These results indicated that TOCNF-DHP MPs had significant drug-loading capabilities.
However, this preliminary test showed no specific adsorption to the TOCNF—DHP MPs,
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with more than 90% and 30% of MB and Arg, respectively, adsorbed to TOCNEF-free DHP
MPs. TOCNF contains many carboxylate groups on the nanofiber surface [48], and the
reported core-shell MPs containing 2.5% (w/v) TOCNEF on the surface have been reported to
show good drug loading capability via electrostatic interaction between TOCNF and ionic
drugs [37]. In this study, the TOCNF—DHP MPs possess relatively low amounts of TOCNE,
resulting in little difference in the drug-loading capacity. Nonetheless, cellulose and lignin
are expected to exhibit drug loading/release capabilities, as previously reported [37,58,69],
indicating that the further design of TOCNF-DHP MP materials might enhance drug
loading by tuning the combination of TOCNF and DHP in the enzymatic green synthesis
without using organic solvents. The long-term stability test [65] still needs to be done for
practical availability. In this work, there was no big difference in the morphology of the
MPs before and after the drug loading test. Such stability test in cosmetic applications will
be investigated in a future work. Our enzymatic preparation of hybrid MPs from DHP and
TOCNEF can be applied for other combination, e.g., ferulic acid and naturally-occurring
phenols [71,72] with various nanocellulose. At this stage, it may involve the difficulty in the
large-scale production; however, such a green approach would be highly expected further
in the future to design various nanomaterials from biomass-based natural biomolecules.

(b) (d)

Figure 7. SEM and CLSM images (inset) of (a,b) DHP MPs and (c,d) TOCNF-DHP MPs (TOCNE, 0.5% (w/v)) after loading
with (a,c) methylene blue (MB) and (b,d) arginine (Arg). CLSM images were obtained after Calcofluor white staining. Each

inset is a merged picture of bright field and fluorescent images obtained by CLSM.

4. Conclusions

The successful green synthesis of DHP MPs functionalized with TOCNF was achieved
in a one-pot one-step aqueous process without any organic solvents. Horseradish per-
oxidase enzymatically catalyzed the radical coupling of coniferyl alcohol in an aqueous
suspension of TOCNFs, and the resultant TOCNF-DHP composites possessed a spherical
shape and submicron-order size of ca. 0.8 um in diameter, which would be expected to
have cosmetic applications. The TOCNF—DHP MP surfaces were covered with TOCNF
that possessed (-potential of ca. —40 mV, possibly improving the stability of particle dis-
persion. Some TOCNF was also embedded inside the MPs. As both TOCNF and lignin are
polymers known to be biodegradable in the sea, TOCNF—DHP MPs have great potential
as alternatives to nonbiodegradable MPs.
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Abstract: Xylan is a highly abundant plant-based biopolymer. Original xylans in plants are in
an amorphous state, but deacetylated and low-branched xylan can form a crystalline structure
with water molecules. The utilizations of xylan have been limited to bulk applications either with
inconsistency and uncertainty or with extensive chemical derivatization due to the insufficient
studies on its crystallization. The applications of xylan could be greatly broadened in advanced
green materials if xylan crystals are effectively utilized. In this paper, we show a completely green
production of nano-sized xylan crystals and propose their application in forming Pickering emulsions.
The branches of xylan were regulated during the separation step to controllably induce the formation
of xylan hydrate crystals. Xylan hydrate nanocrystals (XNCs) with a uniform size were successfully
produced solely by a mild ultrasonic treatment. XNCs can be adsorbed onto oil-water interfaces
at a high density to form highly stable Pickering emulsions. The emulsifying properties of XNCs
were comparable to some synthetic emulsifiers and better than some other common biopolymer
nanocrystals, demonstrating that XNCs have great potential in industrial emulsification.

Keywords: hemicellulose; xylan; nanocrystal; Pickering emulsion

1. Introduction

Hemicelluloses are a type of very abundant plant-based biopolymers [1,2]. Xylan is a
major type of hemicellulose and is primarily found in hardwoods and graminaceous plants.
Xylan is also present in softwoods but in relatively low amounts. Depending on the plant
species, xylans have -(1-4)-linked D-xylopyranosyl backbones but are substituted with
one or more monomers of L-arabinofuranosyl, D-glucuronopyranosyl, (4-O-methyl)-D-
glucuronopyranosyl, and some minor residues [3]. The backbones of xylans in hardwood
and graminaceous plants are partially acetylated, but softwood xylans are not acetylated.
Original xylans in plants are in an amorphous state [4], but deacetylated and low-branched
xylans can form a crystalline structure with solvent molecules, such as water and dimethyl
sulfoxide (DMSO) [5-7]. Due to the insufficient studies on xylan crystallization, the
applications of xylans have been mainly focused on bulk applications, such as films and
coatings [8,9]. However, xylan crystallization affects its solubility and viscosity [10] and is
detrimental to its water cast film formation [6], adding inconsistency and uncertainty to its
bulk applications. The applications of xylan could be greatly broadened if xylan crystals are
nano-sized, as nanocrystals of some biopolymers, e.g., cellulose, chitin/chitosan, and starch,
have been widely used in advanced functional materials, such as biological scaffolds, drug
carriers, optical materials, permselective membranes, polymer electrolytes, and emulsion
stabilizers [11,12]. However, preparing xylan nano-crystals with controllable size and shape
is difficult and has only been reported on in a few studies [7,13]. Chanzy et al. reported the
desizes of xylan crystals by enzymatic degradation, but the enzyme degrades the xylan
crystals from the edge and destroys the crystalized structure [13]. Wang et al. reported
the nano-sizing of xylan hydrate crystals by surface carboxymethylation, but this method
resulted in a significant decrease in crystallinity and uncontrollable sizes [14]. Meng et al.
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recently found that well-dispersed alkali-extracted xylan in DMSO can spontaneously form
xylan-DMSO crystal nanowhiskers with a controllable size by heating induction [7]; the
mechanisms behind it were still not fully understood and the application of the xylan—
DMSO crystal in an aqueous environment is not known. The limited knowledge of the
controllable preparation of nano-sized xylan crystals has largely impeded its applications
in advanced materials.

Many of the bio-based nanocrystals, e.g., cellulose nanocrystals (CNC) [15] and chitin
nanocrystals [16], require severe acid treatments or chemical derivatizations to produce,
causing chemical recycling and pollution issues. Due to a much less bulky structure of xylan,
compared to cellulose and chitin, we hypothesized that the nano-sizing of xylan hydrate
crystals to produce xylan hydrate nanocrystals (XNCs) only requires a mild physical
treatment with a low energy input, which would be a completely green process. However,
xylan is not always in a crystalized form [6], so controllably separating xylans with a low
degree of branching to induce crystallization is an important prerequisite to the production
of XNCs.

CNCs [15,17,18], chitin nanocrystals [16,19], and starch nanocrystals [20,21] have al-
ready been reported to be effective in forming and stabilizing Pickering emulsions. During
the emulsifying process, the nanocrystals were adsorbed onto the oil-water interface, irre-
versibly, and formed a highly rigid layer to prevent the aggregation between discontinuous
phases [12]. However, the application of XNCs in the Pickering emulsion has never been
reported. Since the crystallization of xylans requires the involvement of solvent molecules,
they have a high stability in the corresponding solvents [5,7,22]. Xylan hydrate crystals
are very stable in water, as demonstrated by their water insolubility [6,10], so their nano-
sized form is hypothesized to be especially suitable in the forming of oil-water Pickering
emulsions.

2. Experimental Section
2.1. Material

Glacial acetic acid (AR), sodium chlorite (80%), sodium hydroxide (AR), sodium
dodecyl sulfate (SDS, AR), Tween 80 (T80, pharmaceutical grade), Triton X-100 (TX100,
AR), gum arabic (GA, pharmaceutical grade), fluorescent brightener VBL, styrene, and
2,2'-Azobis (2-methylpropionitrile) (ABIN, AR) were purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China) Medium-chain triglycerides (the carbon number
of each fatty acid chain is 8-10) were purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China) Absolute ethanol (AR) and hydrochloric acid were of analytical
grade.

2.2. Separation and Characterization of Xylan

A grounded sugarcane bagasse sample, sieved between 40 and 60 mesh, was extracted
in a Soxhlet extractor with 95% ethanol for 6 h to remove extractives, fat, and wax [6].
Holocelluloses were separated by treating the bagasse in a 2 wt% sodium chlorite solution
with pH = 3.9—-4 and a solid-liquid ratio of 1:20 at 75 °C for 1 h. The holocelluloses were
washed three times with deionized water and one time with absolute ethanol and then air
dried.

Xylans were separated from holocelluloses by alkaline extraction or successive alkaline
extraction with NaOH solutions of different concentrations at 90 °C for 3 h (Table 1) [6,23].
After the extraction, the filtrate was adjusted to pH 5.5-6 by HCl and then concentrated
to one-third of the original volume. The filtrate was then added to absolute ethanol
with volumes three times of the filtrate and then stood overnight. The precipitate was
centrifuged (Centrisart G-16, Sartorius, Gottingen, Germany) at 4200 rpm for 10 min,
washed with 70% ethanol (v:v) three times, freeze dried, and ground to powders. The white
powders obtained were xylans.
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Table 1. Xylans separated through different extraction methods.

Xylan Fractions Extraction Methods Yield %
X1 1 wt% NaOH 10.77 £ 0.21
X2 2 wt% NaOH 21.55 +0.10
X3 4 wt% NaOH (successive after 2 wt%) 7.71 £ 0.04
X4 6 wt% NaOH (successive after 2 and 4 wt%) 9.08 +£0.12

Note: the yields of xylans corresponded only to the indicated extraction step for successive extraction and were
calculated based on the starting holocellulose.

The xylans were hydrolyzed according to the protocols described previously [24]
in order to determine their lignin, neutral sugar, and uronic acid compositions. Neutral
sugars were quantified by an ion chromatography system (IC-3000, Dionex, Sunnyvale, CA,
USA) equipped with an anion-exchange column (CarboPacTM PA20, Dionex, Sunnyvale,
CA, USA); the column was pre-equilibrated with 200 mM NaOH and gradiently eluted
with water, 20 mM NaOH, and 500 mM sodium acetate at a flow rate of 0.5 mL/min. The
estimation of the uronic acid content was based on the photometric method developed by
Filisetti-Cozzi [25]. The molecular weight distribution of xylans was measured by GPC
(PL-GPC50, Agilent Technologies, Santa Clara, CA, USA), with DMSO as the mobile phase.

The morphology of xylan particles in suspension was observed with a polarized
microscope (BX53M, Olympus, Tokyo, Japan) equipped with a U-AN360P analyzer slider.
X-ray diffraction (XRD) measurements on xylan powders were performed in the symmetric
reflection mode using X'Pert Powder (Panalytical, Eindhoven, The Netherlands) equipped
with a copper X-ray source (k = 1.5418 A) and operated at 40 kV and 40 mA.

2.3. Preparation and Characterization of XNCs

The xylan aqueous suspensions were sonicated at 15 W/mL by an ultrasonic cell
grinder (JY99-1IDN, Ningbo Xinzhi Biological Co., Ltd., Ningbo, China) for 40 min to ob-
tain a stable XNC colloidal dispersion. The XNC colloidal dispersion was diluted 500 times
and then dropped and air dried on a mica sheet, which was analyzed by an atomic force
microscope (AFM, Nanoscope Illa, Bruck, Germany). The particle size distribution of
XNCs was calculated from the AFM images using Nanoscope Analysis 1.7. The diluted
XNC colloidal dispersion was stained with phosphotungstic acid and then analyzed by
transmission electron microscopy (TEM). The viscosity of the XNC dispersion was mea-
sured by a digital rotational viscometer (LV-SSR, Shanghai Fangrui Instrument Co., Ltd.,
Shanghai, China).

2.4. Preparation and Characterization of Pickering Emulsion

Emulsions were prepared with triglycerides at an oil-water ratio of 2:8 under different
emulsifier concentrations (0.5, 1, 2 and 4 wt%) and was homogenized by an ultrasonic
cell grinder at 10 W/mL for 90 s. The emulsifying activity (EA), emulsion cream index
(ECI), and emulsion droplet size were evaluated. The EA was measured according to
the method of Hu [26]. Approximately 30 uL of emulsion was mixed with 15 mL in a
0.1 wt% SDS aqueous solution, and the absorbance was measured at 500 nm by a UV-VIS
spectrophotometer (Shanghai Mapada Instrument Co., Ltd., Shanghai, China). The ECI
was calculated based on the previous methods [17,18,26] with slight modifications. The
prepared emulsion was continuously centrifuged at 4000 rpm, the layering of the emulsion
at different centrifugation times was recorded, and the ECI was calculated as follows:

_Ha 1000
ECI = Hy x100%
where Hy is the height of the upper phase, and Hr is the total height of emulsion. The
emulsion droplet size was measured by a laser particle size analyzer (LA960S, HORIBA,
Kyoto, Japan) at a refractive index of 1.5 and a solid content of 0.5 wt%.
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The aqueous solution of fluorescent brightener (1 mg/mL) was used to dye the
XNC colloidal dispersions (the volume ratio of brightener solution to dispersion was
1:100). The dyed XNC colloidal dispersion was used to prepare the Pickering emulsions.
The fluorescence distribution of XNCs in the emulsion was observed by a laser confocal
microscope (TCS SP5, Leica, Munich, Germany) at an excitation wavelength of 403 nm and
a collection wavelength of 420-500 nm. According to previous conditions [17], the oil phase
of the emulsion was replaced by styrene that was initiated with polymerization. A field-
emission scanning electron microscope (FESEM, Merlin, Zeiss, Oberkohen, Germany) was
used to observe the adsorption of XNCs on the surface of polystyrene droplets. In order to
observe the emulsion droplet surface more easily, the dyed emulsions and the polymerized
emulsions were dispersed by a lab high-speed homogenizer (T18, IKA, Guangzhou, China)
instead of using ultrasonic treatment to obtain larger oil droplets.

3. Results and Discussion
3.1. Xylan Crystallinity

The chemical structures of xylans were regulated by alkaline extraction or successive
alkaline extraction with NaOH solutions of different concentrations, giving xylan samples
X1-X4 (Table 1). A high concentration of NaOH solution extracted xylans with less branches
and a relatively lower molecular weight (X3 and X4), compared to those extracted by a low
concentration of NaOH solution (Tables 2 and 3; Figure 1a), which was consistent with
previous studies [6].

Table 2. Chemical compositions of the xylan separated through different extraction methods.

Samples Arabinose % Galactose % Glucose % Xylose % Uronic Acid % Lignin%
X1 12.72 + 0.06 2.04 £ 0.07 5.59 £ 0.05 51.29 £ 0.36 6.77 £ 0.14 7.60 £ 1.55
X2 10.99 + 0.38 2.18 £ 0.00 7.06 + 0.12 67.12 £1.01 2.77 £ 0.08 1.54 £0.11
X3 6.66 £ 0.03 0.10 £ 0.08 6.06 + 0.01 81.42 £ 0.64 2.24 £0.01 1.19 £0.51
X4 1.63 £ 0.16 0.27 £ 0.68 6.84 +2.79 74.56 + 0.94 1.50 £ 0.01 0.88 £ 0.05

Table 3. Molecular structures of separated xylan fractions.

Samples Mn Mw Polydispersity Index * Degree of Substitution
X1 54,400 85,100 1.56 0.38
X2 52,800 95,400 1.81 0.21
X3 45,900 75,200 1.64 0.11
X4 31,300 51,400 1.64 0.04

* Calculated by the content ratios of (arabinose + uronic acid)/xylose.
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Figure 1. (a) Molecular weight distribution and (b) XRD profiles of different xylan samples.
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The XRD profiles of the four xylan samples are shown in Figure 1b. X1 and X2 had
profiles showing mostly amorphous states, while X3 and X4 had peaks characterizing
typical xylan hydrate crystals [6]. The Miller indices of major peaks based on the trigonal
unit cell of the xylan hydrate crystal in the study of Nieduszynski (1972) [5] are indicated.
When observed under crossed polarizers, the suspension of X1 and X2 showed little
birefringence, while X3 and X4 showed a large number of birefringent granular objects
(Figure S1), further suggesting the high crystallinity of X3 and X4 samples. The crystallinity
of xylan was positively correlated with the degree of branching, which is consistent with
previous studies [6,27]. The crystallinity of X4 was slightly lower than that of X3, which may
be related to the degradation of the X4 molecular chain (Table 2 and Figure 1a). Previous
studies have shown that reducing the length of the polymer chains would increase their
degree of freedom and, subsequently, reduce their possibility of aggregating into ordered
structures [28], which indicates that the low molecular weight might not be conducive to
the crystallization of xylan. These results indicated that regulating the degree of branching
to induce the formation of xylan hydrate crystals was successful, facilitating the subsequent
nano-sizing of xylan hydrate crystals.

3.2. XNC Preparation

Ultrasonic waves were introduced to the suspensions of xylan crystals in order to nano-
size the xylan hydrate crystals to xylan hydrate nanocrystals (XNCs). The power of the
ultrasonic treatment was carefully controlled at a mild level, because a higher power would
have destroyed the crystals and a lower power would not have been able to nano-size the
crystals. Before the ultrasonic treatment, xylans X1 and X2 were dissolved in water into a
transparent solution upon heating, while X3 and X4 could not form stable suspensions but
deposited at the bottom of water (Figure S2), again suggesting that xylan solubility relates
to its crystallinity (Figure 1b). After ultrasonic treatment, the evident optical path of the red
laser through the treated suspensions indicated the formation of stable colloidal dispersions
UX1-4 (Figure 2a). AFM and TEM images of UX3 and UX4 demonstrated nanoparticles
with high uniformity and a spindle shape, indicating that uniformly sized XNCs had been
successfully prepared (Figure 2b,c). UX4 showed a particle diameter (~45.5 nm) larger than
that of UX3 (~21.5 nm); UX4 also showed a wider particle size distribution than that of
UX3 (Figure 3). UX1 and UX2 both showed a few shapeless particles in the field of vision, a
very narrow particle size distribution, and a small particle size, suggesting the dissolution
or degradation of noncrystalline xylan particles (Figures 2b and 3). The diameter of XNCs
showed a positive correlation to the crystallinity of starting xylan samples (Figure 1b).

In sum, there are mostly noncrystalline and soluble xylans in UX1 and UX2 colloidal
dispersions, while there are mostly XNC in UX3 and UX4 colloidal dispersions. The XNC
is a bio-based nano-material similar to the cellulose nanocrystal (CNC). Different from
cellulose, xylan is not always in a crystalized form [6], so controllably separating xylans
with a low degree of branching to induce crystallization is an important prerequisite to
the production of XNCs. However, the production of CNCs requires a concentrated acid
treatment. Due to the less bulky structure of xylan, compared to cellulose, XNC production
only requires ultrasonic treatment with a mild energy input, which is completely green
without any acid treatments and chemical derivatizations.
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Figure 2. (a) Tyndall phenomenon, (b) AFM images, and (c) TEM images of xylan colloidal dispersions.
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Figure 3. Particle size distribution and the average particle size of xylan colloidal dispersions.
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3.3. Emulsifying Properties of XNCs

The xylan colloidal dispersions (UX1-UX4) were used as an emulsifying agent to
produce oil—water emulsions and were compared with gum arabic (GA), Tween 80 (T80),
and Triton X-100 (TX100). GA is a type of polysaccharide collected from Acacia senegal
and is one of the most common natural food emulsifiers. T80 and TX100 are typical
synthetic non-ionic surfactants. The obtained emulsions were tested for emulsifying activity
(EA) and emulsion cream index (ECI), where EA refers to the ability of the emulsifier to
form an emulsion and ECI corresponds to the stability of the formed emulsion [29]. For
EA (Figure 4a—d), xylans had much better EA than GA at all emulsifier concentration
levels. Xylan dispersions showed lower EA values than synthetic emulsifiers at low
emulsifier concentrations, but UX3 showed the highest EA (1.07) and UX4 showed a
comparable EA (0.84) to synthetic emulsifiers (0.92 for T80 and 0.84 for TX100) at a high
emulsifier concentration of 4 wt%. For ECI (Figure 4e-h), in general, xylan dispersions
showed emulsifying stabilities comparable to the synthetic emulsifiers, except at a very
low emulsifier concentration of 0.5 wt%. UX3 in particular showed an excellent ECI
that was maintained below 5% after centrifugation for 24 min. UX1 also showed an ECI
maintained below 5% after 24 min, but only at a high emulsifier concentration of 4 wt%. The
emulsifying stability of xylan dispersions can also be proved by the pictures of emulsions
after standing for seven days (Figures S3 and S4). The particle size of the emulsion is also
an important indicator for the evaluation of the formed emulsions [29]. Xylan-assisted
emulsions showed larger and comparable particle sizes at emulsifier concentrations of 0.5%
and 2%, respectively, compared to those of T80 and TX100, but they also showed narrower
particle distributions than those of T80 and TX100 (Figure 5).
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Figure 4. Emulsifying activity (a—d) and emulsion cream index after centrifugation (e-h) at 0.5, 1, 2, and 4 wt% emulsifier

concentrations.

In general, xylan colloidal dispersions had much better emulsifying properties than those
of GA and had comparable emulsifying properties to synthetic emulsifiers (Figure 4). T-80 and
TX100 have a high surface activity as shown by their low surface tension (Figure 6a) and,
therefore, can be quickly adsorbed onto the oil-water interface to assist the stabilization of
an emulsion [30]. The emulsifying properties of xylan dispersions are quite dependent on
their concentrations, which may be due to the fact that the viscosity of xylan dispersions is
concentration dependent and shear thinning (Figure 6b,c). Previous research has shown
that the rheological property of emulsifiers plays an important role in stabilizing emulsions,
besides interfacial adsorption [31,32]. This suggests that UX1 has a good ECI, which
is comparable to that of T80 and TX100 only at a high emulsifier concentration. This
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also explains the better emulsifying properties of UX3 than UX4, since UX3 has a higher
viscosity than that of UX4 (Figures 4b—d and 6b,c).
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Figure 5. Particle size distribution of emulsions with (a) 0.5 wt% and (b) 2 wt% emulsifiers.
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Figure 6. Surface tension (a), rheological viscosity of xylan colloidal dispersions, and other emulsifiers
at 4 wt% (b) and 2 wt% (c) concentrations.

Comparing the different xylan colloidal dispersions, UX3 and UX4 had better emulsi-
fying properties than UX1 and UX2, which may be due to the formation of uniformly sized
XNC particles in UX3 and UX4 (Figure 2). The assistance of XNC particles in the emulsions
can be better proved by dyeing the emulsifiers beforehand and observing their distribution
in the emulsion by fluorescence [15]. As shown in Figure 7a, no obvious fluorescence was
observed on the oil droplet surface of the UX1 and UX2 emulsions. On the contrary, an
obvious green fluorescence appeared on the oil droplet surface with full coverage for the

UX3 and UX4 emulsions. This suggested the forming of Pickering emulsions with the
assistance of XNCs.
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To further analyze the assistance of XNCs in Pickering emulsions, the oil phase was
replaced with styrene, which was emulsified with water by UX3 and UX4. Styrene was
polymerized in situ within its droplets, and rigid polystyrene microspheres were obtained
(Figure 7b). The polystyrene microspheres showed a large size due to the avoidance of severe
mechanical treatment during polymerization in the formed emulsion, which was conducive
to observing the distribution of XNCs onto the surface of the microspheres [17,33]. By
adding XNCs as the emulsifier, XNC particles adsorbed onto the surface of the polystyrene
microspheres were clearly observed (Figure 7c,d). The dense coverage of XNCs on the
oil (styrene) droplet surface formed a strong barrier layer to keep the styrene droplets in
a spherical shape during the process of styrene polymerization. This again proves the
high-density adsorption of XNCs on oil—water interface, preventing the aggregation of
oil droplets and the forming of stable Pickering emulsions assisted by XNCs. In addition,
UX3 emulsion droplets adsorbed more XNC particles on the surface than UX4 emulsion
droplets (Figure 7c,d), which indicates that an XNC with a smaller size is more conducive
to its adsorption onto the oil—water interface. This is another explanation of the better
emulsifying properties of UX3 in comparison to UX4.

Figure 7. (a) Laser confocal microscope images of UX1-UX4 adsorption on the oil droplet surface. FESEM images of
the rigid polystyrene droplet (produced from in situ polymerization) surface: (b) no emulsifier, (c) UX3, and (d) UX4 as

the emulsifier.
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Noncrystalline and soluble xylans are able to provide emulsification [32], but our
study shows that, without the ability of forming Pickering emulsions, noncrystalline xylans,
i.e.,, UX1 and UX2, demonstrate lower emulsifying properties than XNCs, i.e., UX3 and
UX4. As shown in Figure 7a, UX1 and UX2 as emulsifiers have almost no oil—water
interfacial adsorption in the emulsions. That is, the stability of UX1 and UX2 emulsions
depends mainly on the gel network formed by the emulsifier, namely viscosity [31,32]. For
UX3 and UX4 emulsions, with the assistance of XNC interfacial adsorption, their emulsion
stability is greatly improved.

In comparison with some other common biopolymer nanocrystals, e.g., CNCs, chitin
nanocrystals, and starch nanocrystals, UX3 and UX4 had better emulsifying properties
(Table 4). In comparison with synthetic emulsifiers, e.g., T80 and TX100, UX3 and UX4
demonstrated comparable emulsifying properties. Considering that the production of
XNCs is completely green without any acid treatments or chemical derivatizations, we
state that XNCs have great potential to substitute synthetic chemicals in emulsification.

Table 4. Comparisons with other natural polysaccharide nanocrystals in the Pickering emulsion.

Emulsifier O‘;{‘:Z‘(‘)ter Stability Condition * ECI (%) Reference
CNC 1:4 (w:w) Measured right after >55 [17]
CNC with CNF 1:99 (w:w) Stand for 7 days 95-0 [15]
CNC from bacterial 3.7 Centrifuged at 4000 g for 10 min 80-10 [33]
cellulose
CNC 37 Centrifuged at 4000 g for 10 min >70 [34]
Starch nanocrystals 1:1 (v:v) Stand for 2 months 20-0 [21]
Starch nanocrystals 1:3to 3:1 Stand for 24 h 84-10 [35]
Chitin nanocrystals 2:8 Measured right after 70-30 [16]
Chitin nanocrystals 2:8 Measured right after 60-10 [19]
XNC 2:8 (w:w) Centrifuged at 4000 g for 10 min/stand for 7 days Close to 0 This work

* Appropriate estimation according to the pictures or tables in the literature.

4. Conclusions

The formation of xylan hydrate crystals can be induced by regulating the degree
of branching of xylans. Xylan hydrate nanocrystals (XNCs) with a uniform size can be
produced by a mild ultrasonic treatment introduced to the suspensions of xylan crystals.
Noncrystalline and soluble xylans stabilize oil-in-water emulsions by forming a gel net-
work, which is viscosity dependent. XNCs have better oil-in-water emulsifying properties
than noncrystalline and soluble xylans, since XNCs can be adsorbed onto oil-water inter-
faces at a high density to form stable Pickering emulsions. XNCs demonstrate comparable
emulsifying properties compared to synthetic emulsifiers, e.g., T80 and TX100. Considering
that the production of XNCs is completely green without any acid treatments or chemical
derivatizations, these results suggest that XNCs have great potential to substitute synthetic
chemicals in emulsification.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano011102558/s1, Figure S1: Polarizing microscope images of xylan components in 0.5 wt%
aqueous solution, Figure S2: Dispersibility /solubility of xylans with different crystallinity, Figure S3:
The emulsion cream index of X1-X4 after standing for seven days, Figure S4: Pictures of emulsion
after standing for 7 days at different emulsifier concentration.
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Abstract: Chitin, a natural polysaccharide polymer, forms highly crystalline nanofibers and is
expected to have sophisticated engineering applications. In particular, for development of next-
generation heat-transfer and heat-insulating materials, analysis of the thermal conductivity is impor-
tant, but the thermal conductivity properties of chitin nanofiber materials have not been reported.
The thermal conductivity properties of chitin nanofiber materials are difficult to elucidate without
excluding the effect of adsorbed water and analyzing the influence of surface amino groups. In
this study, we aimed to accurately evaluate the thermal conductivity properties of chitin nanofiber
films by changing the content of surface amino groups and measuring the thermal diffusivity under
dry conditions. Chitin and deacetylated-chitin nanofiber films with surface deacetylation of 5.8%
and 25.1% showed in-plane thermal conductivity of 0.82 and 0.73 W/mK, respectively. Taking into
account that the films had similar crystalline structures and almost the same moisture contents, the
difference in the thermal conductivity was concluded to only depend on the amino group content
on the fiber surfaces. Our methodology for measuring the thermal diffusivity under conditioned
humidity will pave the way for more accurate analysis of the thermal conductivity performance of
hydrophilic materials.

Keywords: chitin nanofiber; deacetylated chitin; nanopaper; thermal diffusivity

1. Introduction

Chitin is a linear crystalline polymer consisting of N-acetylglucosamine with -(1—4)
linkages that is widely produced by insects [1], fungi [2,3], and crustaceans [4]. The crys-
talline chitin nanofibers extracted from native chitins have uses as engineering materials,
such as high-strength composites [5], low-thermal expansion and transparent films [6,7],
electronics [8], microparticles [9], membranes [10], and chiral nematic mesoporous materi-
als [11], as well as in biomedical applications [12]. In particular, chitin nanofibers have been
reported to have extremely high strength owing to their high crystallinity [13], and there
are high expectations for their use in engineering [14,15]. Recently, it has been reported
that highly crystalline cellulose nanofibers have high thermal conductivity compared with
plastics and glass [16], and unique thermal application pathways have been developed,
such as transparent and thermal conductive films [17], directional heat flow films [18,19],
and heat-transfer modulation films [20]. Nanofibers of chitin, a similar polysaccharide
to cellulose with high crystallinity, are expected to have similar properties, but thermal
conductivity analysis of chitin nanofiber materials has not been performed.

Clarification of the thermal conductivity properties of chitin nanofiber materials
toward unexplored thermal applications remains a major challenge. In analyzing the
thermal conductivity properties of chitin nanofiber materials, there are three inherent
problems. First, natural chitin has a small content of amino groups (chitosan segments),
which results in an irregular chemical structure on the nanofiber surface. It is, therefore,
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important to evaluate the effect of the different content of amino groups on the thermal
conductivity. Second, chitin nanofibers have a highly anisotropic fibrous morphology, and
when they are dried as a nonwoven film, there are large structural differences between
the film’s in-plane and through-plane directions. It is necessary to separately measure the
thermal conductivity properties for each direction. Third, because chitin nanofibers are
hydrophilic, like cellulose, moisture adsorption will occur when the nanofiber films are
investigated in the ambient environment. This moisture adsorption is known to have a
strong tendency to swell and irregularly bend the films. To accurately analyze the thermal
conductivity of the chitin nanofiber film, it is necessary to measure the thermal conductivity
while keeping the film as dry as possible.

In this study, we aimed to elucidate the thermal conductivity properties of chitin
nanofiber films by technically addressing the above three issues. For the first issue, partially
deacetylated samples were prepared by alkaline treatment to clearly increase the content
of surface amino groups, according to a previous study [21]. For the second issue, we used
the nondestructive and noncontact method of the laser spot periodic heating radiation
thermometry method [22], which allows independent measurement of film-like materials
in the in-plane and through-plane directions. For the third issue, a specially designed
sealed chamber was used to realize the thermal diffusivity measurement in a very low
humidity environment.

2. Materials and Methods
2.1. Materials

A total of 175 g of the leg shell of snow crab (Chionoecetes opilio) was boiled for 1.5 h and
then cut into ~2 cm x 2 cm square pieces. The shells were then immersed in 2 L of 5 wt%
NaOH for 6 h at 90 °C without vigorous stirring. Subsequently, the product was cooled to
room temperature and filtered to repeatedly wash with distilled water until the pH reached
neutral. The product was then immersed in 2 L of 5 wt% HCI at room temperature for 48 h,
followed by filtering to remove minerals and proteins. These alkaline and acid treatments
were repeated another two times. For these repetitions, the treatment time was reduced to
2 h. The product was then bleached with 1.5 L of aqueous NaClO, solution at 80-90 °C
under acidic conditions, where the pH was adjusted to ~3 by adding acetic acid. We added
15 g of NaClO, and acetic acid per hour for 3 h, followed by repeating for another 3 h with
a decreased NaClO, amount of 7.5 g per hour. After complete bleaching, the sample was
washed to obtain bleached crab shell.

Wet bleached crab shell (13.6 g, corresponding to dry weight of 3 g) was suspended
in 75 mL of 33.6 wt% NaOH solution and mixed with 0.09 g NaBHy at 90 °C for 4 h [21].
NaBH,4 was added to prevent depolymerization [21,23]. During the reaction, the beaker
was shaken every 15-20 min. The product was then repeatedly washed with distilled water
to obtain deacetylated crab shell.

The bleached and deacetylated crab shells were used to produce chitin nanofiber
(ChNF) and deacetylated-ChNF (D-ChNF), respectively. Both of the crab shells dispersed
in 500 mL of distilled water were agitated by a high-speed blender with a 2 L stainless-
steel bottle (CAC90B X-TREME, Waring Commercial, Conair Corp., Stamford, CT, USA)
combined with an Absolute3 motor (Vitamix, Cleveland, OH, USA) at 24,000 rpm for 12
min for preliminary fibrillation. The suspensions diluted to 1 L were then passed through
a high-pressure water-jet system (Starburst 10, Sugino Machine Limited, Toyama, Japan)
with a ball-type chamber at 180 MPa for 50 cycles for fibrillation into nanofibers. The final
suspensions for ChNF and D-ChNF had concentrations of 0.20 and 0.16 wt%, respectively.

2.2. Film Fabrication

The ChNF and D-ChNF suspensions were filtered by a membrane filter (A010A047A,
Advantec Toyo Kaisha, Ltd., Tokyo, Japan) to form wet mats. Another membrane filter was
attached to the upper surface of the wet mats, and they were then hot-pressed at 110 °C for
15 min to dry the nanofiber films with thickness of ~55 um.

106



Nanomaterials 2021, 11, 658

2.3. Degree of Deacetylation

The degree of deacetylation of the nanofiber samples was measured through con-
ductometric titration. The suspensions of the never-dried nanofiber samples were further
diluted to 0.12-0.17 wt% with distilled water, and 5 mL of 0.01 M NaCl solution was added.
The pH was then adjusted to ~10 by adding 0.05 M NaOH. The suspension was stirred for
30 min, followed by adjusting the pH to ~2.8 by adding 0.1 M HCl. The suspension was
then titrated by adding 0.05 M NaOH at a speed of 0.1 mL/min using an automatic titrator
(AUT-701, DKK-TOA Corp., Tokyo, Japan).

According to a previous method [24], the degree of deacetylation was calculated using

the following equations:
V xc

n (mmol/g) = )

203.1927 x n/1000
1 + 42.0358 x n/1000
where 1, V, ¢, and w are the amino group content, consumed volume of NaOH solution at

the plateau region of the titration profile, concentration of the titrated NaOH, and weight
of the measured sample, respectively.

Degree of deacetylation (%) = (2)

2.4. Characterization

X-ray diffractometry was performed on the films prepared in Section 2.2 using a
Miniflex600 diffractometer (Rigaku Corp., Tokyo, Japan) with monochromatic Cu Kua
radiation generated at 40 kV and 15 mA. The scattering angle 20 was scanned from 5°
to 35° at steps of 0.01°. The crystallite width (D) of each diffraction plane (hkl) was
calculated by the method of full width at half-maximum (fwhm) using Scherrer’s equation:
Dy = KA/Bcos8, where K = 0.9, A is the wavelength (1.541862 A), B is the fwhm of the
peak, and 0 is the Bragg angle. The relative degree of crystallinity Ic was estimated from
the area ratios of the crystalline peaks to the sum of the separated peaks.

Field emission scanning electron microscopy (FESEM, JSM-F100, JEOL Ltd., Tokyo,
Japan) observation was performed at an acceleration voltage of 1 kV. The nanofiber films
were prepared by casting 5 mL of the suspensions mixed with the same volume of acetone
on a Teflon dish, drying in an oven at 55 °C, and then coating with Au by an ion sputterer
(E-1045, Hitachi High-Tech Corp., Tokyo, Japan).

Transmission electron microscopy (TEM) observation was performed on two types of
nanofibers using a JEM-ARM200F (JEOL, Ltd., Tokyo, Japan) at an acceleration voltage of
200 kV. Samples were negatively stained with the phosphotungstic acid.

The moisture content of the films conditioned under humidity below 10% at 25 °C for
more than 1 day was calculated from the weight loss of the film heated at 100 °C for 60 min.
After conditioning the film under constant humidity, the film was promptly introduced
into a thermogravimetric analyzer (Q50, TA Instruments Japan, Tokyo, Japan) and the
temperature was rapidly increased to 100 °C to perform isothermal gravimetry for 60 min
under a nitrogen atmosphere. The measurements were performed three times per film.

2.5. Thermal Conductivity Measurement under Dry Conditions

The thermal conductivity of the film x was calculated by the equation « = apCp,, where
a is the thermal diffusivity, which was measured by the unsteady method, Cp, is the specific
heat capacity, and p is the bulk density. In the following, the subscripts T and I for x and «
represent the through-plane and in-plane direction, respectively.

The thermal diffusivity was measured by the laser spot periodic heating radiation
thermometry method using a TA33 thermowave analyzer (Bethel Co., Ltd., Ibaraki, Japan).
Both sides of the film were blackened with graphite spray to prevent permeation of the laser
and to keep the emissivity constant in order to ensure the accuracy of temperature detection.
A sealing chamber was custom-made to measure the thermal diffusivity of the films under
dry conditions. The sample was placed on a stainless-steel washer and then affixed to the
sealing with polyimide tape. The sealing chamber holding the sample was conditioned

107



Nanomaterials 2021, 11, 658

to relative humidity of below 10% in the tightbox with an excess amount of dried silica
gel for at least 1 day. After conditioning, the chamber lid was promptly tightened to
seal the chamber under the conditioning environment, and the thermal diffusivity was
measured. For measurement of the thermal diffusivity in the through-plane direction («t),
the frequency of the heating laser f was set from 10.13 to 60.13 Hz with a step size of 2.0 Hz,
and its intensity was fixed at 8%. Conversely, during detection of the thermal diffusivity
in the in-plane direction (ay), f was set to 0.16, 0.21, 0.31, 0.41, 0.51, and 0.61 Hz with the
intensity of the heating laser set to 12%, and the distance was changed from 0.4 to 0.7 mm,
with a step size of 0.03 mm.

The specific heat capacity Cp, was measured by a differential scanning calorimeter
(Thermo Plus Evo2 8230, Rigaku, Japan). The sample weight ranged from 4 to 6 mg and
the scanning temperature ranged from —30 to 130 °C at a heating rate of 5 °C/min. We
measured the second or third heating scan to remove the effect of absorbed moisture [16]. In
brief, after heating the sample to 130 °C in the first scan, the sample temperature decreased
to 40 °C at a rate of —30 °C/min, and the weight of the sample was remeasured. The
sample was then remounted to cool to —30 °C for the second scan. Cp, was calculated from
the data of the second or third scan.

The bulk density of the nanofiber film was calculated from its weight and volume.
The films were stored in a tightbox in the dry state (relative humidity below 10%) until just
before the thickness and weight measurement.

3. Results
3.1. Characterization of the Nanofiber Samples

Both the ChNF and D-ChNF films showed a translucent appearance owing to their
fine nanofiber network structures (Figure 1a,b). The apparent transparency is thought to be
related to the chemical composition of the nanofiber surface and bulk density, where the
bulk densities of the ChNF and D-ChNF films were 0.98 and 1.20 g/cm?, respectively. In
addition, the ChNF film might have slightly thicker bundles than D-ChNF, even after high-
pressure water-jet treatment, which may also explain the smaller packing density and hazy
appearance of the ChNF film. High resolution TEM observation (Figure 1c,d) shows that
the ChNF tends to be slightly bunched and aggregated, whereas the D-ChNF tends to be
well dispersed. Furthermore, the D-ChNF was found to have a short rod-like (needle-like)
whisker shape. It was suggested that the strong alkali treatment for deacetylation and the
subsequent water-jet fibrillation treatment shortened the fiber length.

The X-ray diffraction profiles of both the ChNF and D-ChNF samples (Figure 1le)
showed typical a-chitin crystals [25,26]. After peak deconvolution, we found similar
crystallite sizes and degrees of crystallinity for ChNF and D-ChNF, as displayed in Table 1,
indicating that the o-chitin crystal structure was retained after harsh alkaline treatment
using 33.6 wt% NaOH for 4 h, and only the nanofiber surface was deacetylated. This result
is in good agreement with previous reports [21].

The conductometric titration profiles of ChNF and D-ChNF greatly differed (Figure 1f).
For the change in the conductivity with titration of 0.05 M NaOH, the first slope at small
titrating volumes was because of neutralization of the strong acid (hydrochloric acid), the
plateau region in the center was because of neutralization of the targeted weak acid (amino
group), and the following ascending slope was because of the increase in the concentration
of the alkali. D-ChNF showed a significantly larger plateau region than ChNF, indicating
that NaOH consumption by neutralization of amino groups was higher.
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Figure 1. Characterization of D-ChNF and ChNF. FESEM images of (a) ChNF and (b) D-ChNEF. The inserts show the
appearance of the films. TEM images of (c) ChNF and (d) D-ChNFE. (e) Typical X-ray diffraction profiles of D-ChNF and
ChNEF. The profiles were deconvoluted into the green and red peaks originating from crystalline and amorphous diffraction,
respectively, and fitted by the cumulative fit (yellow profile). (f) Conductometric titration plots of D-ChNF and ChNF.
The red plots were fitted with the yellow lines, and consumption of 0.05 M NaOH solution was calculated from the two
intersections of the three fitted lines. The inset for ChNF shows the magnified plot at around the plateau region.
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To quantify the content of amino groups, the three regions (Figure 1f) were linearly
fitted, and the volume of 0.05 M NaOH solution consumed in the plateau region was
calculated from the two intersections. The obtained NaOH volume gave the amino group
content and degree of deacetylation (Table 2). ChNF contained a small content of inherent
amino groups on its surfaces, and D-ChNF contained ~4.5 times greater content of amino
groups than ChINF. These results were consistent with previous reports [21,27]. Thus,
we succeeded in preparing ChNFs with different surface amino group contents toward
investigating the effect of the amino group content on the thermal conductivity properties.

Table 1. Crystallographic analysis.

do2o d110 d120 di30 Ic

nm nm nm nm %
ChNF 5.87 + 0.84 5.86 £ 0.11 542 +1.48 5.67 £+ 0.30 83.17
D-ChNF 6.10 + 0.29 5.85 £+ 0.06 5.48 + 0.42 547 + 0.56 85.54

Table 2. Titration analysis to determine the degree of deacetylation.

-NH, Content Degree of Deacetylation
mmol/g Y%
ChNF 0.29 5.8
D-ChNF 1.30 25.1

3.2. Analysis of the Thermal Conductivity Properties under Dry Conditions

To measure the thermal diffusivity under dry conditions, we used a custom-made
sealing chamber that fits the TA33 stage to keep the sample under dry conditions. The
samples were fixed in the acrylic sealing chamber shown in Figure 2a and conditioned in
a tightbox containing an excess amount of dried silica gel for more than 1 day with the
lid open (Figure 2b). The relative humidity in the tightbox was kept below 10%. After
sufficient conditioning time, the lid of the sealing chamber was quickly closed, and the
thermal diffusivity was measured while maintaining the inside of the chamber under dry
conditions (Figure 2c).

The validity of the thermal diffusivity measurements using the chamber was con-
firmed through measuring a standard sample of a 300-pm-thick copper plate and a cellulose
nanofiber film. For all of the samples, the thermal diffusivity values measured with and
without the chamber were comparable, and their variation was within the 5% measurement
error of the TA33 thermowave analyzer. We concluded that it is possible to accurately
measure the thermal diffusivity with a sufficiently small error range using the chamber.

The thermal diffusivities of the ChNF and D-ChNF films were measured under dry
conditions. The humidity in the sealed chamber during the measurement was kept constant
at 2-3%, as shown in Figure 3, confirming that the measurement was carried out under
stable dry conditions owing to sufficient sealing. We waited for 5-15 min before starting
the diffusivity measurement to stabilize the humidity inside the chamber.

The measured thermal diffusivity results are shown in Figure 4. In the measurement of
the thermal diffusivity in the through-plane direction, the frequency of the periodic heating
laser was varied at the same point of heating, and the thermal diffusivity was calculated
from the rate of change of the phase measured on the sample backside (slope of the plot).
For the in-plane direction, in addition to the heating frequency, the phase detection point
on the sample backside needed to be changed, and the diffusivity was calculated from the
rate of change of the phase with respect to the distance from the heating point [16,22].
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Figure 4. Typical experimental data for measuring the thermal diffusivity. Measurement data of the
ChNF film in the (a) through-plane and (b) in-plane directions. Measurement data of the D-ChNF
film in the (c) through-plane and (d) in-plane directions. The red points were used for linear fitting to
determine the slopes.

The phase and amplitude of both ChNF and D-ChNF, indicating propagation of the
temperature waves, were clearly detected and showed an ideal linear trend (Figure 4),
confirming that the measurements were correctly performed. The calculated diffusivities
are listed in Table 3. For both films, the thermal conductivity and thermal diffusivity in the
through-plane direction were smaller than those in the in-plane direction. This is because
of the fiber orientation of the layers within the nonwoven film [16,18]. The in-plane thermal
conductivities of both films were in a similar range to those of wood cellulose nanofiber
films [16].

Table 3. Thermal conductivity properties of the ChNF and D-ChNF films.

P Cp 1%y oy KT K1
g/cm® J/gK mm?/s mm?/s W/mK W/mK
ChNF film 0.98 £0.01 133 £0.06 0.152+0.05 0.625+0.06 0.22+0.06 0.82 £0.12
D-ChNF film 1.20 £ 0.03 121+0.01 0.135+0.02 0475+0.01 0.20 +0.03 0.73 £ 0.01

While there were no significant differences in the thermal diffusivity and conductivity
of the ChNF and D-ChNF films in the through-plane direction, the in-plane thermal
diffusivity (ay) of the D-ChNF film was about 25% lower than that of the ChNF film. The
in-plane thermal conductivity of the D-ChNF film was also ~10% lower. The measurement
error of the TA33 in measuring the thermal diffusivity is guaranteed to be within +5%,
and we considered the «; difference between the films to be significant. This demonstrates
that surface deacetylation of ChNF significantly increased the phonon scattering at the
nanofiber interface to decrease thermal propagation within the films.

To investigate the cause of the thermal conductivity difference, the adsorption moisture
content of the films was measured. The ChNF and D-ChNF films showed almost the
same moisture contents of 3.21% =+ 0.31% and 3.32% =+ 0.08%, respectively (Figure 5).
Thus, even though the contents of surface amino groups differed, the moisture content
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could be reduced by conditioning the films for a long time in a dry environment with a
relative humidity of less than 10%. The dehydration behavior in the thermogravimetric
measurements (Figure 5) showed that the moisture desorption rate of D-ChNF was lower
than that of ChNE. This appears to be because of the higher surface hydrophilicity of D-
ChNEF, which is in good agreement with the trend in the content of amino groups. Overall,
the difference in the thermal diffusivity detected in this study was determined not by the
moisture content or crystal structure, but by the content of surface amino groups.
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Figure 5. Typical profiles of thermogravimetric analysis of the ChNF and D-ChNF films just after
conditioning at relative humidity below 10%.

4. Discussion

For nanofiber films of cellulose, a crystalline polysaccharide similar to chitin, the
in-plane thermal conductivity is proportional to the crystallite width [16]. In particular,
bacterial cellulose nanofiber films with similar crystallite widths to the ChNF film (approxi-
mately 5-6 nm) showed in-plane thermal conductivity of about 1.3 W/mK, although the
drying conditions were not controlled [16], while the ChNF film showed significantly lower
conductivity of 0.82 W/mK. The phonon propagation properties of crystalline nanofiber
films were found to differ depending on their molecular composition, as well as the
crystallite width.

The thermal diffusivity and thermal conductivity of the D-ChNF film, whose crystal
structure and moisture content were almost the same as those of the ChINF film, but
containing a larger content of surface amino groups, were clearly reduced compared with
the ChNF film. Although the cationic charge increased with the increased content of amino
groups, its introduction was partial (only 25%), and the amino groups were thought to be
randomly located, because alkaline treatment did not have any site specificity, which may
have resulted in an increase of the thermal resistance at the interfiber interface. Since a
stronger deacetylation treatment would dissolve chitin, we used the NaOH concentration
of ~33 wt%, which is reported not to dissolve chitin [21]. The nanofiber length suggested
by the TEM observation is likely to have little effect on the thermal conductivity, according
to the previous report [16]. The bulk density of the film is inversely proportional to the
in-plane thermal diffusivity [20], so it is reasonable that the D-ChNF film in this study
had a higher bulk density and lower in-plane thermal diffusivity than the ChNF film.
Although it has been reported that the thermal conductivity of cellulose nanofiber films
is modulated by physical perturbation of the fiber—fiber interface [20], further detailed
investigation is necessary to enhance the thermal conductivity by chemical modification of
nanofiber surfaces.
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5. Conclusions

In this study, the thermal conductivity of hygroscopic ChNF films was successfully
measured under dry conditions. The ChNF and D-ChNF films with surface deacetylation of
5.8% and 25.1% showed in-plane thermal conductivity of 0.82 and 0.73 W/mK, respectively.
The films had similar crystalline structures and almost the same moisture content, so
the difference in the thermal conductivity was concluded to only depend on the content
of amino groups on the fiber surfaces. Our methodology for measuring the thermal
diffusivity under conditioned humidity paves the way for more accurate analysis of the
thermal conductivity performance of hydrophilic materials.
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Abstract: We determined the molecular and packing structure of a chitosan-ZnCl, complex by X-ray
diffraction and linked-atom least-squares. Eight D-glucosamine residues—composed of four chitosan
chains with two-fold helical symmetry, and four ZnCl, molecules—were packed in a rectangular
unit cell with dimensions a = 1.1677 nm, b = 1.7991 nm, and ¢ = 1.0307 nm (where c is the fiber axis).
We performed exhaustive structure searches by examining all of the possible chain packing modes.
We also comprehensively searched the positions and spatial orientations of the ZnCl, molecules.
Chitosan chains of antiparallel polarity formed zigzag-shaped chain sheets, where N2.--O6, N2---N2,
and O6---O6 intermolecular hydrogen bonds connected the neighboring chains. We further refined
the packing positions of the ZnCl, molecules by theoretical calculations of the crystal models, which
suggested a possible coordination scheme of Zn(II) with an O6 atom.

Keywords: chitosan—ZnCl, complex; crystal structure; X-ray fiber diffraction

1. Introduction

Chitin—a linear polysaccharide composed of (3-(1—4)-linked N-acetyl-D-glucosamine
monomers—is the most abundant and renewable natural polymer after cellulose. One
commonly finds chitin in the exoskeleton or cuticles of many invertebrates, and the cell
walls of most fungi and some algae. Recently, chitinous skeletal fibers from some marine de-
mosponges were attracted attention as a possible application to scaffolds for cultivation [1].
Chitosan, a partially or fully deacetylated derivative of chitin, exhibits a regular distribution
of aliphatic primary amino groups and primary hydroxyl groups. Unlike its corresponding
parent polymer, chitosan is soluble in various aqueous acids and has a remarkable ability to
form specific complexes with a number of ions, such as transition and post-transition metal
ions [2,3]. Chitosan is a unique cationic biopolymer that is available in large quantities.
Researchers have commercialized it as follows: a coagulant for wastewater, animal feed,
fertilizer, an antibacterial additive for clothing, and a precursor for glucosamine [4]. Chi-
tosan is conventionally a powder or a film, yet chitosan nanofibers—typically fabricated
by electrospinning—are an active area of research. Researchers have used electrospun
nanofibers of chitosan—and corresponding blends with other polymers—for separations,
as biological scaffolds, and for drug delivery [5-7]. Researchers have also used electrospun
chitosan nanofibers to remove low concentrations of metal ions [8] and arsenate ions [9]
from water.

Researchers first obtained the X-ray fiber pattern of chitosan—by solid-state deacety-
lation of a lobster tendon—in a hydrated crystalline form [10]. The results indicated a
two-fold helical symmetry for chitosan as a molecular chain structure in a similar manner
as chitin. Researchers first obtained the other polymorph of chitosan, an anhydrous form,
by annealing the following: a stretched chitosan sample at >190 °C in water [11], and
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a crab tendon chitosan in water at ~240 °C [12]. The reported crystal structures of both
the hydrated and anhydrous forms are in atomistic detail, as per analyses of correspond-
ing X-ray diffraction data [12-14]. Researchers reported further structural details of the
anhydrous form—such as the positions of the hydroxyl and amino hydrogen atoms—by
using periodic density functional theory (DFT), which indicated a possible scheme of the
hydrogen bond network [15]. The structures of chitosan metal complexes and salts are
also pertinent. Researchers have proposed two types of coordination mode: the pendant
model [16,17] and the bridge model [18]. The chitosan—HI salt, the only chitosan complex
for which there is a crystal structure in atomistic detail, involves two independent iodide
ions: one coordinated with three amino groups, and one that accepts one hydrogen atom
from an amino group and two hydrogen atoms from the O6 hydroxyl groups [19]. This may
be interpreted as a hybrid of the bridge and pendant coordination modes, in terms of inter-
actions with the amino groups. However, the coordination structures of chitosan—-metal
complexes remained unsolved.

Ogawa et al. reported an X-ray diffraction study of crab tendon chitosan samples
complexed with Cd(Il), Zn(Il), and Cu(Il) salts; the ZnCl, complex sample provided a fiber
diffraction pattern of higher quality compared with the other chitosan metal salts [20]. The
affinity of chitosan for Zn cations can be pertinent to applications. For example, regarding
wastewater treatment, chitosan exhibits a medium affinity for Zn(II) compared with other
divalent metallic ions—approximately one-third that for Cu(Il) and almost equivalent to
that for Cd(II), which enabled a chitosan film to remove zinc ions up to ~50% of the initial
concentration in the effluent [21]. The chitosan—Zn complex exhibited broad-spectrum
antimicrobial activities, especially against Escherichia coli [22]. Researchers incorporated a
zinc electrodeposit—applied on a steel construction surface for protection and as a barrier
against corrosion—with chitosan to form chitosan-zinc composite electrodeposits with
enhanced antibacterial properties [23]. Nanoscale fabrication of chitosan further enhances
these functionalities of zinc complexes.

In the present study, we determined and analyzed the crystal structure of a chitosan—
ZnCl, complex to reveal the coordination structure of the zinc ion by X-ray fiber diffraction,
which we combined with molecular mechanics (MM) and quantum mechanical modeling.
The final crystal structure that the molecular chains arranged to form zigzag-shaped chain
sheets along the a-axis, where the neighboring chains were connected by intermolecular
hydrogen bonds involving the N2 and O6 atoms. ZnCl, molecules were located at the
bending positions of the chain sheets. Although no clear coordinate bond with an amino
group was detected, O6—H---Zn(II) coordinate bonds were suggested in the semi-empirical
quantum mechanics (SEQM)-optimized crystal model.

2. Materials and Methods
2.1. Sample Preparation and X-ray Diffraction

Our method of obtaining X-ray fiber diffraction data was described in our previ-
ous study [16,20]. Briefly, tendon chitosan was prepared from a highly oriented chitin
specimen of a crab tendon, Chionecetes opilio O. Fabricius, by N-deacetylation with 67%
aqueous sodium hydroxide at 100 °C for 2 h under a nitrogen atmosphere. The degree of
N-acetylation of the tendon chitosan was found to be 0% by measurement of a colloidal
titration, and the viscosity average polymerization was 10,800 [16,20]. The tendon chitosan
was soaked in aqueous ZnCl,. The X-ray fiber diffraction patterns were recorded with a
box camera equipped with an imaging plate (Fujifilm HR-III), at 76% relative humidity in a
helium atmosphere, with a Rigaku Geigerflex diffractometer equipped with Ni-filtered Cu
Ko radiation. The X-ray diffraction image was read with an imaging plate detector (Rigaku
R-AXIS), and the three-dimensional intensity profile was analyzed with Surfer (Golden
Software, Inc., Golden, CO, USA) for resolution of overlapped profiles, background re-
moval, and calculations of peak intensities. A set of the measured intensities was corrected
for the Lorentz and polarization factors to provide a set of observed structure factors, F,.
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The density of the tendon chitosan-ZnCl, complex was measured by flotation with a
carbon tetrachloride-m-xylene solution.

2.2. Crystal Structure Analysis

Figure 1 shows the principal parameters to describe chitosan chain conformation and
position in the unit cell, together with atom labeling. A molecular chain structure with
two-fold helical symmetry was the observed form of the chitosan crystal structures and
was not substantially changed throughout structure refinement except in terms of the
orientations of the hydroxymethyl groups, xos, which were defined by the O5-C5-C6-06
sequence. The conformation usually prefers three staggered positions, which was termed
as either gauche—trans (gt), gauche-gauche (gg), or trans—gauche (tg); the xog values of the
respective positions are 60°, —60°, and 180°. The positions of the ZnCl, molecules were
associated with the primary amino groups of the glucosamine residues and were defined
by a set of internal coordinates: the N2-Zn distance, dnp-zn; the C2-N2-Zn angle, 87,; the
rotation of the C1-N2 bond, xzn; the N1-Zn—Cl1 angle, 0¢j1; and the rotation of N2-Zn,
Xci1- The torsion angles, xz, and X1, were defined by the atom sequences of C1-C2-N2-
Zn and C2-N2-Zn-Cl1, respectively. The initial position of the other chlorine atom, C12,
was defined by reporting 180° as the Cl1-Zn—CI2 angle, such that the ZnCl, molecule of an
initially linear structure could bend in either direction during structure refinement.

chain axis

Figure 1. Two-fold helix structure of chitosan together with atom and residue designations. Notation
is as follows: chain packing parameters (u, 1, v, and w), hydroxymethyl conformation (xos), and
ZnCl, position parameters (Xzn, X1, 0zn, Oci1, and dnp-zn)-

The chain positions in the crystal unit cell were defined by the chain packing param-
eters: the chain rotational position, p in degrees, with respect to the helix axis; and the
chain translational positions, u#, v, and w, in fractions, along the a, b, and ¢ dimensions,
respectively. Whereas the 1 and v parameters define the position of the helix axis on the ab
base plane, the 1 and w parameters correspond to the positions of the root atom, O, in
Figure 1; p = 0° and w = 0 when O4qt is at (x, 0, 0) for a helix origin.

Molecular and packing structures—of chitosan chains and ZnCl, molecules—were
determined by using the linked-atom least-squares (LALS) program [24,25], where the
quantity () was minimized as per the following:

Q= Y wn(1Fnol” = RIFnel®) +5 L+ Y A4Gg (1)
m ij q
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The first summation term ensures optimum agreement between the observed (F; )
and calculated (F, ) X-ray structure amplitudes of the m-th reflection. Term k is a scaling
factor. The weight of the reflection, w;,, was fixed to 1.0 for observed reflections, 0.5 for
unobserved reflections in which F, . > F,; 0, and 0.0 for unobserved reflections in which Fy;
< Fp0. The second summation term evaluates non-bonded repulsions between atoms i and
j- The quantity s is an overall weight of the non-bonded repulsions. The third summation
term imposes the atomic coordinate constraints by the method of Lagrange undermined
multipliers. The constraints were adopted to preserve helix continuity and pyranose ring
closure of the residue. The overall agreement between the observed and calculated X-ray
structure amplitudes was evaluated by a weighed residual:

_ mem(|Fm,o - ‘Fm,c
v memFg

2
) @

The unobserved reflections below the observable threshold were included in calculat-
ing both Equations (1) and (2). One-half of the minimum intensity was assigned to estimate
the magnitude of F, for unobserved reflections.

2.3. Theoretical Calculations of Crystal Models

A theoretical study of crystal models with finite dimensions was carried out to refine
orientations of the hydroxyl, hydroxymethyl, and amino groups and the positions of the
ZnCl; molecules. Two crystal models, differing in the constituent number of the chitosan
chains, were constructed on the basis of the crystal structure determined by X-ray analysis:
chitohexaose x 25 and chitohexaose x 9. Both models considered four ZnCl, molecules
in the inner core, which enabled the ZnCl, molecules to exist in a crystalline state. Partial
structure optimizations were applied to the crystal models, such that the three substituent
group orientations and the ZnCl, positions were allowed to vary, whereas the backbone
structures of chitohexaose were static. MM was applied to optimizations of the chitohexaose
x 25 models by using a universal force field (UFF) [26] where the atomic charges were
assigned by charge equilibration [27]. Researchers have applied a UFF to MM calculations
involving metal complexes [27-29]. Optimizations of the chitohexaose x 9 models were
performed by using SEQM with a PM6 Hamiltonian [30]. Tight convergence self-consistent
field criteria (10~ a.u.) were applied in the SEQM optimizations. The accuracy of the PM6
Hamiltonian for Zn(II) complexes was demonstrated by systematic benchmarks [30,31].
Its reliability was also reported for crystal structure studies of proteins and other organic
materials with complexes of Zn(II) [32-34]. All of the MM and SEQM calculations were
performed by using Gaussian 09 Rev. C01 [35].

2.4. Visualizations of Crystal Structures

Molecular graphics software, PyYMOL 1.7.1, was used to visualize and draw the crystal
structures [36].

3. Results and Discussion
3.1. Crystal Data

Figure 2 shows an X-ray fiber diffraction pattern of the chitosan-ZnCl, complex. We
indexed a total of 33 observed diffraction spots up to the fourth layer with a rectangular unit
cell, dimensions a = 1.1677 nm, b = 1.7991 nm, and ¢ =1.0307 nm (where c is the fiber axis).
Table S1 shows the observed and calculated d-spacings. The unit cell accommodated eight
glucosamine units—comprised of four chitosan chains with a two-fold helical conformation,
and four ZnCl, molecules—resulting in a calculated density peyc = 1.41 g/cm3. One can
insert an additional 16 water molecules into the unit cell, resulting in pyc = 1.63 g/ cm?,
for a better fit to the observed density, pops = 1.56 g/cmS.

120



Nanomaterials 2021, 11, 1407

Figure 2. X-ray fiber diffraction pattern of the chitosan-ZnCl, complex.

3.2. Search for Chain Packing Structures

Researchers have proposed that chitosan chains are packed with P212;2; symmetry in
the parent crystal structures of both the anhydrous chitosan and chitosan hydrate crystal
structures, where the positioning of a pair of neighboring chains in antiparallel polarity
is related by two-fold helical symmetry along either the 4 or b axis [12-14]. Similarly, we
assumed involvement of two-fold helical symmetry to generate antiparallel chain pairs,
despite the fact that we observed odd reflections on 400 and 0k0, such as 100 and 070, in the
fiber diagram. We rationalized such violation of systematic absences by non-symmetrical
packing of ZnCl, molecules. We assumed two types of space groups, P2;/a and P2;/b,
to define a chain packing structure in the unit cell. The space group models required
two independent chains, each consisting of two consecutive glucosamine units as an
asymmetric unit. We defined the eight chain packing models by a combination of the
space group, chain positions, and chain polarities for the two independent chains (Table 1).
For each of the chain packing models, we considered the three staggered positions of the
hydroxymethyl group (gt, gg, and tg) to give 24 initial structures. For all eight glucosamine
residues, we linked a ZnCl, molecule to an amino group with an initial dnp-7z, of 0.22 nm,
whereas we set the occupancy of Zn and Cl atoms to be 0.5, and thus the number of ZnCl,
molecules was effectively four, instead of eight.

Table 1. Chain packing modes of chain packing models.

Chain Positions Chain Polarities !
Model . .
Chain 1 Chain 2 . .
(1, 1) 12, v2) Chain 1 Chain 2

P2, /a space group

1 0.0,0.0 0.0,0.5 up up
2 up down
3 0.25,0.25 0.25,0.75 up up
4 up down
P24 /b space group
5 0.0, 0.0 0.5, 0.0 up up
6 up down
7 0.25,0.25 0.25,0.75 up up
8 up down

1 When the position of C1 is higher than that of C4 along the fiber axis, a chain polarity is up. Otherwise, a chain
polarity is down.
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The first stage of the chain packing structure search was to determine the appropriate
ab projection structures based on the F(hk0) data for the initial 24 structures. The values of
ul and p2 were stepped from a value of 0° to a value of 180° by 10° increments to provide
two-dimensional R, maps. We generally found the Ry, minima at approximately (ul, p2)
=(0°,0°), (0°,90°), (90°, 0°), and (90°, 90°) in most of the 24 R,, maps. On the basis of the
results of the u1-p2 search, we generated 432 initial structures by combining six pl and
u2 values (-10°, 0°, 10°, 80°, 90°, and 100°), three xog values (60°, —60°, and 180°), two
Xzn Values (-60° and 120°), and two ¥y values (0° and 90°); and refined the structures
with respect to the ul and u2 values. Among the 432 pl1-p2 refined structures, we selected
that which exhibited the lowest Ry, value to represent each of the chain packing models
(Table S2). As a result, chain packing model 2 clearly differed from the other models by
its comparatively low Ry, values. Table 2 shows the final R, values of the three models
of chain packing model 2, all of which were adopted to search for an appropriate N2-Zn
distance, dnp-zn. Because LALS sets bond length as a non-variable parameter, we carried
out the dnp-7n search by stepping the dnp-zn value from a value of 0.22 nm to a value of
5.0 nm in 0.01-nm increments, whereas we varied the parameters ul, p2, Xos, Xzn, Xci1,
and 0z,. Table 2 shows the R, values at the minima with respect to the dnjp_z, change, and
the corresponding dnp-zn values.

Table 2. Summary of ab projection structure analysis.

Hydroxymethyl .
Conformation Ry (dNz-zn in nm)
pl-pu2 refinement

g9 0.310 (0.22)

gt 0.289 (0.22)

tg 0.290 (0.22)

dNp-7n search

g9 0.192 (0.23) 0.392 (0.36) 0.302 (0.45)

gt 0.185 (0.25) 0.150 (0.30) 0.199 (0.37) 0.208 (0.45)
tg 0.214 (0.23) 0.196 (0.40) 0.202 (0.46)

We then focused our crystal structure analysis on three-dimensional chain packing
structure searches using the higher-layers F(hkl) data, where I =1 — 3, in addition to the
F(hk0) data. For each of the 10 refined models (Table 2), we stepped the chain translational
positions (wl and w?2) from a value of -0.4 to a value of 0.5 in increments of 0.1, which
generated 100 structures with respect to the wl-w?2 positions. We varied the w1 and w2
values, and the angle parameters 6z, in addition to the parameters in the previous dnp-zn
search. We selected the three-dimensional chain packing structure with the lowest Ry,
value from the 100 refined structures. Among the remaining 10 models, we screened three
(dN2-zn = 0.30, 0.37, or 0.46 nm) for the next crystal structure refinement stage. Table 3
shows the final R,y values and the refined chain packing parameters of the three selected
models. Although the initial hydroxymethyl conformations were gt for models 1 and 2,
and tg for model 3 (Table 3), most of the xo¢ angles substantially rotated into different
conformers compared with the original conformations.

Table 3. Chain packing parameters and Ry, values of models selected in three-dimensional struc-
ture search.

Chain Packing Parameters

Model Rw dNZ—Zn
ul (deg.) w1 (frac.) u2 (deg.) w2 (frac.)
1 0.259 0.30 -11.7 0.068 116 —0.108
2 0.258 0.37 —291 —0.053 109 —0.174
3 0.245 0.46 —4.78 —0.214 109 —0.138
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3.3. Crystal Structure Refinement by Combined X-ray Data and Stereochemical Constraints

We performed the final stage of crystal structure analysis mainly to refine the ZnCl,
packing positions. We introduced the stereochemical constraints, the second term of Equa-
tion (1), to suppress development of unrealistically short contacts between nonbonding
atoms during structure refinement. We excluded a hydroxymethyl conformation, xog, from
two-fold helical symmetry operation of the chain, which allowed four xps parameters—
corresponding to the two independent chains—to rotate independently. In the structure
refinement stage, we set the occupancy of a ZnCl, molecule to be 1.0, such that the two
amino groups were linked to the two respective ZnCl, molecules and the remaining two
remained unlinked, which required six linking patterns of ZnCl, molecules (Figure S1). We
allowed two sets of the ZnCl, position parameters (xzn, Xci1, and 0z,) to independently
vary, and we stepped the remaining ZnCl, position parameter (dnp-zn) from a value of
0.27 nm to a value of 0.47 nm in 0.01 nm increments. At each dN_z, position, we generated
1296 initial structures by combining four sets of three xo¢ values (60°, —60°, and 180°),
two sets of two Xz, values (—60° and 120°), and two sets of two x¢j; values (0° and 90°);
whereas we used the initial chain packing positions (11, u2, wl, and w2) from either of
the three selected models (Table 3), depending on the dnp-z, value. We carried out full
minimization of the () function of Equation (1) with respect to all of the parameters previ-
ously discussed. Figure 3 shows the adiabatic Ry, changes for the six ZnCl, linking pattern
models with respect to the dnp-z, value, where we used the R,, values from the refined
structures corresponding to the lowest Ry, values among the 1296 possible values. The Ry,
values decreased in accordance with increasing dn_z,, accompanied by several minima,
suggesting that the ZnCl, molecule preferentially intercalated between the chitosan chains
rather than closely coordinated to a particular primary amino group. Table 4 shows the
chain packing parameters (i and w), Ry, and contact o, the second summation term of
Equation (1) representing a magnitude of short nonbonding contact, for the final seven
structures, which we selected on the basis of the threshold R, value of 0.245 (defined
arbitrarily). Considering the fact that there were negligible differences in the R, values
among the seven final structures, we selected model 4 because it corresponded to the
smallest contact o value corresponding to a comparatively low R, value.

275

27.0

26.5

26.0 |-

Rw x 100

255 -

250 -

N2-Zn

Figure 3. R, with the respect to N2-Zn distance, dnp-zn, in structure refinement for six ZnCl,
linking patterns. Double-headed arrows indicate dnp_z, ranges where we obtained the models by
the preceding three-dimensional structure refinement. Numbers 1-6 refer to corresponding model
numbers.
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Table 4. Chain packing parameters, Ry, and nonbonding contacts of final refined models.

ZnCl, d Chain Packing Parameters
Model Linking Contact R, F;I;IZ)“ ul wl u2 w2

Pattern o (deg.)  (frac) (deg) (frac.)
1 1 83 0.246 0.34 3.61 —0.119 102 —0.243
2 5 138 0.244 0.40 —4.07 —-0.116 106 —0.215
3 6 147 0.247 0.40 —0.402 —0.063 102 —0.209
4 1 52 0.245 0.45 12.1 —0.388 103 —0.345
5 2 172 0.245 0.46 11.5 —0.230 102 —0.169
6 5 193 0.244 0.46 —2.84 —-0.214 107 —0.168
7 6 151 0.247 0.47 —-2.02 -0.215 111 —0.154

We performed an additional full optimization run for model 4, where we introduced
the angle parameter, Oy, to allow ZnCl, molecules to form a bent structure; we increased
the magnitude of an overall weight of the non-bonded repulsions, s, in Equation (1) by 5x
that which we adopted in the preceding runs to remove excessive non-bonding repulsions.
Table 5 shows the values of the representative parameters of the final structure, and Figure 4
shows the structure’s projections. Table S3 shows the coordinates of the final structure, and
Table S4 shows the observed and calculated structure factor amplitudes.

Table 5. Representative parameters of the final structure.

Hydroxymethyl Conformations, xoe

Labels Chain No. Values (deg.)
X06A 1,2 171
XO06B 1,2 170
XO6A 3,4 171
XO6B 3,4 84.8
Chain Packing Parameters, u and w
Labels Chain no. Values
ul/deg. 1,3 14.01
wl/frac. 1,3 —0.3853
u2/deg. 2,4 102.1
w2 /frac. 2,4 —0.3431
Distances of Intramolecular Hydrogen Bond
Atom Labels Values (nm)
O3a/b Oba/b 0.272
Distances of Intermolecular Hydrogen Bonds
Atom Labels Chain No. Atom Labels Chain No. Values (nm)
O6a 1 O6b 2 0.198
O6b 1 O6a 2 0.220
O6a 3 N2a 4 0.285
N2b 3 N2a 4 0.256
O6b 3 N2b 4 0.286
N2a 3 O6a 4 0.285
N2a 3 N2b 4 0.256
Ry 0.247
contact o 39
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Figure 4. Projections of the proposed crystal structure on the ab (top) and ac (bottom) base planes
(left: the chain sheet consisting of chains 1 and 2; right: the chain sheet consisting of chains 3 and 4).
Dashed lines indicate hydrogen bonds.

Although the final Ry, value increased slightly at the expense of a decreasing contact
o value, the short contact between an N2a atom in chain 3 and a CI atom of the ZnCl,-3
molecule remained, resulting in a distance of 0.22 nm. The N2 and O6 atoms participated
in intermolecular hydrogen bonding to form chain sheets that exhibited a zigzag shape
along the a-axis. The distances of O6a---O6b intermolecular hydrogen bonds, ~0.2 nm,
involved the chain 1-2 sheets, possibly indicating the presence of short contacts in the atom
pairs rather than hydrogen bonds. The other intermolecular hydrogen bonds in the chain
3—4 sheets formed with an optimum distance of ~0.28 nm. ZnCl, molecules were located
around the bending portions of the chain sheets. The molecules were simply intercalated
between the chain sheets and did not clearly coordinate to any particular amino or hydroxyl
group nearby.

3.4. Theoretical Calculations of Crystal Models

We examined the crystal structure by using theoretical calculations implemented by
MM and in accordance with SEQM methods, to refine the positions of the ZnCl, molecules
as a primary objective. We performed the first MM calculations to search for preferred
orientations of the hydroxyl and amino groups. Combining three staggered positions of the
two hydroxyl groups on the C2 and C6 atoms, and those of the amino group, for each of the
eight independent glucosamine units generated 6561 initial structures of the 25xhexaose
model. We initially set the C3 hydroxyl group to be C2-C3-O3-H at trans, which formed
an O3-H:--O5 intramolecular hydrogen bond commonly observed in the parent chitosan
crystal structures [12,13]. We partially optimized the structures of the 25 xhexaose models,
where the backbone structures of the chitosan chains were static, whereas we allowed
the following to change: the orientations of the hydroxyl, amino, and hydroxymethyl
groups; and the positions of the ZnCl, molecules. We selected 100 structures in terms
of the lowest total steric energy and transferred their structural features (the substituent
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orientations and ZnCl, positions) to the 9 x hexaose models, which we then subjected
to SEQM partial structure optimization. Figure 5 shows the ab projection of the lowest
structure obtained by SEQM calculations. Compared with the starting crystal structure, the
molecular axes of the ZnCl, molecules were more aligned with the fiber axis, whereas the
Zn atoms had not moved appreciably from their initial positions. They had slightly bent to
give Cl1-Zn—Cl2 angles of 147° and 152°, respectively, and the corresponding Zn atoms
were coordinated by the adjacent O6-H groups, with N2-O6 distances of 0.22 and 0.24
nm, respectively. The DFT study of the D-glucosamine-ZnCl, complex models predicted
the length of the coordinate bond between a glucosamine residue and a ZnCl, molecule
to be ~0.20 nm [37]. The hydrogen-bonding network suggested for the crystal structure
was found mostly conserved in the SEQM-optimized structure, where the amino groups
served as hydrogen donors to the O6-H groups. Unfortunately, we observed all of the
100 SEQM-optimized structures—as per structure amplitudes—to give unacceptable Ry,
values of ~0.5. A possible interpretation for the considerable disagreement between the
X-ray data and SEQM-optimized structure is that ZnCl, molecules, in the presence of
water molecules, may partly dissociate in the chitosan—-ZnCl, crystal structure. The crystal
structures derived from concentrated ZnCl, solutions depend on complete coordination
of C1~ and H,0 around Zn2* [38]. In the crystal structure of ZnCl,-2.5H;0, for example,
one Zn%* involved a tetrahedral coordination with C1~, and the other Zn2* resided in
the octahedral environment defined by five HyO molecules and one CI~ shared with
[ZnCl4]?~ [38].

Figure 5. Projections of the SEQM-optimized structure of the crystal model on the ab base planes.

4. Conclusions

We reported atomistic detail of a chitosan—ZnCl, crystal structure. The molecular
chains arrange to form zigzag-shaped chain sheets along the a-axis, where the neighboring
chains in antiparallel polarity—related by two-fold helical symmetry along the same
axis—are connected by intermolecular hydrogen bonds involving the N2 and O6 atoms.
ZnCl; molecules are located at the bending positions of the chain sheets. The features
are substantially similar to those detected in the crystal structure of chitosan—-HI salt [19],
suggesting that the features are likely common among chitosan—-metal and chitosan—salt
complexes. Although we did not detect a clear coordinate bond in the present crystal
structure, a minor adjustment of the hydroxymethyl substituent structure may correspond
to O6-H---Zn(II) coordinate bonds, in accordance with the structural features of the SEQM-
optimized crystal model. It is possible that there is more stable complexation in the crystal
structure involving dissociated Zn** and Cl~ ions, as well as H,O molecules, resulting
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in Zn(II) that is readily accessible to the amino and hydroxyl groups. Two-fold helical
symmetry—introduced to the present structure analysis because of technical reasons—
restricted the diversity of the molecular packing, likely preventing glucosamine residues
and ZnCl, molecules from complex formation. Extension to a complete P1 symmetry
analysis may require one to investigate a large number of structural parameters and X-ray
diffraction data obtained at higher resolution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11061407 /s1, Figure S1: Six ZnCl, linking patterns for two independent chains; Table S1:
Calculated and observed d-spacings; Table S2: Ry values of refined models in the chain packing
search; Table S3: Fractional atomic coordinates of the final crystal structure; Table S4: Observed and
calculated structure factor amplitudes of the final structure.
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Abstract: Extracellular matrix (ECM) as a structural and biochemical scaffold to surrounding cells
plays significant roles in cell adhesion, migration, proliferation and differentiation. Herein, we show
the novel combination of TEMPO-oxidized cellulose nanofiber (TOCNF) and surface-N-deacetylated
chitin nanofiber (SDCtNF), respectively, having carboxylate and amine groups on each crystalline
surface, for mouse fibroblast cell culture. The TOCNF/SDCtNF composite scaffolds demonstrated
characteristic cellular behavior, strongly depending on the molar ratios of carboxylates and amines
of polysaccharide NFs. Pure TOCNF substrate exhibited good cell attachment, although intact
carboxylate-free CNF made no contribution to cell adhesion. By contrast, pure SDCtNF induced
crucial cell aggregation to form spheroids; nevertheless, the combination of TOCNF and SDCtNF
enhanced cell attachment and subsequent proliferation. Molecular blend of carboxymethylcellulose
and acid-soluble chitosan made nearly no contribution to cell culture behavior. The wound healing
assay revealed that the polysaccharide combination markedly promoted skin repair for wound heal-
ing. Both of TOCNF and SDCtNF possessed rigid nanofiber nanoarchitectures with native crystalline
forms and regularly-repeated functional groups, of which such structural characteristics would
provide a potential for developing cell culture scaffolds having ECM functions, possibly promoting
good cellular adhesion, migration and growth in the designated cellular microenvironments.

Keywords: cellulose nanofiber; chitin nanofiber; surface carboxylation; surface deacetylation;
cell culture scaffold; skin repair; wound healing; biomedical applications

1. Introduction

An extracellular matrix (ECM) is a non-cellular biocomponent filled up in the intercel-
lular spaces within tissues and organs, which is well known as structural and biochemical
scaffolding constituents, such as collagen with a rigid nanofibrous protein, proteoglycans
composed of core proteins and glycosaminoglycan chains, and a linear polysaccharide, e.g.,
hyaluronan [1]. These biological components found in vivo provide the structural frame-
works for cell adhesion and growth, subsequently affecting proliferation and differentiation
of the attached cells [2]. In recent years, the development of cell culture scaffolds that mimic
the ECM components and cell-surrounding microenvironments has been actively carried
out [3]. At the beginning, intact collagen from animal sources was used to promote cell
attachment and angiogenesis in tissue engineering [4]. In a similar way, natural hyaluronan
was also effective for wound healing when cultured with chondrocytes around damaged
human cartilages [5]. However, such ECM components are often derived from animal
origins, resulting in a risk of various infectious diseases and immune responses [6]. Fur-
thermore, the extracted components are crude mixtures whose quality at chemistry level
is not always constant; therefore, the lot-to-lot variation critically reduces reproducibility

129



Nanomaterials 2022, 12, 402

for expected performances. For that reason, novel xenobiotic but biocompatible compo-
nents with various ECM functions have been required to design bioadaptive cell culture
scaffolds, and in that case structurally-defined rigid nanofibers are promising candidates
for this purpose.

Cellulose, the major structural component of wood cell walls, is the most abundant
biopolymer on the earth, which forms crystalline rigid nanofibers composed of dozens
of linear $-1,4-linked D-glucopyranose chains assembled by intra- and inter-molecular
hydrogen bonding [7,8]. In recent years, cellulose nanofibers (CNFs) have attracted much
attention in academic and industrial circles due to their high strength, light weight, high
transparency, low thermal expansion and various fascinating features [9-11]. Most of
CNFs can be isolated from wood and pulp fibers by physicochemical downsizing to a
nanometer level. One approach to obtain CNFs is an aqueous catalytic oxidation of cellulose
sources with 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) [12]. The TEMPO-mediated
oxidation is allowed to site-selectively convert hydroxymethyl group to carboxylate one
at the C6-position exposed on the crystalline surface of cellulose microfibrils [13]. The
TEMPO-oxidized cellulose nanofiber (TOCNF) has a unique core-shell structure with
intact cellulose in the core and polyuronate in the shell, and thus it is one of the most
promising nanomaterials in eco-friendly and sustainable industries. Chitin (Ct) is also
a natural biopolymer commonly found in shells of marine crustaceans and cell walls
of fungi [14]. It is a typical liner polysaccharide, composed of N-acetyl D-glucosamine
linked only in a $-1,4 manner like cellulose. Chitosan (Cs), a deacetylated derivative of
Ct, is a positively-charged natural polymer that has unique bioactive properties such as
antibacterial activity [15], wound healing [16] and analgesic effects [17]. Lately, chitin
nanofiber (CtNF) [18], chitosan nanofiber (CsNF) [18] and surface N-deacetylated CtNF
(SDCtNF) [19], which are obtained by nano-pulverization and stepwise deacetylation, are
expected in the biomedical applications because of their structural properties as well as
CNFs [20]. Especially, SDCtNF also has a unique core-shell structure with intact Ct in the
core and Cs in the shell, similar to the nanoarchitecture of the TOCNF [19].

A variety of cell culture scaffolds composed of polysaccharides have been actively
investigated [21-23]. An attempt on the molecular blend of Cs and hyaluronan was carried
out to fabricate hybrid fibers as a scaffolding biomaterial for cartilage tissue engineer-
ing [24], on which chondrocytes well proliferated while maintaining their morphological
phenotype and producing ECMs, especially type II collagen, around the cells. In addition,
Cs and collagen composites have been investigated to promote osteoblast proliferation,
differentiation and matrix mineralization for MC3T3-E1 cell culture [25]. Besides, such
combination drastically increased transcriptional activity of Runx2, which is an impor-
tant factor to regulate the downstream of osteoblast differentiation of phosphorylated
Erk1/2 [25]. Our previous works have reported that glyco-biointerfaces composed both of
chitohexaose (BGIcNAc6) and cellohexaose (8Glc6) promoted the activation of a specific
detoxification enzyme of human hepatocellular carcinoma (HepG2) cells [26]. Furthermore,
we unveiled that the inflammatory response of human embryonic kidney (HEK293) cells
strongly depended on the surface BGIcNAc6 density, via direct stimulation triggered by
toll-like receptor 2 [27]. However, neither molecular blends nor oligosaccharides assembly
have any nanofiber structures, which are found in vivo around cells. TOCNF-containing
hydrogels showed non-cytotoxicity for rat bone marrow-derived mesenchymal stem cells,
and L929 fibroblast cells in vitro, and the hydrogels significantly reduced peritoneal adhe-
sion in rats compared to untreated controls by in vivo evaluations [28]. Besides, in recent
years, we have reported the carboxylate content-dependent cell proliferation of mouse
fibroblasts by using TOCNF-based cell culture scaffolds, on which cellular behavior varied
according to the surface physicochemistry [29]. Thus, rigid polysaccharide nanofibers must
have the potential to develop a new type of bioadaptive cell culture scaffolds.

In this work, the novel combination of crystalline TOCNF and SDCtNF having car-
boxylate and primary amine groups, respectively, on each nanofiber surface was first
investigated to develop bioadaptive cell culture scaffolds, as illustrated in Figure 1. We
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TEMPO-Oxidized Cellulose Nanofiber
(TOCNF)

Surface-N-Deacetylated
Chitin Nanofiber (SDCtNF)

aimed at elucidating the characteristic cellular behavior induced by mixing polysaccharide
NFs with different ratios and providing a potential to use these structurally-defined polysac-
charide NFs as a new candidate for developing cell culture scaffolds. Rigid nanofibers and
repeated functional groups of nano-polysaccharides demonstrated the unique cell attach-
ment, migration and proliferation behavior of mouse fibroblast cells, although molecular
blending of water-soluble polysaccharides analogous to the nanofibers used was ineffec-
tive. Our strategy is expected to provide a new insight into biomaterials design in cell
culture engineering.

TOCNF/SDCtNF Accelerate Cell
Composite Substrates Proliferation & Migration
e > g arara:

{

Mouse Fibroblast

Figure 1. Schematic illustration of the research strategy in this work for the combination of TEMPO-
oxidized cellulose nanofiber (TOCNF) and surface N-deacetylated chitin nanofiber (SDCtNF) to form
crystalline-nanofibers-based cell culture scaffolds.

2. Experimental
2.1. Materials

TOCNF (0.93 wt% aqueous suspension, COOH: 1.59 mmol g~!) and SDCtNF (1.0 wt%
aqueous suspension, NHp: 1.71 mmol g™!) were kindly provided, respectively, by Nippon
Paper Industries Co., Ltd., Tokyo, Japan and Marine Nano-fiber Co., Ltd., Tottori, Japan.
Mouse fibroblast-like cell line (NIH/3T3) was purchased from RIKEN BRC, Tsukuba,
Japan, through the National BioResource Project of the MEXT/AMED. Dulbecco’s modified
Eagle’s medium (DMEM, high glucose), L-glutamine, penicillin-streptomycin, sodium
pyruvate solution, and trypsin—ethylenediaminetetraacetic acid (EDTA) were obtained
from Life Technologies Co., Carlsbad, CA, USA. Fetal bovine serum (FBS) was received
from Biowest Co., Ltd., France. Micro-cover glass (diameter: 15 mm, Matsunami Glass Ind.
Ltd., Osaka, Japan) was used as a base material to form polysaccharide cast films. Tissue
culture polystyrene (TCPS) 24-well plates (Sumitomo Bakelite Co., Ltd., Tokyo, Japan) was
used as cell culture substrate. Calcein AM (4 mM DMSO solution) for green fluorescent
staining of live cells, and ethidium homodimer III (2 mM DMSO/H,O 1:4 v/v solution) for
fluorescent staining in red of dead cells were purchased from PromoCell GmbH, Germany
(Live/Dead Cell Staining Kit II). Cell Counting Kit-8 (CCK-8; Dojindo Laboratories Ltd.,
Kumamoto, Japan) was used to measure the numbers of living cells. The water used in this
study was purified with a Barnstead Smart2Pure system (Thermo Scientific Co., Ltd., Japan).
Other reagents were of a special grade and used as received without further purification.

2.2. Preparation of Cell Culture Scaffolds from Polysaccharide Nanofibers

Each TOCNF or SDCtNF aqueous suspension was re-suspended to set at 0.4 wt% by
adding purified water. The aqueous suspensions of nanofibers, TOCNF alone, SDCtNF
alone, and the mixtures of TOCNF and SDCtNF with a molar ratio of COOH:NH, = 1:1,
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2:1 and 4:1, were prepared. Each suspension was sufficiently dispersed to afford clear sus-
pension with the use of an ultrasonic homogenizer (Ultra homogenizer VP-5S, TAITEC Co.,
Koshigaya, Japan) for 30 s, and casted on a micro-cover glass in an amount of 200 uL
(nanofiber content: 0.8 mg in total), followed by being air-dried overnight at room tempera-
ture. Table S1 lists the actual amounts of each nanofiber coated on the micro-cover glass.
The dried substrates were sterilized by immersion in ethanol with UV light for 20 min
inside a clean bench.

2.3. Characterization of Polysaccharide Nanofibers and Substrates

The morphology of polysaccharide nanofibers used in this study, TOCNF, SDCtNF
and TOCNEF/SDCtNF, was observed by a transmission electron microscope (TEM; JEM-
2100HC, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 200 kV. The diluted aqueous
suspension was dropped onto a copper grid (elastic carbon coated, ELS-C10 STEM Cul00P
grid specification, Ohken Shoji Co., Ltd., Tokyo, Japan), and then dyed with 1% sodium
phosphotungstate for 3 min before the TEM observation. The surface nanotopography of
the substrates was observed at room temperature in air using an atomic force microscope
(AFM, Dimension Icon, Bruker Japan Co., Ltd., Tokyo, Japan) at a peak force tapping
(ScanAsyst) mode. The measurement was performed with a scanning range of 20 x 20 um?
using a silicon nitride probe. Root mean square roughness (Ra) was calculated from
obtained AFM images. The crystalline structures of freeze-dried samples were analyzed
using an X-ray diffractometer (XRD; SmartLab, Rigaku Co., Ltd., Tokyo, Japan) with Cu
Ko radiation (A = 0.15418 nm). The XRD patterns were recorded at 40 kV within a scan
range of 5° to 40° and a scan rate of 2° per min. The crystallinity indices were calculated in
accordance with the Segal method [30]. Optical images of the coated films were taken by a
digital camera. The surface wettability was analyzed by the sessile drop method using a
contact angle meter (DropMaster 500, Kyowa Interface Science Co., Ltd., Niiza, Japan).

2.4. Cell Culture and Counting

Mouse fibroblast NIH/3T3 cells were cultured in DMEM supplemented with FBS
(10%, v/v), penicillin—-streptomycin (100 U and 100 pg mL™!, respectively) at 37 °C in a
humidified atmosphere of 5% CO, and 95% air. Each sterilized substrate was gently placed
at the bottom of commercial 24-well TCPS plates with the top inner and bottom inner
diameters of 16.3 mm and 15.1 mm, respectively. A total of 500 uL of cell suspension
(1.0 x 10° cells mL™1) was seeded on each substrate, and cultured at 37 °C. After incubation
for 24, 48 and 72 h, the cultured cells were observed with a Leica DMI 4000B microscope
(Leica Microsystems GmbH, Wetzlar, Germany). The number of living cells was measured
by CCK-8 assay. Prior to cell counting, CCK-8 solution was added to each well by 25 uL,
and incubated for 1.5 h (37 °C and 5% CQO,). After 1.5 h incubation, 200 pL solution
was transferred from each well to a 96-well plate, and then absorbance at 450 nm was
measured using a microplate reader (iMark microplate reader, Bio-Rad Laboratories Inc.,
Hercules, CA, USA). For the obtained absorbance, the number of living cells was quantified
using a calibration curve made in advance.

2.5. Cell Assays

Cell viability on each substrate was confirmed by fluorescence observation after cell
staining. After removing the medium from each well and washing with 1 mL of phosphate
buffered saline (PBS), 200 uL of the staining solution containing 2 pM calcein AM and 4 uM
ethidium homodimer III solutions in PBS, were added to each well, and then incubated
for 30 min at 37 °C and 5% CO,. Live cells were stained in green, and dead ones in red.
Wound healing assay was carried out using Culture-Insert 2 Well (ibidi GmbH, Germany)
according to the manufacturer’s instruction. In brief, the Culture-Insert 2 Well having a
500-pum thickness was placed on the polysaccharide NFs-coated surface, while preventing
any cell growth beneath the insert. NIH/3T3 cells were seeded on the separated two
reservoirs in the well at a density of 2.8 x 10* cells per each reservoir. After allowing
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the cells to attach overnight, the culture-insert was removed, followed by adding a fresh
medium. It was confirmed that the polysaccharide NFs layers remained intact without
peeling off after removing the culture insert. Width of cell-free gap was set at 500 &= 100 um,
and cell migration behavior was monitored over time using a digital microscope (WSL-1800
CytoWatcher, ATTO Co., Ltd., Tokyo, Japan). Cell-free gap areas were captured by Image J
software (National Institutes of Health, Bethesda, MD, USA) with Wound Healing Size Tool
(an Image]J /Fiji plugin) [31]. The percentage of wound closure was expressed as coverage
percentage of wound closure on an initial area basis, according to the following equation:

(Aty — At)

Wound closure (%) = [ T,
0

}xlOO

where At is the initial cell-free area at time 0, and At is the cell-free area observed at 4, 8,
12,16, 20 and 24 h.

3. Results and Discussion
3.1. Structural Characteristics of Polysaccharide Nanofibers and the Substrates

Nanoscale morphology of polysaccharide NFs used in this study was observed by
TEM imaging. The obtained result clearly visualized independently-dispersed TOCNF
and SDCtNF, having very thin fiber width, as shown in Figure 2a. Fiber width and ¢-
potential values are listed in Table S1. Wood and crab-derived natural nanofibers are
precisely constructed during biosynthesis, and nanomorphologies of TOCNF and SDCtNF
corresponded well to the literature data [32]. Surface charges of TOCNF and SDCtNF
at pH = 7.0 were ca. —46.8 mV and 17.5 mV, respectively, originating from dissociated
caboxylate and protonated amine, while those of the mixtures depended on the molar ratios
of COOH:NHjy. In the case of TOCNF/SDCtNF mixture, a lot of entangled nanofibers were
observed, albeit being indistinguishable from each other. The XRD patterns of TOCNE,
SDCtNF and the mixture are depicted in Figure 2b. TOCNF exhibited four major peaks
at20 = 14.8°,16.4°,22.6° and 34.2°, corresponding to (1-10), (110), (200) and (004) crystal
planes of native cellulose I, respectively [33,34]. SDCtNF exhibited two typical peaks
at 20 = 9° and 19°, corresponding to (020) and (110) crystal planes of x-chitin [35,36].
The crystallinity index of TOCNF was ca. 66.6%, while that of SDCtNF was ca. 97.3%.
Both strongly indicated the crystalline cores of each nanofiber, on which carboxylate
(1.59 mmol g‘l) and amine (1.71 mmol g‘l) groups were present only on the surfaces for
TOCNEF [13] and SDCtNF [19], respectively. Therefore, TOCNF and SDCtNF used in this
study presumably possessed unique core—shell structures composed of crystalline cores
and functionalized shells. These nanofibers were actually very thin as compared to the
natural ECM components such as collagen microfibers found in vivo, while they appeared
similar to tropocollagen with 1.5-nm diameter and 300-nm length in nanomorphology [37].
In this context, TOCNF and SDCtNF were not directly involved in acting as structural
analogues to native ECM components. On the other hand, the nanometer-scale topography
is considered to affect the intra-/intercellular sensing functions [38,39]; therefore, thin
TOCNF and SDCtNF would be expected to assume some influence on the cell behavior at
the biointerfaces.
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Figure 2. TEM images (a) and XRD patterns (b) of (i) TOCNE, (ii) SDCtNF and (iii) TOCNF/SDCtNF
(COOH:NHj; = 4:1). Scale bars in (a) = 200 nm.

Optical images and water wettability of polysaccharide NFs-coated glass substrates
are shown in Figure 3a. Single-component substrates originating either from TOCNEF or
SDCtNF exhibited high transparency, whereas the TOCNF/SDCtNF composite substrate
was a little bit translucent, possibly due to some aggregation. The surface wettability of
cell culture scaffolds is a key issue to make an impact on cell attachment, and in general
adequate hydrophobicity to promote the adsorption of adhesive proteins is required for
practical cell culture [40]. The contact angles of a water droplet on each substrate, TOCNF
alone, SDCtNF alone and TOCNF/SDCtNF composite, exhibited a hydrophilic surfaces,
ranging from ca. 35° to ca. 50°, being regarded as a conventional bioinert surface, i.e., a non-
cell-adhesive surface, as previously reported [41]. To determine the physical functionality
of the substrates at a cell perception level, the surface roughness of the substrates was
measured by AFM imaging. Figure 3b depicts the surface topography of each substrate,
clearly indicating the accumulation of thin nanofibers to form dense network structures.
The single-component TOCNF or SDCtNF substrates provided very flat surfaces with
Ra =2.94 nm and 4.06 nm, respectively, while the TOCNF/SDCtNF composite showed
relatively rough surface with Ra = 53.4 nm, as shown in Table S1. This was attributed to the
local aggregation induced by ionic crosslinking between negatively-charged carboxylates
on the TOCNF and positively-charged amines on the SDCtNF [42,43], due to partial charge
compensation presumed from the (-potential variation. Kunzler et al. reported that human
gingival fibroblasts cultured on the same component substrate with different roughness at
a micrometer level from 1 to 6 pm of Ra exhibited different morphological behavior of cells
during proliferation [44]. The TOCNF/SDCtNF composites having ca. 50 nm of Ra were
regarded as being very flat at the cell perception level. On the other hand, the nanometer-
scale topography is considered to affect the intra-/intercellular sensing functions [38,39].
These polysaccharide NFs scaffolds possessed nanometer-scale roughness, and would
possibly assume some influence on the cell behavior at the biointerfaces. Besides, the
nanofibers-entangled structure was swollen but insoluble without adding any crosslinking
agents in an aqueous medium during cell culture. NIH/3T3 fibroblast cells could proliferate
on the surfaces of these nanofiber mats, which were much different from polymer films from
a viewpoint of biointerface structures. However, the swollen structures of the nanofibers-
entangled mats also may change the surface roughness in the culture medium, and therefore
this concern will be investigated in our future work.
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Figure 3. Optical images of polysaccharide NFs-coated glass substrates (a) and AFM images
(b) of (i) TOCNF alone, (ii) SDCtNF alone and (iii) TOCNF/SDCtNF composite (COOH:NH, = 4:1).
Numerical values in the optical images are the contact angles of a water droplet on each substrate
after sterilization. Upper and lower images of (b) correspond to the topological and peak force error
images, respectively. Scale bars in (b) = 5 um.

3.2. Proliferation Behavior of Mouse Fibroblasts on Polysaccharide NFs Substrates

The effects of the combination of two polysaccharide NFs, TOCNF and SDCtNF,
on cell viability and proliferation, were investigated using mouse fibroblast NIH/3T3
cells, which were subjected to cell culture either on single TOCNEF, single SDCtNF or
TOCNEF/SDCtNF composite substrates. Figure 4a displays cell morphologies of NIH/3T3
cells with live/dead staining on each substrate after 72-h incubation. The NIH/3T3 cells
adhered to and extended on the single TOCNF substrate as well as TCPS, reported in
our previous study [29]; however, single SDCtNF substrate exhibited poor cell adhesion
to form spheroid-like aggregates. The molar ratios of carboxylate and amine groups of
the TOCNF/SDCtNF composites strongly influenced the cell growth behavior, as shown
in Figure 4b and Figure S1. Increasing molar ratios of COOH:NH, from 1:1 to 4:1 in the
TOCNF/SDCtNF composite substrates markedly improved the cellular attachment, from
spheroid formation to cell spreading after 72-h culture. The TOCNF/SDCtNF composite
substrate with COOH:NH, = 4:1 was superior to TCPS for cell proliferation, although
polysaccharide NFs substrates exhibited hydrophilicity disadvantageous for conventional
cell attachment. The surface charge modulates protein adsorption to direct integrin binding
and specificity, thereby controlling cell adhesion. Thevenot et al. have reported that the
incorporation of negative charges facilitated the adsorption of proteins which promoted
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(a)

cell adhesion and responses [45]. On the other hand, such strong interaction between
material surfaces and cells made negative impacts on the cell growth rate due to strong
cell adhesion. In this study, a single-component TOCNF substrate possesses a negative
surface charge, ca. —46.8 mV of (-potential, possibly preferable for cell adhesion; however,
it may interact strongly with the cultured cells. Thus, in the TOCNF/SDCtNF composite
substrates, mixing TOCNF and SDCtNF having opposite charges, as shown in Table 51, was
presumably allowed to tune the surface characteristics for cell adhesion and subsequent
proliferation.

(b)
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Figure 4. (a) Fluorescence images of NIH/3T3 cells cultured for 72 h of (i) TOCNF alone, (ii) SD-
CtNF alone, (iii) TCPS, (iv) TOCNE/SDCtNF (COOH:NHj; = 1:1), (v) TOCNFE/SDCtNF (2:1) and
(vi) TOCNF/SDCtNF (4:1). Live cells were stained with calcein AM (green) and dead cells with
ethidium homodimer III (red). Scale bars: 200 pum. (b) Cell numbers on each substrate after 24, 48
and 72 h of culture. Mean + SD, n =3, * p < 0.05 vs. TCPS.

The amine content of SDCtNF used here was 1.71 mmol g™}, which was the maximum
value as reported [19]; however, further N-deacetylation inside of CtNF was possible to
form highly-deacetylated CsNF. Thus, another combination of TOCNF and commercial
CsNF (NHj: 4.35 mmol g™!) was investigated as comparison. TEM image of CsNF exhibited
thicker fibrous morphology than SDCtNF, and thin TOCNFs were entangled around the
thick CsNF in the composite (Figure S2a). CsNF showed a typical XRD pattern of Cs;
but the crystallinity was relatively low (Figure S2b). The surface roughness (Ra) of the
CsNF substrate was much greater than SDCtNF and TOCNF (Figure S3). Therefore, the
uniform substrates composed of TOCNF and CsNF could not be obtained by simple
mixing. Nevertheless, molar ratios of carboxylate and amine of TOCNF/CsNF composites
strongly affected the proliferation rate of NIH/3T3 cells (Figure S4). In this case, increasing
molar ratios of COOH:NH,; tended to decrease cell proliferation efficiency, where the
COOH:NHj; = 1:1 was the most preferable for cell growth (Figure S5). Direct comparison
was a little difficult because the amine content of CsNF was 2.5 times greater than that
of SDCtNF. The negatively-charged TOCNF possibly interacted with the outer surface of
positively-charged NFs. The weight ratio of TOCNF and SDCtNF at COOH:NH; = 4:1 was
almost the same as that of TOCNF and CsNF at COOH:NH), = 1:0.63, possibly assuming
the similar situation for TOCNF-accessible amines exposed on the surfaces of SDCtNF
and CsNF.

An important thing here was the fact that the simple molecular blend of CMC and Cs
made no contribution to such unique cell proliferation behavior even at the molar ratios of
COOH:NH; = 1:1 and 4:1, as shown in Figure S6. Although CMC and Cs had carboxylate
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and amine groups, respectively, similar as TOCNF and SDCtNF, the combination of CMC
and Cs was not effective at all for cell culture, strongly indicating the significance of
nanofiber forms in order to enhance the cell proliferation behavior. In vivo, the ECM
biocomponents in general possess the nanofibrous forms, not molecular ones; therefore, a
lot of research on cell culture substrates has paid attention to various synthetic and natural
nanofibers [46,47]. The nanofibers-entangled structure was swollen but insoluble without
any crosslinkers in an aqueous medium. NIH/3T3 fibroblast cells could proliferate on the
surfaces of these nanofiber mats. It is not the purpose of this study to achieve complete
imitation of natural ECM structures by using TOCNF and SDCtNFE. Our polysaccharide NFs
possessed solid-state interfaces, possibly interacting with the adhered cells at the nanometer
level via stimulating intra-/intercellular sensing functions [38,39]. In this study, we have
proposed to use TOCNF and SDCtNEF, which both possess very fine, stable, natural-origin
and xeno-free nanofiber architecture, and the combination of negatively-charged TOCNF
and positively-charged SDCtNF is expected to tune the surface physicochemistry of the
scaffold, directly affecting cell culture behavior.

3.3. Cell Migration Behavior for Wound Healing

Cell migration is an essential process for multicellular organisms, and indispens-
able for tissue developments, repair and regeneration [48]. Directional migration is in
general triggered in response to extracellular stimuli such as chemokines and ECM compo-
nents [49,50]. As found out above, the combination of TOCNF and SDCtNF could control
the cell adhesion and proliferation behavior; therefore it was expected to manipulate cell
migration. Thus, wound healing assay was investigated using mouse NIH/3T3 cells on
our substrates. Figure 5a shows snapshot images of cell migration during wound closure
of cell sheets with a gap of 500 um fabricated on each substrate, and wound closure rates
are shown in Figure 5b. Video S1 visualizes wound repair behavior for 48 h with animation
of the obtained snapshots. TOCNF/SDCtNF substrate remarkably accelerated the wound
closure process in the NIH/3T3 cell culture. Cell growth on the single-component SDCtNF
substrate could not reach to be confluent, resulting in much difficulty in cell migration
test (data not shown). The wound closure percentage on single TOCNF substrate varied
from 13.5% for 12 h to 48.6% for 24 h, as compared to an initial area at t = 0, whereas
control TCPS substrate exhibited the slow closure varying from 23.4% for 12 h to 60.6% for
24 h. Thus, it was presumably indicated that the NIH/3T3 cells strongly adhered to the
surface of TOCNF rather than TCPS, resulting in less migration. On the other hand, the
combination of TOCNF and SDCtNF with a molar ratio of COOH:NH, = 4:1 demonstrated
rapid wound closure varying from 36.6% for 12 h to 78.1% for 24 h, presumably indicating
the promotion of cell migration. Wound closure rate was faster for the combination of
TOCNEF and SDCtNF substrate than TOCNF alone and TCPS as control. Although single-
component TOCNF substrate was effective for promoting the strong adhesion of NIH/3T3
fibroblasts to the scaffold surface, such interaction was not effective for cell migration,
resulting in slow wound repair. Water-soluble Cs molecules have been investigated for
fibroblast activation, cytokine production and stimulation of type IV collagen synthesis [51];
however poor cell adhesion causes problems for in vitro cell culture. Our strategy for
the combination of natural polysaccharide nanofibers, TOCNF and SDCtNF, allowed to
promote cell attachment, subsequent cell proliferation and smooth cell migration, which is
expected to expand the possibility to tune the physicochemical and biological properties of
xeno-free cell culture scaffolds.
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Figure 5. (a) Representative snapshot images of wound closure behavior of NIH/3T3 cells on different
substrates. Cyan lines indicate the edges of the moving cells during the migration. (b) Wound closure
rate of NIH/3T3 cells cultured on different substrates.

4. Conclusions

In conclusion, the combination of two types of polysaccharide nanofibers, TOCNF
and SDCtNF, was effective for modulating cell attachment, subsequent proliferation and
rapid cell migration due to the soft attachment of mouse fibroblast NIH/3T3 cells to the
substrates. Fibroblast proliferation strongly depended on the molar ratios of functional
groups, carboxylates and amines, respectively, present on TOCNF and SDCtNF surfaces.
Molecular blend of water-soluble polysaccharides, analogous to TOCNF and SDCtNF,
exhibited no positive effect on such unique cellular behavior. Thus, rigid nanofiber forms
like ECM biocomponents found in vivo must be a key issue to manipulate the cellular
response. Unique combination of structural natural polysaccharide nanofibers would be a
promising strategy to design bioadaptive nanomaterials for tissue engineering.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nan012030402/s1, Table S1: Characterization of polysaccharide
NFs and substrates used in this study; Figure S1: Optical and fluorescence images of NIH/3T3 cells
cultured on each substrate for 24, 48 and 72 h; Figure S2: TEM images of CsNF and TOCNF/CsNF
(COOH:NH; = 1:1); XRD pattern of CsNF; Figure S3: Characterization of polysaccharide NFs-coated
substrates; Optical and AFM images of CsNF alone and TOCNF/CsNF composite (COOH:NH, = 1:1);
Contact angles of a water droplet on each substrate after sterilization; Figure S4: Optical and fluores-
cence images of NIH/3T3 cells cultured on TOCNF/CsNF substrate for 24, 48 and 72 h; Figure S5:
Cell proliferation behavior on TOCNF/CsNF substrates; Time-course profiles of cell growth on
TOCNF alone, CsNF alone and TOCNF/CsNF composite (COOH:NH, = 1:1); Effect of molar ra-
tios of COOH and NH, in the TOCNF/CsNF composite substrates on cell proliferation at 72 h;
Figure S6: Optical and fluorescence images of NIH/3T3 cells cultured on CMC/Cs substrates for 24,
48 and 72 h; Video S1: Wound closure behavior of NIH/3T3 cells on each substrate; TOCNF alone,
TOCNEF/SDCtNF composite (COOH:NH; = 4:1) and TCPS.
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Abstract: Natural materials such as bacterial cellulose are gaining interest for their use as drug-
delivery vehicles. Herein, the utility of nanofibrillated bacterial cellulose (NFBC), which is produced
by culturing a cellulose-producing bacterium (Gluconacetobacter intermedius NEDO-01) in a medium
supplemented with carboxymethylcellulose (CMC) that is referred to as CM-NFBC, is described.
Recently, we demonstrated that intraperitoneal administration of paclitaxel (PTX)-containing CM-
NFBC efficiently suppressed tumor growth in a peritoneally disseminated cancer xenograft model.
In this study, to confirm the applicability of NFBC in cancer therapy, a chemotherapeutic agent,
doxorubicin (DXR), embedded into CM-NFBC, was examined for its efficiency to treat a peritoneally
disseminated gastric cancer via intraperitoneal administration. DXR was efficiently embedded into
CM-NFBC (DXR/CM-NFBC). In an in vitro release experiment, 79.5% of DXR was released linearly
into the peritoneal wash fluid over a period of 24 h. In the peritoneally disseminated gastric cancer
xenograft model, intraperitoneal administration of DXR/CM-NFBC induced superior tumor growth
inhibition (TGI = 85.5%) by day 35 post-tumor inoculation, compared to free DXR (TGI = 62.4%).
In addition, compared with free DXR, the severe side effects that cause body weight loss were
lessened via treatment with DXR/CM-NFBC. These results support the feasibility of CM-NFBC as a
drug-delivery vehicle for various anticancer agents. This approach may lead to improved therapeutic
outcomes for the treatment of intraperitoneally disseminated cancers.

Keywords: nanofibrillated bacterial cellulose; bacterial cellulose; peritoneally disseminated gastric
cancer; doxorubicin; intraperitoneal chemotherapy

1. Introduction

The advent of nanotechnology has caused a profound impact on cancer therapeutics
and diagnostics. Recently, there has been considerable progress in the development of nano-
based drug delivery system that can specifically target the tumor site while minimizing
damage to normal cells. Furthermore, a great shift in paradigm in regard to the use of
nanobiomaterials over conventional systems has been observed. Currently, several types
of biomaterials such as proteins, lipids, polysaccharides, polymers, etc., are widely used
nowadays to deliver drugs to the tumor site [1].
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Cellulose is a naturally produced homopolysaccharide composed of B-D-glucopyranose
units linked by B-1,4-glycosidic bonds, and is mainly synthesized by plants [2,3]. Addition-
ally, cellulose is also synthesized by strains of bacteria such as Agrobacterium, Alcaligenes,
Pseudomonas, Rhizobium, Sarcina, and Gluconacetobacter [4-7]. Bacterial cellulose (BC), pro-
duced by such aerobic bacteria under static culture conditions, has recently received
increased attention owing to unique physiochemical properties that are not found in plant
cellulose. BC is more chemically pure and contains neither hemicellulose nor lignin. In
addition, BC has nanometric characteristics, higher levels of water retention, higher levels
of biocompatibility, and greater tensile strength that is the result of a greater amount of
polymerization and an ultrafine network architecture [8-10].

By virtue of their unique properties, cellulose nanofibers (CNFs) such as BC have
recently attracted a considerable amount of attention as drug delivery vehicles [11-13].
CNF aerogels, with favorable floatability and mucoadhesive properties, prepared by freeze-
drying methods, were efficiently used for formulating gastroretentive drug delivery sys-
tems with improved bioavailability [11]. The potential of CNFs as delivery carriers for
poorly soluble drugs has also been described [13]. Nevertheless, most studies have focused
mainly on exploiting the unique physicochemical properties of CNFs that enhance drug
loading in vitro, but little consideration has been given to the in vivo therapeutic efficacy
of formulated drug-loaded CNFs.

In our recent study, paclitaxel (PTX)-embedded nanofibrillated bacterial cellulose
(NFBC) were prepared for intraperitoneal administration and studied for their therapeutic
efficacy on peritoneally disseminated gastric cancer in a xenograft nude mouse model.
The results were compared with those from treatment with Taxol® (TAX) and Abraxane®,
which are generally used in clinical settings. Systemic side effects such as those induced by
the use of TAX were not present [14]. This represented the first report of a therapeutic effect
of a BC-based anticancer drug formulation in a small animal model. The NFBC was syn-
thesized using waste glycerol from a novel strain of Gluconacetobacter intermedius (named
NEDO-01) isolated from the surfaces of fruits [15]. The NFBC showed potential for use
as a drug-carrier vehicle. Under optimum Gluconacetobacter culture conditions, NEDO-01
produces a large amount of NFBC [15], which significantly reduces manufacturing cost and
increases the possibility for practical application. By synthesizing NFBC in a medium sup-
plemented with either carboxymethylcellulose (CMC) or hydroxypropylcellulose (HPC),
the production of either hydrophilic NFBC (CM-NFBC) or amphiphilic NFBC (HP-NFBC)
is possible [16]. In addition, in contrast to conventional top-down types of CNFs, which are
obtained via mechanical treatment of wood pulp that contains submicro- or micro-sized
fibers [17], NFBC synthesized via a bottom-up process from low-molecular-weight biomass
via the use of NEDO-01 contains only trace amounts of submicro- or micro-sized fibers.
Furthermore, manipulation of the culture conditions for the preparation of homogeneous
nanofibers may be used to optimize the production of NFBC [15,16].

For this study, to extend the usability of NFBC as a drug-delivery vehicle, doxorubicin
(DXR) was embedded in CM-NFBC (DXR/CM-NFBC). The in vivo therapeutic effects
of the embedded material in a peritoneally disseminated gastric cancer xenograft mouse
model were assessed.

2. Materials and Methods
2.1. Materials

DXR (Adryacin®) was purchased from Kyowa Kirin (Tokyo, Japan). CMC was kindly
provided by Daicel (Osaka, Japan). D-luciferin potassium salt and bovine serum albumin
(BSA) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
All other reagents were of analytical grade.

2.2. Animals

BALB/c mice (5-week-old, male) and BALB/c nu/nu mice (5-week-old, male) weigh-
ing 20-22 g were purchased from Japan SLC (Shizuoka, Japan). The small animals had
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free access to water and mouse chow and were housed under controlled environmental
conditions (constant temperature, humidity and a 12 h dark/light cycle). All animal ex-
periments were evaluated and approved by the Animal and Ethics Review Committee of
Tokushima University (the approval code: T2019-47).

2.3. Preparation of CM-NFBC

CM-NFBC was prepared from an identified strain, NEDO-01, as previously de-
scribed [16]. Briefly, the bacteria were inoculated into 10 mL Hestrin and Schramm’s
(HS) medium and incubated at 30 °C for 3 days under static conditions. The pellicle
(3D network structure) formed at the air/liquid interface was pressed using a sterilized
toothpick to isolate the bacteria. The culture medium containing bacteria (1 mL) was
then inoculated into 10 mL of HS medium and incubated at 30 °C for 3 days under static
conditions. The cultured medium containing bacteria (5 mL) was further inoculated into
100 mL HS medium supplemented with 2% w/v CMC and incubated at 30 °C on a rotating
shaker (BR-43FL, TAITEC, Saitama, Japan) at 150 rpm. The cellulose products were col-
lected by centrifugation (CR20GIII, Hitachi Koki, Tokyo, Japan) and dispersed into 1% w/v
aqueous NaOH followed by incubation for 2 h at 70 °C with shaking, to lyse the remaining
bacterial cells. After strong alkaline treatment, CM-NFBC was collected by centrifugation
and washed with deionized water until it reached a pH of 6-7.

2.4. Preparation of DXR/CM-NFBC

DXR/CM-NFBC was prepared by mixing the DXR solution (2 mg/mL in Saline) with
an equal volume of CM-NFBC (0.1, 0.2, 0.4, or 0.8% w/v). The concentration of DXR in the
resultant DXR/CM-NFBC was adjusted to 1 mg/mL, and that of CM-NFBC was adjusted
t0 0.05, 0.1, 0.2, or 0.4% w/v.

2.5. Determining the Drug-Embedded Ratio in CM-NFBC

The DXR/CM-NFBC was centrifuged at 4 °C for 3 min at 15,000 g using a micro-
centrifuge system (KUBOTA, Osaka, Japan) to determine the retained amount of DXR. The
supernatant was collected and diluted with MeOH (10 pL of supernatant with 100 uL of
MeOH). The fluorescence intensity of the DXR in the supernatant samples was measured
at an excitation wavelength of 470 nm and an emission wavelength of 590 nm using
EnSpire™ (PerkinElmer, Waltham, MA, USA). The DXR concentration in the supernatant
was determined from a preconstructed standard curve of DXR at various concentrations.
The embedded ratio (%) of the DXR in the prepared DXR/CM-NFBC was then calculated
using the following formula:

DXRinitiul - DXRsupernatant
DXRipitial

DXR embedded ratio (%) = ( X 100)

DXR;,,itia: a total initial amount of DXR
DXRsupernatant: an amount of free DXR in the supernatant

2.6. Release of DXR from DXR/CM-NFBC In Vitro

In vitro drug release from DXR/CM-NFBC formulations was evaluated in peritoneal
wash fluid. In order to obtain peritoneal wash fluid, BALB/c mice were euthanized under
deep anesthesia followed by intraperitoneal injection with 5 mL of saline to wash the
peritoneal cavity, and then the peritoneal wash fluid was collected.

For in vitro release experiments, 500 uL of DXR/CM-NFBC was centrifuged at 4 °C
for 3 min at 15,000 x g, and the supernatant was discarded. Peritoneal wash fluid was then
added onto the DXR/CM-NFBC pellet dropwise to a total volume of 1 mL. At selected
time points post-incubation at 37 °C (0.5, 1, 2, 6 and 24 h), 100 puL of the supernatant was
collected and thoroughly mixed with 300 pL of acetonitrile. After centrifugation (8000 g,
4 °C, 15 min), the supernatant (200 uL) was collected and mixed with 200 pL of water. DXR
content was analyzed using a HPLC system (Shimadzu, Kyoto, Japan). The analysis was
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accomplished using a 4.6 x 150 mm C18 column (TSKgel ODS-100V) that was maintained
at 35 °C with a mobile phase that consisted of acetonitrile and water (32:68, v/v; pH = 2.6).
The flow rate was maintained at 1 mL/min, and the column effluent was monitored with
an ultraviolet detector at 254 nm. The injection volume was 10 pL, and the retention time
for DXR was 6.8 min. The DXR concentration was determined from a preconstructed
calibration curve of DXR at various concentrations.

2.7. Preparation of Peritoneally Disseminated Gastric Cancer Xenograft Mouse Model

NCI-N87 human gastric carcinoma expressing firefly luciferase (NCI-N87-Luc, 128443)
was purchased from Summit Pharmaceuticals International (Tokyo, Japan). The cells were
cultured in RPMI-1640 medium (FUJIFILM Wako Pure Chemical Corporation) supple-
mented with 10% of heat-inactivated fetal bovine serum (COSMO BIO, Tokyo, Japan),
100 units/mL penicillin and 100 pg/mL streptomycin (ICN Biomedicals, Costa Mesa, CA,
USA) in a 5% CO, /air incubator at 37 °C.

To prepare a peritoneally metastatic gastric cancer mouse model, NCI-N87-Luc cells
were intraperitoneally inoculated into BALB/c nu/nu mice (5 x 10° cells/mouse). De-
velopment and reduction of NCI-N87-Luc cells in the peritoneal cavity was confirmed
using an in vivo imaging system (IVIS, Xenogen, Alameda, CA, USA) following an injec-
tion of D-luciferin potassium salt (100 pL of 7.5 mg/mL) under aesthesis with isoflurane
inhalation. At 5 min post injection, bioluminescence derived from NCI-N87-Luc cells was
observed with a CCD camera (30 s for the exposure time). The region of interest (ROI) in
the bioluminescence was calculated and shown as bioluminescence intensity (BLI).

2.8. Evaluating the Tumor-Growth Inhibitory Effect of DXR/CM-NFBC on a Peritoneally
Disseminated NCI-N87-Luc Xenograft Mouse Model

Peritoneally disseminated NCI-N87-Luc model mice were intraperitoneally injected
with 4 doses of either free DXR or a formulation of DXR/CM-NFBC (0.5 mg DXR/kg/day)
once a week from Day 8 post-tumor inoculation. At selected post-tumor inoculation time-
points (Days 7, 14, 21, 28, and 35), luciferase activity of the inoculated tumor cells in the
peritoneal cavity was monitored with IVIS as aforementioned, and the body weights of the
treated mice were recorded twice weekly. The antitumor effect was assessed in terms of
both the bioluminescence intensity (BLI) and the percentage of tumor growth inhibition
[TGI (%)]. The TGI was calculated using the following formula:

BLItreuted
TGI (%) = (1 — ——— 100
( ) ( BLIcontrol 8

BLIpate4: A BLI in mouse treated with free DXR or DXR/CM-NFBC

BLI uir010 A BLI in mouse non-treated

As a control, the model mice were intraperitoneally injected with 4 doses of CM-NFBC
alone once a week from Day 8 post-tumor inoculation in amounts equal to the injections of
DXR/CM-NFBC. At selected time points (Days 7, 13, 19, 25, and 31), luciferase activity of
the peritoneally inoculated tumors was observed, and the BLI was calculated. At selected
time points (Days 8, 14, 20, and 26), body weights of the mice were recorded.

2.9. Statistical Analysis

Statistical differences between the groups were evaluated by analysis of variance
(ANOVA) with the Tukey post-hoc test, to explore the mean differences between pairs of
groups, using Prism 8 software (GraphPad Software, San Diego, CA, USA). All values are
reported as the mean £ S.D. The levels of significance were set at * p < 0.05, ** p < 0.01, and
***p <0.001.
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3. Results
3.1. Preparation of DXR/CM-NFBC Formulation

DXR is a widely used chemotherapeutic agent that was employed as an amphiphilic
model drug for the preparation of a chemotherapeutic agent that could be embedded into
CM-NFBC. The first step was to optimize the DXR/CM-NFBC formulation. To ensure
efficient embedding, DXR was mixed with different concentrations of CM-NFBC (0.05, 0.1,
0.2, or 0.4% w/v). Figure 1A depicts the images of the prepared DXR/CM-NFBC after
centrifugation. CM-NFBC was precipitated by centrifugation. At the lower CM-NFBC
concentrations (0.05 or 0.1% w/v), strong red colors were observed in the supernatant,
which indicated the presence of free/unembedded DXR. At relatively higher CM-NFBC
concentrations (0.2 or 0.4% w/v), however, either few or no red colors were observed in the
supernatant, which indicated that almost 100% of the added DXR had been embedded in
the CM-NFBC. The DXR embedded ratios within each aliquot of DXR/CM-NFBC were
calculated by measuring the fluorescent intensity of free DXR in the supernatant (Figure 1B).
The DXR embedded ratios were directly proportional to CM-NFBC concentrations; the ratio
was increased to 97.8% at 0.4% w/v CM-NFBC. The optimal mixture of DXR (2 mg/mL)
and CM-NFBC (0.4% w/v) was adopted for further experiments.

A
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0.05 0.1 0.2 04
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Figure 1. Preparation of DXR-embedding into CM-NFBC (DXR/CM-NFBC). DXR/CM-NFBC was
prepared by mixing a DXR solution (2 mg/mL) with an equal volume of different concentrations of
CM-NFBC (0.1, 0.2, 0.4, or 0.8% w/v). The concentration of DXR in the resultant DXR/CM-NFBC was
adjusted to 1 mg/mL, and that of CM-NFBC was adjusted to 0.05, 0.1, 0.2, or 0.4% w/v. (A) DXR/CM-
NFBC prepared with different concentrations of CM-NFBC. Photos were taken after centrifugation
(15,000% g, 4 °C, 3 min). (B) Percentage of DXR embedded in the CM-NFBC. Data represent the
mean £ SD (1 = 6).
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3.2. Release of Embedded DXR from the DXR/CM-NFBC Formulation in Peritoneal Fluid

One of the main purposes of this study was to apply the DXR/CM-NFBC formulation
into the peritoneal cavity to treat peritoneally disseminated gastric cancer by intraperitoneal
injection. Accordingly, the drug-release properties of DXR/CM-NFBC were evaluated
via the incubation of DXR/CM-NFBC in the peritoneal wash fluid obtained from normal
mice (Figure 2). Following 0.5 h of incubation, 26.6% of DXR was rapidly released from
the formulation. Then, the release ratio reached a maximum level (79.5%) after 24 h of
incubation. DXR/CM-NFBC appeared to achieve a sustained release of embedded DXR
following intraperitoneal administration.
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Figure 2. In vitro DXR release from DXR/CM-NFBC in peritoneal wash fluid. DXR/CM-NFBC
(500 pL) was centrifuged and the supernatant was discarded. Peritoneal wash fluid was then added

o

dropwise onto the DXR/CM-NFBC precipitates to a total volume of 1 mL. At selected time points
post-incubation at 37 °C (0.5, 1, 2, 6 and 24 h), 100 uL of the supernatant was collected, and the DXR
content was analyzed via HPLC. Data represent the mean + SD (1 = 6).

3.3. Growth Inhibitory Effect of an Intraperitoneally Injected DXR/CM-NFBC Formulation on
Peritoneally Inoculated NCI-N87-Luc Tumors

To verify the tumor growth inhibitory effects, DXR/CM-NFBC was intraperitoneally
injected into the mice in which NCI-N87-Luc cells had previously been peritoneally inocu-
lated. The growth of inoculated cells was manifested by the increase in luciferase activity
derived from NCI-N87-Luc cells before the injection of DXR/CM-NFBC. In the control
group, luciferase activity gradually increased with time (Figure 3A,B), which indicated a
steady growth of peritoneally inoculated cells. In both the free DXR and DXR/CM-NFBC
groups (Figure 3A,B), luciferase activity was significantly decreased with time, suggesting
that these treatments suppressed the number of inoculated cells in the peritoneal cavity.
DXR/CM-NEFBC treatment tended to produce a higher suppression effect than free DXR
treatment. Treatment with drug-free CM-NFBC induced no tumor growth suppression
(Figure 3C). To gain further insight, the TGI (%) was calculated from the values of BLI
shown in Figure 3B (Table 1). These calculations confirmed that the treatment with either
free DXR or DXR/CM-NFBC significantly decreased the BLI compared with that of the
control group. In addition, treatment with DXR/CM-NFBC tended to induce a higher
tumor growth inhibitory effect compared with treatment with free DXR. To confirm the
systemic side effects of DXR/CM-NFBC, we monitored the body weight changes in peri-
toneally disseminated NCI-N87-Luc model mice following intraperitoneal treatment with
DXR/CM-NFBC (Figure 3D). Treatment with free DXR clearly hampered efforts to increase
the body weight of the treated mice, which indicated that the treatment with free DXR
had induced the systemic side effects even with intraperitoneal treatment. In contrast to
the control group, intraperitoneal treatment with DXR/CM-NFBC induced no significant
body weight loss, and no body weight loss was observed in mice treated with drug-free
CM-NFBC (Figure 3E).
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Figure 3. Growth inhibitory effect of an intraperitoneally injected DXR/CM-NFBC formulation on peritoneally inoculated
NCI-N87-Luc tumors. Peritoneally disseminated gastric cancer (NCI-N87-Luc) xenograft model mice were intraperitoneally
injected with four doses of either free DXR, the DXR/CM-NFBC formulation (0.5 mg DXR/kg/day), or CM-NFBC alone
once a week from Day 8 post-tumor-inoculation. At selected time points post-tumor-inoculation, luciferase activity of the

peritoneally metastatic tumors was monitored with IVIS. (A) Bioluminescence intensity (BLI) of peritoneally inoculated

NCI-N87-Luc cells in each mouse treated with various formulations. Photos are typical examples from six mice. (B) The BLI

of interest in the mice treated with various formulations. (C) The BLI of interest in the mice treated with CM-NFBC alone.

(D) Body weight changes in the mice treated with various formulations. (E) Body weight changes in the mice treated with
CM-NFBC alone. Data represent the mean + SD (1 = 6, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control, ¥ p < 0.05, % p < 0.01
vs. DXR/CM-NFBC, n.s.: no significance).

Table 1. Tumor growth inhibitory effects of the DXR/CM-NFBC formulation. (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control).

Day 14 Day 21 Day 28 Day 35
Treatment BLI TGI BLI TGI BLI TGI BLI TGI
(x107) (%) (x107) (%) (x107) (%) (x107) (%)
Control 43.0 £ 16.1 ---- 35.6 = 16.8 ---- 447 +14.2 ---- 493 +14.3 ----
Free DXR 249 +10.3 * 421 20.3 £ 9.8 42.9 232 +11.6 ** 48.0 18.6 £ 11.1 *** 62.4
DXR/CM-NFBC 18.0 £ 12.1** 58.2 114 +11.0** 67.9 10.0 £ 11.3 *** 77.7 7.0 £ 8.0 *** 85.8
4. Discussion

To date, BC has gained an ever-increasing amount of attention in the fields of biomed-
ical and tissue engineering, which is a testament to qualities such as biocompatibility,
flexibility, and mechanical strength [13,18,19]. However, only a few reports have men-
tioned the utility of BC as a drug-delivery vehicle. We recently reported that CM-NFBC,
produced by culturing the strain identified as NEDO-01 under optimized conditions [15,16],
could efficiently entrap the cytotoxic agent PTX, and the intraperitoneal administration
of PTX-embedded CM-NFBC has shown superior therapeutic effects on a peritoneally
disseminated gastric cancer xenograft mouse model [14]. To expand our work, in the
present study we selected another anticancer agent, DXR, which is widely used to treat
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ovarian, bladder, breast, lung, thyroid, and stomach cancers [20-22]. CM-NFBC efficiently
embedded DXR (Figure 1), and intraperitoneal administration of the formulation tended to
suppress the peritoneal tumor growth and body weight loss, compared with that of the free
DXR formulation, in a peritoneally disseminated gastric cancer xenograft mouse model
(Figures 3 and 4). To the best of our knowledge, this is the first report to demonstrate the
utility of CM-NFBC, not only for the delivery of a hydrophobic chemotherapeutic agent
such as PTX, but also as a vehicle for an amphiphilic chemotherapeutic agent such as DXR.
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Figure 4. Schematic diagram of free DXR and DXR/CM-NFBC after intraperitoneal injection into a peritoneally disseminated

tumor-xenograft mouse model.

Adequate drug release from a delivery vehicle at the target site of action is the key
to gaining maximum therapeutic effect and to minimizing the side effects of embed-
ded/encapsulated drugs [23]. DXR/CM-NFBC had efficiently released 60% of the embed-
ded DXR into the peritoneal wash fluid within 6 h (Figure 2). The wash fluid mimics the
in vivo environment of the target site of peritoneally disseminated gastric cancer xenograft
mouse models. Therefore, the rapid and sustained release of DXR from the formulation in
the present in vitro release study of a peritoneally disseminated cancer model (Figure 2)
is a major indicator for the promise of a therapeutic effect with no body weight change
(Figure 3).

The three-dimensional network structure of hydrogels such as CNFs tends to in-
corporate drugs and promote sustained release, which potentiates the antitumor effects
and limits the undesirable side effects [24]. CM-NFBC is composed of hydrophilic cellu-
lose networks with semi-micro sizes of pores and is characterized by relatively uniform
nanofibers with a diameter of ca. 20 nm [15]. Due to such a unique structure and character-
istics, DXR was efficiently trapped by the hydrophilic cellulose network when vigorously
mixed with CM-NFBC. Furthermore, the -COOH groups in the hydrogel were ionized
into carboxyl ions (-COO™) in a neutral condition that expanded the network structure via
electrostatic repulsion, which allowed the absorption of water into the hydrogel [25,26].
CM-NFBC is composed of nanofibrillated cellulose, and when modified with CMC on
the surfaces of the nanofibers, this formulation contains -COOH groups owing to the
high frequency of mixing [15,16]. Following the intraperitoneal injection of DXR/CM-
NFBC, these -COOH groups would likely expand the cellulose network of NFBC in the
peritoneal cavity and absorb water, which should enhance the release of DXR from the
DXR/CM-NFBC formulation.

Anthracycline anticancer drugs, such as DXR, daunorubicin, and epirubicin, are an
important class of chemotherapeutic agents for the treatment of a wide variety of solid
tumors. Notably, DXR is a key chemotherapeutic drug for cancer treatment, although its
clinical use is limited by acute and chronic adverse events. In a retrospective analysis of
more than 4000 patients receiving DXR, 2.2% developed clinical signs and symptoms of
congestive heart failure [27]. The toxicity that DXR exhibits in cardiomyocytes is related to
free radical formation caused by the metabolism of DXR after accumulation in the heart [28],
which means that a transfer of DXR into the circulation and its subsequent accumulation in
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the heart would likely induce severe cardiotoxicity. Indeed, the intraperitoneal injection of
free DXR caused substantial body weight loss in a mouse model (Figure 3D) probably due
to the quick distribution of DXR into circulation. By contrast, an intraperitoneal injection
of DXR/CM-NFBC did not decrease the body weight of the mice compared with the
non-treatment control mice (Figure 3D), which suggests a relatively lower concentration
of DXR in the peritoneal cavity and blood circulation due to the sustained release of DXR
from the DXR/CM-NFBC formulation (Figure 2).

In our previous study, when PTX, a hydrophobic anticancer drug, was embedded in
CM-NFBC it was barely released from the formulation in the peritoneal wash fluid; less
than 3% of embedded PTX was released even after 24 h of incubation [14]. Taken together
with the results shown in Figures 1 and 2, it appears that the physicochemical properties of
drugs mainly govern their levels of embedding into CM-NFBC as well as their release from
the formulation. Both amphiphilic drugs such as DXR and hydrophobic drugs such as PTX
are strongly embedded into CM-NFBC. Amphiphilic drugs such as DXR might be quickly
released from the formulation, while hydrophobic drugs such as PTX might be retained
within the formulation.

The in vivo imaging study showed that DXR/CM-NFBC successfully tended to in-
crease the suppressive effect of DXR on tumor growth in a peritoneally disseminated gastric
cancer xenograft mouse model compared with the free DXR formulation (Figure 3A,B).
Intraperitoneal chemotherapy has recently been introduced as a smart strategy to treat peri-
toneally disseminated cancers, because intraperitoneal chemotherapy can directly expose
metastatic tumors to the drugs of interest [29,30]. Nevertheless, intraperitoneally injected
anticancer drugs, notably hydrophilic/amphiphilic ones such as DXR and cisplatin, tend to
be rapidly cleared from the peritoneal cavity via the circulatory system [31], and thus no ef-
fective treatment with intraperitoneal chemotherapy has yet improved the survival rates of
patients with peritoneal dissemination of cancers. Our drug/CM-NFBC formulation could
represent a suitable pharmaceutical formulation for clinical settings in achieving the long
peritoneal retention of hydrophilic/amphiphilic agents following intraperitoneal injection.

5. Conclusions

A novel formulation, DXR/CM-NFBC, was successfully prepared by embedding
the amphiphilic anticancer drug, DXR. This formulation showed a somewhat higher
therapeutic efficacy in a peritoneally metastatic gastric cancer xenograft mouse model
compared with the use of free DXR. We collectively demonstrated that our NFBC is
a potentially powerful drug delivery vehicle for various anticancer agents used in the
treatment of peritoneally disseminated cancers via intraperitoneal injection.
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