Applied Polymer

SCIENCE

Facile preparation for robust and freestanding silk fibroin films
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ABSTRACT: Silk fibroin film (SFF) with excellent mechanical properties was prepared for the first time with Bombyx mori silk fibroin
as the material and 1-butyl-3-methyl imidazolium acetate ([Bmim]OAc) ionic liquid (IL) as the solvent. The aim was to understand
whether the microstructure of SFF could be modified and whether the mechanical properties were improved when [Bmim]OAc IL
was used as a solution. With this new system, the obtained SFF was easily peeled off of the substrate, and the silk fibroin proteins
retained the o-helix secondary structure (silk I). Further test results show that the tensile strength (126.8-129.7 MPa) and anti-UV
performance were stronger than the silk fibroin regenerated by traditional ways. Therefore, this study provided and identified a new
method with [Bmim]OAc to obtain SFF with strong mechanical properties. This facile preparation and related SFF with excellent
mechanical strength could have potential applications in biocompatible implants, synthetic coatings for artificial skin, and many other
areas. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42822.
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INTRODUCTION

Silk fibroin, produced by the silkworm or Bombyx mori, has
received extensive interest for its wide use in textiles and con-
sumer products, especially in biomedical materials, for deca-
des. The combination of silk fibroin with medical textiles,
such as artificial tendons, blood vessels, and skin grafts, is
attractive for the excellent biocompatibility of the protein
whether in vivo or in vitro."””'® Among them, the silk fibroin
film (SFF), prepared by the drying of the silk fibroin solu-
tion, is the one that was studied first and in the most depth.
However, the brittleness and poor mechanical properties of
SEF limit its applications.'"'* To improve the mechanical per-
formances, many researchers have adopted blending, grafting,
or crosslinking to prepare mixed SFFs.'” This improved the
mechanical properties to some extent, but the introduction of
alien species led to nonuniform degradation and to a decrease
in the biocompatibility, and this narrowed the application
scope. Moreover, harsh conditions, harmful substances resi-
dues, environmental pollution, and so on are obstacles during
the preparation process. Therefore, it is difficult to prepare a

pure SFF with good mechanical properties with the existing
production process.

It is well known that the intrinsic characteristics of the protein
molecule are generally regarded as the main reason SFFs are
brittle and have poor mechanical properties. From the chemical
point of view, silk fiber is a polyamide, one kind of insoluble
protein. The length of the C—N bond in the peptide bond
(—CO—NH—) of the silk fiber chains was 0.132 nm, which was
a little shorter than that of the C—N single bond (0.147 nm)
and longer than that of the C=N double bond (0.127 nm), so
the peptide bond had some rigidity and flexibility in the macro-
molecular backbone of the silk protein.'*'* During the film-
formation process, the structure of silk fibroin transformed
from a curl into a f-sheet structure, which could form large
hydrogen bonds between the side chain and main chain or dif-
ferent side chains and generate the secondary crosslinking
between the molecules as well.'> From the previous analysis, the
main factor that affected the mechanical properties of the film
was the molecular structure of the fibroin protein. Fortunately,
the molecular structure could be adjusted in the dissolution and
filming processes;'® therefore, it will be the key technology for

Additional Supporting Information may be found in the online version of this article

© 2015 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

42822 (1 of 7)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42822


http://www.materialsviews.com/

ARTICLE

the preparation of SFFs with good performances in the selection
of the appropriate solvent and SFF-forming process.

Ionic liquids (ILs) are promising alternatives of green solvents
for their specific properties, such as the negligible vapor pres-
sure, broad liquid regions, high thermal stabilities, and lack of a
burning or explosive point.'” They have been widely used in the
fields of electrochemistry, organic synthesis, separation, and
material preparation for their excellent solubility for inorganic
compounds, organic compounds, and polymer material.'® Swat-
loski et al' found that the IL 1-butyl-3-methyl imidazolium
chloride ([Bmim]Cl) could be used to obtain solutions of up to
25% w/w cellulose. Then, [Bmim]Cl was used to dissolve silk
fibroin, and the temperature was maintained at 100°C. The
resulting IL/silk solutions were used to prepare films with meth-
anol or acetonitrile as coagulants. This was the first research on
silk films prepared from IL systems, but the films obtained
could not be peeled off of the substrate.*** Tsukruk® adopted
layer-by-layer assembly to prepare robust ultrathin SFFs in a
[Bmim]Cl system, but the obtained film was of low elongation
within 0.5-3%, which was significantly lower than the elonga-
tion of 20-30% routine achieved for bulk silk materials and ori-
ented fibrils. Furthermore, the filming process was complex and
hard to control; this greatly limited the wide application of the
technology. On the other hand, with the use of chloride-based
IL as the solvent, although the residual electronegativity chloride
was small, the biocompatibility of the film was reduced.?!

The solubility of silk fibroin in ILs depends on the identity of
both the cation and anion, where the anion had a much larger
effect. The more the cation and anion are able to participate in
hydrogen bonding, the better the solubility of the silk fibroin
is."” According to the previous theory, in this study, the SFFs
were prepared via 1-butyl-3-methyl imidazolium acetate ([Bmi-
m]OAc) solvent as the dope in a simple casting process for the
first time. The negative ion of acetic acid (OAc™ ) was of better
biocompatibility than Cl™, and [Bmim]OAc was of lower vis-
cosity than [Bmim]Cl;** therefore, the film from the [Bmi-
m]OAc system may have had better properties than that from
[Bmim]Cl system. The morphology and mechanical properties
of the film were examined. Moreover, the characteristic of the
SFF, such as the anti-UV properties, swelling ratio (SR), and
porosity ratio, were studied.

EXPERIMENTAL

Materials

[Bmim]OAc was synthesized according to a method reported in
the literature®® (see Scheme S1 in the Supporting Information).
The other reagents were all purchased from Aldrich and were
not purified.

Preparation of the Silk Film in the [Bmim]OAc IL

The silk was obtained from B. mori silkworms (Shandong,
China). Live pupae were extracted from the cocoons before sericin
removal to prevent contamination of the fibroin protein. Silk
fibers were prepared as previously described.” Briefly, silkworm
cocoons were soaked in a 0.5 wt % Na,COj solution, heated, and
kept at 90°C for 1h. *° The silk fiber was then extensively washed
with deionized water and dried overnight in vacuo. Extracted silk
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fibroin fibers were dissolved in [Bmim]OAc IL (made by our lab-
oratory) to form a 15% w/w solution. The dissolution was com-
pleted by the heating of the mixture of the silk fiber and
[Bmim]OAc to 65°C for 10 h. The silk/[Bmim]OAc solution was
used to cast films on glass slides as the substrate, and the substrate
was put aside at 25°C and 65% relative humidity for 1-2h; then,
it was submerged in ethanol as a coagulant, and the IL was
extracted out of the silk solution into the ethanol bath. This
resulted in the crystallization of the silk fibroin protein into the o-
helix secondary structure.'"** After treatment, the SFF was peeled
off of the substrate and placed into a deionized H,O bath and
dried at room temperature.

Preparation of the Traditional Silk Fibroin Film (TSFF)

The degummed silk was dissolved in 9.3 mol/L LiBr and con-
centrated to a 15% protein concentration by 10% poly(ethylene
glycol). The solution was used to cast films on glass slides as a
substrate, and the substrate was put aside at 25°C and 65% rela-
tive humidity for 1-2h. Then, it was submerged in an aqueous
30% w/v ammonium sulfate coagulant solution at 60°C. After
treatment, the film was peeled off of the substrate and placed
into a deionized H,O bath and then dried at room
temperature.”’

Rheological Experiment on Silk/IL Solvent

A solution (100 mL) containing a certain amount of silk was
prepared by the dissolution of the silk in [Bmim]OAc at room
temperature. After it was filtered and ultrasonicated to remove
trapped air bubbles, the final solution was colorless, and the pH
was 7-8. The rheological characterization of the samples was
performed in a C-VOR rheometer from Bohlin Instruments,
Inc., fitted with a cone-and-plate geometry (cone angle = 4°
and diameter =20 or 40 mm) and a circulating environmental
system for temperature control. The rheometer used was a
shear-stress-controlled instrument that applied a torque (force)
and measured the resulting displacement (movement). Torque
and displacement were converted to a rheological format by
means of the measurement of the system constants. To prevent
the drying of the samples during the experiments, a steel ring
with a diameter of 60 mm was placed around the measuring
geometry, the annulus was filled with water, and the sample
holding region was sealed with an insulated cover. As soon as
the sample was introduced into the plate, the data were col-
lected. The test methods used were oscillatory temperature,
time, stress, and frequency sweeps at a constant temperature of
25°C and a pH of 7-8.

Tensile Testing of the Silk Films

The tensile properties were determined by an Instron tensile tes-
ter. We tested the tensile strength of the film by fixing it into
the two gauges. The test specimen was 20mm (length of the
film > 20 mm) with a pulling speed of 10 mm/min. The average
values of the maximum stress and maximum strain were taken
after 10 pieces were tested for each measurement. The porosity
was obtained from the measurement of dimensions and
weight.*

SR of the Films
SR was determined by the immersion of preweighed dry films
in buffer solutions (prepared from Na,HPO, and NaH,PO,,
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pH7.4) at room temperature. The weight increment of the films
was monitored gravimetrically as a function of time. The
weights of the samples in the swollen state at different times
(m/s) were measured after the gentle removal of excess water
with filter paper. The SR was calculated as follows:

m;—my

SR (%)=~
0

where my is the weight of the samples in the dry state.””

Crystalline Structure of the Silk Films

To investigate the crystalline structure of the silk films, wide-
angle X-ray scattering (WAXS) experiments were performed in
transmission mode with a Rigaku D/max-2500 with monochro-
matic Cu Ko radiation (4 =0.1371nm), and the scattering vec-
tor was calibrated with aluminum oxide. The structure of the
films was also analyzed with a Fourier transform infrared
(FTIR) spectrometer (Nicolet iN10, Thermo Fisher) attenuated
total reflection (ATR) objective to eliminate the effect of water
from KBr method, the spectra were collected over the range of
1700-1500 cm ™.

Thermal Properties of the Silk Films

The thermal properties of the silk films were measured in a
thermogravimetric analysis instrument (Netzsch STA 409PC,
Germany) from 50 to 400°C at a heating rate of 10°C/min.

Average Thickness and Cross-Sectional Area of the Films

We evaluated the average thickness and cross-sectional area with
a scanning electron microscope (JSM-6700F field emission scan-
ning electron microscope, JEOL Japan).”® The morphology and
surface roughness of the SFFs were investigated with a Dimen-
sion 3000 atomic force microscope (Digital Instruments) in the
tapping mode according to procedures adapted in the
laboratory.”

Film Stability under UV Light

The film stability against the UV light was studied for silk films
from different synthetic methods. The silk film was exposed to
a UV light from a 300-W Hg—Xe lamp at a constant tempera-
ture (298 K) for 24 h. The variation in the tensile properties of
the films were evaluated with an Instron tensile tester.*

Regeneration and Recycling of [Bmim]OAc

After the casting of the film, the solution in the coagulation
bath was gathered into a flask and was then distilled. During
the distillation, the ethanol was gathered as a fraction, the solu-
tion became thicker, and [Bmim]OAc was obtained. At the
same time, the distillation was terminated, and the flask was
allowed to cool to room temperature. [Bmim]OAc was dried in
vacuo at 60°C for 24h; the recovery rate of [Bmim]OAc and
ethanol was above 90%.

RESULTS AND DISCUSSION

Preparation of the SFF

Silk fibroin is a fibrous protein; however, the microstructure
and porosity of regenerated silk-based films and the features
involved in cell interactions can be changed by the exploitation
of different preparation processes.”’’ ™ In this study, we adopted
a new method for preparing SFFs. A 15% w/w silk fibroin/
[Bmim]OAc solution was used to cast the films onto glass slides
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Figure 1. Regenerated silk film from [Bmim]OAc (SFF). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

as substrates. Before the substrate was put into coagulant to
remove [Bmim]OAc, it was put aside at 25°C and 65% relative
humidity for 1-2h. During this process, the silk fibroin was
exposed at the air—solution interface to ensure enough time for
the high-molecular-weight fibroin chains to self-assemble. The
goal was to generate silk films with a high silk T (a-helix sec-
ondary structure) that more closely mimicked the natural pro-
cess during silk processing.>**** Next, the film was easily peeled
off of the substrate and then dried at room temperature
Through this method, we obtained a freestanding silk film; the
photograph of the film is shown in Figure 1. As shown in Fig-
ure 1, the film was colorless, smooth, and transparent. The film
obtained was macroscopically smooth and uniform, although as
shown in a typical atomic force microscopy (AFM) image [Fig-
ure 2(A)], occasional islands were found on the film surface at
higher magnifications; this indicated some aggregation of the
material in solution before spin casting. The surface micro-
roughness was 20 * 3 nm [Figure 2(B)].

Structure of SFF as Determined by WAXS and FTIR-ATR
Spectroscopy

The structure of the SFF cast from the [Bmim]OAc IL solution
under ambient conditions was determined by WAXS and FTIR—
ATR spectroscopy. In previous studies, three silk fibroin confor-
mations were identified by WAXS diffraction and IR spectros-
copy: random coil, o form (silk I, type II f-turn), and f form
(silk II, antiparallel f-pleated sheet).>® Figure 3(A) shows the
WAXS data for the SFF sample, where the SFF exhibited the
typical crystal structure. The SFF film showed the typical WAXS
diffractogram of the silk I structure, with diffraction peaks at
11.28, 21.52, 22.74, and 27.44°% these corresponded to silk I
crystalline spacings of 0.71, 0.43, 0.40, and 0.31 nm, respectively.
Furthermore, the peak at spacing near 0.72 nm was strong evi-
dence for the silk I structure.’”® No typical diffraction peaks of
silk IT were found for the SFE Thus, the silk fibroin in this film
was mostly in o-helix form.

The structure of SFF was also confirmed by FTIR-ATR spectros-
copy [Figure 3(B)]. The IR spectral region within 1700—
1500 cm ™" was assigned to absorption by the peptide backbones
of amide I (1630-1610cm™ ') and amide II (1600-1500 cm™}),
which have been commonly used for the analysis of different
secondary structures of silk fibroin.”®™*% In this study, there
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Figure 2. AFM image of SFE. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

were two obvious peaks in Figure 3(B). One peak was at
1630cm ™', and this corresponded to the amide I band. The
other peak was at 1574cm” ' and corresponded to amide II; it
was stronger than the peak at 1630cm™'. The FTIR results
show that the film mainly had an o-helix secondary structure;
this was consistent with the WAXS results and confirmed that
the main secondary structure of SFF was an o-helix.

Thermogram of the SFF

The thermogram of the SFF (Figure 4) showed two endother-
mic peaks only, one at about 96°C and one at about 279.2°C;
these corresponded, respectively, to H-bonded water molecule
departure and silk melting-decomposition.’>*' There was no

Relaltive Intensity

Absorbance

exothermic peak, and this implied that silk I was a stable crys-
tal, which never transformed into a i sheet above the glass-
transition temperature.”® In conclusion, the thermogram clearly
evidenced that the SFF had a stable silk I crystal structure; this
was in agreement with WAXS and FTIR spectroscopy.

Rheology of a Silk Fibroin/IL Solution

We also used a novel method to prepare a freestanding silk film
from 15% w/w silk fibroin/[Bmim]Cl solution, but the film
obtained was difficult to peel off of the substrate. It can be sup-
posed that the nature of anions in the [Bmim] IL may have
considerably influenced the physicochemical properties of the
silk fibroin/IL solutions. Therefore, we studied the rheology of
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Figure 3. (A) WAXS and (B) FTIR-ATR spectra of SFF cast from an IL solution under ambient conditions.
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[Bmim]Cl solution and 15% (W/W) silk fibroin/[Bmim]OAc
solution taken as coordinates, the flow activation energy (E,)
was calculated by the slope of the line obtained (Figure 5). As a
result, the E, of the 15% w/w silk fibroin/[Bmim]Cl solution
reached 123.4 kJ/mol, whereas that of the 15% w/w silk fibroin/
[Bmim]OAc solution was only 41.5 kJ/mol. It is well known
that E, indicates that the molecular chain is a minimum energy
to overcome the barrier moving from the original position to
near the hole, and it is relative to the structure of the molecular
chain and not relative to the molecular weight. In general, the
more rigid, the stronger the polarity, or the larger the side
groups of the molecular chain, the higher E, will be.** This sug-
gests that the degree of tangling of silk fibroin molecular chains
was lower in the [Bmim]OAc solution than in the [Bmim]Cl
solution, so the molecular chain only needed to overcome the
low E, to realize movement in the [Bmim]OAc solution; this
was advantageous to the arrangement of the molecular chain.
When the SFF was prepared through the [Bmim]OAc solution,
the molecular chain was arranged along the same direction, and
a uniform texture and high strength in the SFF was easily
obtained. In addition to the force of the hydrogen bonds, van
der Waal’s forces between the silk fibroin molecules formed a
physical crosslinking point, and these crosslinking points in the
silk fibroin/IL solution were in dynamic equilibrium between
constant segregation and recombination, so the system of the
silk fibroin/IL solution formed an instantaneous imitate net-
work structure.”” In the low shearing rate regions, the tangling
points and apparent viscosity remained unchanged; this indi-
cated that the two systems were first in the Newtonian region
(Figure 6)."> When the shear rate increased to a certain extent,
part of the tangling points in the [Bmim]Cl solution divided
and could not regroup quickly, so the apparent viscosity
decreased, and the flow behavior exhibited shear thinning. On
the contrary, for the [Bmim]OAc solution, most of the divided
tangling points could be rebuilt in a timely manner, despite the
fact that the apparent viscosity also decreased, but the rate of
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Figure 5. Curves of the In 1, ~ 1/T slope for silk fibroin/[Bmim]OAc and
silk fibroin/[Bmim]|Cl (1, kJ/mol; T, K), where 1, is the flow activation
energy, T is temperature.

decline was very small; this was relative to the low E, and the
flexible molecular chain. In a word, the silk fibroin/[Bmim]OAc
solution had a low E, and a relatively stable apparent viscosity;
it was advantageous that the silk fibroin molecular chain over-
came the barrier and supplied the defects in a timely manner to
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Figure 6. Apparent viscosity of 15% silk fibroin/[Bmim]OAc and 15% silk
fibroin/[Bmim]|Cl. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 1. Mechanical Properties of SFFs with Different Fabrication Processes
SEM AFM Tensile Elongation Tensile
thickness roughness strength at break Porosity strength
Film? (um)® (nm)° (MPa) (%) SR (%) (%) (MPa)®
SFF 4.63 20+3 1283+15 175+x22 36.8+1.5 556+0.5 120.8+1.5
TSFF 597 22+5 65.0+1.3 20+x20 259+1.2 19.1+0.6 31.3+13

2All of the films were dried under identical conditions after treatment.

®For SEM of SFF and TSFF, see Figure S2 in the Supporting Information.

¢For AFM of TSFF, see Figure S3 in the Supporting Information.
9Treated with UV.

the process of filming. Therefore, a pure freestanding SFF was
easily obtained with [Bmim]OAc as the solvent.

Mechanical Properties of SFF

We also studied the mechanical properties of SFF and compared
them with TSFF; the related results are shown in Table I. As
shown in Table I, the tensile strength of SFF was 126.8 MPa;
this was greater than that of TSFF (62.4 MPa), and the elonga-
tion of SFF was slightly lower than that of TSFE. This could be
explained as follows. To remove the low-molecular-weight com-
ponents present in the original degummed silk, TSFF was pre-
pared by reverse dialysis against poly(ethylene glycol) in our
process for concentrating silk fibroin, whereas fibroin fragments,
larger than approximate 12 kDa and produced by chain scission
in the LiBr during dissolution, were retained.** Of course,
poly(ethylene glycol) could not be transferred to the solution
during reverse dialysis and could not contribute to the mechan-
ical properties of TSFE. However, for the large fibroin fragments
in the LiBr solution, fibroin molecules aggregated and caused
orientation asymmetry. This hypothesis was confirmed by the
image on the cross section of film from scanning electron
microscopy (SEM; Figure S1). As shown in Figure S1 (see the
Supporting Information), the cross section of SFF (Figure S1B)
was smooth and uniform, but the cross section of TSFF was
rough, uneven, and inadequate (Figure S1A). It is a general
truth that the orientation and crystallinity of fibroin molecules
affects the intensity of films. With increasing degree of orienta-
tion, the degree of order and crystallinity were enhanced. Fur-
thermore, the strength of the film was amplified, and the
elongation was lessened. It is worth noting that the porosity of
the SFF was 55.3%, but that of TSFF was only 18.9% (Table I).
This difference was also caused by the fibroin molecule aggrega-
tion and orientation in different preparation systems. In the
[Bmim]OAc system, the silk fibroin dissolved completely, so the
fibroin molecular uniformly dispersed. When SFF regenerated,
the fibroin molecules were rearranged by the stable antiparallel
B-sheet structure, so the shapely pore formed.** On the

contrary, in the LiBr system, there was a much larger fibroin
molecular aggregate, and this led to an unordered molecular
orientation during the formation of TSFE. Therefore, the poros-
ity of TSFF was low, and as a result, the SR of TSFF was also
lower than that of SFF (Table I). Interesting, from 126.8 to
120.2 MPa, the tensile strength of SFF decreased about 5.2%
after UV treatment for 24h, but for the TSFE the tensile
strength decreased up to 51.4% from 62.4 to 30.3 MPa (Table
I). This proved that the SFF made by the new method could be
more resistant to UV than the routine method. This could be
better explained by the silk fibroin molecular alignment. In SFF,
it was more loose and orderly than in TSFE Therefore, when
UV was irradiated on the two different films, the good orderly
molecular alignment of SFF could refract some section of UV
to slow the intensity change of UV, and at the same time, the
tensile strength of SFF slightly decreased when compared with
TSFE. In brief, [Bmim]OAc was an excellent solvent for the silk
fibroin to prepare films with outstanding mechanical properties,
and this new simple method would promote the deep develop-
ment of SFFs through various aspects.

Regeneration of [Bmim]OAc

The regenerated [Bmim]OAc was used as a solution to dissolve
silk fibroin to prepare the films. The properties of SFFs pre-
pared with the recycled [Bmim]OAc are shown in Table II. As
shown in Table II, the SFFs also had good properties when
[Bmim]OAc was used for the second time. This suggested that
[Bmim]OAc had excellent stability and could be recycled. Fur-
thermore, this new simple method for preparing SFFs involved
only three materials: [Bmim]OAc, ethanol, and silk fibroin.
Among them, [Bmim]OAc and ethanol were both recovered by
distillation and showed almost no loss, especially for [Bmi-
m]OAc. Therefore, the results of the mechanical properties of
SFFs from the regeneration of [Bmim]OAc indicated that the
new method for the preparation of SFF was an environmentally
friendly and cheap process.

Table II. Mechanical Properties of SFF from the Regeneration of [Bmim]OAc as the Solution

SEM thickness AFM roughness

Tensile strength

Elongation at

Number (um) (nm) (MPa) break (%) SR (%) Porosity (%)
1 4.63 203 1283+1.2 17.5+25 36.8+0.4 55.6+0.3
2 4.62 21+2 126.5+1.3 16+2.0 36.0+0.35 55.0+x0.2
3 4.59 213 1246+1.2 17=2.0 36.6+04 55.3+04
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CONCLUSIONS

In this report, we described and evaluated a novel and environ-
mentally friendly process of the integral film formation of silk
fibroin that overcame the limitations of previous process. The
SFF obtained had a uniform and smooth cross section and crys-
tal structure close to an o-helix secondary structure. It is impor-
tant to emphasize that the SFF obtained with [Bmim]OAc as a
solution had better mechanical properties, especially freestand-
ing, than those found in previous studies. The improved
mechanical and freestanding properties of the SFF prepared in
this study contributed to its use in biomedical applications,
such as hernioplasty, skin, or wrinkle filling. Moreover, cheap
waste silk as a feedstock and the recycling of [Bmim]OAc and
ethanol made it economic. Importantly, our film-formation
process can be carried out under clean, sterile, and carefully
regulated conditions.
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