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Abstract

The objective of this work is to develop a new method for extracting nano-
crystalline cellulose (CNC) from eucalyptus. CNC was isolated from eucalyp-
tus using 6:4 (v/v) tetrahydrofuran/water. The chemical and crystalline
structure of the isolated CNC was characterized by zeta potential measure-
ments, Fourier Transform Infrared (FT-IR) and UV-Vis spectroscopies, and
X-ray powder diffractometry. The CNC morphology was characterized by
Transmission Electron Microscope (TEM) and particle size of CNC was de-
termined by the Dynamic Light Scattering (DLS) method. Cytotoxicity and
zebrafish-toxicity experiments were also performed on CNC. The yield of
CNC using the new extraction method was about 41%, and the extracted
CNC particles were about 20 nm in diameter and about 40 nm long, on aver-
age. The zeta potential of the CNC was determined to be —56 eV and the CN
particles were uniformly distributed in a suspension of 0.5 wt%. The prepared
CNC was a type I polymorph with an intact crystal structure. Toxicity results
revealed that 0.5 wt% is a safe CNC concentration, and that 2.5 mg/mL CNC
is not teratogenic or lethal to zebrafish embryos or juveniles. The new extrac-
tion method developed in this study is environmentally friendly, and easy to
operate with relatively low cost.
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1. Introduction

As an important natural polymer, cellulose is a virtually inexhaustible renewable
natural resource due to its wide distribution and large reserves on earth, and is

produced by photosynthesis [1]. Cellulose has been widely used in areas of med-
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icine, textiles, architecture, food, ceramics, oil, biology, and other industrial
fields due to its abundant reserves, wide availability, cost effectiveness, high de-
gree of polymerization, excellent mechanical properties, biocompatibility, and
biodegradability. As a derivative of cellulose, nanocrystalline cellulose (CNC,
cellulose nanocrystals) has been attracting increasing attention due to its unique
mechanical and optical properties [2]. CNC is a linear polymer composed of
d-glucose units linked by 1,4-f glycosidic bonds. Extracted from green terrestrial
and submarine plants and animals, such as wood, cotton, bacteria, and capsules,
CNC is well known to possess a high degree of polymerization, high purity, high
Young’s modulus, high crystallinity, high strength, and ultra-fine structure [3]
[4]. It also exhibits great potential for the applications in reinforcing materials
[5], capacitors, and composite films [6] [7], as well as in antimicrobial [8], ad-
sorbent [9] and medical materials [10] [11] [12] [13].

Preparing CNC in a green and efficient way is still problematic in the scientif-
ic research. CNC is typically prepared by acid hydrolysis or
2,2,6,6-tetramethylpiperidine-1-oxide (TEMPO) mediated oxidation. During the
process of acid hydrolysis, 64 wt% sulfuric acid is used to hydrolyze lignocellu-
lose at 45°C for 45 min, after which CNC is obtained by precipitation dialysis;
Hamad and his coworkers prepared CNC with 89.1% crystallinity using this
method [14]. Acid hydrolysis requires excessive amounts of acid, which leads to
environmental problems, and the dialytic removal of acid usually takes 4 - 5
days, to give CNC in low yields (20% - 30%). On the other hand, TEMPO-mediated
oxidation produces CNC using TEMPO as the oxidation catalyst and sodium
hypochlorite/bromide to oxidize the fragmented amorphous zones of cellulose.
Saito et al prepared CNC in this manner in yields of 65% - 95% [15]. In addi-
tion, the TEMPO catalyst is expensive, toxic, and corrosive, which is not conve-
nient for industrial applications.

Herein, we presented a novel method for extracting CNC from eucalyptus,
namely the tetrahydrofuran/water mixed solubilization (TWMS) method; this
mixed-solvent method is environmentally friendly and inexpensive, and is
high-yielding when compared to acid-hydrolysis methods. The CNC produced
by TWMS was characterized by X-ray powder diffractometry (XRPD), zeta po-
tential (ZP) measurements, particle size distribution (PSD) (by DLS), Fouri-
er-transform infrared (FT-IR) spectroscopy, ultraviolet-visible (UV-Vis) spec-
troscopy, and transmission electron microscopy (TEM). In addition, as toxicity
analyses for CNC have rarely been reported, we subjected the CNC prepared in
this manner to cytotoxicity testing and zebrafish-embryo toxicity testing. Zebra-
fish is a common model organism in the life sciences field. They are small, inex-
pensive to breed, have a short reproductive cycle, a large spawning volume, can
be fertilized in vitro, and develop rapidly. Zebrafish have been widely used as a
modern experimental animal model [16] [17]. Some drugs, when administered
at doses higher than 0.3 mg/mL are teratogenic toward zebrafish embryos and

lethal to juveniles.

DOI: 10.4236/jasmi.2019.93006

52  Journal of Analytical Sciences, Methods and Instrumentation


https://doi.org/10.4236/jasmi.2019.93006

J.R. Zhang, W. B. Zou

2. Experimental

2.1. Materials

Eucalyptus was sourced from Gaofeng Forest Farm in Guangxi Province, China.
The eucalyptus hardwood was dried and crushed, and then sieved through a
150-pm pore-size mesh. Analytically pure nitric acid, anhydrous ethanol, so-
dium hydroxide, tetrahydrofuran, sodium hypochlorite, sulfuric acid, and hy-
drochloric acid were all produced by the Beijing Chemical Plant. Artificial sea-
water was reverse osmosis water produced by the Tianjin Zhongyan Marine Bi-

oscience Co., Ltd. and had a salt concentration of 28% (w/w).

2.2. CNC Preparation Methods

2.2.1. The Tetrahydrofuran/Water Mixed Solubilization (TWMS) Method

Eucalyptus (35 g) was loaded into a high-pressure stainless-steel reactor equipped
with a stirring impeller. Tetrahydrofuran/water (350 mL; 6:4 v/v) was then in-
troduced to the reactor. The fractionation reaction was conducted at 170°C for 1
h with stirring at 400 rpm under a pressure of 100 MPa. At the end of the reac-
tion, the mixture was filtered by vacuum filtration and the residual solid (RS)
was thoroughly washed with 3:2 (v/v) tetrahydrofuran/water followed by distill-
ed water (3x). The filtrate was placed in a glass flask and bleached with a solu-
tion of sodium hypochlorite and sodium hydroxide mixture in a 25:2 (mL:g) ra-
tio with a solid-to-liquid ratio of 1:20 (g:mL), followed by reacting in a shaker at
50°C for 2 h. The bleaching step was repeated three times. The slurry was then
centrifuged until the pH of the supernatant was neutral. Finally, the resulted so-
lution was diluted to 0.5 wt% with water, followed by ultrasonication for 1 h to

obtain the CNC suspension.

2.2.2. The nitric Acid-Sodium Hydroxide Hydrolysis (NSH) Method

Eucalyptus (35 g) was placed in a flask in pH 12.0 sodium hydroxide solution in
a solid-to-liquid ratio of 1:20 (g:mL). The flask was then set in a 60°C water bath
for 75 min, after which the RS was washed with distilled water, collected by fil-
tration, and dried 60°C in an oven. The dried powder was placed in a flask with
pH 3.0 nitric acid solution at a solid-to-liquid ratio of 1:20 (g:mL) 75 min in a
60°C water bath. Eucalyptus cellulose was obtained by neutralizing the residual
acid, washing and filtering with distilled water, and drying in an oven. The ex-
tracted cellulose was placed in a 100-mL three-port flask, fixed on an iron
platform with an agitator, placed in a constant temperature water bath, and a
prepared 30:1 (w/w) sulfuric acid solution was slowly dripped into the flash
with stirring. The reaction temperature was set to 80°C. After 8 h, the mixture
was cooled, and deionized water was added to the mixture with a deionized-
water:reactant ratio of 5:1 (v/v) to terminate the reaction. After 90 min of ultra-
sonication, the lower sediment was allowed to stand for 8 h, after which it was
centrifuged and the supernatant in the centrifuge tube discharged once per cen-
trifugation. The lower sediment was mixed with water and then centrifugally

washed at 300 rpm so that the repeatedly washed suspension in the centrifuge
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tube did not resettle. CNC was obtained by transferring the suspension to a di-
alysis bag and placing it in deionized water at room temperature. The relative
molecular weight of the dialysis bag was 8000 - 14,000 Da.

2.2.3. Nitric Acid-Ethanol Hydrolysis (NEH) Method

Irradiated eucalyptus powder (35 g) of was placed in a flask in a 3:1 (v/v) ni-
tric-acid/ethanol solution. A reflux condenser was attached to the flask, after
which it was heated in a boiling water bath until the powder whitened. Eucalyp-
tus cellulose was obtained by washing the residue with the nitric-acid/ethanol
mixture, then with hot water to neutrality, washing twice with absolute ethanol,
after which it was collected by vacuum filtration and dring. The extracted cellu-

lose was then treated as described in section 1.2.2.

2.3. Morphology and Spectroscopy of the as-Prepared CNC

2.3.1. Zeta Potential Measurements

All experiments were carried out using a dilute (0.5 wt%) CNC suspension. A
Zetasizer Nano-ZS90 instrument (Malvern Instruments) was used to evaluate
the colloidal stabilities (zeta potential and size) of CNC (prepared by TWMS)

suspensions based on electrophoretic light scatting at 25°C.

2.3.2. Determining Particle Size by Dynamic Light Scattering (DLS)
The 0.5 wt% CNC suspension was diluted with distilled water to a ratio of 1:10
(v/v). CNC DLS size-distribution experiments were performed in duplicate with

the above-mentioned Zetasizer Nano-ZS90 instrument at 25°C.

2.3.3. FT-IR Spectroscopy

The 0.5 wt% CNC suspension was freeze-dried. A 1-mg sample of the freeze-dried
CNC powder was collected and mixed with 200 mg of dry KBr powder. FT-IR
spectra were recorded using a VERTER 22FT-IR spectrometer (Bruker Optics,
Germany) over the 400 - 2000 cm ™' range at a resolution of 8 cm™".

2.3.4. Transmission Electron Microscopy (TEM)

The CNC samples were subjected to TEM on a Hitachi HT7700 microscope
(Hitachi, Japan). The sample was diluted to 0.01 wt% with water and 20 uL of
the dispersion was drop-cast onto a freshly glow-discharged carbon-coated
copper grid. The sample was negatively stained with 2 wt% phosphotungstic
acid solution (pH 6.2) for 5 min. After removal of the excess solution, the
sample was dried at room temperature prior to TEM imaging. The sizes of the
CNC particles were determined using an image-analysis system operating at
120 kV.

2.3.5. X-Ray Powder Diffractometry (XRPD)

The freeze-dried powder of the 0.5 wt% CNC suspension was subjected to
XRPD. XRPD patterns were acquired using an X-ray powder diffractometer
(Rigaku SmartLab, Japan) with Ni-filtered Cu Ka radiation at 45 kV and 200

mA. Diffraction data were collected in the 5° - 60° 260 range at a rate of 4°/min.
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The relative crystallinity index (CrI) of CNC was determined using the XRD
peak-height method and calculated using Equation (1):

Iy, -1
Crl = 22— x100% (1),
002
where, I, is the intensity of the peak corresponding to the (002) lattice diffrac-
tion at 26 = 22.3°, which represents both crystalline and amorphous regions, and

L., is the diffraction intensity of the amorphous fraction at 26 = 18.3" [18] [19].

2.3.6. UV-Vis Spectroscopy

Aqueous 0.5 wt% CNC suspensions were subjected to UV-Vis spectroscopy over
the 200 - 800 nm wavelength range using a UV-vis spectrophotometer (Shanghai
Jinhe Instrument Co. Ltd., China).

2.4. Evaluating Toxicity
2.4.1. Cytotoxicity Assay

Kunming mice (six male and six female aged 5 - 6 weeks, provided by the La-
boratory Animal Canter of the Academy of Military Medical Sciences) weighing
20 - 22 g were selected for this experiment. The 0.5 wt% CNC suspension was
administered at the maximum intragastric dose (1 mL/rat) at one time. The mice
were observed for 14 days after intragastric administration, with mortality rec-

orded. Any deceased mice were dissected for tissue examination.

2.4.2. Zebrafish-Toxicity Assay

The organs and tissue in zebrafish began to form from the gastrointestinal stage,
which was further divided into four stages, such as the 50%-outsourcing stage,
the 75%-outsourcing stage, the 90%-outsourcing stage, and the tail bud stage.
Zebrafish (Danio rerio, wild-type TU strain) were used to study the early larvae
of zebrafish that developed to the 50%-outsourcing stage; ie., 6-h embryos after
sperm, and 3-d larvae after fertilization. Zebrafish were cultured in the artificial
seawater at 28.5°C + 1°C. An artificial light source was used to regulate the ze-
brafish life cycle, and an alternating 14 h light/10 h dark illumination sequence
was used. The zebrafish were fed with 48-h-incubated (in reverse osmosis water)
shrimp once a day at noon.

Embryo collection: the egg collection dish was placed at the bottom of the
aquarium immediately after the light was turned on and the zebrafish began to
approach the light. After spawning, the fertilized eggs leak from the screen mesh
to the bottom of the dish. The dish was removed immediately and fish eggs that
sank to the bottom of the dish were removed by suction. Zebrafish eggs were
collected every 20 - 30 min, rinsed with water several times and then transferred
to small dishes filled with artificial seawater for further culturing.

The 0.5 wt% CNC suspension was diluted into 0.1, 1.0, and 2.5 mg/mL using
artificial sea water. Zebrafish embryos and juveniles developed from 6 h after
fertilization (6hpf) and from 3 d after fertilization (3dpf) were selected. Each

group of 30 zebrafish was placed in 2 mL CNC solutions at different concentra-
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tions, and 30 wild-type embryos were used as the control group. Experiments
were repeated in triplicate at each concentration. The phenotype and survival
rate of the 6hpf and 3dpf zebrafish were monitored under a microscope
(OLYMPUS SZ61, Japan) for three consecutive days following the addition of
the test solution to the original solution.

3. Results and Discussion
3.1.CNC Yield

The TWMS, NSH, and NEH extraction methods were compared in terms of the
yield of CNC. Table 1 reveals that the TWMS method provided the highest yield
of CNC (40.97%), followed by NEH (33.05%) and NSH (29.14%). We presumed
that the molecular weight of the hydrolysate varied greatly due to incomplete
hydrolysis of the product extracted by acid. Since the solvent dissolved cellulose
poorly, hence, the yield from acid hydrolysis was relatively low. However, the
TWMS method could dissolve almost all short-chain celluloses to provide a rela-
tively high extraction rate. In addition, we optimized the ratio of tetrahydrofuran
to water in the mixed solvent by investigating the effects of 5:5, 6:4, and 7:3 vo-
lume ratios on the extraction rate of CNC. The results reveal that the extraction
rate was the highest at a volume ratio of 6:4.

The mechanism for the extraction of CNC by using the TWMS method in-
volved the swelling of cellulose fibers by the polar organic solvent, which wea-
kened their internal hydrogen bonds. The molecular chains of cellulose between
the hydrophilic crystalline surfaces could slip and peel under mechanical shear
force to form one-dimensional nanowires; Ze., CNC (Figure 1). We found that
the surface of the CNC was negatively charged, which we speculated was due to
the oxidation of cellulose and the formation of negatively charged carboxylate
groups on its surface during the mixed-solvent dissolution process. In this study,
we also found that the amorphous region of cellulose was hydrolyzed to produce
monosaccharides, such as glucose, that can be used to produce fuel and chemi-

cals through fermentation.

3.2. Spectroscopy

The prepared CNC was characterized through ZP experiments, FT-IR and

Table 1. Yields of CNC using the three preparation methods.

Preparation Method Eucalyptus (g) CNC (g) Yield (%)
NSH 35.00 10.12 29.14
NEH 35.00 11.57 33.05
TWMS 35.00 14.34 40.97
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Figure 1. Mechanism for CNC extraction by the TWMS method.

UV-Vis spectroscopies, and PXRD. The morphology of CNC was examined by
TEM, and the CNC particle-size distribution was determined by DLS experi-
ments.

The ZP of the CNC prepared by the TWMS method was found to be =56 eV
(Figure 2(A)). A larger surface potential results in a more stable CNC suspen-
sion; [20] hence, a ZP of —56 eV supports the CNC extraction mechanism
shown in Figure 1, since mixed-solvent leaching made the cellulose surface
negatively charged. The infrared spectrum displayed in Figure 2(B) exhibits
an absorption peak at 897 cm™ that corresponds to the S-d-glucose moiety,

1

while the absorption peak at 1059 cm™ is ascribable to the C-O stretching vi-

brations of cellulosic alcohols. The absorption peaks at 1112 cm™ and 1163
cm™' correspond to the C-O stretching vibrations of ether bonds and the C-C
skeleton, respectively, while the absorption peaks at ~1371 cm™" correspond to
C-H deformations. The peaks at 1664 cm™' correspond to -OH bending vibra-
tions of the cellulose lattice, while those at 2901 cm™ and 3344 cm™ corres-
pond to C-H (methylene) and -OH stretching vibrations, respectively [21]
[22]. These absorption peaks suggest that the prepared eucalyptus CNC is a
cellulose I polymorph.

UV-Vis spectroscopy (Figure 2(C)) shows that the CNC suspension is trans-
parent, without any precipitates, suggesting that ultrasonic dispersion efficiently
fibrillated the swollen cellulose. The XRPD pattern (Figure 2(D)) reveals cha-
racteristic diffraction peaks of cellulose at 26 values of 16.6°, 22.8°, and 34.5°,
which indicates that the cellulose is entirely polymorph I [18] [19], that poly-

morphous and amorphous regions coexist during the extraction process, and
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Figure 2. Characterizing the CNC prepared by the TWMS method. (A) Zeta-potential trace, (B)
IR spectrum, (C) UV-Vis spectrum and a sample image, and (D) the XRPD pattern.

that the crystal structure of cellulose was not destroyed. The CrI of CNC was de-
termined to be 73.3%.

3.3. CNC Morphology and Particle Size

Figure 3 compares the morphologies and particle-size distributions of CNC ex-
tracted by both NEH and TWMS methods, which shows that the CNC fibers
prepared by the two methods are uniformly dispersed and rod-shaped, respective-
ly. The particles of the TWMS-extracted CNC exhibited a narrow size-distribution
and low polydispersity, while the particle-size distribution of the CNC prepared
by the NEH method was wider (with multiple peaks); hence its polydispersity is
higher. A lower polydispersity is associated with more uniform particles [23].
The NEH method probably destroyed some polymorphous regions through
strong-acid hydrolysis, resulting in a higher polydispersity. These results suggest
that TWMS is a milder extraction method as compared to NEH method.

3.4. Cytotoxicity Testing

Fourteen days after intragastric administration [24], no abnormalities in body
weight, or changes in behavior or histopathology were observed for the Kunm-
ing mice (Figure 4). It appears that the 0.5 wt% CNC suspension is not cytotoxic.

3.5. Zebrafish-Toxicity Testing

CNC toxicity toward zebrafish larvae 6 h and 3 d after fertilization, and their
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toxic phenotypes, were examined at various test-solution concentrations. No te-

ratogenic or lethal effects on embryonic development were observed at concen-

trations of 0.1, 1.0, or 2.5 mg/mL, in terms of embryotoxicity (6hpf) and juvenile
toxicity (3dpf) (Figure 5).

PSD of CNC prepared by TWMS ~ ewweeeee

B e

Sre ottt by ety

TEM images of CNC prepared by NEH PSD of CNC prepared by NEH

Figure 3. TEM images and particle-size distributions (PSDs) of CNC prepared by the TWMS
(upper) and NEH (lower) methods.
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Figure 4. CNC cytotoxicity testing.
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Figure 5. Images of zebrafish embryos (6 hpf) and a juvenile (3 dpf).
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4. Conclusions

In this study, CNC was extracted from eucalyptus, with 6:4 (v/v) tetrahydrofu-
ran/water solvent. CNC was obtained by breaking the hydrogen bonds between
cellulose molecules. Compared with traditional acid hydrolysis methods, the
TWMS method produced CNC in a higher yield (40.97%). In addition, TWMS is
a milder method for preparing CNC, since tetrahydrofuran has a low boiling
point (65°C) and can be recycled by distillation, which made the process is green
and environmentally friendly.

CNC extracted by the TWMS and NEH methods was characterized by ZP
measurements, FT-IR and UV-Vis spectroscopies, XRPD, TEM, and DLS expe-
riments. The TWMS-extracted CNC particles have an average diameter of about
20 nm and are about 40 nm long; they are uniformly particle-size distributed,
with a ZP of —56 eV, and are cellulose type-I polymorphs with a CrI of 73.3%.
The CNC was extracted with its crystal structure intact.

Toxicity testing showed that 0.5% CNC is a safe concentration since it was not
toxic to mice. Zebrafish-toxicity testing showed that a 2.5 mg/mL CNC suspen-
sion was not teratogenic or lethal to zebrafish embryos or juveniles, hence the
extracted CNC could be potentially compatible with food and medical applica-

tions.
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