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Solid-state NMR studies for the development of
non-woven biomaterials based on silk fibroin and
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Silk fibroin (SF) possesses several characteristics that are favorable for tissue engineering. However, the mechanical properties

must be modified in some cases. For instance, soft tissues such as those of the circulatory system are more elastic than tissue-

engineered materials. The development of polymer blends is a simple method with the potential to provide materials with

extended useful properties. In this study, we developed a non-woven SF and thermoplastic polyurethane-blend sheet from

a polymer solution. The structure and miscibility of the blend sheet was evaluated using solid-state nuclear magnetic resonance

(NMR) methods. In the 13C cross-polarization and magic angle spinning NMR spectra, no peak shift was observed between the

pure and blended samples. The miscibility of the sample was investigated using proton spin-lattice relaxation times in the

laboratory frame (T1H). The T1H measurement clearly revealed that the molecular chains of SF and Pellethane exist in close

proximity of several tens of nanometers.
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INTRODUCTION

Silk fibroin (SF) from Bombyx mori is a good candidate for
regenerative medical materials because of its high biocompatibility,
slow biodegradation and superior workability.1–3 The fibers of SF
consist of highly organized β-sheet structures in crystalline regions that
are responsible for the water insolubility and the high strength of the
material.4,5 SF also contains several semi-crystalline and amorphous
regions that are responsible for the water solubility and elasticity.
However, because of the high ratio of crystalline regions in SF fibers,6

the elasticity of SF is insufficient for developing medical scaffolds that
are suitable for use in soft tissue. The low elasticity creates several
problems, including a highly fragile material and a mismatch in
mechanical properties with soft materials. It is very important to
match the mechanical properties of the medical scaffolds with the
target tissue because a mismatch causes serious problems such as
aneurysm or occlusion, particularly in circulatory system tissues.7

Therefore, adjustment of the mechanical properties is one of the
most important topics to investigate in the development of a new
medical scaffold for soft tissues such as circulatory system tissue
engineering.
Development of polymer blends is a simple method with

the potential to provide materials with extended useful properties.
Understanding the structure and miscibility in the blended materials is
of interest because they influence the mechanical properties.

In this study, Pellethane (2363-80 AE, Lubrizol Co., USA) was
selected for use as an elastic material because it is the only medical
grade thermoplastic polyurethane that is available, and it has been

used for decades in the fabrication of implantable devices for soft
tissues. In addition to the unique characteristics of polyurethanes,
including biocompatibility, toughness and functionality, significant

improvement has been to the biostable mechanical properties.
However, the mechanical properties may suffer from excessive plastic
deformation or limited biostability, especially in porous implant

applications. By blending SF and Pellethane, we aim to combine the
elastic character of Pellethane and the high strength of SF in a non-
woven blend sheet to prevent such deformations. An electrospinning

method was applied to an SF/Pellethane blend polymer solution to
fabricate non-woven sheets that mimic bio-tissues. Non-woven sheets

that have a similar fiber diameter and pore size to bio-tissues are
anticipated to promote cell compatibility and invasion into the sheet
when used as a medical scaffold. SF consists of heavy (H) and light (L)

chain proteins that are linked by a single disulfide bond.2 A previous
analysis of the B. mori gene determined that the fibroin amino
acid sequence is 5263 residues long and that the molecular weight

is 391 367 Da.8

Solid-state nuclear magnetic resonance (NMR) is a powerful tool
for elucidating the morphology and miscibility of blended materials.
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In this paper, the molecular structures of pure SF, Pellethane and
a SF/Pellethane-blended non-woven sheet were investigated using
13C spectra obtained by the combined use of cross-polarization and
magic angle spinning methods. The miscibility of the SF/Pellethane-
blended non-woven sheet was evaluated using the proton spin-lattice
relaxation times that were estimated from the well-resolved 13C signals.

EXPERIMENTAL PROCEDURE

Production of SF/Pellethane composite non-woven sheets
Aqueous solutions of SF from B. mori were obtained by dialyzing
degummed fibers dissolved in 9.0 M LiBr (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) against ultra-pure water according to
a previous study.9 In the current study, the final concentration of the
SF solution was 10 (w/v)% at 37 °C. Cellulosic dialysis membranes
with a molecular weight cut-off of 14 000 were used for this process.
SF sponges were obtained by lyophilization of diluted SF aqueous
solutions (1 (w/v)%). The obtained SF sponge and Pellethane were
blended in a weight ratio of 5/5 and dissolved in 1,1,3,3,3-hexafluoro-
2-propanol (HFIP, Wako Pure Chemical Industries, Ltd) at 6 (w/v)%.
Next, the SF/Pellethane HFIP solution was transferred to a syringe
fitted with a needle and electrospun for 3 h at 12 μl per minute of the
injection speed with a high-voltage power supply under laboratory
conditions (Esprayer ES-2000S, Fuence, Tokyo, Japan). The distance
between electrodes was fixed at 10 cm. The applied voltage was
regulated at 16 kV. An aluminum plate was used as a collector. The
obtained non-woven sheets were dried in air overnight, then exposed to
100% relative humidity at 37 °C for 24 h to convert the structure of SF
into its insoluble form. Pure SF and Pellethane sheets were also
prepared using the same method except the applied voltages in
electrospinning process were changed to 17 and 20 kV, respectively.

Characterization of SF/Pellethane complex non-woven sheets
Scanning electron microscopy measurements. After sputter gold coat-
ing, the surfaces of the non-woven sheets were observed using a
scanning electron microscope (JEOL Ltd. JSM-6510, Tokyo, Japan) at
an applied voltage of 10 kV. The diameter of the fibers was calculated
using ImageJ software. The measured fibers were randomly selected
from 50 fibers in each image. All results are presented as the mean
standard deviation. Statistical analysis was carried out based on one-
way analysis of variance test and the differences were considered
significant at *Po0.05.

Solid-state NMR measurements. The structure of the non-woven
sheets was evaluated following the humidity treatment. All solid-state
NMR measurements were performed using a Varian NMR system
400WB spectrometer (Agilent Technologies, Santana Clara, CA, USA)
with an operating frequency of 100.57 MHz for 13C using a 6.0-mmϕ
rotor. The magic angle spinning rate was set to 7 kHz and the
TPPM method was used for 1H decoupling. The 13C chemical
shifts were measured relative to tetramethylsilane using the methine
carbon signal at 29.47 p.p.m. for solid adamantine as an external
standard. 13C spectra were obtained from the combined use of
cross-polarization and magic angle spinning. The contact time of
cross-polarization was 1 ms. Proton spin-lattice relaxation times in the

laboratory frame (T1
H) were indirectly measured from the well-

resolved 13C signals enhanced by cross-polarization of 1 ms applied
after the inversion-recovery pulse sequence for 1H.

RESULTS AND DISCUSSION

Morphological observation
Figure 1 depicts the scanning electron microscopy images of the
fabricated non-woven sheet samples of pure SF (a), the SF/Pellethane
blend (b) and pure Pellethane (c). The scanning electron microscopy
images clearly indicate that all of the sheet samples consisted of long
electrospun fibers. The fiber diameter was determined to be approxi-
mately 1 μm in each sample. No significant difference was observed
between the fiber diameters of the three samples. The measured
diameters were as follows: SF sheet: 1.1± 0.3 μm (Figure 1a),
SF/Pellethane sheet: 1.2± 0.4 μm (Figure 1b) and Pellethane sheet:
1.2± 0.3 μm (Figure 1c).
The blended sheet exhibited more continuous fibers compared

with the pure SF sample. The electrospinning process was successful
for the SF/Pellethane-blended sheet, producing a material with a large
surface area and porous structure. Such a structure is desirable for
cell and tissue incorporation and the growth of tissue engineering
materials because it is similar to the structure of the extracellular
matrix of native tissue.10

Structural evaluation
The 13C cross-polarization/magic angle spinning NMR spectra of pure
SF, pure Pellethane and the SF/Pellethane-blended non-woven sheets
are displayed in Figure 2 along with their peak assignments. The
spectrum of SF is in good agreement with a previously measured
spectrum.11 The detected chemical shifts of the pure SF non-woven
sheet (a) indicate that the sheet mainly consisted of a β-sheet structure
(19.6 p.p.m. from Ala Cβ, 42.4 p.p.m. from Gly Cα, 48.7 p.p.m. from
Ala Cα, 169.1 and 171.8 p.p.m. from the carbonyl carbons of Gly
and Ala, respectively).11 Shoulder peaks at approximately 51 and
177 p.p.m. that are assigned to Ala Cα and the carbonyl carbon,
respectively, and a peak at 16.9 p.p.m. that is assigned to Ala
Cβ suggest that the pure SF non-woven sheet partially includes
β-turn and/or α-helical conformations, although these morphologies
cannot be confirmed only from the chemical shifts. Several types of
conformations are known to be possible in SF depending on the
species of silkworm and the conditions of sample preparation.
Previous studies have shown that SF from B. mori adopts two
dimorphic structures in the solid state: silk I and silk II.12,13 Silk I is
less stable compared with silk II and rapidly undergoes a transition to
the silk II conformation after spinning. Thus, the current spectrum
reflects the structure of silk II. A recent study of SF/Polyurethane-
blend films demonstrated that the mechanical properties of the films
were strongly correlated to the silk content.14 However, the structural
properties of SF, which are influenced by treatment methods and
manufacturing methods, have a significant impact on the mechanical

Figure 1 SEM images of SF (a), blend (b) and Pellethane (c) non-woven sheets. Scale bar, 10 μm. SEM, scanning electron microscopy; SF, silk fibroin.
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properties. Here, we evaluated the effect of the treatment and
manufacturing methods on the SF structure.
The spectrum of the pure Pellethane sheet (Figure 2c) contains two

sharp methylene (CH2) peaks, indicating high mobility of the CH2

chains. The spectrum of the SF/Pellethane blend (Figure 2b) shows
complete superposition of the spectra of pure SF and pure Pellethane.
This measurement clearly revealed that Pellethane does not break the
microstructure and morphology of SF. Furthermore, the high chain
mobility of Pellethane was also not affected by the presence of SF
because the linewidth of the CH2 peak remained unchanged.

Miscibility evaluation
Figure 3 depicts the proton spin-lattice relaxation (T1

H) curves
obtained from the Ala Cβ peak at 16.9 p.p.m. of pure SF (filled square

symbols) and the CH2 peak at 27.0 p.p.m. of Pellethane (filled circle
symbols). Solid lines represent the results of the least-squares fitted
T1

H decay times of pure SF and Pellethane, and the slopes indicate the
T1

H relaxation times. The estimated T1
H value of SF was 1.01 s and

that of Pellethane was 0.55 s. Open symbols represent the T1
H decay

times obtained from the SF/Pellethane blend sheet. Open circles
represent the Pellethane CH2 carbon of the blend sheet and the
squares represent the SF Ala Cβ. The curves rapidly approach each
other, indicating efficient 1H spin diffusion between SF and Pellethane
on the T1

H timescale. When fast 1H spin diffusion occurs between SF
and Pellethane domains, their different spin energies are averaged and
become identical. Thus, the distinct T1

H values converge to the same
value. Moreover, such a phenomenon occurs when the polymers are in
close proximity within several tens of nanometers.15 The T1

H value of

p.p.m. from TMS
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Figure 2 13C CP/MAS NMR spectra of SF (a), blend (b) and Pellethane (c) non-woven sheets. CP, cross-polarization; MAS, magic angle spinning;
NMR, nuclear magnetic resonance; SF, silk fibroin.
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SF changed from 1.01 to 0.77 s and that of Pellethane changed from
0.55 to 0.69 s. The final T1

H values are in good agreement with each
other. This measurement clearly revealed that the molecular chains of
SF and Pellethane are in close proximity within several tens of
nanometers.
From the above results, we concluded that the ordered structures of

SF and Pellethane are preserved in the blend sample. For SF, the inter-
and intramolecular hydrogen bonds maintained the β-sheet structure,
and the interaction was not severely affected by the presence of
Pellethane. Therefore, SF molecular chains might aggregate with one
another in the blend. However, Pellethane was in close contact with
the SF chains. As discussed, SF and Pellethane were highly miscible
with each other even though SF maintained the strong β-sheet crystal
structure. This result suggests that SF/Pellethane-blended sheets
possess strength that is derived from SF and elasticity that is derived
from Pellethane. Therefore, this blended sheet should be a good
medical material for soft tissues, such as in circulatory system tissue
engineering.
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Figure 3 T1H relaxation curves of the methyl peak from Ala Cβ in SF at
17 p.p.m. (square) and the methylene peak from Pellethane at 27 p.p.m.
(circle). Filled symbols and solid lines are from pure SF and Pellethane
non-woven sheets. Open symbols and dotted lines are from the blend
sample. SF, silk fibroin. A full colour version of this figure is available at the
Polymer Journal journal online.
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