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Preparation and Characterization of All-biomass
Histidine/Regenerated Cellulose Composite
Nanospheres

Jing Chen,>" Jundong Shi,>" Yihan Sun,” Ke Jiang,® Xin Huang,* Xiaoying Ji,* Ying Liu,?
Jian Zhou,** Yanju Liu,** Yaxi Liu,%* and Shaobo Zhang >*

The unique imidazole group of histidine endows materials containing it
with pH responsiveness, metal-coordination capability, and Tm—1T stacking
interactions. However, the development of fully bio-based nanostructured
supports that enable efficient histidine immaobilization while maintaining
abundant accessible surface functional groups remains largely
unexplored. In this study, regenerated cellulose nanospheres (RCNs) with
an average particle size of 88.8 + 2.1 nm were prepared through a
dissolution—-regeneration process and subsequently oxidized to introduce
reactive aldehyde groups. Histidine was then covalently grafted onto the
RCN surface via a Schiff base reaction, yielding fully bio-based
histidine/regenerated cellulose composite nanospheres (His-RCNs) with
an average particle size of 39.3 £ 1.1 nm. The reduced particle size after
grafting is expected to provide greater accessible surface area for
interfacial interactions and subsequent functionalization. Morphological,
structural, and thermal analyses confirmed the successful grafting of
histidine while preserving the regenerated cellulose framework and
spherical morphology. Quantitative analysis revealed that regenerated
cellulose and grafted histidine accounted for 79.2 wt% and 20.8 wt% of
the final product, respectively. By integrating the renewable regenerated
cellulose nanosphere platform with multifunctional imidazole groups, this
work provides a fully bio-based strategy for constructing histidine-
functionalized cellulose nanomaterials.
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INTRODUCTION

Histidine, one of the naturally occurring essential amino acids, serves as a ligand
for transition metal ions and as an important carrier in proton transfer processes, thereby
playing diverse roles in various biological systems (Chen et al. 2022). As a naturally
occurring amino acid, L-histidine is widely distributed in protein-rich biomass, with
contents of approximately 2.3 to 3.2 g per 100 g protein in common cereals such as wheat,
rye, and barley (Rani et al. 2021). It can be obtained from biomass-derived proteins through
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protein hydrolysis or produced from renewable biomass feedstocks via microbial
fermentation (Kim et al. 2024). Compared with other amino acids, histidine has a unique
imidazole-containing side chain, which provides reversible protonation/deprotonation
behavior and endows it with multifunctional interaction capabilities. The imidazole group
can act as a 6-donor and m-acceptor ligand, enabling histidine to establish coordination
interactions with various metal ions, as well as n—m stacking and hydrogen-bonding
interactions with aromatic or functional molecules (Sigel 1971; Kramer 1996). Because of
the unique characteristics of the imidazole ring, including pH responsiveness, hydrogen-
bonding capability, and excellent coordination and stacking interactions, histidine has
demonstrated significant advantages in interfacial materials, self-assembly of
nanomaterials (Anderson et al. 2010; Hsu et al. 2024; Meena et al. 2024), and adsorption
materials (Dehghani et al. 2021; Tian et al. 2024).

Leveraging these unique physicochemical properties, histidine functionalization
has emerged as an effective strategy for introducing metal-coordination, hydrogen-bonding,
and self-assembly capabilities into various material platforms, leading to promising
applications in biomedicine, nanotechnology, coatings, and related fields (Chung et al.
2011; Levin et al. 2020; Dehghani et al. 2021). For example, Jia et al. synthesized an
integrated intelligent inhibitor nanocontainer assembled from L-histidine, halloysite
nanotubes, and reduced graphene oxide. This material exhibits excellent compatibility with
waterborne coatings and provides multifunctional anticorrosion protection when used as a
modifier in waterborne coating systems (Jia et al. 2020). Similarly, Yang et al. developed
a nanomedicine strategy by combining surface roughness-controlled ceria nanocages with
poly(L-histidine) surface coatings (Yang et al. 2023). This design endowed the
nanocarriers with multiple bioactive functions, promoted transport across corneal epithelial
barriers, and enabled the on-demand release of acetylcholine chloride and SB431542 at the
lesion site. In another study, Zhang et al. reported the systematic design of a histidine-rich
lipidated peptide sequence, in which histidine and stearic acid initially interact with the
graphite surface through n—n stacking and hydrophobic interactions. Subsequently, peptide
molecules undergo surface-assisted assembly via hydrogen bonding between deprotonated
histidine segments, forming a textured peptide nanostructure. This strategy enables the
simultaneous exfoliation of graphite flakes and functionalization of the resulting graphene
nanosheets, providing long-term dispersion stability in aqueous solution (Zhang et al.
2019). These studies highlight the versatility of histidine as a multifunctional molecular
component for constructing advanced functional materials, while also emphasizing the
importance of developing renewable nanostructured platforms that can effectively
integrate histidine functionalities.

Cellulose-based nanomaterials, derived from cellulose—the most abundant
renewable polysaccharide on Earth (Moon ef al. 2011; Li et al. 2021)—have attracted
considerable attention owing to their renewable nature, nanoscale dimensions, excellent
mechanical properties, abundant surface hydroxyl groups, and versatile surface chemistry
(Das et al. 2022; Osterberg et al. 2023). Recently, due to the outstanding properties of
nanocellulose, it has been increasingly recognized for its innovative applications in many
advanced fields, including electronics, energy generation, and the automotive sector
(Shojaeiarani et al. 2021; Mhlongo et al. 2022; Pradhan et al. 2022). The abundant surface
hydroxyl groups, nanoscale dimensions, and renewable nature of nanocellulose make it an
ideal scaffold for introducing functional biomolecules. Previous studies have demonstrated
that amino acids can be covalently integrated with oxidized nanocellulose through amide
coupling, while amino acid-functionalized nanocellulose materials have also been
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developed for metal-ion adsorption applications (Barazzouk and Daneault 2011; Yuan et
al. 2025). Generally, nanocellulose materials are mainly categorized into rod-like cellulose
nanocrystals (CNC) and fibrous cellulose nanofibers (CNF) based on their morphologies
(Osterberg et al. 2023). However, their anisotropic structures tend to promote particle
entanglement and aggregation, thereby reducing the accessibility of surface functional
groups and limiting the efficiency of subsequent functionalization. Therefore, cellulose-
based nanomaterials with alternative morphologies are desirable for improving surface
functionalization efficiency. Regenerated cellulose nanospheres (RCNs) represent a
recently developed class of cellulose-based nanomaterials with a spherical morphology,
attracting increasing interest because of their distinctive structural characteristics and
application potential (Yupanqui-Mendoza and Arantes 2024). Compared with
conventional rod-like CNCs and fibrous CNFs, the isotropic spherical morphology of
RCNs reduces particle entanglement and facilitates more homogeneous surface
functionalization, while also contributing to improved suspension stability and particle
packing (Zheng et al. 2019; Tian et al. 2022). These characteristics have enabled various
applications, such as reinforcing polymer composites and improving coating adhesion (L1
et al. 2015 and Li et al. 2025). Consequently, RCNs have emerged as attractive platforms
for constructing functional bio-based nanomaterials, including nanocomposite additives
and other bio-based functional systems (Rampazzo et al. 2017; Cui et al. 2018; Lu et al.
2016).

In this study, cellulose—the main structural component of plants—was used as the
raw material to prepare RCNs through a dissolution-regeneration process. Using RCNs as
the matrix, fully bio-based histidine/ regenerated cellulose composite nanospheres (His-
RCNs) were subsequently fabricated. Specifically, RCNs was first pretreated with sodium
periodate to introduce highly reactive aldehyde groups on its surface. Subsequently, the
amino groups of histidine were condensed with the aldehyde groups of RCNs via a Schiff
base reaction, resulting in the formation of His-RCNs.

EXPERIMENTAL

Materials

Cellulose (technical grade) was purchased from Sangon Biotech (Shanghai) Co.,
Ltd. Sodium hydroxide (NaOH, AR), urea (AR), and thiourea (AR) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Glacial acetic acid (AR) and ethylene glycol (AR)
were procured from Chengdu Kelong Chemical Co., Ltd. Phosphate-buffered saline (PBS,
0.02 mol/L, pH 7.4) was acquired from Chengdu NanoNovel Information Technology Co.,
Ltd., while L-Histidine (His, AR) was sourced from Shandong Keyuan Biochemical Co.,
Ltd. Sodium periodate (NalO4, AR) was obtained from Chengdu Jinshan Chemical
Reagent Co., Ltd.

Preparation of RCNs

Briefly, an aqueous solution containing sodium hydroxide (8 wt%), urea (8 wt%),
and thiourea (6.5 wt%) was precooled to —10 °C. Subsequently, 1.5 g of cellulose was
dispersed into the solution and stirred at —10 °C for 30 to 40 min at a rotational speed of
2000 r/min until the cellulose was completely dissolved. The resulting solution was then
centrifuged at 11000 r/min for 20 min to remove the insoluble fraction, yielding a
transparent and clear cellulose solution. The supernatant was slowly poured into 2000 mL
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of deionized water and stirred at a speed lower than 60 rpm for 30 min to regenerate RCNss.
The suspension was washed with deionized water until the pH reached 7. The resulting
white suspension was further subjected to ultrasonication at a power of 600 W for 30 min
to obtain a stable RCNs dispersion.

Preparation of Dialdehyde RCNs

NalO4 was added to the stirred RCNs dispersion with a mass ratio of RCNs to
NalOs of 1:2 (Sun ef al. 2015). The pH of the system was then adjusted to 4.5 using dilute
acetic acid. Subsequently, the mixture was stirred and reacted at 40 °C for 4 h. During the
reaction, the system was completely covered with aluminum foil to avoid the
photodecomposition of NalO4 (Ram et al. 2018). After 4 h, 10 mL of ethylene glycol was
added to terminate the reaction. The precipitate was collected by centrifugation and washed
repeatedly with deionized water by centrifugation until neutral. The obtained product was
then dried in an oven at 60 °C to obtain dialdehyde RCNs (DA-RCNs).

Preparation of His-RCNs

DA-RCNs and His with a mass ratio of 1:2 were dispersed in 100 mL of PBS
solution (pH = 7.4). The mixture was stirred and allowed to react at 25 °C for 48 h. After
the reaction, the precipitate was collected by centrifugation and washed repeatedly with
deionized water by centrifugation until neutral. The obtained product was then dried in an
oven at 60 °C to yield brownish-yellow His-RCNs.

Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectroscopy (Nicolet IS5, Thermo Fisher Scientific, USA) was used to
qualitatively analyze the functional groups in cellulose, RCNs, DA-RCNs, His, and His-
RCNs. Each sample was scanned 32 times in the range of 400 to 4000 cm™! with a resolution
of 4 cm™.

Scanning Electron Microscopy (SEM)

The microscopic morphology of RCNs and His-RCNs was characterized using
SEM (Gemini 300, ZEISS, Germany) at an accelerating voltage of 2.00 kV. Droplets of
RCNs and His-RCNs suspensions were deposited onto a silicon wafer and dried, followed
by platinum sputter-coating to improve electrical conductivity. Approximately 100
particles in each SEM image were measured using ImageJ software to calculate the average
diameters of RCNs and His-RCNss.

Thermogravimetric Analysis (TGA)

The thermogravimetric behavior of His, RCNs, and His-RCNs was analyzed using
a SDT 650 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) under a
nitrogen atmosphere. The temperature range was from 0 to 800 °C with a heating rate of
10 °C/min.

To quantitatively estimate the component ratio in His-RCNs, the high-temperature
residue obtained from the TGA curves was used. It was assumed that the residue of the
grafted product was the mass-weighted average of the residues of each component and that
no obvious thermal interaction occurred between the components. The mass residues at
800 °C (the final temperature at which organic components were completely decomposed
under the experimental conditions) were obtained from the TGA curves: Rrcns for RCN,
Ruis for His, and Rcrft for His-RCNs. The mass fraction of RCNs in the grafted product is
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denoted as x, and the mass fraction of His is denoted as y, which satisfy the following
relationship:

x+y=1 (1)
X - RRrcns +y - Ruis = Rgraft

Determination of Imidazole Ring Content in His-RCNs

The imidazole ring content in the samples was determined by an acid—base titration
method (Kovaleva et al. 2008). Briefly, 0.1 g of dried His-RCNs was mixed with 50 mL
of 0.1 mol/L hydrochloric acid in a flask and refluxed in a water bath at 100 °C for 1 h.
The solution was then neutralized to pH = 7 using 0.1 mol/L sodium hydroxide solution.
For the experimental group, the neutralized solution was diluted to 100 mL in a volumetric
flask. An aliquot of 30 mL of the diluted solution was transferred to a conical flask and
titrated with 0.01 mol/L sodium hydroxide solution using bromothymol blue as the pH
indicator. The volume of NaOH consumed was recorded as V1. For the blank group, 30 mL
of deionized water was titrated under the same conditions with 0.01 mol/L sodium
hydroxide solution using bromothymol blue as the indicator, and the volume of NaOH
consumed was recorded as V2. The titration experiment was repeated three times, and the
results were statistically analyzed and expressed as mean = standard deviation. The
imidazole ring content was calculated using Eq. 2,

W _ x 100% )

2e(Vy -V, )x10°
m

where W (wt%) represents the imidazole ring content; c is the concentration of the sodium
hydroxide solution; V1 and V> (mL) are the volumes of NaOH solution consumed during
titration for the experimental and blank groups, respectively; and m (g) is the mass of the
sample.

RESULTS AND DISCUSSION

Microscopic Morphology of His-RCNs

The microscopic morphology of RCNs and His-RCNs was characterized by SEM.
As shown in Fig. la and 1b, RCNs was found to exhibit a spherical morphology with
uniform particle size. To further quantify the particle size distribution, 100 particles were
randomly selected from the RCNs sample for analysis. The results (Fig. 1¢) show that the
average particle size of the prepared RCNs was 88.8 £+ 2.1 nm. These results confirm the
successful preparation of RCNs, providing a suitable matrix for the subsequent fabrication
of His-RCNss.

Figures 1d, le, 1f, and 1g show the microscopic morphology of His-RCNs and its
magnified image, indicating that His-RCNs still retains a spherical nanostructure. The
particle size distribution of His-RCNss is presented in Fig. 1h, showing an average particle
size of 39.3 £ 1.1 nm. Compared with RCNs, His-RCNs exhibited a smaller particle size,
which may be attributed to the disruption of the original hydrogen-bonding network caused
by NalOs oxidation and His grafting, resulting in a reduction in the size of the cellulose
nanospheres. The SEM results further confirm that the prepared His-RCNs had a spherical
nanostructure.

Chen et al. (2026). “Histidine/cellulose nanospheres,” BioResources 21(4), 9747-9760. 9751



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

o 888121 nm
C :
204
£
< 45
)
H
3
g 10+
= e ==
5 \’\
0 T T
80 84 88 92 96 100
Particle size (nm)
25
h 39311 nm
20 —
/"\ B
‘é 15 /
@ \
3
£ 10+
o
54
0

2 36 40 44 48
Particle size (nm)

Fig. 1. (a) and (b) SEM images of RCNs; (d), (e), (f), and (g) SEM images of His-RCNs; (c) and
(h) particle size distribution of RCNs and His-RCNs, respectively

Formation Process of His-RCNs
Figure 2 shows the FTIR spectra of raw cellulose, RCNs, DA-RCNs, His, and His-
RCNs. As shown in Fig. 2a, the FTIR spectrum of raw cellulose exhibited typical cellulose

absorption bands, with characteristic peaks appearing at 3448, 2891, 1644, 1432, 1372,
1058, and 893 cm’.
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Fig. 2. (a) FTIR spectra of raw cellulose, RCNs, DA-RCNs, His, and His-RCNs; (b) Pauly color
reaction of His; (c) Preparation process of His-RCNs

These peaks corresponded to the O—H stretching vibration of hydroxyl groups in
cellulose (Alemdar and Sain 2008), C—H stretching vibration of —CH and —CH2 groups
(Yang et al. 2007), O—H bending vibration of adsorbed water (Plappert et al. 2018), O-H
bending vibration of cellulose, C—H bending vibration (Arif et al. 2025), C-O stretching
vibration of primary and secondary hydroxyl groups in cellulose (Huang et al. 2017), and
the stretching vibration of B-1,4-glycosidic bonds (Plappert et al. 2018), respectively.

As shown in Fig. 2a, the FTIR spectrum of RCNs prepared via dissolution and
regeneration exhibited an absorbance pattern similar to that of the raw cellulose, indicating
that no chemical structural change occurred during the dissolution—regeneration process.
However, the O—H bending vibration band of RCNs shifted from 1432 cm™ to 1419 cm™,
suggesting that the CH2—OH group at the C6 position transforms from the tg conformation
to the gt conformation after dissolution and regeneration. This shift confirmed the transition
from cellulose I to cellulose 11 (Zhang et al. 2009). The FTIR characteristics of RCNs were
consistent with those reported in previous studies (Zhang et al. 2024), further confirming
the successful preparation of RCNs.

To obtain DA-RCNs, RCNs were oxidized with NalO4. Figure 2c illustrates the
oxidation process, in which NalO4 cleaves the C2—C3 bond of the glucose units in cellulose,
leading to the opening of the pyranose ring. During this reaction, the two secondary
hydroxyl groups at the C2 and C3 positions were simultaneously converted into aldehyde
groups (—CHO), resulting in nanocellulose with a dialdehyde structure. The FTIR spectrum
of DA-RCNs was similar to that of RCNs, suggesting that the cellulose skeleton remained
intact after NalO4 oxidation. However, the absorption band at 1060 cm™ in the FTIR
spectrum of DA-RCNs exhibited a noticeably reduced intensity compared with RCNs,
reflecting a decrease in hydroxyl group content. In addition, a new absorbance peak
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appeared at 1730 cm™!, corresponding to the C=O stretching vibration of aldehyde groups
(Mou 2017). These results confirmed that the hydroxyl groups of RCNs were oxidized into
aldehyde groups by NalOs, indicating the successful preparation of dialdehyde cellulose.

In the FTIR spectrum of His, a broad band in the range of 3300 to 2500 cm™! was
attributed to the N-H and C—-H stretching vibrations of the imidazole ring and carbon
framework, together with the O—H stretching vibration of carboxylic acid dimers (Martin
Britto Dhas et al. 2008; Moura et al. 2024). The peak at 1584 cm™ corresponded to the
stretching vibration of double bonds in the imidazole ring (Fawzy et al. 2018). Moreover,
the band near 1341 cm™ was assigned to complex ring vibrations of the imidazole ring,
involving mixed modes, such as C—N and C—C stretching, as well as in-plane C—H bending
(Vinayagamoorthy 2017). His-RCNs were obtained through a Schiff base reaction between
DA-RCNs and His. Specifically, the reactive aldehyde groups (~CHO) on the DA-RCNs
skeleton underwent a nucleophilic addition—elimination reaction with the primary amino
groups (—NH2) in the His structure, forming stable imine bonds (C=N-) and thereby
covalently anchoring His molecules onto the surface of the cellulose nanospheres. In the
FTIR spectrum of His-RCNs, the absorbance band at 1730 cm™, assigned to the stretching
vibration of -CHO, disappeared, while a new band appeared at 1620 cm™!, corresponding
to the C=N stretching vibration, confirming that the aldehyde groups of DA-RCNs
successfully condensed with the amino groups of His (Streater et al. 2024). Moreover, the
characteristic peaks of cellulose at 3447, 2888, 1640, and 892 cm™' remained present,
indicating that the cellulose skeleton was preserved in the His-grafted dialdehyde
nanocellulose composite. In addition, the imidazole ring content was determined by an
acid—base titration method, and the mass fraction of imidazole rings was calculated to be
19.01 + 0.37 wt%.

The successful preparation of His-RCNs was further verified by the Pauly color
reaction (Ma et al. 2023). The Pauly reaction is a specific colorimetric reaction based on
the imidazole group, in which the imidazole ring of His couples with diazotized sulfanilic
acid (Pauly reagent) under alkaline conditions, forming orange-red to brown-red azo
coupling products. In the test, an appropriate amount of the sample suspension was placed
in a test tube, followed by the addition of a sulfanilic acid in dilute hydrochloric acid. Under
an ice bath, a sodium nitrite solution was added dropwise, and the mixture was kept at a
constant temperature to complete the diazotization reaction. Subsequently, a weak alkaline
solution was slowly added to adjust the system to weak alkaline conditions, and the color
change of the solution was recorded. Before the reaction, the suspension was colorless and
transparent (Fig. 2b A), whereas after the reaction, the suspension turned noticeably brown
(Fig. 2b B). This result confirmed that His was successfully grafted onto His-RCNs, which
is consistent with the FTIR analysis.

Thermal Stability of His-RCNs

The thermal stability of His-RCNs was investigated by TG analysis (Fig. 3).
Figures 3a and 3b present the TG curves and derivative thermogravimetry (DTG) curves
of RCNs, His, and His-RCNs, respectively. For RCNs, a weight loss of less than 10 wt%
occurred below 100 °C, which was attributed to the evaporation of absorbed moisture in
the sample (Zhang et al. 2024). Subsequently, RCNs began to decompose at around 260 °C,
and the maximum degradation rate was observed at approximately 347 °C. This behavior
was associated with the disruption of the complex hydrogen-bonding network of RCNs
and the thermal degradation of hydroxyl groups in cellulose. The degradation rate gradually
decreased after 380 °C, where the remaining carbonaceous structures underwent further
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degradation and rearrangement. The residual carbon content of RCNs at 800 °C was
approximately 19%. For His, rapid degradation occurred in the range of 260 to 300 °C,
corresponding to intramolecular dehydration of His. Further rapid degradation was
observed between 300 and 380 °C, indicating that decarboxylation reactions of His
occurred during this stage (Vranes et al. 2021). In the temperature range of 400 to 800 °C,
His degraded gradually, which was associated with the ring-opening oxidation of the
imidazole ring and the structural rearrangement of the resulting char (Weiss et al. 2018).
The residual carbon content at 800 °C was approximately 43%.
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Fig. 3. (a) TG curves of His, RCNs, and His-RCNs; (b) DTG curves of His, RCNs, and His-RCNs

Notably, compared with RCNs, the initial degradation temperature of His-RCNs
decreased from 260 °C to approximately 200 °C. This reduction can be attributed to the
combined effects of dialdehyde modification and histidine grafting, both of which may
disrupt the original hydrogen-bonding interactions within the cellulose network and
consequently decrease the thermal resistance of the modified nanospheres. Subsequently,
His-RCNs exhibited rapid mass loss in the temperature range of 200 to 370 °C, which was
mainly attributed to the degradation of unmodified hydroxyl groups and residual aldehyde
groups, with a minor contribution from intramolecular dehydration of the grafted
components. In the final stage, the sample degraded gradually, leaving a residual carbon
content of approximately 24%, which was higher than that of RCNs. This result indicated
that the chemical modification altered the degradation and rearrangement pathways of the
cellulose carbon skeleton, leading to the formation of more thermally stable carbonaceous
structures. The TG results confirmed that His was successfully grafted onto DA-RCNSs.
Based on the calculation, the mass fraction of RCNs in His-RCNs was 79.2%, while the
grafted His accounted for 20.8%, which was close to the imidazole ring content determined
by acid—base titration. This further confirmed the successful grafting modification.

CONCLUSIONS

1. Starting from cellulose, RCNs with a nanosphere morphology and a particle size of
88.8 + 2.1 nm were successfully prepared. The RCNs exhibited a chemical structure
consistent with that of cellulose.
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2.

The RCNs were oxidized with NalOa to obtain DA-RCNs, which were subsequently
grafted with His to produce His-RCNs (particle size of 39.3 £ 1.1 nm). The
morphology and structure of the prepared material were systematically characterized.
Results from FTIR spectroscopy, SEM observation, and the Pauly color reaction
confirmed that His was successfully grafted onto DA-RCNs via a Schiff base
reaction. Meanwhile, the grafted product retained the fundamental cellulose skeleton
and the spherical nanostructure of the nanocellulose particles.

Thermogravimetric analysis further indicated that the His-grafted spherical
nanocellulose exhibited great thermal stability. Quantitative analysis revealed that
the mass fraction of RCNs in the grafted product was 79.2%, while the grafted His
accounted for 20.8%.

Due to the presence of the imidazole ring in histidine, which provides pH
responsiveness, hydrogen-bonding capability, metal coordination ability, and n—mn
stacking interactions, the prepared His-RCNs hold promising potential as
multifunctional bio-based platforms for applications in adsorption, catalysis,
functional coatings, and other advanced material systems. The accessible imidazole
functionalities may enable specific molecular interactions and provide additional
active sites compared with pristine cellulose materials, thereby expanding the
functional utilization of lignocellulosic resources.
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