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Electrospinning has been recognized as an efficient technique for the forming of polymer nanofibers. Silk 
fibroin (SF) nanofibers were electrospun from SF solution using trifluoroacetic acid solution as a solvent. In the 
present work, we have systematically evaluated the effects of instrument parameters, including applied voltage, 
tip-target distance, solution flow rate, solution parameters; such as polymer concentration and solution viscosity 
on the morphology of electrospun SF fibers. The applied voltage and flow rate was monitored at fixed tip target 
distance during the electrospinning process and it was correlated with the characteristics of the fibers obtained. 
The number of deposited fibers also increases with the applied voltage. Also, viscosity, flow rate and applied 
voltage strongly affect the shape and morphology of the fibers. A particular interest, we demonstrated that by 
monitoring the applied voltage and flow rate it is possible to control the fibers morphology and bead concentration. 
Rheological study showed a strong dependence of spinnability and fiber morphology on solution viscosity. 
Solution concentrations has been found to most strongly affect fiber size, with fiber diameter increasing with 
increasing solution concentration and the morphology of the deposition on the collector changed from spherical 
beads to interconnected fibrous networks. FTIR analysis clearly shows that there are no spectral differences 
between fibers and which suggests that there was no chemical modification developed during the process. Under 
optimized conditions, homogenous (not interconnected) SF fibers with a mean diameter of 234 nm were prepared.
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1. Introduction

The process of using electrostatic forces to form synthetic fibers 
has been known for over 100 years. Interest in the electrospinning 
process has been increased in recent years due to the various potential 
applications of nanofibers in different fields such as tissue templates, 
medical prostheses, artificial organ, wound dressing, drug delivery, 
pharmaceutical composition as a result of their unique properties1-3. 
While electrospinning has proven to be a relatively simple and 
versatile method for forming non-woven fibrous mats, a number of 
processing parameters can greatly influence the properties of the 
generated fibers. In fact, a number of processing parameters must 
be optimized in order to generate fibers as opposed to droplets. 
Electrospinning apparatus can be used to form fibers, droplets, or a 
beaded structure depending on the various processing parameters4-7, 
and these parameters include:

i)	The solution properties, such as: viscosity, elasticity, 
conductivity and surface tension;

ii)	Operational variables such as hydrostatic pressure in the 
capillary tube, electric potential at the capillary tip and the 
gap (distance between the tip and the collecting screen);

iii)	 Environmental conditions such as solution temperature, 
humidity and air velocity in the electrospinning chamber.

Nanofibers produced by electrospinning are of industrial and 
scientific interest due to their long lengths, small diameters, and 
high surface area per unit volume8. The process is complex with 
the resulting jet (fiber) diameter being influenced by numerous 
material, design, and operating parameters. Nanofibers have amazing 

characteristics such as very large surface area-to-volume ratio and high 
porosity with very small pore size. Nanofibers from various synthetic 
polymers have been reported, as well as those from natural polymers, 
including proteins9,10 nucleic acids11 and polysaccharides12,13. They 
have been electrospun from solvent solutions using trifluoroethanol, 
hexafluoro-2-propanol, formic acid, etc.

A wide variety of biomaterials have been used in the synthesis 
of nanofibrous scaffolds, including natural, synthetic, biodegradable, 
and nonbiodegradable polymers14. Recently, many researchers have 
investigated silk proteins, mainly silk fibroin (SF), as one of the 
candidate materials for biomedical applications, due to its several 
distinctive biological properties including good biocompatibility, 
good oxygen and water vapor permeability, biodegradability, and 
minimal inflammatory reactions15-17. Silk is a typical fibrous protein 
produced by a variety of insects including silkworm. Silk consists 
of two types of proteins, fibroin and sericin. Fibroin is the protein 
that forms the filaments of silkworm silk and can be regenerated in 
various forms, such as gels, powders, fibers, or membranes, depending 
on its application18. 

SF has been electrospun before mainly by degummed raw 
cocoon of Bombyx mori 9,19-21. The electrospinning of B. mori cocoon 
silk was first reported by Zarkoob  et  al.22 They used solution of 
0.23‑1.2  wt.  (%) silk in hexafluoro-2-propanol. Silk fibers with 
diameters in the range of 6.5-200 nm were produced. Buchko et al.23 
electrospun recombinant hybrid silk with fibronectin functionality in 
96% formic acid solution. They were able to produce nanofibers with 
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diameters ranging from ~60-200 nm. Jin et al.24 were electrospun 
different blends of poly-(ethylene oxide) and silk fibroin using 
aqueous hexaflouro-2-propanol. Uniform fibers (800 ± 100 nm) were 
obtained. Ohgo et al.25 used hexafluoroacetone-hydrate for preparation 
of the recombinant silk. The average diameter of the fibers obtained 
using this solvent was 300 nm respectively.

The purpose of the current work is to look systematically at the 
effects of accelerating voltage, flow rate and solution concentration on 
the structure and morphology of electrospun SF fibers. An electrospun 
nonwoven fabric has not yet been prepared from a pure SF system 
(powder form). Our present study was undertaken to examine the 
electrospinning of pure SF without any further treatment. Silk 
powder generally obtained by fine cutting of the fibroin fiber and 
then grinding it as it is. We electrospun homogeneous nanofibers of 
pure SF dissolved in strongly concentrated trifluroacetic acid (TFA) 
solution without addition of other solvents, The high volatility of 
TFA is advantageous for the rapid solidification of the electrified 
jet of the SF-TFA solution, which have not been reported yet. The 
electrospinning process was optimized varying applied voltage, 
flow rate and concentration to fabricate continuous uniform fibers 
of 234 nm in diameter.

2. Experimental Section

Silk fibroin (SF) was purchased from KB Serien Ltd., (Shiga, 
Japan). The solvent used were trifluroacetic acid (TFA) was purchased 
from Kanto Chemical Co., (Tokyo, Japan) used as such without 
further purification.

2.1. Preparation of SF solutions

The spinning solutions were prepared from single solvent 
system. SF was dissolved in TFA (100%) to form a homogeneous 
solutions were maintained under constant stirring for 24 hours. The 
concentrations of the SF solutions used for electrospinning were in 
the range of 18, 20, 22, 24 wt. (%) respectively. 

2.2. Electrospinning process

To optimize the electrospinning process parameters and to 
fabricate the ultrafine nanofibrous scaffold by using NANON 
electrospinning setup (NANON-01A, MECC Co., Ltd., Fukuoka, 
Japan). The electrospinning setup includes several parts. The basic 
layout is shown in Figure 1. The SF solutions for electrospinning were 
loaded into a 10 mL glass syringes equipped with blunt needle with 
a tip of 0.838 mm inner in diameter. The syringe was then placed in 
a syringe pump and needle was connected to the positive output of 
high voltage supply. The solution flow rates were tested at a range of 
0.02, 0.05 and 0.08 mL/h respectively. The electrospinning voltage 
of 1.5, 2.0 and 2.5 kV.cm–1 was applied between the syringe tip and a 
collector covered with aluminum foil placed at 10 cm on which fibers 
were collected. All the electrospinning experiments were performed 
at room temperature and the process parameters applied during the 
experiments are summarized in Table 1.

2.3. Viscosity measurements

In an attempt to correlate Rheology properties of various 
electrospinning solutions to electrospinnability, the viscosity of SF 
solutions (18, 20, 22 and 24 wt. (%)) in TFA (100%) was measured. 
The rheological measurements were performed on a Bohlin 
Gemini 200 HRnano Rheometer (Bohlin Instruments, UK) with a 
CP 4/40 cone-plate geometry (cone diameter 40 mm, angle 4°). The 
shear rate was linearly increased from 0.05 to 150/s.

Table 1. Specification of technological parameters applied during the electro
spinning.

Polymer 
concentration 

(wt. (%))

Applied voltage 
(kV.cm–1)

Flow rate
(mL/h)

Distance 
(cm)

18

1.5

0.02

10

2.0

2.5

1.5

0.052.0

2.5

1.5

0.082.0

2.5

20

1.5

0.02

10

2.0

2.5

1.5

0.052.0

2.5

1.5

0.082.0

2.5

22

1.5

0.02

10

2.0

2.5

1.5

0.052.0

2.5

1.5

0.082.0

2.5

24

1.5

0.02

10

2.0

2.5

1.5

0.052.0

2.5

1.5

0.082.0

2.5

Figure 1. Electrospinning setup.
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3.2.1. Effect of SF concentration at 18 wt. (%) and its 
operating parameters

At 18 wt.  (%) concentration chain entanglements may not be 
enough, resulting in beads and fibers deposition on the collector 
(Figure 3). A possible reason for such an observation is that 
at low concentrations and viscosity, fibers will break up into 
droplets before reaching the collector due to the effects of surface 
tension30. Figure 3a, b and c show the effect of electric field on the 
fibers. Many short branches appeared in the accelerating voltages 
1.5, 2.0 and 2.5 kV.cm–1 at the flow rate of 0.02 mL/h. Applied voltage 
below 1.5  kV.cm–1 did not permit electrospinning jet formations, 
resulting in no fiber deposition (data not shown). There is an optimal 
range of electric field strengths for a certain polymer/solvent system. 
Either too weak or too strong a field will lead to the formation of 
beaded fibers4. Increasing the flow rate from 0.02 to 0.05 mL/h and 
the applied voltage varied from 1.5-2.5 kV.cm–1 resulted in beads 
with interconnected fibers as shown in Figure 3d, e and f. Although 
small amount of fibers were produced, beads were still dominant on 
the collector. Though the flow rate increased to 0.08 mL/h, favorable 
fibrous did not occurred (Figure 3g, h and i). Significant beads defects 
were noticed at this condition suggest that jet takes longer time to dry 
due to the greater volume of solution drawn from the needle tip. As a 
result, the solvents in the deposited fibers may not have enough time 
to evaporate. Incomplete fiber drying also leads to the formation of 
ribbon like (or flattened) fibers as compared to fibers with a circular 
cross section31. This clearly suggests that the solution flow rate 
must also be accounted for the characterization of electrospun fiber 
morphology. Essentially, solution flow rate adjustments are made in 
order to maintain a stabilized Taylor cone during electrospinning32. 
It has been reported that at lower concentrations, not only the beads 
formed, but also they are harder to dry before they reach the collector 
at high flow rate33. The viscosity was not high enough for stable liquid 
jet formation and hence the beaded fibers were formed.

3.2.2. Effect of SF concentration at 20 wt. (%) and its 
operating parameters

At 20  wt.  (%) concentration it was found that fibers were 
predominantly deposited while the bead fraction remarkably 
decreased in comparison with 18 wt. (%) solution. As illustrated in 
Figure 4a, b and c, it was impossible to collect a continuous fiber. It 

2.4. Characterization of electrospun fiber

The morphology and diameters of electrospun fibers were 
determined using scanning electron microscope (JSM-7400F, JEOL, 
Japan). The sample was sputter coated with a thin platinum layer 
using an auto sputter fine coater (E-1030 Ion sputter, Hitachi, Japan) 
before imaging. According to the SEM images, the diameter and 
distributions of ultrafine fibers were measured.

2.5. Fourier transform infra red (FT-IR) spectroscopy

To observe any chemical changes in SF fiber that may have been 
taking place in electrospinning solution (SF-TFA solution). The 
collected fibers were scraped from the aluminum foil and analyzed 
using an FTIR. The infrared spectra were obtained on a Perkin 
Elmer Spectrum 100 FT-IR system (Perkin Elmer, USA). Samples 
were prepared on KBr pellets and scanned against a blank KBr 
pellet background at the wave number range 4000-450 cm–1 with 
the resolution of 4.0 cm–1. 

2.6. Statistics

One-way ANOVA statistical analysis was performed to investigate 
the effects of the solution concentration on fiber diameter.

3. Results and Discussion

3.1. Rheological properties of SF solution

Rheological behavior of polymer solution examined repeatedly 
for studying the interactions between solvent and polymer. Figure 2 
shows the rheological behavior of SF solutions with different 
concentrations at 18, 20, 22 and 24  wt.  (%) respectively. Shear 
viscosity plotted against shear rate. The viscosity is nearly stable 
in the range of high shear rates. At low shear rates, molecules with 
preferred conformations that are long and thin are not oriented very 
well in the direction of the flow and have large effective cross-
sections, leading to a relatively high viscosity. However, at high 
shear rates, the molecules align with the flow, giving much smaller 
effective cross sections and thus much lower viscosities. In case of 
the solutions of SF (18 and 20 wt. (%)), the values of viscosity were 
maintained constantly around 3 and 5.4 Pa.s, respectively, these values 
increased with increasing of concentration. Specifically, the viscosity 
increased from 7.2 to 16.87  Pa.s for solution concentration from 
22 to 24 wt. (%). The solutions with higher concentrations showed 
higher viscosities, as might be expected for common SF solution. 
The decrease of shear viscosity against shear rate is known to due to 
entangled chain networks in polymer solution26. If a particular solution 
has a high viscosity, then solvent molecules spread more evenly over 
the entangled polymer. Therefore, a higher solution viscosity results 
in more polymer entanglement, which serves to maintain a continuous 
jet during electrospinning. 

3.2. Electrospinning processing parameters

Electrospun nanofiber morphology is also heavily dependent 
on processing conditions. Therefore, processing parameters must 
be optimized in order to generate fibers as opposed to droplets. To 
investigate the concentration effect of the solution; the tip target 
distance for all concentrations was kept constant at 10 cm. The applied 
voltage and flow rate were varied in the range of 1.5-2.5 kV.cm–1 and 
0.02-0.08  mL/h respectively. Most biomacromolecular nanofibers 
have been formed at the electric field range of 0.5-4 kV.cm–1[27-29].

Figure 2. Shear viscosity and shear rate relationship for the SF solutions.
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in the collector which did not evaporate with varying accelerating 
voltage 1.5-2.5 kV.cm–1. The residual solvents may cause the fibers 
to fuse together while they make contact forming webs.

3.2.3. Effect of SF concentration at 22 wt. (%) and its 
operating parameters

While using 22  wt.  (%) SF solution; we observed primarily 
fibers when the applied applied voltage were 1.5-2.5 kV.cm–1 at the 
flow rate of 0.02 mL/h and found that the collection of the fibers 
was extremely low (Figure 5). There was a significant decrease in 
bead formation and the beads were more integrated into fibers. The 
electrospinning process was hard to maintain uniform fibers with the 
presence of junctions in the fibers as shown in Figure 5a, b and c. 

was hard to obtain fibers from the applied voltage varied in the range 
of 1.5-2.5 kV.cm–1 at the flow rate of 0.02 mL/h. A mixture of large 
spherical beads and fibers were observed on the fibers because of 
its relatively lower viscosity. Figure 4d shows the primarily beaded 
fibers when the applied electric field strength was below 2 kV.cm–1, 
increasing the electric field strength to 2.5 kV.cm–1 decreased the 
bead density at the flow rate of 0.05 mL/h (Figure 4e and f). This 
type of structure has been typically referred as the ‘bead on string’ 
morphology in the literature34-36. The fibers may exhibit bending, 
coiling and twisting because of the various stabilities in the jet. 
Figure 4g, h and i obtained by increasing the flow rate to 0.08 mL/h 
and by varying the field strength from 1.5-2.5 kV.cm–1. Fibers with 
beads were collected and there was evidence that solvent was left 

Figure 3. SEM micrographs of electrospun fibers spun from 18 wt. (%) silk fibroin.
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voltage38 which we had observed in our case too. The fibrous structure 
becomes stable at flow rate 0.05 mL/h. As flow rate increases further 
to 0.08 mL/h, thicker fibers were produced with varied accelerating 
voltage and an irregular form of deposition occurred as shown in 
Figure 5g, h and i respectively. 

3.2.4. Effect of SF concentration at 24 wt. (%) and its 
operating parameters

As the SF concentration was increased to 24 wt. (%), evidence 
of fusing fibers were obtained at 0.02  mL/h and there was a 
significant decrease in bead formation and the beads were more 
integrated into fibers (Figure 6a, b and c). More uniform fibers and 
the thicker diameters of fibers were formed with the increase of the 

The fibers may exhibit branching and splitting of the fibers which 
was observed with various operating parameters. In contrast to 
branched fibers, split fibers are generally formed together with the 
primary fiber. They often take a shape of ‘Y’, with two branched 
fibers of approximately equal diameters emerging from a single fiber. 
Branching is a common phenomenon in electrospinning37. At a flow 
rate 0.05 mL/h spindle-like beads and mostly smooth thin fibers were 
obtained (Figure 5d, e and f). The size of the beads became smaller 
and thin fibers coexisted among the beads in comparison with 18 and 
20 wt. (%) solution. It was also observed that the shape of the beads 
also changed from spherical to spindle-like with an increase in the 
concentration of the solution. It was also reported that the shape of 
the beads changes from spindle-like to spherical-like with increasing 

Figure 4. SEM micrographs of electrospun fibers spun from 20 wt. (%) silk fibroin.
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varying the accelerating voltage (Figure 6g, h and i). Depending on 
the solution property, the effect of varying the voltage may have a 
significant effect on the fiber morphology. Figure 6e illustrates that 
experimental test runs with the aforementioned solution parameters 
having 0.05  mL/h volumetric flow rate and the applied voltage 
2 kV.cm–1 allowed for the best results. The high volatility of TFA is 
advantageous for the rapid solidification of the electrified jet of the 
SF-TFA solution might be a possible reason why the electrospinning 
of SF is successful when using TFA. The high solution concentration 
and correspondingly high solution viscosity could be the possible 
causes resulting in an increase in the fiber diameter39. However, if 
the solution concentration is high then fibers cannot be formed due 
to the high viscosity, which makes it difficult to control the solution 
flow rate through the capillary. 

SF concentration. Upon an increase in polymer concentration to 
24 wt. (%) and thus by an increase in viscosity, the distance between 
beads decreased and smooth, uniform fibers were observed. An almost 
homogenous network of the electrospun SF fibers was observed with 
increasing the electric field strength from 1.5 to 2.0 kV.cm–1 decreased 
the bead density, while increasing the flow rate from 0.02 to 0.05 mL/h 
(Figure 6d, e and f). When the electric field was high enough to 
overcome the surface tension of SF solution, particularly in 2 kV.cm–1, 
uniform and homogeneous fibers were obtained (Figure 6e). However, 
while using an applied voltage 2.5 kV.cm–1 (Figure 6f) it was found 
that the fiber thus produced with many defects possibly due to 
increased elongation force and instability of charged jet induced by 
the stronger electric field. However, thicker fibers were produced and 
an irregular form of deposition occurred while using 0.08 mL/h at 

(a) 1.5 kV.cm–1 (b) 2 kV.cm–1 (c) 2.5 kV.cm–1 (Flow rate - 0.02 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 4.3 mm 1 µmSEI 5.0 kV × 5000 WD 4.4 mm 1 µmSEI 5.0 kV × 5000 WD 4.4 mm

(d) 1.5 kV.cm–1 (e) 2 kV.cm–1 (f) 2.5 kV.cm–1 (Flow rate - 0.05 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 4.0 mm 1 µmSEI 5.0 kV × 5000 WD 4.2 mm 1 µmSEI 5.0 kV × 5000 WD 4.2 mm

(g) 1.5 kV.cm–1 (h) 2 kV.cm–1 (i) 2.5 kV.cm–1 (Flow rate - 0.08 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 3.7 mm 1 µmSEI 5.0 kV × 5000 WD 4.4 mm 1 µmSEI 5.0 kV × 5000 WD 3.7 mm

Figure 5. SEM micrographs of electrospun fibers spun from 22 wt. (%) silk fibroin.
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distribution is very high due to non-uniform fibers (Figure 4e; average 
diameter, 168 ± 8.9 nm; diameter distribution, 125-210 nm). At a 
SF concentration of 22 wt. (%), since there was still some form of 
spindle-like beads, only the diameters of the fibers without beads 
were chosen to be measured, fiber diameter distribution decreased 
with thin fibers (Figure 5e; average diameter, 143 ± 3.2 nm; diameter 
distribution, 122-158nm). An almost homogenous network of the 
electrospun SF fibers was observed at 24 wt. (%), the fiber diameter 
equally distributed due to the more uniform fibers (Figure 6e; average 
diameter, 234 ±  3.1 nm; diameter distribution, 225-255 nm). The 
average nanofiber diameter 22 and 24 wt. (%) SF electrospun web 
increased from 143 to 234 nm, respectively, A higher elongational 
viscosity induces a stronger stretching, resulting in fibers of finer 

3.3. Fiber diameter distribution

The images obtained from scanning electron microscope were 
studied for the effect of the SF concentration and electric field on 
fiber diameter and its distribution. Mean diameters were compared 
between the samples that actually produced fibers with minimal 
beads. Thus, fibers produced from 20, 22 and 24  wt.  (%) SF 
concentrations under the same conditions were compared (flow rate 
of 0.05 mL/h and applied voltage of 2 kV.cm–1 respectively). Figure 7 
show the range of diameters for this concentration. For 20 wt. (%) 
SF concentration, fibers were predominantly deposited while the 
bead fraction remarkably decreased; only the diameters of the 
fibers without beads were chosen to be measured, the fiber diameter 

(a) 1.5 kV.cm–1 (b) 2 kV.cm–1 (c) 2.5 kV.cm–1 (Flow rate - 0.02 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 4.4 mm 1 µmSEI 5.0 kV × 5000 WD 4.5 mm 1 µmSEI 5.0 kV × 5000 WD 3.2 mm

(d) 1.5 kV.cm–1 (e) 2 kV.cm–1 (f) 2.5 kV.cm–1 (Flow rate - 0.05 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 4.4 mm 1 µmSEI 5.0 kV × 5000 WD 4.3 mm 1 µmSEI 5.0 kV × 5000 WD 4.1 mm

(g) 1.5 kV.cm–1 (h) 2 kV.cm–1 (i) 2.5 kV.cm–1 (Flow rate - 0.08 mL/h &
Tip target distance - 10 cm)

1 µmSEI 5.0 kV × 5000 WD 4.4 mm 1 µmSEI 5.0 kV × 5000 WD 4.2 mm 1 µmSEI 5.0 kV × 5000 WD 4.1 mm

Figure 6. SEM micrographs of electrospun fibers spun from 24 wt. (%) silk fibroin.
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4. Conclusion

Nanofibrous scaffold of SF were successfully produced in 
a standard electrospinning setup (NANON-01A). Although the 
parameter tests were extremely exhaustive, they provided exceptional 
insight regarding the complex process of electrospinning. Both the 
electrospinning solution and electrospinning apparatus parameters 
derived from these preliminary experiments provided the basis for 
all subsequent experiments in the study. From the data gathered, it 
was determined that an 24 wt. (%) SF-TFA solution would produce 
optimum fiber deposition when electrospun with an 18 gauge needle, 
10 cm tip target distance, 2 kV.cm–1 potential and 0.05 mL/h flow rate. 
Optimally, a lower solution flow rate, while maintaining the Taylor 
cone is more ideal since it permits time for solvent evaporation and 
produces better fibers. A lower feed rate is more desirable as the 
solvent need more time for evaporation. Under optimized conditions, 
homogenous (not interconnected) SF fibers with a mean diameter of 
234 nm were prepared. As the SF concentration was increased, the 
morphology of the deposition on the collector changed from spherical 
beads to interconnected fibrous networks. Drastic morphological 
changes were found when the concentration of the solution was 
changed. Compared to the other variables concentration and the 
corresponding viscosity are the most effective variables to control 
the fiber morphology. These parameters produced consistent results 
in multiple experimental test runs. When the concentration of SF 
solution was more than 24  wt.  (%), the electrospinning process 
was hard to maintain due to the high viscosity of the solution. The 
rheological properties of SF solutions were improved by increasing 
the concentration of SF. Additionally, FT-IR results demonstrated 
that there was no chemical modification on SF and the developed 
mat could be used for prolong application. 
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the structure of the fiber mat which was analyzed after two months of 
its preparation, there is no substantial spectral change between fibers 
and raw material. The spectrum conveys that TFA has not profound 
inference on the chemical structure and also retains the absorption 
bands at 1698 and 1631 cm–1 (amide I), 1518 cm–1 (amide II), 1263 
and 1231 cm–1 (amide III).

Figure 7. The range of fiber diameters for the SF concentration.

Figure 8. FTIR spectra of the SF: a) SF Raw; and b) SF fiber mat.
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