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Abstract

Silk fibroin (SF) nanofibers, formed through electrospinning, have attractive utility in regenerative
medicine due to the biocompatibility, mechanical properties and tailorable degradability. The
mechanism of SF electrospun nanofiber formation was studied to gain new insight into the
formation and control of nanofibers. SF electrospinning solutions with different nanostructures
(nanospheres or nanofilaments) were prepared by controlling the drying process during the
preparation of regenerated SF films. Compared to SF nanospheres in solution, SF nanofilaments
had better spinnability with lower viscosity when the concentration of silk protein was below 10%,
indicating a critical role for SF morphology, and in particular, nanostructures for the formation of
electrospun fibers. More interesting, the diameter of electrospun fibers gradually increased from
50 nm to 300 nm as the increase in concentration of SF nanofilaments in the solution from 6% to
12%, implying size control by simply adjusting SF nanostructure and concentration. Aside from
process parameters investigated in previous studies, such as SF concentration, viscosity and
electrical potential, the present mechanism emphasizes significant influence of SF nanostructure
on spinnability and diameter control of SF electrospun fibers, providing a controllable option for
the preparation of silk-based electrospun scaffolds for biomaterials, drug delivery and tissue
engineering needs.
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Introduction

Silk-based materials have been transformed in just the past decade from the commodity
textile world to a growing web of applications in high-technology directions, especially in
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tissue engineering and drug release systems.! Although silk-based scaffolds with porous
architectures have been prepared by salt-leaching or freeze-drying methods and used for
bone, skin, cartilage and other tissue repairs, a challenge remains to further improve silk
biocompatibility and inductivity for tissue regeneration needs.? Recent studies reveal that
extracellular matrix (ECM) nanofibrous architecture is critical to cell function and tissue
regeneration.3 4 3-D porous scaffolds composed of nanofibers have become important due
to the nanoscale structures of the native ECM, which also inspire the development of silk-
based scaffolds with nanofibrous structures.

Electrospinning is a versatile technique that is used to produce nanofiber-based biomaterial
scaffolds. The scaffolds have promising applications in tissue engineering and regenerative
medicine since they mimic the nanoscale properties of the native ECM structure in vivo.>: 6
A diverse set of polymers, including silk fibroin, have been used to produce fibers from a
few micrometers down to the tens of nanometers in diameter by adjusting electrospinning
process parameters.’ Zarkoob et al. firstly reported the electrospinning of silk fibroin by
dissolving native silk in hexafluoro-2-propanol (HFIP) for 5 months. Nanofibers with
diameter of several ten nanometers easily formed from low-concentration silk fibroin
solution (0.74 wt %) under electric fields.® While factors that affect the process of silk
electrospinning have been widely investigated since then, it remains a challenge to generate
nanofibers with narrow diameters and the absence of beads. Generally, high concentrations
of SF or the addition of other polymers such as polyethylene oxide (PEQ) are required to
generate silk nanofibers during electrospinning from regenerated silk fibroin solution. This
is similar to the native process of spinning native silk fibroin solution.% 10

In the present study, the nanostructure of silk fibroin in solution was extensively
investigated as a route to control the fiber features from the electrospinning process. The
relationship between spinnability and silk nanostructure was elucidated, indicating that the
self-assembly of silk from nanospheres to nanofibers was critical in successful
electrospinning. Furthermore, the size of electrospun silk fibroin nanofibers became
controllable by adjusting microstructure of silk fibroin in solution and electrospinning
parameters.

2. Experimental Section

2.1 Preparation of Silk Fibroin Solution

Bombyx mori fibroin solutions were prepared according to our previously published
procedures.1! Cocoons were boiled for 20 min in an aqueous solution of 0.02 M Na,CO3
and then rinsed thoroughly with distilled water to extract the sericin proteins. After drying,
13.5 g extracted silk fibroin was dissolved in 50 ml of LiBr solution (9.3 M) at 60°C for 4 h,
yielding a 20% (w/v) solution. This solution was dialyzed against distilled water using
Slide-a-Lyzer dialysis cassettes (Pierce, molecular weight cut-off 3,500) for 72 h to remove
the salt. The solution was optically clear after dialysis and was centrifuged to remove the
small amount of silk aggregates that formed during the process. The final concentration of
aqueous silk solution was ~7 wt%, determined by weighing the remaining solid after drying.
The silk fibroin solution was then diluted to 4 wt% with water. To prepare silk films
containing different nanostructures the silk solution (4 wt %) was cast on polystyrene Petri
dishes. Silk films mainly composed of nanospheres were prepared directly by drying silk
solution within 12 hours, while silk films mainly composed of nanofilaments formed with a
slower drying time of 4 days, according to our previous procedures.1! The silk fibroin
solutions used in electrospinning were prepared by dissolving the above regenerated silk
fibroin films in 98% formic acid (FA) for 3h. Interestingly, the nanospheres and nanofibers
remained stable in formic acid solution. The solutions are termed S-SF and F-SF, meaning
that they are composed of silk fibroin nanospheres and nanofilaments, respectively.
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2.2 Preparation of SF Nanofibers

Electrospinning was performed as our previous report.12 A high electric potential was
applied to a droplet of SF solution at the tip of a syringe needle (0.8 mm in internal
diameter). The electrospun nanofibers were collected on flat aluminum foil which was
placed at a distance of 10 cm from the syringe tip. A constant volume flow rate of 0.2 ml/h
was maintained using a syringe pump. The electric potential was adjusted so that a stable jet
was obtained. The electrospun SF nanofibers were then immersed in 75% (v/v) ethanol for 1
h and dried in air to increase the stability of silk fibroin in water.

2.3 Atomic Force Microscopy (AFM)

To prepare the samples for AFM imaging, a SF solution of 0.000001wt% was prepared by
diluting the aqueous SF solution or SF-FA solution with deionized water or FA, then 2 pl of
the diluted SF solution was dropped onto freshly cleaved 4x4 mm?2 mica surfaces. The
morphology of silk fibroin in water and formic acid were observed by AFM (Veeco,
Nanoscope V) in air. A 225 um long silicon cantilever with a spring constant of 3 Nm~1 was
used in tapping mode at 0.5-1 Hz scan rate.

2.4 Scanning Electron Microscopy (SEM)

The morphology of electrospun SF nanofibers was observed using an SEM (Hitachi S-520,
Japan) at 20°C, 60 RH. Samples were mounted on a copper plate and sputter-coated with
gold layer 20-30 nm thick prior to imaging.

2.5 Rheological Analysis

Rheological studies were run on a Rheometer (AR2000, TA Instruments, America) with a
35 mm cone plate (Ti, 35/1°). The normal force applied on the sample during lowering of
the top plate was limited to 0.1 N. The shear rate was linearly increased from 0.01 to 5000 1/
sat 25°C.13

2.6 Fourier Transform Infrared (FTIR)

FTIR spectra were obtained using a Magna spectrometer (NicoLET5700, America) in the
spectral region of 400-4000 cm™2. The powdered porous SF scaffolds were pressed into
potassium bromide (KBr) pellets prior to data collection.

2.7 Tensile Testing

Mechanical properties of electrospun SF nanofiber mats were determined by an automatic
Tensile tester (Instron electronic strength tester, 3365) at 20°C, and 65% RH. Strips
measuring 5x0.5 cm were glued on a paper frame and then mounted on Instron tensile tester,
and average tensile properties from five specimens were measured. The sample was broken
by elongation rate 0.2 mm/s.

3 Results and Discussions

3.1 Aqueous Silk Fibroin Solution

In aqueous environments, silk fibroin self-assembles slowly to form different
nanostructures. As shown in Figure 1a, the nanospheres formed in fresh silk fibroin solution
depends on chain folding and hydrophobic interactions.14 When the fresh silk fibroin
solution was concentrated slowly, providing sufficient time for self-assembly, nanofilaments
composed of the nanospheres appeared in the concentrated silk fibroin solution.1® The
nanofilaments remained stable in aqueous solution. Even when diluted to 0.000001wt%, the
silk fibroin maintained nanofibrous structures for several days (Figure 1b). The dynamic
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light scattering (DLS) results also confirmed the nanostructural changes in the silk fibroin
solutions. As shown in Figure S1, fresh silk fibroin solution had a peak at about several ten
nanometers, indicating the micelle formation while a broad peak at several hundred
nanometers appeared in the concentrated solution, implying the aggregation from micelles to
nanofibrils.

3.2 SF Electrospin Solutions

In order to transfer nanospheres from fresh solution and nanofilaments from slowly
concentrated solution to formic acid solution, silk fibroin films were prepared by quickly
drying and very slow drying of fresh silk fibroin solutions,! respectively, and then
dissolving the materials in formic acid. The two different silk fibroin formic acid (FA)
solutions were termed S-SF (nanospheres) and F-SF (nanofilaments), respectively. The
nanostructures of silk fibroin in formic acid were assessed by AFM. Few SF nano-filaments
were observed in this solution, but many globules about 1~5 um in diameter on average
were observed in S-SF solution (Figure 2a), while nanofilaments about 200 nm in length and
15 nm in diameter on average were main nanostructures in silk fibroin in F-SF solution
(Figure 2b) that were similar to nanofilaments in concentrated silk fibroin aqueous solution
(150-400 nm in length and 10-20 nm in diameter, Figure 1), indicating good stability for the
SF nanostructures in formic acid.

In order to study the SF inter-nanostructure associations present in electrospun FA solutions,
viscometry was employed. Figure 3 shows the rheological behavior of SF electrospun
solutions at 6%, 8%, 10%, and 12%. Viscosity measurements over a range of shear rates
further emphasized the difference between the two solutions observed by AFM. Over the
range of concentrations tested, S-SF solutions had only slightly different rheologies, and the
viscosities were almost independent of shear rate, which suggested that for this solution
there was a direct, positive link between amount of material and viscosity.1® As observed in
AFM images, silk fibroin was present as globules, so the solution behaved as a Newtonian
fluid with low viscosity, which was independent of shear rate and concentration.

The F-SF solutions were very different in solution behavior. At low concentrations of 6%
and 8%, the viscosity was independent of shear rate and the solutions were Newtonian, with
low viscosity (Figure 3). However, at the higher concentrations of 10% and 12%, the F-SF
solutions exhibited shear-thickening behavior followed by shear-thinning behavior with
significantly higher viscosities, which is similar to natural silk dope.1® The repulsive forces
between the negative charges in two nano-filaments was suppressed due to the low pH of
FA,1 17 50 the nano-filaments organized in parallel or entangled,!8 resulting in the
increased viscosity and shear-thickening behavior at low shear rates, resulting in the
increased viscosity and shear-thickening behavior at low shear rates. Shear thinning
behavior was also observed at high shear rates (>2s™1) likely due to orientation of the
nanofilaments.

These data (AFM images and rheological behavior) indicated that, despite the same origin of
SF molecules from native silk, the preparation process substantially altered the SF nano-
structure which played an important role in the properties of the silk material generated.19: 20
The nanofilaments interactions resulted in significantly higher viscosity compared to the 6%
and 8% F-SF solutions and all concentrations of S-SF solution in which no or few
nanofilaments formed.

3.3 Electrospun SF Nanofibers

After silk fibroin solutions with nanostructures were prepared in FA solution, the
spinnability and morphologies of electrospun silk fibers were investigated. Figures 4 and 5
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show the morphology of electrospun fibers derived from S-SF and F-SF solutions,
respectively. For S-SF solutions, the electrospun nonwoven mats were composed of spheres
when the concentration was 6% (Figure 4a). The number of nanofibers with sizes several
tens nanometers increased while the spheres decreased following an increase of silk
concentration from 8% to 10% (Figure 4b, c). Finally, electrospun SF fibers with diameters
of about 47 nm formed and the spheres were almost gone when the silk concentration was
12% (Figure 4d), in agreement with previous reports.8: 21

Different spinnability and morphologies of electrospun fibers appeared when nanofilaments
were self-assembled in the F-SF solution. At 6% concentration fibers with a diameter of
about 50 nm formed with few beads, which was not achievable for the S-SF solutions. With
the increase of silk fibroin concentration from 6% to 12%, the diameter of the electrospun
nanofibers increased from 50 nm to 300 nm. At 6% or 8% solutions the F-SF achieved better
spinnability despite lower viscosity. The results indicated that the nanostructure, especially
the formation of nanofilaments in solution, was key for silk fibroin electrospinning.
Moreover, following the increase of concentration, the nanofilaments in FA solution
aggregated and entangled, resulting in an increase of viscosity (Figure 3) and increase in
diameter of electrospun fibers (Figure 5). The results suggested that size control of silk
electrospun fibers became feasible by changing the nanostructure of silk and the
concentrations of the solution.

FTIR analysis was carried out to investigate structural changes of SF nanofilaments
prepared from S-SF and F-SF solutions before and after 75% ethanol post-treatment (Figure
6).22 The as-electrospun SF nanofibers prepared from the two different solutions (pure a and
b in Figure 6) showed two broad absorption peaks with a center around 1656 cm~1 (amide 1)
and 1540 cm™1 (amide 11), corresponding to random coil and or silk I conformation.23-25 To
improve stability in water, the SF nanofibers were treated with 75% ethanol to induce the
conformational transition to silk Il with the characteristic absorption peaks at 1630 cm™1
(amide 1) and 1525 cm™2 (amide 11).26 The structure of electrospun SF nanofibers prepared
with S-SF and F-SF solutions was similar before and after 75% ethanol treatment regardless
of the presence of the nanofilaments. The mechanical properties of the electrospun SF
nanofibers derived from F-SF displayed a breaking stress of 7.9 MPa and strain of 26.3%
(before post-treatment),2” and 17.7 MPa and 25.5% (after 75% ethanol treatment) which
were significantly higher than in previous reports?8-30, suggesting a possible way to
improve the strength property of electrospun SF nanofibers by controlling the formation of
SF nanostructures although further study was necessary to elucidate the mechanism.19: 20. 25

3.4 Mechanism of Electrospun SF Nanofibers Formation

A mechanism is proposed to explain the SF nanofibers related to the electrospinning process
(Figure 7). When S-SF solution was employed, mainly globules with weak interactions were
present in solution, and since the concentration was low globules rather than fibers formed
during electrospinning (Figure 4). With an increase in concentration, silk globules formed
stronger interactions sufficient to prevent electrostatic forces during electrospinning,
resulting in uniform nanofiber formation as in previous reports.14 Once nanofilaments self-
assembled in silk solution (F-SF), the nanofilaments easily aligned in low concentration silk
solutions under electrostatic forces to form electrospun nanofibers with diameters of about
50 nm. Following the concentration increase of silk fibroin nanofilaments in solution, the
nanofilaments entangled even under electrostatic forces, leading to the formation of thicker
electrospun fibers. The SF nanostructures also play an important role in mechanical
properties of native and regenerated silk materials.18: 19. 24 Compared with electrospun silk
fibers in previous studies,28-30 the electrospun fibers derived from F-SF solution achieved
improved mechanical properties, implying the possibility of controlling mechanical
properties of silk-based materials including but not limited to electrospun fibers through the
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control of silk fibroin nanostructures in solution. Aside from the elucidation that SF
spinnability was significantly affected by SF nanoscale structures in solution, the present
study also offer a new way to explore the preparation of regenerated silk-based materials
with useful material properties.

4. Conclusions

Silk nanostructure in solution, a key parameter for silk electrospinning, was studied.
Nanofilament formation in silk solution increased the spinnability of silk and also improved
the control of electrospun fiber diameter. Based on this new mechanism of control of silk
solution for spinning, the design and preparation of silk electrospun scaffolds with
controllable sizes and properties becomes feasible, which would further facilitate further
utility in tissue engineering and drug release systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AFM images of silk fibroin after different treatments: (a) fresh silk fibroin solution; (b)
sample (a) slowly concentrated to 25 wt% at room temperature, the drying time was about 4
days. Before observation, all samples were diluted to 0.000001wt% to generate a single
layer on the mica surface.
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Figure 2.

AFM images of SF electrospinning solution with a concentration of 0.000001wt%. (a) SF
nanosphere solution (termed S-SF) prepared by dissolving fast drying SF films in formic
acid; (b) SF nanofilament solution (termed F-SF) prepared by dissolving slow drying films
in formic acid.
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Figure 3.

Viscosity shear rate profiles of SF electrospin solutions at four concentrations with different
nanostructures: (S) nanospheres, (F) nanofilaments. SF nanosphere and nanofilament
solution were prepared by dissolving fast and slow drying SF films in formic acid,
respectively.
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Figure 4.

SEM images of electrospun SF nonwoven mats derived from nanosphere solution. The
formation of SF nanofibers required the high concentration (12 wt %). The diameters of
nanofibers formed in electrospun SF nonwoven mats were listed below each SEM images.
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SEM images of electrospun SF nanofibers derived from nanofilament solution. The SF

nanofibers formed at all concentrations.
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FT-IR spectra of electrospun SF nanofibers derived from solution containing nanospheres (a
and c) and nanofilaments (b and d); before (a and b) and after 75% ethanol treatment (c and

d).
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Figure 7.

Model of electrospun SF nanofiber formation. (a) Globule formation driven by increased
concentration of SF nanosphere solution, resulting in nanofiber formation after
electrospinning nanosphere solution with high concentration (12 wt%). (b) SF nanofilaments
in FA solution formed nanofibers under electrostatic force even with at concentration (6 wt

%).
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