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Abstract: Electrospinning offers an attractive opportunity
for producing silk fibroin (SF) nano/micro fibrous scaf-
folds with potential for tissue regeneration and repair.
Electrospun scaffolds of silk fibroin were fabricated as a
biomimetic scaffold for tissue engineering. The morphol-
ogy of the electrospun scaffolds was investigated with
SEM and AFM. The SEM images indicated that electro-
spun SF fibers were ribbon-shaped and the average width
increased with increasing SF concentrations. The AFM
images revealed that, after treated with methanol, there
was a groove on the surface of fiber, which is conducive to
cell attachment. The structure of electrospun SF fibers was
characterized by NMR, WAXD, and DSC. The results dis-

played that SF in electrospun fibers was present in a ran-
dom coil conformation, SF conformation transformed from
random coil to B-sheet when treated with methanol. Cell
attachment and proliferation studies with pig iliac endo-
thelial cells (PIECs) demonstrated that electrospun SF scaf-
folds significantly promoted cell attachment and prolifera-
tion in comparison with cast SF films. These results sug-
gest electrospun SF scaffolds may be potential candidates
for cardiovascular tissue engineering. © 2009 Wiley Peri-
odicals, Inc. ] Biomed Mater Res 93A: 976-983, 2010
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INTRODUCTION

Silk fibroin (SF) is a main component of silkworm
silk as well as an attractive natural fibrous protein
for biomedical applications due to several unique
properties, including good biocompatibility, good
oxygen and water vapor permeability, and biode-
gradability, low inflammatory response, and good
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mechanical properties."” Recently, electrospinning
silk fibroin to mimic the natural ECM has gained in-
terest from researchers. SF has been electrospun
with the spinning solvents such as hexafluoro-2-pro-
panol (HFIP),>* hexafluoroacetone (HFA),” and for-
mic acid.®” These organic solvents are toxic and
unfriendly to humans and the environment. A trace
of toxic organic solvents or acids could exist in elec-
trospun scaffolds for tissue engineering, which will
affect cytocompatibility. To enhance the electrospinn-
ability of aqueous SF solutions, Electrospinning from
aqueous SF solutions mixed with poly (ethylene ox-
ide) (PEO) was established and fiber morphology
showed uniform fibers less than 800 nm in diame-
ter.® The human aortic endothelial cell (HAEC) and
human coronary artery smooth muscle cell
(HCASMC) cultured on these scaffolds showed good
attachment and proliferation.” However, adding a
large quantity of the water-soluble PEO will eventu-
ally affect the structural integrity and stability.
Hence, researchers have made efforts to electrospin
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all-aqueous SF solutions.'”'! However, from the dia-
lyzed SF aqueous solutions (ca. 2 wt %) to an elec-
trospinnable concentration, the process needs longer
time and lower temperature, otherwise, SF aqueous
solutions would easily generate gels.'> Furthermore,
the processing details and the potential applications
of those fibers for tissue engineering have not been
fully explored.

In this study, the regenerated SF aqueous solu-
tions of different concentration generated through
the lyophilized regenerated SF sponges were electro-
spun. The morphology and structure were also
investigated. To assess the cytocompatibility and
cells behavior on electrospun scaffolds, interaction
between electrospun silk fibroin scaffolds with living
cells was studied and compared with cast films.

MATERIALS AND METHODS

Materials

Cocoons of Bombyx mori silkworm were kindly supplied
by Jiaxing Silk Co. (China). Pig iliac endothelial cells
(PIECs) were obtained from institute of biochemistry and
cell biology (Chinese Academy of Sciences, China). Culture
media and reagents were purchased from Gibco Life Tech-
nologies CO.

Preparation of regenerated SF

Cocoons were degummed three times in 0.5% (w/w)
NayCOj; solution at 100°C for 30 min each and then rinsed
thoroughly with distilled water to extract the glue-like ser-
icin proteins. Degummed silk was dissolved in a ternary-
solvent system of CaCl,/H,O/C,HsOH solution (1:8:2 in
molar ratio) at 70°C for 1 h. The silk solution was dialyzed
against distilled water using cellulose tube (250-7u, Sigma)
at room temperature for 3 days. Then, the SF solution was
filtered and lyophilized to obtain the regenerated SF
sponges.

Electrospinning of SF ultrafine fibrous scaffolds

SF solutions were prepared by dissolving the regener-
ated SF sponges in distilled water for 6 h. Concentrations
of SF solutions ranged from 15 to 40 wt %. The SF aqueous
solutions were filled into a 2.5 mL plastic syringe with a
blunt-ended needle. The syringe was located in a syringe
pump (789100C, Cole-Pamer, America) and dispensed at a
rate of 0.5 mL/h. A voltage of 20 kV using a high voltage
power supply (BGG6-358, BMEICO.LTD. China) was
applied across the needle and ground collector, which was
placed at a distance of 20 cm. Electrospun SF scaffolds
were immersed into pure methanol solution for 10 min to
induce B-sheet conformational transition and then dried
under vacuum at room temperature for 24 h.

Characterization

The morphology was observed with a scanning elec-
tronic microscope (SEM) (JSM-5600, Japan) at an acceler-
ated voltage of 10 kV. The mean fiber widths were esti-
mated using an image analysis software (Image-J, National
Institutes of Health) and calculated by selecting 100 fibers
randomly observed on the SEM images. Fiber surface to-
pography was inspected with an atomic force microscope
(AFM) (Nanoscope IV, America).

The *C CP-MAS NMR spectra of SF scaffolds were
obtained on NMR spectrometer (Bruker AV400, Switzer-
land) with a 13C resonance frequency of 100 MHz, contact
time of 1.0 ms, and pulse delay time of 4.0 s.

Wide-angle X-ray diffraction (WAXD) curves were
obtained on an X-ray diffractometer (Riga Ku, Japan)
within the scanning region of 26 (5°-50°), with Cu K, radi-
ation (A = 1.5418 A) at 40 kV and 40 mA.

The thermographs were acquired using a differential
scanning calorimeter (TA Instruments Co.) from room tem-
perature to 330°C at a rate of 10°C/min under a nitrogen
atmosphere. The nitrogen gas flow rate was 40 mL/min.

Viability study of PIECs on SF scaffolds

Pig iliac endothelial cells (PIECs) were cultured in
DMEM medium with 10% fetal bovine serum and 1% anti-
biotic-antimycotic solution. The medium was replaced ev-
ery 2 days and the cultures were maintained in a humidi-
fied incubator at 37°C and 5% CO,. Electrospun SF scaf-
folds and solvent-cast films were prepared on circular
glass coverslips with a diameter of 14 mm and fixed in 24-
well cell culture plates with stainless rings. Before seeding
cells, scaffolds were sterilized by 75% ethanol for 2 h and
washed three times with phosphate-buffered saline solu-
tion (PBS), and then washed once with the culture me-
dium.

Cell viability on the electrospun SF fibrous scaffolds,
cast films, and coverslips (control) was determined by
MTT method. Briefly, the cells and SF scaffolds were incu-
bated with 5 mg/mL 3-[4, 5-dimehyl-2-thiazolyl]-2, 5-di-
phenyl-2H-tetrazolium bromide (MTT) containing serum
free medium at 37°C and 5% CO, for 4 h. Thereafter, the
culture media were extracted and 400 pL dimethylsulfox-
ide (DMSO) added for about 20 min. When the crystals
were sufficiently resolved, aliquots were pipetted into the
wells of a 96-well plate and tested by an Enzyme-labeled
Instrument (MK3, Thermo), and the absorbance at 490 nm
for each well was measured.

For the attachment study, endothelial cells were seeded
onto fibrous scaffolds, cast films and control glass cover-
slips (1= 3) at a density of 1.5 X 10* cells/well for 1, 2, 4,
and 6 h. For the proliferation study, endothelial cells were
seeded onto fibrous scaffolds, cast films, and control glass
coverslips (n =3) at a density of 8000 cells/well for 1, 3, 5,
and 7 days. After cell seeding, unattached cells were
washed out with PBS solution and attached cells were
quantified by MTT method.

After 1 and 7 days of culturing, the electrospun fibrous
scaffolds with cells (density is 1.5 X 10* cells/well) were
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examined by SEM. The scaffolds were rinsed twice with
PBS and fixed in 4% glutaraldehyde water solution at 4°C
for 2 h. Fixed samples were rinsed twice with PBS dehy-
drated in graded concentrations of ethanol (30, 50, 70, 80,
90, 95, and 100%), and dried in vacuum overnight. The
dry cellular constructs were coated with gold sputter and
observed under the SEM.

Statistical analysis

Statistical analysis was performed using Origin 7.5 (Ori-
gin Lab). Statistical comparisons were determined by the
analysis of One-Way ANOVA. In all evaluations, p < 0.05
was considered as statistically significant.

RESULTS AND DISCUSSION

Morphology of SF ultrafine fibers

The morphology of fibers varied with concentra-
tions of the SF aqueous solutions. Fibers were not
obtained at concentrations of 15 wt % or below
because a stable cone at the end of spinneret was
not maintained. The SEM micrographs and average
widths of ultrafine fibers from the SF aqueous solu-
tions with different concentrations ranging from 20
to 35 wt % are shown in Figures 1 and 2. The mor-
phology of electrospun fibers from all concentra-
tions was ribbon-shaped. According to Koomb-
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hongse et al.,'® ribbon-shaped fibers are obtained
due to the formation of a thin polymer shell on the
surface of the cylindrical fluid jet between the elec-
trodes. The solvent evaporates after shell formation,
atmospheric pressure causes a collapse of the cylin-
drical jet, and the fibers change first into an elliptic
and then into a flat shape. Incomplete fiber drying
also leads to the formation of ribbon-like (or flat-
tened) fibers when compared with fibers with a cir-
cular cross section. At the 20 wt % concentration,
beaded fibers are generated by electrospinning due
to the lower polymer concentration, which is not
sufficient to produce an adequate viscosity for
chain entanglements. Dietzel et al.'* demonstrated
that solution surface tension and viscosity play im-
portant roles in determining the range of concentra-
tions from which continuous fibers can be obtained
in electrospinning. With an increase in SF concen-
tration, morphology appears to change gradually
from fibers with spindle-like beads to uniform
fibers, and the average widths of fibers increased
gradually. Their average widths were 234, 343, 890,
and 1016 nm, respectively. At 40 wt % concentra-
tion, the electrospinning process was not possible
due to the viscosity of the SF solution.

The SEM micrographs of the electrospun SF fibers
(untreated) and the electrospun SF fibers (treated
with methanol) are shown in Figure 3. After metha-
nol treatment, the surface of electrospun SF fibers
became rougher. To further demonstrate the surface

Figure 1. SEM micrographs of electrospun SF fibers with concentrations of (a) 20 wt %, (b) 25 wt %, (c) 30 wt %, and

(d) 35 wt %.
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Figure 2. Dependence of the widths of electrospun SF
fibers on the concentrations of SF aqueous solutions. The
error bar representing standard deviation.

topographies of the electrospun SF fibers (untreated)
and the electrospun SF fibers (methanol treated),
AFM images were examined Figure 4. From the
analysis of AFM, we also found that the surface of
the electrospun SF fibers (untreated) is smooth but
the surface of the electrospun SF fiber treated with
methanol has a groove, which was possibly due to
the change of SF conformation from random coil to
B-sheet structure in the methanol treatment process.
Furthermore, this groove is conducive to cell adhe-
sion.'?

The secondary structure of SF ultrafine fibers

Recently, solid-state '>C NMR has been shown to
be an effective analytical tool for demonstrating the
formation of B-sheets in polypeptides and proteins
due to the sensitivity of isotropic '*C NMR chemical

Figure 3. SEM micrographs of electrospun SF fibers (a)
and electrospun SF fibers treated with methanol (b).

shifts of carbon atoms to the secondary structure.
The secondary structure of Bombyx mori silk fibroin
consists of the major conformations including ran-
dom coils or helix (silk I) and B-sheet (silk II).'"® The
B-sheet form can be identified by the >C chemical
shifts of Gly (glycine), Ser (serine), and Ala (alanine)
that are indicative of B-sheet conformations. Particu-
larly, the chemical shift of alanyl CP is an excellent
indicator of the silk fibroin conformation. Zhou
et al.'” illustrated that the chemical shifts in Ala resi-
dues of CP within 18.5-20.5 ppm were assigned B-
sheet conformation (silk II), the chemical shifts in
Ala residues of CP within 14.5-17.5 ppm were
assigned random coils or helix (silk I). The higher
chemical shifts in Ala residues of C® indicated more
content of B-sheet conformation.'® The *C NMR
spectra of degummed SF, lyophilized SF sponge,
electrospun SF scaffolds, and electrospun SF scaf-
folds treated with methanol are shown in Figure 5.
The chemical shifts of Ala CP were 20.70, 16.75,
16.26, and 19.97 ppm, respectively. These results
indicate that the degummed SF and electrospun SF
scaffolds treated with methanol are mainly in a B-
sheet conformation. However, the lyophilized SF
sponge and electrospun SF scaffolds can be assigned
a random coil conformation. The structure of electro-
spun fibrous scaffolds from all aqueous solutions
was predominantly random coil. With methanol
treatment, the random coil conformation converted
to B-sheet conformation.

The WAXD spectra and crystallinities of
degummed SF, lyophilized SF sponge, electrospun
SF scaffolds without/with methanol treatment are
shown in Figure 6 and Table I. X-ray diffraction
analysis of degummed SF showed peaks at 9.0°,
20.6°, 24.7°, 29.0°, respectively. These peaks are simi-
lar to those of the B-sheet crystalline structure (silk
IT) of native silk fibroin."” The WAXD patterns of ly-
ophilized SF sponge, electrospun SF scaffolds exhib-
ited only a broad of peak centered at 22.8°, which is
the characteristic peak of silk I. X-ray diffraction
analysis of electrospun SF scaffolds treated with
methanol showed peaks at 20.9°, 23.6°, respectively.
These peaks are similar to the peaks of degummed
SFE. The results clarified that electrospun SF scaffolds
from aqueous solutions are mainly in a random coil
conformation (silk I), and only after methanol treat-
ment do they convert to a B-sheet crystalline struc-
ture (silk II).

The thermographs of the SF matrices are shown in
Figure 7. The samples exhibited two endothermic
peaks around 75 and 290°C. The former peak is
attributed to the evaporation of water and the latter
peak is attributed to the destruction of SF. For the ly-
ophilized SF sponge and electrospun SF scaffolds,
the appearance of endothermic peaks at 178.5°C and
174.5°C are due to the glass transition of amorphous
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Figure 4. AFM images represented by height mode. (a) Electrospun SF fiber and (b) electrospun SF fiber treated with
methanol. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

SF, respectively. The small exothermic peaks at 232.2
and 325.9°C are due to crystallization of amorphous
SF with the accompanying conformation transition
from random coil to B—sheet.20 However, for the
degummed SF and the electrospun SF scaffolds
treated with methanol, no exothermic peak was
observed until the decomposition temperature. This
is because their initial structures are B-sheet. The
thermo analytical results are consistent with the

Gly C,

Gly C AlaC,

200 160 120 80 40 0
ppm
Figure 5. >C CP/MAS NMR spectra of SF matrices.

1-degummed silk, 2-lyophilized sponge, 3-electrospun scaf-
folds, and 4-electrospun scaffolds treated with methanol.
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Figure 6. WAXD curves of SF matrices. 1-degummed
silk, 2-lyophilized sponge, 3-electrospun scaffolds, and 4-
electrospun scaffolds treated with methanol.

TABLE I
Crystallinity of Silk Fibroin Acquired from Different
Process
Type of SF Crystallinity (%)
Degumed silk 34.4
Lyophilized sponge 19.8
Electrospun scaffolds 16.9
Electrospun scaffolds treated with methanol 25.0
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results from the NMR and WAXD characterization
studies.

Viability of cells on electrospun SF scaffolds

Scaffolding materials for tissue engineering
approaches are typically designed to promote cell
growth, physiological function, and the maintenance
of the normal states of cell differentiation.”" Electro-
spun SF scaffolds from aqueous solutions without
the use of toxic organic solvents are beneficial to the
cytocompatibility of SF scaffolds. Since both the to-
pography and the porosity of scaffolds play signifi-
cant roles in the attachment and proliferation of
mammalian cells, the biocompatibility of the electro-
spun SF scaffolds was compared with the solvent-
cast films and coverslips (control). Both attachment
and proliferation of PIECs seeded on electrospun
scaffolds, cast films, and coverslips (control) are
graphically shown in Figures 8 and 9. Cell attach-
ment on electrospun SF scaffolds was significantly
higher (p < 0.001) compared with cast films and
coverslips. Furthermore, cell proliferation on the
electrospun scaffolds was very fast, which might be
a consequence of higher porosity and larger surface
area to volume available for cell attachment. The
groove on the surface of each fiber (shown in Fig. 4),
appears to be a favorable parameter for cell attach-
ment and proliferation.”*** Thus, this study demon-
strated that surface topography affected cell attach-
ment and proliferation.

Cell morphology and the interaction between cells
and electrospun SF scaffolds were studied in vitro
for 1 and 7 days. SEM micrographs are shown in
Figure 10. After 1 day, PEICs had attached and
spread on the surface of SF scaffolds, and after 7

Heat Flow (wig)

50 100 150 200 250 300
Temperature (C)

Figure 7. DSC thermographs of SF matrices. 1-
degummed silk, 2-lyophilized sponge, 3-electrospun scaf-
folds, and 4-electrospun scaffolds treated with methanol.
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Figure 8. Attachment of PEICs cultured on SF fibrous
scaffolds, SF cast films, and coverslips for 1, 2, 4, and 6 h.
Data are expressed as mean = SD (n = 3). Statistical differ-
ence between groups is indicated (*p < 0.001).

days of culturing, the cells on the fibrous scaffolds
almost completely occupied the entire surface and
formed a typical confluent endothelial monolayer.
Such ultrafine fibrous scaffolds may be advanta-
geous for endothelial cells seeding or vascularization
of scaffolds for tissue engineering. Wang et al.**
have shown that the degradation rate and tissue
ingrowth of SF scaffolds from all-aqueous solutions
were faster than that from an organic solvent (HFIP).
Electrospun SF scaffolds from aqueous solutions are
appropriate for developing an endothelial cell layer
and thus have potential application in vascular tis-
sue engineering.
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Figure 9. Proliferation of PEICs cultured on SF fibrous
scaffolds, SF cast films, and coverslips for 1, 3, 5, and 7
days. Data are expressed as mean * SD (n = 3). Statistical
difference between groups is indicated (*p < 0.05; **p <
0.01; *p < 0.001).
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Figure 10. SEM micrographs of PEICs grown on the fibrous scaffolds. (a,b) 1 day and (c,d) 7 days.

CONCLUSIONS

In this study, ultrafine SF fibers with average
widths between 234 and 1016 nm were formed from
SF aqueous solutions through electrospinning. Inter-
estingly, there was a groove on the surface of fiber
after treated with methanol, and such kind of sur-
face topography was conducive to cell attachment
and growth when compared with cast films and
coverslips.  Electrospun SF scaffolds have the
potential of application for cardiovascular tissue en-
gineering.
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