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Influence of Silk Fibroin Content on Cellulose Blend
Film Using LiBr Solution
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Cellulose-silk fibroin (CSF) films were prepared by blending cellulose and
silk fibroin (SF) in different ratios (10:0, 10:3, 10:6, 10:9, and 10:12 wt%)
in 60% LiBr aqueous solution. All of the blend films were transparent, and
their coloration gradually increased with increasing SF content.
Interestingly, cross-sections of all of the tested films were observed by
scanning electron microscopy and exhibited similar morphologies. The silk
Il structure was not well developed in the CSF; however, regenerated SF
affected the crystal structure of the cellulose and formed intermolecular
hydrogen bonds with cellulose. EDS mapping showed that cellulose and
silk in the film were distributed uniformly. The mechanical properties of the
dry-state film was greatly improved with the addition of an appropriate
amount of SF. In contrast with the dry-state films, the films in the wet state
exhibited smaller tensile strengths and E-modulus as SF content
increased; however, the elongation values were higher than those in the
dry-state films.
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INTRODUCTION

Cellulose is one of the most abundant natural polymers, occurring in plants,
animals, algae, fungi, and bacteria. It consists of p-(1—4)-linked glucose repeating units
and is insoluble in water and common organic solvents because of strong inter- and
intramolecular hydrogen bonding. In addition, it has numerous advantageous properties,
including hydrophilicity, good thermal resistance, high mechanical strength, excellent
biocompatibility, renewability, and biodegradability. Thus, cellulose and its derivatives
have been used in a broad range of products (e.g., fibers, paper, filters, films, polymers,
textiles, and food) (Klemm et al. 2005; Feng and Chen 2008; Lindman et al. 2010; Chang
and Zhang 2011; Zhou et al. 2013; Yang et al. 2014). In addition, polymer blends have
been developed to make cellulose more diverse and effective. The blending of polymers is
an effective approach to combining the advantages of each component. In the case of
cellulose, research is being conducted on blending with various polymers (e.g., collagen,
chitosan, starch, silk, and protein) to improve or achieve certain physical or chemical
properties (e.g., physicochemical or thermomechanical properties) and/or biological
responses (Sionkowska 2011; Zhou et al. 2013).

Silk fibroin (SF) is as well known as cellulose and has been studied in the
environmental materials and biotechnology fields. Silk is a natural protein-polymer
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produced by silkworms and spiders. It is composed of two proteins: SF and sericin. SF is
a hydrophobic protein and the structural protein of fibers. Sericin is a hydrophilic glue-like
protein and wraps around SF. SF has two main structures: silk | and silk Il. The silk |
structure comprise an unordered structure and a random-coil structure, whereas silk 11 is a
B-sheet structure. In addition, silk and silk-based materials are used in biomedical
applications (e.g., drug delivery, tissue engineering, wound dressing, enzyme
immobilization matrices, structural implants, and bone tissue scaffolds) because of their
excellent mechanical properties, biocompatibility, and biodegradability (Cao and Wang
2009; Bhardwaj and Kundu 2011; Dou and Zuo 2015; Qi et al. 2017; Tian et al. 2017).

Cellulose-silk fibroin (CSF) blending has been investigated as a method to improve
the properties of polymers and has been applied in numerous fields. Marsano et al. (2008)
made CSF blend fibers by using N-Methyl-morpholine N-oxide (NMNO/H20). Phase
separation was observed in fibers of whole blends compositions, but the tensile properties
implied good compatibility between cellulose and silk fibroin. N,N-dimethylacetamide
(DMAC)/LICI was used as a solvent for CSF blend fibers (Marsano et al. 2007).
DMAC/LICI did not cause degradation of the polymers. The homogenous blend fiber with
good mechanical properties was observed, with no phase separations. lonic liquids (IL)
also were found to be a solvent to prepare cellulose-silk fibroin blend materials. ILs are
considered green solvents due to their features such as non-flammability, low vapor
pressure, thermal stability, and high reaction rates (Feng and Chen 2008; Shang et al. 2011;
Yao et al. 2014). Zhou et al. (2013) prepared CSF blend films using 1-butyl-3-
methylimidazolium chloride ([BMIM]CI), one kind of ILs, as a solvent. The blend films
had a good mechanical performance in both dry and wet states. Mouse fibroblast L929
cells were found to show significant adhesion and proliferation. The CSF blend fibers were
fabricated with dry-jet wet spinning with [BMIM]CI. The tensile strengh of the fibers
contain 35 wt% silk fibroin was up to 191 MPa, although the tensile strength and initial
modulus of blend fibers decreased with increasing silk fibroin content (Yao et al. 2015).
However, these solvent systems suffer from some drawbacks such as low dissolving
capability, instability, toxicity, difficulty in recycling (Feng and Chen 2008; Zhang et al.
2017).

Yang et al. (2014) developed a lithium bromide aqueous solution process for the
dissolution-regeneration of cellulose. Cellulose is dissolved by heating in the solution. In
this method, the dissolved cellulose is then regenerated by cooling and removing the salts
with water. Recently, Kim et al. (2017) and others prepared cellulose-silk hydrogel by
using the LiBr solution as a solvent. It was confirmed that LiBr solution can dissolve both
cellulose and silk, and that CSF hydrogel would be useful in a variety of biomaterials
applications.

The purpose of the present study was to prepare CSF blend films with various
cellulose-to-SF ratios using an aqueous LiBr solution as a solvent. The physical and
chemical properties were analyzed to determine the effect of SF on the properties of the
cellulose blend films prepared using LiBr solution.

EXPERIMENTAL

Materials
Cocoons of Bombyx mori (Chunzam Bio Co., Ltd., Seoul, South Korea) were
degummed by boiling in 0.5% (w/w) aqueous Na>COz solution for 60 min. The degummed
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silk fiber was washed and dried at 60 °C for 24 h. a-Cellulose powder was purchased from
Sigma-Aldrich (St. Louis, MO, USA). LiBr (Samchun, Pure Chemical Co., Ltd., Seoul,
South Korea) was used as a solvent for both SF and cellulose.

Preparation of the CSF Composite Film

Various amounts (0, 0.3, 0.6, 0.9, and 1.2 g) of SF were dissolved in 10 g of 60
wt% LiBr solutions at 70 °C for 4 h. One gram of cellulose powder was dissolved in 89 g
of 60 wt% LiBr solution at 145 °C for 5 min. The SF solution was added to the cellulose
solution and mixed thoroughly for 2 min. The cellulose-to-SF weight ratios was 10:0, 10:3,
10:6, 10:9, or 10:12. The mixed solutions were cast onto a glass mold preheated to 100 °C.
The solutions formed gels upon cooling to room temperature. Regenerated CSF gels were
washed with water for 24 h. The CSF films were prepared by compressing the gels with
2.5 kg weights for 30 min and then drying at 105 + 1 °C for 24 h. The CSF films with
cellulose-to-SF ratios of 10:0, 10:3, 10:6, 10:9, and 10:12 are hereafter abbreviated as
CSF0, CSF3, CSF6, CSF9, and CSF12, respectively.

Characterization

The cross-sectional morphology of the CSF films was characterized by scanning
electron microscopy (EM-30 Mini SEM, COXEM Co., Ltd., Daejeon, South Korea). The
CSF gels (10 mm x 10 mm) were cut using a microtome blade S-35 after the solvent
exchange process (water — ethanol — t-butyl alcohol) and freeze-dried. The dried film
samples were fractured in liquid nitrogen to investigate their internal morphological
structure. X-ray diffraction (XRD) patterns of the CSF films were obtained with multi-
purpose X-ray diffractometer (X'Pert Pro MPD, PANalytical, Netherlands). The infrared
spectra of the CSF films were recorded using a Fourier transform infrared (FTIR)
spectrometer (Vertex70, Bruker Optics Ltd., Billerica, MA, USA). Elemental mapping
analysis was performed using an energy-dispersive X-ray spectroscopy (EDS) analyzer (X
Flash Detector 410-M, Bruker, Berlin, Germany). The mechanical properties of the CSF
films (15 mm x 60 mm x 0.04 mm) were measured using a universal testing machine (TO-
102D, Test One, Siheung-si, Korea), and the experiment was repeated three times for
validity and reliability in obtaining the results. The mechanical properties of the films were
measured in both dry and wet states. The wet state film was immersed in water for 30
minutes, then excess water was removed and stored in a polypropylene bag.

RESULTS AND DISCUSSION

Morphology of CSF Films

Figure 1 shows photos of the CSF films and SEM images of the cross-sections of
the gel before drying and those of dried films prepared with cellulose-to-SF ratios of 10:0,
10:3, 10:6, 10:9, and 10:12. All of the blend films were transparent, and the letters behind
were visible. With increasing SF content, the coloration of the films gradually increased.
The internal structure of the gels before film drying was porous, and network structures
were observed. As the SF content was increased, the size of pores inside the gel gradually
decreased and the structure became more complex and thicker. However, all of the cross-
sections of the films exhibited a similar shape.
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Fig. 1. Photos and SEM images of cross-sections of the gels before drying and cross-sections of
the dried CSF films (2,500x).

XRD Analysis

The XRD patterns of the CSF films are shown in Fig. 2. In the pattern of SF,
diffraction peaks at 11.7° (silk 1), 19.7° (silk 1), 24.2° (silk 1), and 28.2° (silk I) are
observed, indicating that regenerated SF formed in both the silk I and silk Il structures after
dissolution and regeneration (Li et al. 2001; Chen et al. 2012; Zhang et al. 2013; Wang et
al. 2019). The XRD pattern of the CSFO shows two peaks at 26 = 20.2° and 22.8°,
characteristic of the XRD pattern of regenerated cellulose, indicating that the crystalline
structure of cellulose transformed from cellulose | to cellulose 1l (Cheng et al. 2012; Zhou
et al. 2013; Yang et al. 2014). The XRD patterns of CSF3, CSF6, CSF9, and CSF12 were
the same as that of CSF0, which was dominated by the characteristic peaks of cellulose II.
The diffraction peaks of SF at 11.7°, 24.2°, and 28.2° disappeared in the patterned of blend
films because the silk was sufficiently evenly mixed during the process of mixing with
cellulose. In addition, cellulose dissolved in LiBr solution at high temperatures gelled when
cooled to approximately 80 °C. This cooling time may not be sufficient for the dissolved
SF to form the B-sheet structure. Also, SF was fixed by gelled cellulose; therefore, the
crystallinity of the silk 11 structure was not well developed. The peak at 20.2° in the pattern
of CSFO shifted to 20.4° in the patterns of all of the SF blend films. In addition, the peak
intensities in the patterns of the blend films other than CSF12 increased compared with
those in the pattern of CSFO; the intensities in the pattern of CSF12 decreased. These results
indicate that the SF content of the CSF films affected the crystal structure of the cellulose
(Marsano et al. 2008; Cao and Wang 2009; Cheng et al. 2012; Zhou et al. 2013; Yang et
al. 2014; Kim et al. 2017).
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Fig. 2. X-ray diffraction patterns of the CSF films and regenerated silk fibroin (R-SF)

FT-IR Analysis

FT-IR spectroscopy was used to analyze the chemical changes in the CSF films as
a function of the SF ratio. Figure 3 shows the FT-IR spectra of the CSF films and SF. The
characteristic peaks in all CSF blend films observed at 898 (B-glucosidic linkages between
the glucose units), 1022 (C-O stretching vibration), 1155 (C—O—C antisymmetric bridge c-
o-c stretching), and 1365 cm™ (CH bending), respectively, indicating presence of
amorphous structures of cellulose (Kondo and Sawatari 1996; Oliveira Barud et al. 2015;
Tian et al. 2017; Zhang et al. 2018). The spectra of the regenerated SF show an absorption
band at 1638 cm ! assigned to the random coil for amide 1 (C=0 stretching). The absorption
bands at 1515 cm™ (amide II, secondary NH bending) and 1234 cm™ (amide I1l, C-N
stretching) are assigned to the pB-sheet structure (Yang et al. 2000; Ha et al. 2003; Lu et al.
2010; Li et al. 2017; Tian et al. 2017). These results indicate that the random coil and B-
sheet structure coexist in the regenerated SF. However, the peak at 1515 cm™ in the
spectrum of the SF disappeared in the spectra of the blend films. The absorption peaks of
amide 1 (1638 cm™) overlap the cellulose band at 1641 cm™2, which is assigned as the OH
bending vibration of absorbed water, in addition, the intensity gradually increased with
increasing SF content and a new peak appeared at 1739 cm™ (Oh et al. 2005; Mohamed et
al. 2016; Huang et al. 2017). These results indicate that the cellulose and SF interacted.
The peak corresponding to N—H groups (3282 cm™) in the spectrum of SF disappeared,
the broad band of cellulose at 3369 cm™ (assigned to the OH groups) was shifted to lower
wavenumbers, and the intensity of this broad band increased in the spectra of the blend
films. These results reveal that intramolecular hydrogen bonds formed between the OH
groups of cellulose and the NH groups of SF (YYang et al. 2000).
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Fig. 3. FT-IR spectra of the CSF films and regenerated silk fibroin (R-SF)

EDS mapping Analysis

Based on the above results, element mapping of the distribution of carbon (C) and
nitrogen (N) on the surface of the CSF9 film using EDS was performed to ensure that
cellulose and silk were evenly mixed in the film (Fig. 4). Carbon atoms in the film were
elements contained in both cellulose and SF, and nitrogen atoms were unigque to SF
molecules and were used to identify the distribution of SF polymers. N was evenly
distributed in the mapping image. In comparison with C, N was detected at low
concentrations since SF was the only source of N in the film. Therefore, the homogeneous
dispersion of SF in CSF9 was confirmed, indicated cellulose and SF were uniformly mixed
in the blend films.
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Fig. 4. EDS mapping images of carbon and nitrogen on CSF6 film surface

Mechanical Analysis

Table 1 shows the thickness of the CSF blend films in the both dry and wet state.
The thickness of dry CSFO composed of cellulose was 42.1+1.3um. It was slightly
increased with increasing SF content. The thickness of wet CSF films also was slightly
increased with increasing SF content. However, the difference between the thickness of the
dry film and the wet film was about 19 pum in all conditions, the water content of all films
was about 45 to 46%, and there was no difference depending on the SF content.

The tensile strength, elongation, and E-modulus were carried out to evaluate the
mechanical properties of the CSF film, in both the dry state (Fig. 5) and the wet state (Fig.
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6). The tensile strength of the CSF0, CSF3, CSF6, CSF9, and CSF12 films was 84.6, 115.1,
123.9, 115.0, and 103.8 MPa, respectively (Fig. 5a). The tensile strength reached a
maximum at CSF6 and then decreased as the SF content was increased further. The
elongation of the CSF0, CSF3, CSF6, CSF9, and CSF12 films was 3.7, 10.4, 11.7, 10.3,
and 8.5%, respectively (Fig. 5b). The elongation values increased to a maximum at CSFG6,
reaching three times the elongation of CSFO, and then decreased as the SF content was
increased further. The E-modulus of the CSFO, CSF3, CSF6, CSF9, and CSF12 films was
3.30, 3.36, 3.52, 3.36, and 3.22 GPa, respectively (Fig. 5¢). The trend of the films E-
modulus was similar to the trends of the tensile strength and the elongation; however, the
overall values did not substantially differ from each other. With the addition of SF, the
mechanical properties of the blend films in the dry state improved, possibly because the
cellulose and SF completely dissolved and uniformly blended in the LiBr solution system
and because strong interactions such as hydrogen bonding between the two polymers
remarkably enhanced the interfacial adhesion, which suggests that the cellulose network in
the blend films was reinforced by SF (Shang et al. 2011; Yao et al. 2015). However, as the
SF ratio was increased further, the mechanical strength decreased.

The tensile strength of the CSFO, CSF3, CSF6, CSF9, and CSF12 films was 21.68,
19.1, 18.9, 18.4, and 14.0 MPa, respectively (Fig. 6a). The E-modulus of the CSF0, CSF3,
CSF6, CSF9, and CSF12 specimens was 0.132, 0.094, 0.083, 0.079, and 0.079 GPa,
respectively (Fig. 6¢). Both the tensile strength and E-modulus of the CSF films in the wet
state decreased with increasing silk content, unlike the results corresponding to the dry
films. These results can be attributed to the water molecules absorbed into the films
increasing the intermolecular distance and interfering with the interaction between the
cellulose the and SF (Plaza et al. 2008; Adel et al. 2014). In addition, poor development of
the silk 1l structure of SF apparently affects the physical strength of the film against water.
The elongation of the CSF0, CSF3, CSF6, CSF9, and CSF12 films was 18.6, 19.5, 21.3,
22.7, and 18.8%, respectively (Fig. 6b). The elongation values reached a maximum at CSF9
and then decreased as the SF content was increased further. Compared with the results
corresponded to the dry state, the results of the CSF films in the wet state show greater
values and tend to be similar. Silk fiber has been shown to exhibit greater elasticity in the
wet state than in the dry state (Plaza et al. 2008; Aytemiz et al. 2018). We propose that this
property of SF influenced the properties of the wet CSF films.

Feng et al. (2017) prepared CNF-reinforced silk/cellulose composite films using
LiBr aqueous solution as a solvent. The composite films showed a tendency to decrease
both tensile strength and elongation with decreasing cellulose content and with increasing
SF content. Compared with this study, SF seems to have a great effect on the mechanical
strength enhancement in the blend films with a sufficient concentration of cellulose.

Table 1. Thickness of the CSF blend films in dry and wet state

(um) CSFO CSF3 CSF6 CSF9 CSF12

Dry 42.1+£1.3 44.7+1.5 45.1+0.7 45.2+1.0 45.8+1.0

Wet 62.1+0.6 64.3t1.5 64.4+0.4 64.8+1.5 64.7+0.7
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Fig. 6. Tensile strength (a), elongation (b), and E-modulus (c) of the CSF films in wet state

CONCLUSIONS

1. Cellulose-silk fibroin (CSF films) were prepared by dissolving and blending cellulose
and silk fibroin (SF) in 60% LiBr solution.

2. All of the resultant blend films were transparent, and the films tended to thicken
gradually with increasing SF content.

3. The cross-sections of all of the tested films were observed to exhibit a similar shape
and morphology.

4. The silk Il structure was not well developed in the CSF films because of insufficient
time to form the B-sheet structure of SF. However, regenerated SF affected the crystal
structure of the cellulose in the films and formed intermolecular hydrogen bonds with
cellulose.

5. EDS mapping analysis was confirmed that cellulose and SF were uniformly blended in
the CSF films.

6. The mechanical properties of the dry CSF films were greatly improved with the
addition of an appropriate amount of SF. In contrast with the dry state, the wet films in
the wet state exhibited decreasing the tensile strength and E-modulus with increasing
SF content, whereas their elongation values were higher than those in the dry state.

7. These results are expected to be useful knowledge for biomedical applications such as
biomaterials, skin tissue engineering, and medical dressings.
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