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In this paper, we report a novel technique which enabled us to easily and directly obtain a silk fibroin (SF)
solution without the use of organic solvents by applying a simple grinder for silk cocoons. In addition, we
successfully prepared cellulose nanofiber/silk fibroin (CNF/SF) nanofiber composite films using a filtra-
tion and pressing method from a slurry solution blended with a CNF solution. The peak temperature of
the thermal decomposition of the SF nanofibers prepared using the new method developed in this
research was improved by more than 13 °C, and that of the composite films compounded with more than
CNF 50 wt% showed almost the same temperature as the CNF film. In addition, the mechanical properties
of the CNF/SF nanofiber composite films were increased with increasing the amount of CNF. These results
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Keywords: strongly suggest that the SF solution prepared using our novel method has advantages of superior
Silk fibroin thermal and mechanical properties compared with that prepared by a conventional method using a
Nanofiber concentrated neutral salt solution. Additionally, this result indicates the film manufacturing method
EO_mgOSite film having advantages of water pollution reduction and energy saving.
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1. Introduction

Fibroin is a type of fibrous protein, occupying 70% of the cocoon
yarns of insects and spiders, and is a major component in the silk
thread of silkworms. In particular, silk fibroin (SF) obtained from
domesticated silkworms has been considered in numerous studies,
focusing on its detailed molecular structure and higher-order
structural changes, its use in artificial skin and culture substrates,
its biocompatibility, and its application in supplements, among
other areas (Bhardwaj and Kundu, 2011; Chen et al., 2014; Jin et al.,
2013; Lee et al., 2018; Mehrabani et al., 2018; Zhou et al., 2017). SF
forms a strong hydrogen bond between molecular chains, takes an
antiparallel 8-sheet type crystal structure, and is insoluble in water
(Lu et al., 2010). Therefore, to produce films and nanofibers, it is
necessary to prepare an aqueous solution by dissolving the SF in an
organic solution and then dialyzing it. In a traditional dissolution
method of silk fibroin, the material is dissolved in a concentrated
neutral salt solution; the solution is then placed in a cellulose tube
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and dialyzed with pure water for about 1 week to remove any
existing ions (Du et al., 2009; Yamada et al., 2003; Zhu et al., 2012).
The higher-order structure of SF in an aqueous solution obtained
through this method is of a random coil type (Yamada et al., 2003).
However, this sample preparation procedure is very complicated
and lengthy, and furthermore it necessitates the use of an organic
solvent. From the viewpoint of environmental compatibility and
economic efficiency, preparation of bio-based materials in a short
time without using organic solvents is strongly desired.

On the other hand, many attempts have been made to improve
the mechanical properties or create new functions by blending SF
with other polymers, such as cellulose (Cho et al., 2014; Kim et al.,
2017; Marsano et al., 2008; Yang et al., 2000), hydroxyapatite
(Farokhi et al., 2018; Ming et al., 2014), sodium carboxymethyl
cellulose (Kundu et al., 2011; Singh et al., 2016), or other materials
employed for a variety of tissue engineering applications. Accord-
ing to previous studies (Feng et al., 2017; Kim et al., 2017; Noishiki
et al., 2002; Yang et al., 2000), cellulose nanofibers and cellulose
microcrystals act as a reinforcing material for fibroin films; how-
ever, in these researches, fibroin was dissolved in concentrated
neutral salts such as lithium bromide for the preparation of a
fibroin solution. The use of organic solvents is uneconomical and
environmentally unfriendly from the viewpoint of water shortage
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crisis and water pollution (Gleick, 2003; Xie et al., 2018). Therefore,
a novel preparation method without using organic solvent for SF
solutions and SF films needs to be explored.

Grinder treatment has been widely used in the fibrillation of
woody biomass with the attraction of high efficiency and low
pollution. Therefore, it is hypothesized that grinder treatment
could be a feasible method to fibrillate SF. If it becomes possible to
easily prepare a solution of SF using a grinder, similar to the method
used to prepare CNF without the usage of an organic solvent, CNF/
SF composite films fabricated using these solutions could have
numerous potential applications. This study focuses on the physical
property evaluation of CNF/SF nanofiber composite film made from
the fibroin solution and cellulose nanofiber solution prepared using
a grinder. The changes in the surface morphology, structure, ther-
mal properties, and mechanical properties of CNF/SF nanofiber
composite films are discussed for different CNF contents (0%, 20%,
50%, 80%, and 100%), based on the results of SEM, FT-IR, Raman
spectroscopy, TGA, and tensile test analyses.

2. Materials and methods
2.1. Materials

A simple method for directly preparing an SF nanofiber solution
without dissolving in a concentrated neutral salt solution is as
follows. First, raw silk was ground and degummed with a 0.9 wt%
Na,COs3 solution at 95°C for 120 min to remove the sericin. The
samples were then rinsed with distilled water, and an aqueous
solution of purified silk fibroin was obtained. The water slurry with
a 1 wt% undried purified silk fibroin sample was passed four times
through a grinder (MKCAG6-3, Masuko Sangyo Co. Ltd., Japan) at
1500 rpm with the grinding stones (NKGC6-120, Masuko Sangyo
Co. Ltd., Japan) pressed closely together.

Cellulose nanofibers (CNFs) were supplied from Daio Paper Co.,
Japan. The CNFs were bleached chemical pulp made from hard-
wood chips, and were applied in a slurry-like aqueous solution with
a concentration of 2 wt%. Images of CNF and SF slurry are shown in
Fig. 1.

Degumming
—> 0.9 wt.% Na,COs solution
at 95 °Cfor 120 min.

 CNF
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\
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Fig. 1. Schematic illustration of processing of composite films using a simple method.

2.2. Preparation of CNF/SF nanofiber composite films

The slurry of CNF and SF was blended to prepare the sample
films. The composite films with a diameter of 90 mm were obtained
from 70 g of fibrillated slurry with a fiber content of 1 wt% through
filtration, pressing, and drying at 40°C under a vacuum. The
component ratio of the composite films produced is shown in
Table 1. The thickness of the film was adjusted to approximately
50—100 um. A schematic illustration of the composite film prepa-
ration process is shown in Fig. 1.

2.3. Characterization of CNF/SF nanofiber composite films

2.3.1. Scanning electron microscope (SEM) observation

A scanning electron microscope (SEM, JSM-6010LA, JEOL Co.
Ltd., Japan) was used to observe the surface morphology of the CNF/
SF fiber composite films and fractured surface morphology after the
tensile test. The electron accelerating voltage was set at 10 kV. All
specimens were coated in gold using an ion-sputtering machine
(JFC-1600 Auto Fine Coater, JEOL Co. Ltd., Japan) before the SEM
observations. Additionally, an energy dispersive X-ray spectrom-
etry (EDS) analysis was conducted to obtain quantitative informa-
tion of the composition ratio for the CNF/SF fiber composite films.

2.3.2. Fourier-transform infrared (FT-IR) spectroscopy

The CNF/SF fiber composite films were analyzed using attenu-
ated total reflection (ATR) mode of FT-IR spectroscopy (GX, 2000
FT-IR spectrometer, PerkinElmer, Inc., USA) to measure the changes
in functional groups induced through a purification of cellulose,
and to compare them among the samples. Spectra were collected
within the range of 4000—800 cm ™' at a resolution of 4cm™~, and
the number of scans was set at 16 for each sample.

2.3.3. Raman spectroscopy

The samples used for the Raman spectroscopic analysis were
excited using a linearly polarized 633 nm laser (LabRAM HR-800,
HORIBA Co., Ltd., Japan), and the excitation beam was directed to-
ward the sample compartment of a properly modulated confocal
microscope (BX-41, Olympus Corp., Japan). The exposure time was
set at 2.0s, and the number of scans was set at ten for single
spectrum measurements. In contrast, using SWIFT mode, the 2D
imaging measurements were conducted using a 100 um x 100 pm
square with a measurement point spacing of 2 um. The total
number of measurement points per image was 2601. The exposure
time was set to 2.0 s/point and the number of scans was set to one
per point.

2.3.4. Thermogravimetric analysis (TGA)

The thermostability of the CNF/SF fiber composite films was
characterized using a thermogravimetric analyzer (TGA) (Discovery
TGA, TA Instruments, USA), conducted at a rate of 20 °C/min from
50°C to 800 °C. The measurements were applied in a nitrogen at-
mosphere at a flow rate of 50 ml/min.

Table 1
Component ratio of the CNF/SF composite films produced.
CNF/wt.% SF/wt.%

SF100 0 100
SF80 20 80
SF50 50 50
SF20 80 20
CNF 100 0
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2.3.5. Tensile test

The mechanical properties of the CNF/SF fiber composite films
were characterized using tensile testing. A dumbbell-shaped
specimen (ISO 527—2:2012, Model 5B) was cut out of each sam-
ple film using a Super Dumbbell cutter (SDL-100: Dumbbell Co. Ltd.,
Japan). The tensile tests were conducted using a Table Top Universal
Testing Machine (MCT-2150, A&D Co. Ltd, Japan) at 25°C at a
crosshead speed of 50 mm/min. The average values + standard
deviations of the tensile modulus, tensile strength, and strain at
break were evaluated using five independent specimens.

3. Results and discussion

3.1. Surface morphology and higher-order structures of composite
films

Fig. 2 shows optical photographs of CNF/SF nanofiber composite
films. As shown in the image, the CNF film surface looks uniform
and highly transparent, while the film surface has whiteness and
roughness with increasing the content of SF. Therefore, SEM
observation was performed to further evaluate these surface
structures in detail. Fig. 3 shows an SEM photograph of an SF film
that was successfully obtained for the first time from SF nanofibers
defibrated and refined using a grinder without dissolving in a
concentrated neutral salt. Fibers with a width of approximately
10um observed on the surface of the composite film were
increased when increasing the amount of SF blended for the CNF.
The diameter of each SF thread is about 10 um (Zhang et al., 2002),
which coincides with the larger fiber diameter observed on the
composite film surface. Therefore, it is considered that the SF
threads are partially contained in the slurry solution of silk fibroin
obtained through direct fibrillation with a grinder, whereas most of
the components in the solution consist of SF nanofibers owing to
the slurry formation. However, this suggests that thick fibers are
not present on the CNF film surface, as shown on the SF film, and
are completely nanofiberized. The results of the EDS analysis of the
surface of these CNF/SF nanofiber composite films are plotted in
Fig. 4. Cellulose fibers are composed of glucose, and nitrogen atoms
are not contained in the molecular chain. In contrast, SF is a protein
composed of essential amino acids having nitrogen atoms such as
glycine or alanine. Therefore, among the C, N and O data obtained
through the EDS analysis, data on the nitrogen atoms were selected
herein. As shown in this graph, the ratio of nitrogen atoms
increased with an increase in the amount of SF. To obtain detailed
chemical structure information, FT-IR measurements were carried
out on these composite films.

Fig. 5 shows the FT-IR spectra of the CNF/SF nanofiber composite
films. In the spectra from SF100, SF80, and SF50, absorption bands
of amides I (C=0 stretching) of approximately 1625 cm~!, amide II
(N—H deformation and CN stretching) of approximately 1518 cm ™,
and amide III (CN stretching and N—H deformation) of approxi-
mately 1265 cm™! were observed. These peaks reflect the silk II
structure of Bombyx mori silk fibroin (Tsuboi et al., 2001; Yamada

SF80
Composite Films

SF50 SF20 CNF

Fig. 2. Photo images of CNF/SF nanofiber composite films for each content.

et al,, 2003), i.e., a secondary structure with an antiparallel g-
sheet structure. It is known that the secondary structure of silk
threads ejected by silkworms is an antiparallel §-sheet structure
(Motta et al., 2002). Therefore, this indicates that the secondary
structure of the fibrillated SF nanofibers from a cocoon when using
a grinder retains the original conformation without any changes.
However, characteristic peaks of cellulose were observed in the
spectra of CNF, SF20, SF50, and SF80 (Okahisa et al., 2018). The
absorption at 3345cm™! relates to the stretching of the O—H
groups, and that at 2911 cm™! relates to the C—H stretching. Two
absorption bands at 1161 and 897 cm™! arise from the C—O—C
stretching at the §-(1—4)-glycosidic linkages. Strong peaks at 1056
and 1034cm™! are attributed to the C—O stretching (Liu et al.,
2006). Thus, we showed the change in higher-order structure
owing to the difference in the composition ratio of CNF/SF nano-
fiber composite films using FT-IR spectroscopy. However, it is
difficult to know the molecular structure, such as the entanglement
and orientation of the molecular chains, in the composite film
owing to the larger spot diameter of the FT-IR. Therefore, micro-
scopic Raman mapping measurements were carried out to measure
the detailed structure of the CNF and SF molecules in these com-
posite films.

There have been few studies conducted on CNF and fibroin using
microscopic Raman spectroscopy. However, because a laser beam
can be focused using an objective lens, the spot diameter of the
measurement is extremely small at about 1 pm. Therefore, Raman
spectroscopy has a high resolution, and is a powerful technique for
obtaining information on the molecular structure of polymers.
Fig. 6 shows the Raman spectra of these composite films. A typical
Raman spectrum obtained from an SF film shows some character-
istic peaks, where the Raman band at 1665 cm™' corresponds to
amide I (Monti et al., 1998), and the Raman bands at 1227 and
1262 cm~! correspond to amide 11l (Monti et al., 1998). Additionally,
the Raman band at 1087 cm™! corresponds to the C—C stretching
vibration. These four characteristic peaks are attributed to the
antiparallel §-sheet structure of SF (Monti et al., 1998). In contrast, a
typical Raman spectrum obtained from a CNF film shows certain
characteristic peaks, where the Raman bands at 1095 and
1117 cm™! correspond to the carbonyl (C—0) stretching mode
(Wiley and Atalla, 1987), and the band at 2890 cm~! corresponds to
CH and CH; stretching modes (Wiley and Atalla, 1987). As shown in
the FT-IR measurement results in Fig. 5, it was found that the
spectrum of the CNF changes to the spectrum of fibroin as the
amount of blended fibroin increases.

Fig. 7 (a) shows 2D chemical mapping images of the CNF/SF
nanofiber composite films, SF20, SF50, and SF80. A red color cor-
responds to CNF-rich parts, and a green color corresponds to SF-
rich parts. The green color area is increased with an increase in
the amount of SF. Note that very small amounts of CNF and SF
nanofibers are not shown as mapped colors, and the color of the
dominant component at each measurement point is displayed on
the mapped image. Therefore, this schematic illustration is
completely divided into two colors, red and green, as rich domains,
respectively. In particular, the width of the green thick thread-like
structure is about 10 um, which is consistent with the diameter of
the original SF fibers. Therefore, the SF fibers were successfully
observed using microscopic Raman spectroscopy. In contrast, the
red area corresponding to the CNF rich parts seems to be adsorbed
or entangled around the SF threads. These schematic illustrations
are depicted in Fig. 7 (b). We consider the entanglement structure
of the molecular chains of the CNF and SF in the composite films to
be clearly observable through the use of microscopic Raman
spectroscopy. From these results, we successfully fabricated CNF/SF
nanofiber composite films from an SF slurry solution prepared
without the use of a concentrated neutral salt solution.
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Fig. 4. Weight of N electron (%) plot for each content film by EDS analysis.

3.2. Thermal properties of composite films

TGA measurements were conducted for evaluating the thermal
resistance of the CNF/SF nanofiber composite films. Fig. 8 shows the
results of the TGA traces and derivation weight curves of these

samples with a temperature range of 50—800 °C. The onset tem-
perature of weight loss from thermal decomposition is ~300 °C in
any composite film, although the weight of the final residue de-
creases as the amount of blended CNF increases. Fig. 8 (b) shows the
derivation curves of each TGA chart used to evaluate the weight loss
rate. From this graph, it can be seen that differential peaks occur at
approximately 313 °C and 355 °C, which are considered to corre-
spond to the peaks of the SF and CNF nanofibers, respectively. In
general, the weight loss peak of SF dissolved in a concentrated
neutral salt occurs at approximately 270—300 °C (Lawrence et al.,
2010; Yuan et al., 2010), and the thermal decomposition tempera-
ture of the SF nanofibers prepared using the new method devel-
oped in this study was improved by more than 13°C. The
improvement in thermal stability is attributed to the higher order
structure of silk fibroin (Gil et al., 2006; Okahisa et al., 2019). That is,
the B-sheet structure leads to higher thermal stability. In addition,
no peaks in the derivation weight at approximately 313 °C were
found in the compounding amount of SF (50%), and it was found
that thermal decomposition occurred at approximately 355 °C
owing to the presence of CNF. This result indicates that adding
about half of the cellulose nanofibers can greatly improve the
thermal resistance properties of silk fibroin. It is considered that as
the fiber surface of the compounding amount of more than CNF
50wt% is covered with CNF from results of Raman images, the
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thermal decomposition property was improved because of inhib-
iting heat transfer to SF fibers.
3.3. Mechanical properties of composite films
To evaluate the mechanical properties of the prepared com-

posite films, a tensile test was conducted using a dumbbell-shaped
specimen. Table 2 lists the tensile properties, and Fig. 9 shows the

stress—strain curves and fractured surface, of the composite films
after the tensile test was applied. As can be seen from the table and
graph, the tensile modulus and tensile strength were increased
with an increase in the amount of CNF. The strain at break also was
increased with the amount of CNF, similar to the tensile strength,
whereas the strain at break in SF50 showed the longest value. From
this result, it is thought that CNF plays an important role in
improving the mechanical properties of an SF film. In addition, the
mechanical characteristics of the CNF/SF composite films in this
study were found to be superior to those of a past study (Noishiki
et al, 2002). According to the previous research (Yano and
Nakahara, 2004), the increase in microfibrils can form more
hydrogen bonds between cellulose fibers, and the web-like
network in nanometer units causes high interactive forces be-
tween CNFs. As a result, it is believed that the mechanical proper-
ties of the prepared sheet film are increased. Also, in this study,
since silk fibroin is a hydrophilic fibrous protein and has many
hydroxyl groups as functional groups, so the interaction between
silk fibroin and cellulose nanofibers becomes large, and both fibers
are easily entangled. This leads to the cellulose nanofibers rein-
forcing the silk fibroin film. As shown in Fig. 10, the morphology
was lumpy on the fractured surface of SF100, and a few SF fibers
with a diameter of 10 um were observed there. SF fibers were not
observed on the fractured surface of SF80, although the unevenness
of the fractured surface was large, similar to that of SF100. In
addition, it was found that both the left and right sides of the
fractured surface in the SEM image, that is, the vicinity of the film
surface, formed a layered structure, such as a Mille-feuille struc-
ture. In contrast, the fractured surfaces of SF50, SF20, and CNF
showed a similar fractured surface shape, and it turned out that all
surfaces, from the surface layer to the center layer, formed a Mille-
feuille structure and had a dense cross-sectional formation. This
indicates that CNF is packed between the SF fibers and molecular
chains, and plays an important role as a reinforcing material for the
SF film. These results are supported by the microscopic images from
the Raman mapping analysis, as shown in Fig. 7. That is, as a result
of CNF playing the role of the skin layer of SF fibers, it is considered
that the tensile strength of SF 50 and SF 20 showed the similar
values as CNF. Differences in these layered structures influence the
tensile properties, resulting in an improvement in the elastic
modulus, tensile strength, and strain at break.

3.4. Energy efficiency analysis

Energy efficiency of a novel technique using the grinder for SF
was evaluated by dialyzing efficiency and specific energy con-
sumption, a comparison was carried out with the conventional
dissolution method. In a conventional dissolution method of SF, the
material is dissolved in a concentrated neutral salt (LiBr) solution
for 4 h at 60 °C; the solution is then placed in a cellulose tube and
dialyzed with tap water for about 1 week to remove any existing
ions as shown in Fig. S1 (Supplementary Materials). According to
the calculation results (Tables S1, S2, and S3 of supplementary
materials), the fibroin solution preparation time, power consump-
tion, and cost by the grinder method can be reduced to 0.19%, 62.5%,
and 0.28%, respectively, as compared with the conventional
method. Further, as seen from Fig. S1 and Table S2, the grinder
method does not use a reagent such as lithium bromide, so there is
no influence of water pollution. Thus, this grinder treatment
method has very lower processing cost and time than that of the
conventional method of preparing the SF solution. This process has
technical, commercial and ecological feasibility. Combined with the
degumming method of raw silk via steam treatment (Wang et al.,
2018), it will be a completely clean and economical film fabrica-
tion method.
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Table 2
Tensile properties of CNF/SF composite films.

Tensile modulus/GPa Tensile strength/MPa Strain at break/-

SF100 3.01 42.8 0.023
SF80 7.20 134.0 0.027
SF50 9.19 230.2 0.110
SF20 9.35 248.7 0.080
CNF 10.59 296.3 0.105
350
300 CNF
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Fig. 9. Stress-Strain curves of each composite film after tensile test.

4. Conclusions

This research aimed to provide a novel technique based on
material technology enabling the fabrication of bio-based nanofiber
composite films consisting of cellulose and silk fibroin nanofibers.
Herein, we demonstrated a simple technique using a grinder for
silk cocoons to obtain a slurry solution without the use of organic
solvents such as a concentrated neutral salt solution. We success-
fully prepared CNF/SF nanofiber composite films with high me-
chanical properties using a filtration and pressing method from a
slurry solution blended with a CNF solution. As the results show,
the thermal decomposition temperature of the SF nanofibers
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Fig. 10. SEM images of fracture surface after tensile test.

prepared using the new method in this study was improved by
more than 13°C, and the thermal decomposition peak of the
composite films compounded with more than CNF 50 wt% showed
almost the same temperature as the CNF film. Additionally, the
mechanical properties of the composite films were increased with
an increase in the amount of CNF. In particular, the strain at break of
SF50 showed the longest value, as compared with the other com-
posite films. These results suggest that a film using solutions
directly fibrillated by a grinder leads to not only heat resistance, but
also excellent mechanical properties as compared to films prepared
by dissolving fibroin in a concentrated neutral salt. We strongly
propose that our novel grinder treatment method makes it possible
to readily overcome the poor solubility of silk fibroin in water. This
environmentally friendly cellulose nanofiber/silk fibroin composite
films will open many possibilities in biomaterials for tissue engi-
neering, drug delivery systems, and biomedical applications. The
development of continuous treatment processes is also in progress
for an industrial scale.
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