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Electrospun Silk Fibroin Mats for Tissue
Engineering

Processing Silk Fibroin (SF) with electrospinning (ES) offers a very attractive op-
portunity for producing a variety of 2D and 3D matrices with great potential for
tissue regeneration and repair due to the superior biocompatibility and mechani-
cal properties of SE. Different combinations of ES parameters were explored to in-
vestigate the best experimental set-up related to the dimension and uniformity of
the fibers in the electrospun silk fibroin (ES-SF) mats. Using SEM it was found
that the ES-SF mats contain uniform fibers with a diameter in the nanometric
range obtained by electrospinning a 7.5 % w/v SF solution in formic acid, with an
electric field of 2.4 kV/cm and a spinneret-collector distance of 10 cm. FT-IR and
DSC analyses were performed to investigate the structure of the ES-SF mats be-
fore and after immersion in methanol for different times (5, 10, and 15 min).
The methanol treatment was able to promote the crystallization of SF by confor-
mational transition of random coil and other poorly ordered conformations
(turns and bends) to the B-sheet structure. The degree of crystallinity was en-
hanced as shown by the trend of both the FT-IR crystallinity index and the melt-
ing/decomposition peak temperature (from DSC). To study the cytocompatibility
of ES-SF mats, tests with L929 murine fibroblasts were carried out. Samples were
seeded with the cells and incubated for 1, 3, and 7 days at 37°C. At each time
point, SEM investigations and Alamar blue tests were performed. The SEM
images showed cell adhesion and proliferation just after 1 day and cell confluence
at 7 days. Alamar blue test demonstrated that there were very low differences be-
tween cell viability on ES-SF mats and the tissue culture plastic control.
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it is possible to produce fibrous matrices with nanometric fi-
bers made of several different polymers [8-12]. Using this

Mimicking the nanometric structures of the extracellular ma-
trix (ECM) is one of the most important goals in tissue engi-
neering. Ideally a scaffold for tissue engineering should mimic
the structural and functional profile of the materials found in
the native ECM, promoting the formation of a neo-tissue with-
out adverse effects in the surrounding tissues [1-7].

Natural fibers in ECM have nanometric or submicrometric
dimension and several techniques to produce scaffolds with
components in this dimensional range are, nowadays, under
investigation [7]. By using the electrospinning (ES) technique

Correspondence: A. Alessandrino (antonio.alessandrino@polimi.it),
Stazione Sperimentale per la Seta, Via G. Colombo 83, 20133, Milano,
Ttaly.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

technique, a polymer solution is pushed, with a controlled
flow rate, through a metal needle (spinneret) using a syringe
pump. High voltage (usually from 1 kV to 30 kV) is applied
and a solid fiber is produced from the drop of a polymer solu-
tion present on the tip of the spinneret.

Fiber formation is mainly driven by two effects, the electro-
static repulsion between the charges at the surface of the drop
and the coulombic force generated by the electric field between
the spinneret and the metallic target (collector) [13]. These
electrostatic interactions distort the drop at the nozzle of the
spinneret giving to it a conical shape (Taylor cone) and, when
the electric field overcomes a threshold value, the two electro-
static contributions win against the surface tension of the poly-
mer solution and a polymer jet starts from the nozzle of the
spinneret. Electric forces accelerate the jet by stretching it so
that long and thin fibers are formed [8, 13, 14]. The jet has an
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instability region near the collector where the initially straight
polymer jet is whipped or bent and the very thin diameter of
fibers is mainly achieved by stretching and acceleration in this
region [15].

Silk fibroin (SF) is a natural polymer produced by lepidop-
ters or spiders. The silkworm Bombyx mori spins a bave com-
posed of two fibroin filaments coated with sericin, a glue like
protein that can be removed with a degumming treatment
[16]. Silk fibroin is characterized by a highly repetitive primary
sequence that leads to significant homogeneity in the B-sheet
secondary structure, high degree of crystallinity and important
mechanical properties [17]. These properties, added to the
good biocompatibility and the environmental stability of SF
provide great opportunity to produce devices for biomedical
applications [17-21].

Among the range of techniques useful to process silk fibroin,
electrospinning offers a very attractive opportunity for pro-
ducing a variety of 2D and 3D matrices with great potential
for tissue regeneration and repair [8,17,22,23]. Aims of this
work were to understand the best electrospinning parameters
for processing silk fibroin into mats with uniform morphology
and a fiber size as small and homogeneous as possible, to char-
acterize electrospun silk fibroin (ES-SF) mats, and to study
their interaction with living cells.

2 Materials and Methods

2.1 Preparation of ES-SF Mats

The silk fibroin aqueous solution was prepared as previously
described [20]. Briefly, silk fibroin was degummed in an auto-
clave at 120°C for 40 min and than dissolved in a LiBr solu-
tion (9.3 M) for 3 h at 60°C. The solution was then dialyzed
for 3 days against distilled water. Silk fibroin films were pre-
pared by pouring 10 mL of the ~1 w % silk fibroin aqueous
solution in Petri dishes. Spinning dopes at different polymer
concentrations were prepared immediately before spinning by
dissolving the films in formic acid.

The electrospinning apparatus is composed of two high
voltage generators (Fu.G. Elektronik GmbH — HCN 35-12500)
able to generate up to 25 kV. The positive pole is joined to the
spinneret, a stainless steel capillary tube with an internal diam-
eter of 0.5 mm, while the negative pole is joined to the collec-
tor, an aluminium sheet. A syringe pump (Graseby Medical —
MS 2000) pushes the silk fibroin solution from a polypropyl-
ene syringe through a PTFE capillary tube up to the spinneret.

Different combinations of electrospinning parameters (see
Tab. 1) were explored to investigate the optimal experimental
set-up related to the dimension and uniformity of the fibers in
the electrospun silk fibroin (ES-SF) mats. In particular, three

Table 1. Electrospinning parameters.
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different solutions were realized solving different concentra-
tions of SF in formic acid (5 %, 7.5 % and 10 % w/v).

The electrospun ES-SF mats were removed from the sub-
strate by treatment with water at 37 °C for 5-10 min followed
by isopropanol for 10 min. After an overnight drying at room
temperature, the ES-SF mats were immersed in methanol
(>99.9 %; CRHOMASOLV® by Sigma-Aldrich) for 5, 10 and
15 min to induce crystallization of silk fibroin [24, 25].

2.2 Morphological and Chemico-Physical
Characterization

For Scanning Electron Microscope (SEM; Joel JSM-6380 LV)
observations specimens were mounted onto aluminium stubs,
sputter-coated with gold (Bal-Tec Med 020), and observed at
different magnification (400-11000x) at an accelerating volt-
age of 20 kV.

Conformational characterization of ES-SF mats was per-
formed by FT-IR analysis with a Thermo Nicolet 6700 FT-IR
Spectrometer equipped with an ATR (Attenuated Total Reflec-
tance) accessory and ZnSe crystal. The crystallinity index was
calculated as the intensity ratio between the two amide III
components at 1260 cm™ and 1230 cm™ [26].

DSC analysis was performed using a Mettler Toledo DSC-30
in standard aluminium pans. The sample weight was about
1.5-3.5 mg. Samples were heated from 20 °C up to 500 °C un-
der an N, atmosphere (scanning rate of 10 °C/min).

2.3 In vitro Cell Interaction
The ES-SF mats were cut by a manual die into small disks
(@ =6 mm). Before testing, the specimens were quenched with
methanol, disinfected in 70 v/v% aqueous ethanol solution
for 30 min, dipped into distilled water for 48 h, and washed
twice with sterile water. Tissue culture plastic (TCPS, Corning-
Costar) was used as negative, non-toxic control for the biologi-
cal response assessment. The murine fibroblast cell line L929
was obtained from the European Collection of Animal Cell
Cultures (ECACC N. 85011425) and cultured at 37°C with
5% CO, in Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich) containing 10 % fetal bovine serum (FBS, Sig-
ma-Aldrich) and 1 % penicillin/streptomycin (Sigma-Aldrich).
1929 cells were suspended in the culture medium with a den-
sity of 7x10° cell/mL. The cell suspension (100 pL/well) was
seeded onto each ES-SF specimen, placed in a 96-multiwell
culture plate and cultured in an incubator (5% CO,, 37°C)
up to 7 days. All tests were performed in triplicate. At each
time point (1, 3 and 7 days), cell morphology was evaluated by
SEM, whereas cell metabolic activity was investigated using the
Alamar blue test.

At each time point, the culture medium was re-
placed with 1 mL Alamar BlueTM (Serotec) solu-
tion (10 % v/v in DMEM) and the plate incubated

for 4 h. Alamar Blue is a REDOX indicator, i.e. it
responds to the reduction or oxidation of the sur-

Concentration Solution flow rate Voltage  Distance spinneret-collector
[%Aw/v] [mL/h] [kV] [cm]
5,7.5,10 3,57 20, 24 7,10

rounding medium. In this assay it both fluoresces
and changes colour in response to the chemical re-
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duction of culture medium that results from cell growth and
division. 100 pL (3 replicates for each sample) of the medium
were removed from each well, were transferred to a 96-well
plate and the absorbance was measured using a Tecan Genius
Plus plate reader (test wavelength: 570 nm; reference wave-
length: 630 nm). The samples were subsequently rinsed with
PBS and 1 mL of culture medium was added to each well. The
plate was then returned to the incubator for further incuba-
tion.

The SF-ES samples seeded with 1929 cells were observed by
SEM. At each selected time point, specimens were fixed with
1.5% v/v glutaraldehyde solution, buffered in 0.1 M sodium
cacodylate (pH 7.2), dehydrated through a series of ethanol so-
lutions (from 20 % up to 100 % v/v ethanol in distilled water)
and air dried. The specimens were sputter-coated as described
before and examined by SEM at an accelerating voltage of
10 kV.

3  Results and Discussion

3.1 Morphological and Chemico-Physical
Characterization

The morphology of ES-SF mats obtained under different con-
ditions of polymer concentration, voltage, flow rate, and spin-
neret-collector distance was characterized by SEM, at different
magnifications, in order to investigate the effect of electrospin-
ning parameters on the shape and size of SF nanofibers. Typi-
cal SEM images of ES-SF mats electrospun with different set-
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up parameters are shown in Fig. 1. According to the literature
[11,27], at a low polymer concentration (C,<5 w %) the in-
stability of the drop at the tip of the spinneret led to dripping
of the polymer solution onto the collector. The drops falling
onto the target melted the silk mat leaving holes and/or form-
ing clusters of fused silk nanofibers (see Fig. la). An average
fiber diameter of 484+ 114 nm was measured in the regions of
the mats where no defects were present (see Fig. 1b).

The formation of beads was another typical feature of sam-
ple electrospun at low polymer concentration (Fig. 1c). With
increasing polymer concentration up to 7.5 w% and 10 w %,
the number of beds decreased or completely disappeared (see
Fig. 1d—f). Hence, a C,27.5 w% was necessary to produce
bead-free silk fibers with a submicrometer diameter, at least
under the experimental conditions of this study. Electrospin-
ning of SF with Cp>10 W% was attempted but, due to the ex-
tremely high viscosity of the solution, it hardly flowed through
the capillary and then tended to form a gelled drop at the tip
of the spinneret within a few min, thus preventing the onset of
nanofibers formation. Other authors succeeded in electrospin-
ning SF at C, > 10 w % [29, 30] but the diverse pre-processing
conditions to which SF was subjected before preparation of the
electrospinning dope made it difficult to compare the solution
properties and the electrospinning results of this study with
those previously reported [28].

By investigating the influence of the electric field density
(V/cm), non-uniform ribbon-shape fibers were obtained both
at the lowest (2 kV/cm) and the highest (~3,4 kV/cm) values
of the voltage/distance ratio (see Figs. 1d—e). With respect to
the spinneret-collector distance, it was also verified that a

Figure 1. SEM images of ES-SF mats produced using different parameters set-up:

,=5 W%, V=20kV,  f,=3 mL/h,
V=20kV,  f,=3 mL/h,
V=24kV,  f,=5mL/h,
,=7.5w%, V=20KkV,  f,=3 mL/h,
,=75w%, V=24kV,  f,=3 mL/h,
V=24kV,  f,=3mL/h,

d=10 cm (400x);
d=10 cm (1200x);
d=7 cm (400x);

d=10 cm (1200x);
d=7 cm (1200x);
d=7 cm (1200x).
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minimum distance of 10 cm was necessary to leave enough
time for the solvent to completely evaporate and to avoid
melting of still wet SF fibers at crossovers. When flow rate val-
ues higher than 3 mL/h were used, solvent drops quickly grew
at the tip of the spinneret and fell on the mat leading to fused/
pierced areas. It was therefore necessary to keep the flow rate
at 3 mL/h or below to obtain defect-free ES-SF mats.

The best results in terms of electrospinning performance
and properties of ES-SF mats were obtained by using the fol-
lowing set-up of electrospinning parameters: C,=7,5 w %,
electric field =24 kV, spinneret-collector distance=10 cm,
flow rate=3 mL/h. As shown in Fig. 2, the ES-SF mat was
formed by fibers with a more regular and cylindrical shape and
with a very smooth surface. The average fiber diameter was
628 £107 nm, higher than that obtained at C, of 5 w %, but
still in the nanometer range, with a slightly lower variability in
the size of fibers.

Figure 2. SEM images at different magnification of ES-SF mats pro-
duced using C,=7.5%, electric field=24 kV, flow rate=3 mL/h,
spinneret-collector distance=10 cm.

The secondary structure of regenerated silk fibroin materials
could be B-sheet (SilkII), three fold helix (also known as
B-turn typell, or SilkI) or random coil [24,31]. Depending
on processing conditions, one conformation could prevail over
the others. As it is well known, prevalently amorphous SF ma-
terials like cast SF films can be converted into more stable crys-
talline ones by physical or chemical treatments that are able to
promote the crystallization by random coil — B-sheet confor-
mational transition. One of the most common methods used
to change the secondary structure is the treatment with organ-
ic solvents like alcohols. Dipping a regenerated SF material
into methanol is highly effective in inducing the crystallization
to the B-sheet structure [23,24,32]. Exposition to alcohol va-
pors is effective as well.

FT-IR spectroscopy is a useful tool to investigate the struc-
tural properties and conformational changes of SF materials.
The characteristic conformationally sensitive absorption bands
of SF are found in the regions of amideI, II, and III falling at
about 1625 cm™, 1528 cm™, and 1230 cm™, respectively
[24,31,32]. In this study, the attention was focused on the
spectral changes of the AmideI peak as a function of the time
of immersion into methanol (see Fig. 3). The use of peak de-
convolution tools (Peak Fitting Module, Origin v. 7.0) allowed
the most important spectral components falling in this
crowded wavenumbers range to be identified. Before the
methanol treatment, the ES-SF mat showed a main absorption
at 1621 cm™ attributed to the B-sheet conformation, and a

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Amide | region of the FT-IR spectra of ES-SF mats be-
fore (untreated) and after the treatment with methanol for differ-
ent times.

range of medium-to-small intensity absorptions at higher wa-
venumbers (~1640—-1700 cm™) attributed to random coil and
to various types of turns and bends [24]. The presence of an
intense B-sheet band in the IR spectrum of SF nanofibers elec-
trospun from a formic acid solution can be related to the com-
bined effect of the solvent, which is known to promote the for-
mation of B-sheet crystallites on drying [28], and of the
washing procedure (water + isopropanol) used to remove the
electrospun ES-SF mat from the substrate.

The relative intensity of the B-sheet peak at 1621 cm™ in-
creased by immersion in methanol while that of the other amide I
contributions at higher wavenumbers decreased. Interestingly,
the effect was evident even at the shortest dipping time of 5 min.
Therefore, the methanol treatment promoted the transition of
amorphous and less ordered secondary structures into the more
ordered B-sheet structures, thus reducing the intrinsic structural
heterogeneity of SF nanofibers. The contribution of methanol to
achieve a more refined structure was also confirmed by the
behavior of the IR crystallinity index, which increased gradually
as a function of the immersion time (see Fig. 4).

DSC analyses evidenced differences in the thermal behavior
of the ES-SF samples before and after methanol treatment for
5, 10 and 15 min (see Fig. 5). The sample before methanol
treatment showed two weak and broad endothermic transi-
tions at about 180°C and 215°C, followed by a more intense
endotherm peaking at 280 °C. While the latter is attributed to
melting/decomposition of SF chains with non-oriented and
poorly crystalline structure, the transitions falling at lower
temperature can be related to thermal motions and/or melting
phenomena involving amorphous SF chain segments. Al-
though B-sheet crystallites were already present in the SF
nanofibers even before methanol treatment, their level of orga-
nization was still quite poor, just enough to ensure the forma-
tion of short-range ordered SF domains immersed in a disor-
dered matrix with lower thermal stability [24].

http://www.els-journal.com
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Figure 4. Trend of the crystallinity index calculated as a ratio be-
tween the amide Il absorption bands at 1265 cm™ and 1235 cm™
as a function of the dipping time in methanol.
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Figure 5. DSC thermograms of ES-SF before (untreated) and
after the treatment with methanol for different times.

ES-SF mats after methanol treatment did not show any evi-
dence of the presence of low temperature endothermic peaks
between 160 °C and 220 °C. In accordance with FT-IR analyses,
after dipping ES-SF mats in methanol some amorphous struc-
tures were turned into crystalline ones. Methanol was probably
able to induce the formation of long-range ordered structures
which restricted the thermally induced molecular motion of
SF chains and, therefore, no thermal transitions were noticed
in this temperature range already after a 5 min treatment.

With reference to the melting/decomposition transition fall-
ing at 280 °C, the treatment with methanol caused a significant
sharpening of the peak and a shift to higher temperature until
about 288 °C. This trend is closely similar to that reported for
amorphous regenerated SF materials, such as films, subjected
to treatments able to induce the B-sheet crystallization of SF
[33]. With increasing the dipping time from 5 to 15 min, a
shoulder of the main melting/decomposition peak appeared in
the high temperature range at above 300 °C. Since this transi-
tion has been observed in other SF materials regenerated from
formic acid and has been attributed to thermal degradation of
oriented B-sheet regions [24], the presence of this new peak in
the ES-SF mats, as well as the sharpening and high tempera-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ture shift of the main peak in this region, point out that the
methanol treatment was effective in developing SF nanofibers
with a more regular and better organized crystalline texture by
transforming part of the amorphous regions into more crystal-
line domains.

3.2 Invitro L929 Cell Interaction

The evaluation of the absorbance value, related to the percent-
age of Alamar Blue reduction, allows to obtain information
about cell vitality onto the ES-SF mats (str+cell) in compari-
son to that in the TCPS well (cr"). One day after 1929 seeding,
it is possible to observe an absorbance value similar to that of
the control (see Fig. 6), and after 3 days, an increase in cell
proliferation (i.e. higher absorbance value), meaning that the
ES-SF structure appeared adequate for cell colonization. After
7 days from seeding, cells came to an almost complete conflu-
ence, so that the absorbance values showed a decrease due to
cell suffering onto both the ES-SF and control structures (see
Fig. 6).

untreated

exc

Temperature [°C]

Figure 6. Cell proliferation assessed by Alamar Blue test (1, 2,
7 days) of L929 cell culturing onto ES-SF (str+cell) and TCPS (cr®).

SEM observation confirmed the results of the biochemical
assay. In particular, after 1 day from the seeding it is possible
to observe that cells appeared well adhered onto the ES-SF
structure (see Fig. 7a); after 3 days, L929 cells have completely
colonized the substrate, showing a good integration with the
SF matrix (see Fig. 7b). SF nanofibers were completely covered
by cells that have proliferated also under the surface of the
structure, demonstrating that mat porosity was adequate for
cell colonization. Moreover, after 7 days, cells have covered all
the specimen (see Fig. 7c). Interestingly, they did not only ad-
here and proliferate on the structure but also penetrate into
the scaffold (see Fig. 7d).

http://www.els-journal.com
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Figure 7. SEM micrographs of L929 cells seeded onto the ES-SF
structure after (a) 1 day, (b) 3 days, (c) 7 days, (d) 7 days (side
in contact with the bottom of the well). (€) SEM micrographs of
the control ES-SF structure.

4 Conclusions

In this study, working parameters suitable to electrospin silk fi-
broin mats were investigated and the ES-SF mats thus pro-
duced were characterized. SEM observations showed that more
uniform mats with regular morphology and fibers in the nano-
metric range were obtained by using a polymer concentration
of 7.5 w%, a voltage of 24 kV, a flow rate of 3 mL/h, and a
spinneret-collector distance of 10 cm. Lower polymer concen-
tration, shorter spinneret-collector distance, and higher flow
rate led to various kinds of defects, such as non continuous fi-
bers, beads, dripping of drops onto the neo-formed mat, fus-
ing of wet fibers, etc., thus leading to poor quality ES-SF mats.
Ribbon-like fibers were also produced at low and high values
of the voltage/distance ratio, indicating that this is a key pa-
rameter for the production of SF nanofibers with uniform size
and cylindrical shape.

FTIR and DSC analyses showed that the structure of the
neo-formed ES-SF mats was improved at the molecular level
by a methanol treatment which was effective in increasing the
degree of crystallinity and the thermal stability of SF nanofi-
bers by inducing the conformational transition of amorphous
domains into more crystalline ones.

Nanometric electrospun SF fibers, with a size similar to that
of the natural ECM fibers, were able to promote adhesion,
spreading and proliferation of L929 cells. Just after day 1, cells
showed good adhesion and after day 7, layered cells were ob-
served and cells confluence was almost achieved. After 7 days
in cell culture, some cells were noticed on the bottom side of

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the samples. This finding is in accordance with that recently
reported by Zhang et al., and points out that the porosity of
the electrospun SF mats allows cells to penetrate and colonize
the whole matrix [34].

In conclusion, the results reported in this study demonstrate
the suitability of ES-SF mats from both the morphological
(fiber size and porosity)/structural (stability), and biological
(cytocompatibility) point of view to be used as tissue engineer-
ing matrices in tissue regeneration of skin and other bi-dimen-
sional tissues.
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