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ABSTRACT: Silk fibroin, a biodegradable component of silk, is increasingly used for various applications and studied intensively.
Recently, a technique for preparing nanofibers without using chemicals has been gaining attention from the environmental impact
and safety perspectives. This study focuses on the structure observation of ground silk fibroin (GF) prepared using a grinding
method, which is a physical nanofibrillation method. The fabricated nanofiber samples were examined in detail using the X-ray
diffraction (XRD), differential scanning calorimetry (DSC), micro Raman spectroscopy, and atomic force microscopy (AFM)
techniques. The nanofibrillated structures were observed in both GF and regenerated silk fibroin (RF) samples prepared using the
conventional method. As results, AFM images showed that the nanofibril diameter of GF was about 1.64 nm and that of RF was
about 0.32 nm. Methanol treatment induced a structural transition from a random coil to a β-sheet for the RF film, but it had no
effect on the GF film. Thus, it is suggested that the grinding method provides not only ultrafine silk fibroin nanofibers without using
toxic reagents but also resistance to reagents such as methanol.

1. INTRODUCTION

Silk is the only long fiber among natural fibers and has
excellent characteristics such as luster, dyeability, and moisture
retention. It has been long used for clothing and has been part
of human existence since ancient times. Silk fibroin, which is
the main component of silk, is a biodegradable polymer of
natural origin and has high biocompatibility. Thus, it is used
not only as a fiber for clothing but also as a biocomposite, an
environment friendly material.1−4 Recently, silk fibroins have
been gaining attention, particularly in the field of regenerative
medicine for use as scaffolds and membranes in tissue
repair.5−7

As silk fibroin is generally insoluble in water, it can be
dissolved in a highly concentrated neutral salt solution such as
aqueous solutions of calcium chloride, lithium bromide, or
formic acid. An aqueous fibroin solution is obtained from the
dialysis of the solution.8,9 The aqueous regenerated fibroin
(RF) solution has a random coil or α-helix type structure;
however, when it is immersed in polar solvents, such as
methanol and ethanol, the higher order structure is trans-

formed to an antiparallel β-sheet structure.10 A similar
transition also occurs under heat treatment.11,12 The gelation
of the aqueous RF solution easily proceeds due to the unstable
structure of the random coil or α-helix in water. The transition
from the random coil to the antiparallel β-sheet occurs during
gelation.13−15 Temperature and pH, as well as the amounts of
calcium ions and polyethylene oxide (PEO), affect the gelation
of the fibroin.16 As described above, an organic solvent or toxic
chemical is needed to prepare an aqueous RF solution using
the conventional method. This is how traditional approaches
chemically dissolve silk fibroin. In a previous study, Zhao et
al.17 used the ultrasonic method to fabricate the silk fibroin
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nanofibers, but the fabrication process was slow and many
fibers with non-uniform diameters of more than 1 μm were
observed. Recently, a study has succeeded in producing an
aqueous fibroin solution directly from silkworm cocoons by
grinding without utilizing any organic solvent.18,19 Hence, it is
a physical nanofibrillation method, not a chemical one. The
fibroin film, which was prepared using the ground silk fibroin
(GF) solution obtained by grinding, had superior mechanical
and thermal properties compared with those prepared from RF
solutions. Moreover, it was found that the grinding process
could microfibrillate the fibroins while maintaining the β-sheet
structure without dissolving them. However, there are only a
few studies that investigate the relationship between the
nanostructure and higher order structures of silk fibroins
produced using the grinding method.
As GF can be produced simply and chemical-free, this

process is expected to be applied in many fields including the
field of tissue engineering where biocompatibility is required.
Therefore, it is interesting to examine in detail and compare
the fibril diameter and surface morphology of finely fibrillated
silk fibroins produced using the physical nanofibrillation
grinding method with those produced using the conventional
chemically nanofibrillation method. This study aimed at
investigating the characterization of ground silk fibroin through
comparison of nanofibroin and higher order structures.

2. EXPERIMENTAL SECTION
2.1. Materials and Preparation of Silk Fibroin

Solutions. The cocoons of Bombyx mori (silkworm) supplied
from Nagasuna Mayu Inc. in Japan were used as a raw material
in this experiment. To extract fibroin, sericin had to be
removed; thus, the cocoons were boiled in a 0.9 wt % aqueous
sodium carbonate solution at 95 °C for 120 min and the
solution was then dried to obtain purified fibroin. The
production of RF followed the method of Yamada et al.12

First, 1 g of purified fibroin was completely dissolved in 20 mL
of 60 wt % lithium bromide solution and stirred at 60 °C using
a magnetic stirrer for 4 h. Subsequently, the dissolved fibroin
solution was placed in a cellulose tube and dialyzed with tap
water at room temperature for 1 week. The aqueous RF
solution that was obtained after the dialysis and the gelled
regenerated fibroin (RFG: regenerated fibroin gel) solution at
room temperature were used as sample solutions in this
experiment. The GF was prepared according to the method
presented by Okahisa et al.18 The purified fibroin powder was
washed with distilled water to prepare a mixture of purified
fibroin and water. A 1 wt % fibroin suspension was prepared by
passing four times through a grinder (MKCA 6-3, Masuko
Sangyo Co., Japan) with a rotating grinding stone (MKGC 6-
120, Masuko Sangyo Co., Japan) at 1500 rpm.
2.2. Characterizations. To evaluate the crystalline

structures of silk fibroin films, X-ray diffraction (XRD) patterns
were obtained using an RINT-2500 (Rigaku Co., Tokyo,
Japan). The camera distance was fixed at 60.76 mm, and the
exposure time was 30 min. Differential scanning calorimetry
(DSC, DSC-60A Plus, Shimadzu Co. Ltd., Japan) was also
used for evaluating the crystalline structure of each silk fibroin
film. Differential scanning calorimetry heating run curves were
recorded at 5 °C/min from 10 to 250 °C under a nitrogen gas
flow rate of 100 mL/min. The amount of sample used for DSC
was approximately 5 mg. Laser Raman confocal microscopy
(LabRAM HR-800, HORIBA, Ltd., Japan) with a 633 nm
excitation laser source was used for the analysis of the chemical

structures of silk fibroin films prepared from each method. The
exposure time was set at 5.0 s, and the number of scans was set
at 5 for single-spectrum measurements. Cast films prepared on
glass substrates and naturally dried at room temperature were
used as samples for XRD, DSC, and micro Raman spectros-
copy measurements.
Atomic force microscopy (AFM, AFM 5100 N, Hitachi

High-Tech Science Co., Tokyo, Japan) was used to observe the
surface morphology of the sample. The measurement mode
was the dynamic force mode (DFM). The cantilever tip used
was an OMCL-AC200TS (Olympus, Tokyo, Japan). The
nanostructure of the fibroin molecules was observed over a 1 ×
1 μm area. Samples for AFM analysis were prepared by casting
the fibroin solution, diluted with pure water, on a mica
substrate according to the method presented by Yamada et
al.12 Each dilute solution was allowed to stand for a certain
time, and the supernatant liquids were then used for fabricating
monolayers. All AFM samples were used after natural drying at
room temperature.

3. RESULTS AND DISCUSSION
X-ray diffraction measurement is a useful technique to
determine the crystal structure of silk fibroin. In general, raw
silk fibroin has two forms, Silk I and Silk II. Silk I has a water-
soluble helical structure that mainly exists in the silk gland
before spinning and undergoes a structural change to a water-
insoluble Silk II structure, which consists of a β-sheet type. The
transition from Silk I to Silk II is known to occur due to a
number of factors, including the removal of water molecules
and calcium ions and the external forces during the natural
spinning process.20 Figure 1 shows the results of XRD

measurements for each silk fibroin film and raw silk fibroin.
The diffraction peaks were observed at 20.6° and 24.4° for
RFG, GF, and raw silk fibroin. Generally, diffraction peaks
between 20° and 21° indicate the Silk II structure, which is a β-
sheet form, while diffraction peaks between 24° and 25°
indicate a Silk I structure, which is a helical silk protein
structure.21,22 Therefore, RFG and GF are considered a mixed
state of Silk I and Silk II crystals. In addition, it was evident
that the crystallinity of these films increased according to the
following order: raw silk fibroin < RFG < GF. In contrast, RF
was considered to have an almost amorphous structure as it did
not show significant diffraction peaks.
Figure 2 shows typical DSC curves of each silk fibroin film

from 10 to 250 °C. From the DSC results, the endothermic
peak between 40 and 140 °C, which was due to the
evaporation of bound water, was observed in each curve.23,24

Figure 1. X-ray diffractograms of each sample.
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The small endothermic peak at approximately 200 °C
corresponded to the glass transitions. The exothermic peak
in the RF curve was observed at approximately 220 °C, which
means that the crystallization was induced by the effect of
heating. Motta et al.24 and Lu et al.25 reported the
crystallization peak of regenerated silk fibroin at approximately
213 °C, while Um et al.9 reported it at approximately 228 °C.
However, the same peak was not observed in the RFG and GF
curves. These results mean that the amorphous structure of RF
was transformed to an antiparallel β-sheet structure and that
RFG and GF had been sufficiently crystallized.
Each sample film was analyzed using micro Raman

spectroscopy to identify differences in the higher order
structures of raw silk fibroin, GF, and RFG samples. Figure 3
shows the Raman spectra of each silk fibroin film, while Table
1 summarizes the Raman band assignments for the silk fibroins
employed in this research. The peaks near 3285 cm−1, which
corresponds to N−H stretching in β-sheets, were observed in

the RFG and GF spectra, while no peak could be observed in
the same area for RF.26 The peaks near 3062, 2934, and 2876
cm−1 were observed in each spectrum; however, only the peak
in RF was shifted to a lower wavenumber at approximately 5
cm−1. The peak near 1666 cm−1, which corresponds to the
CO stretching in β-sheets of amid I,27 was observed in the
RFG and GF spectra, while there a was small and broad peak
observed in the RF spectrum. In addition, the peaks near 1267
and 1230 cm−1, which correspond to the β-sheets of amid III,27

were observed in the RFG and GF spectra, while there was no
peak in the same area for RF. These results indicate that the
RFG and GF have crystallized regions. This result is in good
agreement with the XRD results. However, it should be noted
that the Silk I and Silk II peaks could not be separated from the
amide I peak in the Raman spectra. According to Monti et al.27

the Raman peaks of random coil conformation and the Silk I
form are very similar and cannot be distinguished.
Furthermore, Raman spectroscopy is not suitable for character-
izing the Silk I form in the presence of a random coil
conformation. Therefore, a successful combination of XRD
and Raman measurements will allow us to identify the detailed
structure of silk fibroin. In addition, only GF has a peak at
1401 cm−1; RF and RFG had no peak in this region. The
polarized intensity ratio of the Raman bands at 1401 cm−1 is
well correlated with the molecular orientation of β-sheets in
silk fibers,28 and the lattice vibration of crystals is generally
observed in lower wave numbers. The resulting crystallinity
determined by XRD also indicates that GF was more
crystallized than RFG. The Raman spectra results show that
RFG had a higher order structure, which was intermediate
between RF and GF. Furthermore, similar to previous
studies,13−15 it was shown that the RFG was transformed
from a random coil type to an antiparallel β-sheet structure
through gelation. It was also reported that silk fibroins
maintain the raw silk fibroin structure without sericin.18

Results from the Raman microscopy, XRD, and DSC indicate
that RF had an amorphous structure, while both RFG and GF
had a crystalline structure; however, RFG and GF had slightly
different conditions.
In previous studies,12,29 the diameter of the silk fibroin

molecular chain has been measured by casting its dilute
solution onto a mica substrate to produce monolayers, which
have been estimated by measuring the height of each molecular
chain by AFM. Thus, to evaluate the difference of the
nanostructure of silk fibroin (RF and RFG) chemically
dissolved in aqueous lithium bromide from that of silk fibroin
(GF) physically fibrillated through grinding, monolayers from
each dilute solution were fabricated on a mica substrate for

Figure 2. Typical DSC curves of each silk sample.

Figure 3. Raman spectra of each sample in the wavenumber range of
(a) 3500−2700 and (b) 1800−1200 cm−1.

Table 1. Raman Band Assignments for Silk Fibroin

Raman band (cm−1)

GF RFG RF intensitya assignment

1230 1230 m amide III (β-sheets)
1267 1267 m amide III (β-sheets, disordered)
1401 m β-sheets in silk fibers
1449 1449 1455 m br CH2-, CH3-bending modes
1666 1666 1671 vs amide I (β-sheets)
2876 2876 2882 s CH3 symmetric stretching
2934 2934 2941 vs CH3 asymmetric stretching
3062 3062 3065 m C−N−H bending
3285 3285 m br N−H stretching (β-sheets)

as, strong; m, medium; br, broad; and v, very.
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AFM measurements. It should be noted that each dilute
solution was allowed to stand for a certain time and the
supernatant liquids were then used for fabricating monolayers.
Figure 4 shows the AFM results on the surface morphology of

each sample. The upper photos are the morphology images,
while the lower photos are the phase images. In all samples,
nanosized fibrils with thread-like structures were observed;
however, the shapes of RF, RFG, and GF fibers looked
different as shown in the AFM results. Compared to GF, RF
and RFG had finer thread-like structures, which correspond to
silk fibroin molecular chains.12,29 Choi et al.30 found no
correlation between surface roughness and crystallization of
the fibroin thin film when treated with ethanol or methanol as
observed through AFM. In contrast, Yamada et al.12 reported
that when an ultrathin fibroin film, prepared with an aqueous
solution of CaCl2, was treated with methanol, the network
structure shrinks and changes to a β-sheet structure having a
height of 1.3 nm. To confirm whether RF would exhibit the
same morphology as GF when the RF structure converts to an
antiparallel β-sheet, the RF film was treated with methanol and
then observed through AFM. In addition, a methanol
treatment was similarly performed on a GF film as a
comparative control experiment, which was also subjected to
AFM analysis.
Figure 5a shows the AFM results for RF and GF before and

after methanol (MeOH) treatment. Figure 5b shows a cross-
sectional graph of the topological images of RF and GF before
methanol treatment in the dotted line of Figure 5a. The red
arrows correspond to typical single-molecule heights. In the RF

Figure 4. AFM images of each sample surface: upper photos,
topological images; lower photos, phase images.

Figure 5. (a) AFM images of the RF and GF sample surfaces before and after methanol (MeOH) treatment, and (b) cross-sectional graphs of RF
and GF before methanol treatment in the dotted line of (a).
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film, the appearance was clearly different before and after
methanol treatment. However, for the GF film, the influence of
the methanol treatment on its morphology was hardly
observed. Thus, the fiber diameter was calculated from the
AFM image data to compare the fiber shapes of both samples
before and after methanol treatment. As AFM was used in
previous researches,12,29 it gives the correct value in the Z
direction (height) but does not give accurate values in the XY
directions due to the influence of the radius of the cantilever
tip on horizontal resolution, particularly when the object to be
observed is smaller than the curvature radius of the tip. Thus,
only the height of the thread-like structures was calculated in
this research.
Figure 6 and Table 2 show the average diameters of the

fibroin fibers of both samples before and after methanol

treatment. The average diameter of RF before methanol
treatment was 0.32 nm with a standard deviation of 0.15.
Previous work of Inoue et al.29 found the height of S. c. ricini
wild silk fibroin on a mica surface to be 0.4 nm, and previous
work of Yamada et al.12 also found the height of Bombyx mori
silk fibroin on a mica surface to be 0.3−0.4 nm, which were in
good agreement with the 0.32 nm diameter of the RF
measured in this research. In contrast, the average diameter of
GF was 1.64 nm with a standard deviation of 0.55. Although
the mean diameter of GF was larger than that of RF, ultrafine
GF nanofibrils of 2 nm or less could be obtained using the
grinder method. On the other hand, the average diameter of
RF after methanol treatment was 1.07 nm with a standard
deviation of 0.36. The average diameter after treatment was
about 3.3 times larger than that before methanol treatment.

According to a previous research,12 the thickness of a β-sheet is
approximately 0.57 nm based on the molecular structure of the
antiparallel β-sheet. Therefore, the fiber structure observed in
this study, which has a diameter of 1.07 nm, possibly consisted
of a couple of antiparallel β-sheets. However, the average
diameter of GF after methanol treatment was 1.84 nm with a
standard deviation of 0.71. There was no substantial change in
the mean diameter of GF before and after methanol treatment.
It should be noted that the surface morphology hardly changed
based on AFM observations even when the methanol
treatment was performed on a random coil-type ultrathin
film, which was not only composed of a single molecular chain
but also of aggregated chains.12,30 Thus, it was assumed that
the surface morphology change due to methanol treatment was
hardly observed because the GF fiber, which was obtained
through grinding, was formed from several fibroin molecular
chains with the β-sheet structure instead of a single-fibroin
molecular chain with the random-coil structure. Considering
the XRD, DSC, and Raman microscopy results, the increase in
the RF fiber diameter after methanol treatment was due to the
transition from the random coil type to the antiparallel β-sheet
structure.12 More recently, Liang et al.31 reported that
nanofibrils with several tens of nanometers in diameter could
be made from raw silk fibroin using a mill and homogenizer.
However, our study succeeded in fabricating ultrafine silk
fibroin nanofibers with a diameter of approximately 1.6 nm
with the β-sheet structure through physical microfibrillation
grinding. We believe that the structure of the ultrafine
nanofibrils, which is similar to that of the raw silk fibroin,
leads to heat resistance and excellent mechanical properties as
shown in previous research.18,19 Since high mechanical
properties such as tensile modulus and strength are important
considerations in the development of silk fibroin films and
scaffolds for tissue engineering applications, silk fibroin
nanofibers with the β-sheet structure obtained in this research
have potential applications in scaffolds. In addition, the GF
fiber was found to have a nearly β-sheet structure where it was
not affected by the methanol treatment.

Figure 6. Frequency distribution diagram of fiber diameter, (a) untreated RF, (b) MeOH treated RF, (c) untreated GF, and (d) MeOH-treated
GF.

Table 2. Average Diameters and SD Values of RF and GF

parameter RF RF after MeOH GF GF after MeOH

dave (nm) 0.32 1.07 1.64 1.84
SDa 0.15 0.36 0.55 0.71

aSD: Standard deviation
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4. CONCLUSIONS

In this study, the nanostructures and surface morphologies of
silk fibroin films, which were fabricated from two types of
fibroin solutions and prepared using the traditional grinding
method, were evaluated in detail using the XRD, DSC, Raman,
and AFM techniques. The XRD, DSC, and Raman results
indicated that the RF thin film had an amorphous structure,
whereas the GF had an antiparallel β-sheet structure
corresponding to Silk II. The AFM results showed that when
methanol was dropped on the substrate of the RF thin film, the
RF diameter increased and approached the GF diameter due to
the change in the structure from the random coil to the
antiparallel β-sheet, while the thread-like fibril of GF was not
affected by methanol treatment. These results suggest that the
GF has a nanofibrillated structure with an almost β-sheet
structure. The conventional methods for obtaining fibroin
molecules are the dissolution treatment using neutral salts or
the direct extraction of fibroin from the middle silk gland of the
silkworm. However, the grinder method is capable of direct
nanofibrilization of silk fibroin without the use of organic
solvents as well as the ultrasonic and homogenization methods.
We expect this simple grinder method to be widely used for
scaffolding materials and other filters.
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