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Abstract

Regenerated Bombyx mori silk fibroin in formic acid was electrospun and the morphological, chemical and mechanical properties of these

nanofibers were examined by field emission environmental scanning electron microscopy (FESEM), Raman spectroscopy (RS), Fourier

transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and tensile testing. FESEM indicated that the average fiber diameter was

less than 100 nm and circular in cross section. This paper maps the silk fibroin molecular conformations of each step of the sample

preparation and the electrospinning process. The secondary structural compositions (random and b-sheet) of the fibroin were determined by

FTIR and RS. The crystallinity index of the electrospun fiber, calculated as the intensity ratio of 1624 (b-sheet) and 1663 (random) cmK1

FTIR bands was higher than that of the pristine fiber. Raman spectra of the amide I (1665 cmK1, random) to amide III (1228 cmK1, b-sheet)
ratio of the electrospun fiber was less than that of the pristine fiber indicative of higher b-sheet content. The fiber crystallinity, determined by

XRD, showed a lower value for the electrospun fiber. The electrospun fiber shows small but significant increases in the b-sheet content in
comparison with the pristine fiber. Dissolution of fibroin in formic acid enhances b-sheet crystallization and may facilitate b-sheet formation

in electrospun fiber. The electrospun random silk mat had a Young’s modulus, ultimate tensile strength and strain of 515 MPa, 7.25 MPa and

3.2%, respectively.

q 2004 Published by Elsevier Ltd.
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1. Introduction

1.1. Background

This is the third paper in a series of papers on the

electrospinning of regenerated Bombyx mori silk. The initial

paper studied the effect of electrospinning parameters on the

morphology and fiber diameter and it was determined by

statistical analysis that the silk solution concentration was

the most important factor in producing uniform cylindrical

fibers less than 100 nm in diameter [1]. The second paper

utilized response surface methodology (RSM) to optimize
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the electrospinning parameters to produce nanofibers. The

RSM model showed that a concentration of 8–10% and an

electric field of 4–5 kV/cm realized nanofibers of diameters

less than 40 nm [2]. The silk source is an additional variable

and each silk must be analyzed separately. In this paper, we

study the effect of electrospinning process on the structure,

morphology and properties of the silk fiber assemblies. The

silk fibroin is characterized through the processing steps of

degumming, dissolution in aqueous calcium chloride,

dialysis, water removal, dissolution in formic acid and

fiber formation. The compositional, structural and mechan-

ical properties of the pristine and electrospun silk fiber

assemblies are compared.

As described in the previous papers, electrospinning is an

attractive method of producing nanoscale fibers from both
Polymer 46 (2005) 1625–1634
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natural [3,4] and synthetic polymers [5–8] with diameters

ranging from 2 nm to several micrometers. Electrospinning

can produce fibrous materials, which are comparable to or

smaller in size than those of natural fibers including

collagen, elastin and fibrinogen. Our laboratory has

fabricated electrospun silkworm silk fibers with average

diameters as low as 28G15 nm.

The availability of silk nanofibers introduces a new set of

potential uses that previously were unattainable. Silk

nanofibers are attractive candidates for biomedical, elec-

trical and textile applications, including tissue-engineered

scaffolds, wound dressings and drug delivery systems [9–

11] because of their high specific surface area, increased

strength and surface energy and enhanced thermal and

electrical conductivity.

Silk, a protein-based polymer with good biocompatibility

and unique structural properties has long been used as a

suture and textile material [12], in cosmetics and pharma-

ceuticals [13]. Bombyx mori silk fibers are 10–20 mm in

diameter, appear triangular in cross section and consist of

thousands of parallel fibrils, which give them their grainy

surfaces. The fiber consists of an inner (fibroin) and outer

layer (sericin) of protein. The triangular cross-section and

the rough surface of the fiber may not be desirable for

sutures because of possible abrasive damage to tissue.

However, electrospinning regenerated silk fibroin, with

sericin removed, produces circular-shaped fibers with

improved biocompatibility. The anti-parallel b-pleated
structure of silk is responsible for its strength and toughness

[14,15].

These properties of silk and their potential benefits have

generated an interest in electrospinning silk from various

sources including silkworm cocoon [1,14,16,17], spider

(Nephila Clavipes) dragline silk [17], recombinant hybrid

silk-like polymers with fibronectin functionality [18] and a

mixture of silk fibroin and chitin [19].

The electrospinning process of silk involves confor-

mational changes in the silk fibroin from random coil to b-
sheet and vice versa. An understanding of the structural

changes that occur during the various stages of the

electrospinning process is essential for the proper use of

the regenerated silk for various applications.
2. Materials and method
Fig. 1. Experimental design A: spinning distance 5 cm, B: spinning distance

7 cm and C: spinning distance 10 cm. The values at coordinate point show

mean fiber diameter of 100 measurements and coded values are shown in

the brackets (electric field, concentration).
2.1. Spinning dope preparation

The materials used in this study were purchased from

Sigma-Aldrich. Degummed Bombyx mori silk fibers

provided by the China Textile Institute in Taiwan, were

dissolved in 50% aqueous CaCl2 and dialyzed against

deionized water. All concentrations were weight to weight

(w/w). The dialyzed fibroin solution was frozen for 24 h at

K20 8C and then air-dried at room temperature. The
regenerated silk fibroin sponge was dissolved in formic

acid (98–100%) to obtain 9–15% w/w concentrations.
2.2. Electrospinning

The critical electrospinning parameters (electric field and

fibroin concentration) identified in part 1 of the paper series

were optimized by a modified RSMmethod [2] employed in

this study. Schematics of these experimental designs are

shown in Fig. 1(A)–(C). The electric field ranged from 2–

4 kV/cm and the concentration from 9 to 15%. Voltages of

10–50 kV and spinning distances of 5, 7 and 10 cm were
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utilized. The silk-formic acid dope was electrospun from an

18-G needle at a 458 spinning angle.

2.3. Characterization

The diameter of the gold-sputtered electrospun nano-

fibers were determined and examined by Phillips XL-30

FESEM. A measurement of 100 random fibers was used to

determine average fiber diameter and distribution.

Raman Spectroscopy (Renishaw 1000–780 nm He–Ne

diode laser), Fourier Transform Infrared Spectroscopy

(FTIR-Nicolet Magna-IR 560 spectrometer) and wide

angle X-ray diffraction (WAXD-Siemens D500) were

used to elucidate the secondary structure, chemical

composition and crystallinity of the silk fibroin at each

stage of the electrospinning process.

The mechanical properties of the electrospun nonwoven

mat were measured on the KES-G1 microtensile tester. The

electrospun mat (after carefully removing the aluminum

foil) was tested at room temperature (23 8C) and 65%

humidity.
3. Results

3.1. Fiber morphology and diameter distribution

Concentration was found to be the most important

parameter influencing the fiber diameter produced in the

electrospinning process. For spinning distances of 5, 7 and

10 cm at low electric fields of 2–3 kV/cm, the fiber diameter

was found to increase with an increase in fibroin

concentration. A 9% fibroin concentration produced fibers

with diameters ranging from 8 to 223 nm. A 15% fibroin

concentration yielded fibers with diameters from 12 to

397 nm.

Fiber diameter distributions at a fibroin concentration of

9%, an electric field of 3 kV/cm and the three spinning

distances are shown in Fig. 2(A)–(C). The average fiber

diameters were 70G23, 61G27 and 55G26 nm at spinning

distances of 5, 7 and 10 cm, respectively.

Fig. 3 shows the ESEMmicrographs of electrospun fibers

at spinning distance of 10 cm, electric field strength of 3 kV/

cm and polymer concentrations of 9, 12 and 15 wt%. The

fibers had smooth surfaces and appeared circular in cross-

section (not shown in the Fig. 3).

3.2. Raman spectroscopy

The conformational changes of the secondary structure

of silk fibroin, which occur during the electrospinning

process, were analyzed by Raman spectroscopy.

The spectra for pristine, degummed and electrospun

fibers are shown in Fig. 4(A). Pristine and degummed silk

fibroins display characteristic conformational bands in the

range 1650–1667 and 1241–1279 cmK1 which correspond
to amide I and complex amide III, respectively [20,21]. In

this study, the amide I (random coil) pristine band was

observed at 1665 cmK1 and the amide III (b-sheet) pristine
band at 1231 cmK1. These well-defined bands were chosen

because they give a clear indication of changes in the

secondary structures from random to b-sheet. The

degummed silk also shows absorption bands at these

wavelengths. No significant spectral changes were observed

indicating that the fibroin conformation is unchanged during

the degumming process. The Raman spectra of the

electrospun fiber are essentially the same as that of the

pristine and degummed fibers although minor bands and

some differences in peak intensities appear. This shows that

the electrospinning process preserves the natural confor-

mation of the fibroin. Fig. 4(B) shows the amide I

(1665 cmK1, random) to amide III (1228 cmK1, b-sheet)
ratio of the electrospun fiber is less than that of the pristine

fiber. This means that the electrospun fiber has a higher

b-sheet content than the pristine fiber.

3.3. FTIR spectroscopy

The secondary structure of Bombyx mori silk fibroin

consists of the major conformations including- random coils

(silk I) and b-sheet (silk II) [22]. This paper does not

differentiate between random coils and silk I structures

because of their similar conformational structures [23].

FTIR spectroscopy was used to follow the conformational

changes that occur during the electrospinning process.

Random coils show strong absorption bands at 1665 (amide

I), 1540 (amide II), and 1235 cmK1 (amide III) and the

b-sheets show absorption bands at 1628 (amide I), 1533

(amide II) and 1265 cmK1 (amide III) [24].

Fig. 5(A) shows the FTIR spectra of degummed silk, silk

fibroin (6% aqueous calcium chloride), silk fibroin (aqueous

post dialysis) and silk fibroin (12% aqueous formic acid).

There are no significant differences in the major peaks. This

indicates that there are no significant conformational

differences between the degummed fiber and the fibroin

solutions.

Fig. 5(B) shows the FTIR spectra of pristine, degummed,

dried fibroin sponge and electrospun silk fibers. There are no

significant differences in the major bands. However, there

are significant differences in peak intensities, which indicate

changes in the secondary structure or concentration. The

percent changes in the intensity of the 1663 cmK1 band

(amide I, random) relative to the pristine silk are 0, 10 and 6

for the degummed fiber, dried fibroin sponge and electro-

spun silk mat, respectively.

The amide I crystallinity index, calculated as the

intensity ratio of 1624 and 1663 cmK1 bands, is shown in

Table 1 for each step of the electrospinning process. The

amide I represents the most abundant secondary structure of

fibroin and shows strong absorption bands at 1663 cmK1

(random) and 1624 cmK1 (b-sheet). Fig. 5(C) shows the

qualitative values of the crystallinity index indicative of



Fig. 2. Fiber diameter distribution: (A) for 9% silk, 5 cm spinning distance and electric field of 3 kV/cm, (B) for 9% silk, 7 cm spinning distance and electric

field of 3 kV/cm and (C) for 9% silk, 10 cm spinning distance and electric field of 3 kV/cm.
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secondary structure changes. These results indicate an

increase in the b-sheet of the electrospun nanofiber in

comparison with the pristine and degummed fibers.

3.4. Structural analysis by wide angle X-ray diffraction

(WAXD)

WAXDwas used to determine the crystalline structure of

the fibroin. Fig. 6 shows the WAXD patterns of pristine and

electrospun fibers. The similarities between the patterns of
the two systems strongly suggest structural similarity

between the pristine and electrospun fibers. The pristine

fiber was characterized by the presence of five diffraction

peaks at 13.7, 16.5, 18.2, 25.3 and 28.18, corresponding to

silk (I) and silk (II) crystalline d spacings of 6.5, 5.4 (II), 4.9

(II), 3.5 (I), 3.2 (I) Å, respectively. The electrospun fiber

was characterized by diffraction peaks at 13.7, 16.6, 18.3,

25.4 and 28.68, corresponding to silk (I) and silk (II)

crystalline d-spacings of 6.5, 5.3 (II), 4.8 (II), 3.5 (I) and 3.1

(I) Å, respectively. Within experimental error, these results



Fig. 3. ESEMmicrographs of electrospun silkworm silk fibers and their corresponding processing parameters of electric field of 3 kV/cm, spinning distance of

10 cm and concentrations of 9, 12 and 15%, respectively.
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are in agreement with the findings of Asakura [23],

Hayakawa [25] and Jin [26]. The diffraction patterns

indicate preferred orientation of the molecular axis of the

crystals along the fiber axis. The results show that both types

of fibers are comprised of mixtures of random (silk (I)) and

b-sheet (silk (II)) crystals, i.e. none of the fibers consist of

only one type of crystal. The unknown d-spacing value of

6.5 may be due to other types of conformations such as

helical and b-turns or distortions by the presence of

conformers and/or segments in which torsion angles deviate

from those of random or b-sheet. The crystallinity of the

fibers was calculated by the method of Herman [27]. The
Table 1

Crystallinity index of silk fibroin determined for each step of the

electrospinning process

Amide

Type of silk Peak ratio (1624/1663), %

Pristine 48.8

Degummed 48.8

Fibroin in CaCl2 49.5

Fibroin after dialysis 48.2

Dried sponge 48.7

Fibroin in formic acid 49.0

Electrospun silk mat 50.2

The index is calculated from the amide I peak intensities at 1624 and

1663 cmK1. The indices were not significantly different based on the two

way ANOVA test carried out at the confidence interval of 95%.
crystallinity of the pristine and electrospun fibers was 48

and 39%, respectively.
3.5. Mechanical analysis by tensile testing

The mechanical properties of the electrospun random

fiber mats were determined utilizing a Kawabata KES-G1

microtensile tester. Strips measuring 0.5 by 4 cm were

mounted on paper sample holders (3 cm gauge length). A

strain rate of 0.02/s, sensitivity setting of 5 and frequencies

of 50 Hz were used in the tensile tests. The results of the

experiment were computed in load (gram force) vs.

displacement. The specific stress in gm/Tex was then

calculated using the following equation:

Stress ðgm=TexÞZ
Force ðgmÞ=specimen width ðmmÞ

Areal density ðgm=m2Þ

The areal density is simply the weight (gm) of the

nonwoven silk test strip divided by the area of the test

specimen. The stress in gm/Tex was converted to N/Tex by

multiplying it by 0.0098. This was converted into the stress

in GPa by multiplying it by the density of silk, taken as

1.25 gm/cc. The conversion factor is shown in the equation

below:

Stress ðMPaÞZ Stress ðgm=TexÞ ! 0:81633

The strain was calculated by dividing the displacement

by the gauge length.



Fig. 4. (A) Raman spectroscopy of pristine, degummed and electrospun nonwoven silk mat. (B) Secondary structural compositions of silk fibroin showing the

fraction of Amide I to Amide III conformations.
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Fig. 7 shows the preliminary result of the mechanical

tests. The initial part of this curve shows a high resistance to

deformation due to cohesive forces in the fiber assembly as a

result of the large number of fiber-to-fiber contacts that is a

consequence of the nanoscale fiber diameter. A pseudo-

yield point is also observed after the initial linear portion of

the stress-strain curve followed by a gradual reduction in

modulus caused by the initiation of fiber slippage. The fiber

slippage leads to slight fiber alignment along the tensile axis

that results in a slow increase in stresses being generated.

Further increases in strain (stretching) lead to decreases in

the cross section of the test specimen and thus the number of

fibers in the cross-section resulting in failure of the fiber

assembly.
The initial modulus of the electrospun random mat as

calculated from the slope of the initial part of the stress-

strain curve was 515 MPa. The breaking strain and ultimate

tensile strength of the fiber mat were 0.032 and 7.25 MPa,

respectively. This compares quite favorably to the results

obtained in an earlier study by Yang et al., wherein a

breaking strain of 0.014 and a modulus of 1.29 MPa was

observed for spun-bonded natural silk nonwoven fabrics

[28]. An observation of the deformation mechanism of the

nonwoven mat revealed nano-level drawing in some of the

fibers as shown in Fig. 8. This implies that the molecular

structures of the fibers can be further oriented. The fact that

not all the fibers experienced the same drawing effect

suggests that mechanical properties of the silk have not been



Fig. 5. (A) The FTIR spectra of—(1) dialyzed silk fibroin in water, (2) 6% silk fibroin in calcium chloride solution, (3) degummed silk fiber, (4) 12% silk fibroin

in formic acid. (B) The FTIR spectra of—(1) electrospun silk mat, (2) dried silk sponge, (3) pristine and (4) degummed silk. (C) Crystallinity index of silk

fibroin at each step of the electrospinning process.
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Fig. 6. WAXD of pristine and electrospun silk fibers.
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fully realized. According to the mechanics of nonwoven

fabrics [29], the theoretical Young’s modulus of a fiber (Ef)

can be estimated as a first approximation to be 1.37 GPa

from the modulus of a nonwoven fabric (EF) as follows:

Ef Z 8=3 EF

This value is an order smaller than that of natural silk

fibers, e.g. the modulus and ultimate tensile strength of

Bombyx mori silk fiber is 16 GPa and 650 MPa, respect-

ively. Further alignment of silk fibers and proper drawing of

the aligned fiber assemblies will be necessary in order to

attain the required mechanical properties of the nanofibers.
4. Discussion

Bombyx mori fibroin is comprised of dimorphic struc-

tures (random coil and b-sheet), which can easily be

interconverted during fibroin processing. In this study the

conformational changes, i.e. transition between random coil

and b-sheet were evaluated at each step of the electrospin-

ning process. The mechanical properties of the electrospun

silk mat were also determined.

The relative amounts of the random coil and b-sheet
structures were measured by FTIR. The FTIR shows that

there are no conformational changes in the relative amounts

of random and b-sheet contents of the pristine and

degummed fibers. Dissolution in calcium chloride leads to

conversion of random structure into b-sheet as shown by an
increase in the crystallinity index of dissolved fibroin. The

crystallinity indexes of degummed fibroin and fibroin

dissolved in calcium chloride are 48.8 and 49.5%,

respectively as shown in Fig. 5(C). This agrees with studies

that show cations such as Ca2C, NaC and KC in the fibroin

solution facilitate the transition of random coil to b-sheet
[30]. Conversely, removal of Ca2C cation reverses the

conformational transition. This is consistent with our

observation of the dialyzed fibroin that has a lower index

of 48.2%. The aqueous environment also favors the

transition of b-sheets into random coils. The index increases

slightly during the drying process to produce a sponge due

to an increase in intramolecular hydrogen bonding of the

fibroin.

Dissolution of fibroin in formic acid increased the

crystallinity index to a greater extent than dissolution in

water, which is consistent with the observation of Um et al.

[24]. They reported that formic acid promotes the b-sheet
crystallization, therefore reducing the hydrodynamic radius

of the fibroin molecules and increasing intramolecular

hydrogen bonding of the fibroin. Um also noted that

removal of formic acid from the fibroin leads to a further

increase in the b-sheet content. Elimination of formic acid

during the electrospinning process produces nanofibers with

a crystallinity index of 50.2%, the highest observed. The

electrospinning process also promotes fibroin molecular

alignment [31], enhancing crystallization.

The Raman results also indicate that there are no

significant conformational differences between the pristine,



Fig. 7. Stress–strain curve of electrospun random silk mat (concentration of 15%, electric field of 2 kV/cm and 5 cm spinning distance).
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degummed and electrospun fibers. A decrease in the relative

amounts of amide I/amide III of the electrospun fiber in

comparison with the pristine fiber is an indication of an

increase in b-sheet content. This is consistent with the FTIR
result that also shows an increase in b-sheet content.

The WAXD results compliment the findings by Raman

and FTIR regarding the crystalline structure of the

electrospun silk fiber in comparison with the pristine

sample. The pristine and electrospun fibers are both

comprised of mixtures of random (silk (I)) and b-sheet
(silk (II)) crystals. The crystallinity of the pristine and
Fig. 8. ESEM of electrospun nanofiber after mechanical tensile testing

showing nano-drawing effect.
electrospun fibers was 48 and 39%, respectively. These

results show that the electrospun fibers are crystalline in

nature which is contrary to earlier reports [17,33] of the

fibers being amorphous. This is probably due to the use of

formic acid as a solvent in our study which induces long

range ordered crystallites.

The discrepancies in the value of the crystallinity

(WAXD) and crystallinity index (FTIR) are due to the

difference in the detecting method employed. FTIR is

sensitive to short-range ordered structures and WAXD is

sensitive to long-range ordered structures [32].

The modulus of the electrospun random silk mat as

determined by the mechanical tests was 515 MPa with a

breaking strain of 0.032. These values are lower than that of

natural silk fibers because of fiber slippage caused by

frictional forces between fibers during testing. A more

accurate analysis can be achieved by testing aligned fibers.

Further drawing and annealing would also increase the

mechanical properties of the fibers.
5. Conclusion

In order to understand the structural changes caused by

the processing steps in the electrospinning process, the

conformational transitions from random coil to b-sheet
characterized by the crystallinity index was determined by

FTIR and the relative amounts of amide I to amide III by

RS. The conformational changes that occur during the
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various processing steps prior to and during the electro-

spinning process are as follows:
†
 Degummed fibroin: the crystallinity index of the pristine

and degummed fibers was the same. Degumming does

not alter the secondary structure of the silk fibroin.
†
 Dissolution in calcium chloride: the crystallinity index of

the silk from the fibroin solution was higher than

degummed fiber indicating that calcium ion facilitates

the formation of b-sheet.

†
 Dialyzed fibroin: removal of calcium ion causes a

decrease in crystallinity index. The aqueous environment

also facilitates the transition to random structure.
†
 Dried fibroin sponge: removal of water leads to a slight

increase in the crystallinity index due to an increase in

intermolecular hydrogen bonding of the fibroin.
†
 Dissolution in formic acid: formic acid increases the

b-sheet crystallization and reduces the hydrodynamic

radius of the fibroin molecules by increasing intramole-

cular hydrogen bonding of the fibroin.
†
 Electrospun fibers: the removal of formic acid and the

fibroin molecular alignment, which occurs during

electrospinning result in the highest observed crystal-

linity index.

The results of this study show that the electrospun fiber

has a non-negligible increase in the b-sheet content in

comparison with the pristine fiber. Dissolution of fibroin in

formic acid enhances b-sheet crystallization and may

facilitate b-sheet formation in the electrospun fiber.

However, the mechanical properties of the electrospun

fiber are not fully realized due to misorientation on the

molecular and fibril level. Further study will be carried out

using aligned electrospun fibers and post processing

treatments such as fiber drawing, annealing and methanol

treatment to improve on the mechanical properties.
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