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ABSTRACT

Electrospinning is an effective procedure for fabricating submicron to nanoscale fibers from synthetic
polymer as well as natural proteins. We successfully electrospun regenerated silk protein from cocoons of
Bombyx mori to produce random as well as aligned fibers with diameter less than 100 nm. The fibers
were characterized using field emission environmental scanning electron microscope (ESEM), Fourier
transform infrared spectroscopy (FT-IR), Raman spectroscopy and wide angle X-ray diffraction (WAXD)
studies. Post-spinning treatment with methanol and/or stretching and co-electrospinning with single
walled carbon nanotubes (CNT) were carried out to alter the strength, toughness, crystallinity and
conductivity of silk nanofibers. Addition of just 1% CNT along with post-spinning treatments resulted in
7-fold increase in the strength and 35-fold increase in the modulus of silk nanofibers. Raman spec-
troscopy confirmed that CNTs were incorporated in the silk fibers. FT-IR spectroscopy and WAXD studies
proved that silk-CNT nanofibers had more crystallinity compared to silk nanofibers without CNT. Four-
probe method demonstrated that silk-CNT nanofibers had 4 times higher electrical conductivity

compared to silk nanofibers without CNT.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Electrospinning is a unique method capable of producing
nanoscale fibers from both synthetic as well as natural polymers for
numerous applications [1-6]. Tissue engineering is one of the many
applications for which nanofibers are employed [2]. The nanofibers
produced from the regenerated Bombyx mori silk are the ideal
candidates for generating scaffolds because of the superior
mechanical properties of silk fibers and possibility of enhanced
biocompatibility [7-10]. Regenerated silk protein is fabricated from
degummed natural cocoon silk fibers by dissolving them in
a concentrated salt solution, then dialyzed to remove salt and
finally lyophilized to remove water. This regenerated silk can be
converted to various forms including fibers, films, powders and
filaments [3,11-13]. The regenerated silk is known to have lower
mechanical properties than the natural cocoon fibers [3,14,15]
mainly because of the structural changes happening in the process
of regeneration. The silk produced by regeneration method has
lower P sheet contents resulting in a lower crystallinity and hence
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lower properties. An attempt was made to narrow the gap by
altering the properties of silk nanofibers using post-spinning
treatment and co-electrospinning method.

Methanol is known to induce crystallization in silk fibroin by
forming B sheets [12,14,16-19]. It is well known in Textile fibers that
physical annealing helps in the orientation of the crystals in the
direction of pull. We hypothesize that post-spinning treatment of
the silk nanofibers with methanol along with stretching will
improve the mechanical properties of nanofibers. Another method
for improving the properties is dispersing the particles in the fibers.
Carbon nanotubes (CNTs) are one atom thick layers of graphite rolled
into a cylinder. They are 1 nm in diameter and several microns in
length. They are light weight, flexible and with elastic modulus of
1 TPa, tensile strength of 37 GPa and breaking elongation of 6-30%
are the hitherto the toughest material known [20-22]. Since the
discovery CNTs by Ijima they have become intensely studied mate-
rial as the fillers for light weight and high strength composites
[23,24]. Our previous studies have proved that addition of CNTs in
spinning dope improves the mechanical properties [25,26] and it is
possible to fabricate continuous uniform silk fibers of 100 nm in
diameter varying electric field, spinning distance and concentration
[27,28]. In this paper we present the post-spinning treatment with
methanol and stretching and evaluation of structural, mechanical
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and electrical properties of silk nanofiber nanocomposites for their
potential use in tissue engineering scaffolds.

2. Materials and methods
2.1. Regenerated silk and spinning dope preparation

Silk fibers were obtained from Taiwan Textile Research Institute
(TTRI). All reagents were purchased from Sigma Aldrich unless
otherwise mentioned. The fibers were boiled in aqueous 0.02 M
NapCO3 at 100 °C for 30 min and rinsed with water to extract
sericin. These degummed fibers were dissolved in 50% aqueous
CaCl, at 100°C, to obtain 6% silk solution. All concentration
measurements were done in weight by weight (w/w). The solution
was poured into regenerated cellulose dialysis tubing (Fisher
Scientific: T3 membrane, pore size 25A) to carry out dialysis
against 1 1 of deionized water for 48 h at 23 °C. The regenerated silk
fibroin sponge was obtained by lyophilization (Labconco 2.5 Free-
zonePlus lyophilizer). The spinning dope was prepared by dis-
solving regenerated silk sponge in formic acid.

2.2. Nanofibers and nanocomposite fabrication

The silk-formic acid spinning dope was transferred to 3 ml
syringe with 18-G needle and electrospun at a 45° spinning angle
with spinning conditions of 15% concentration, electric field of
3kV/cm and distance of 10cm. For obtaining aligned fibers
a cardboard (secondary collection plate) was placed in between the
syringe and the collection plate. The random fibers got deposited
on the collection plate and aligned fibers were formed between
a cardboard and the edge of the collection plate.

Nanocomposite scaffold fabrication was carried out by co-elec-
trospinning regenerated silk in formic acid (w/w) along with single
walled carbon nanotubes in the concentration 1% of silk. CNTs
processed by high-pressure carbon monoxide (HiPCO) method
were dispersed in the required amount of formic acid by sonication
for 2 h. The necessary regenerated silk was added to this mixture
and again sonicated for one more hour. This mixture was then
stirred for 1 h prior to spinning. Both aligned and random fibers
were fabricated using the secondary collection plate technique
described earlier.

2.3. Post-spinning treatments

The random nanofiber mat was treated with 90:10 methanol-
water (vol/vol) for 10 min. The mat was then rinsed with deionized
water and allowed to dry in a vacuum chamber overnight. The
aligned fibers were rolled in to a yarn and treated with methanol in
a similar way. For mechanical annealing, the random mat was
physically stretched in between an aluminum frame held together
by clips from the length of 5 cm to 5.5 cm. Further stretching was
avoided as it resulted into breakage of the mat. The rolled aligned
fiber yarns were also stretched in a similar way from the length of
5cm to 5.5 cm. For evaluating the effect of methanol as well as
stretching the mat and the aligned yarns were first treated with
methanol-water 90:10 (vol/vol) and rinsed with deionized water.
They were then mounted on an aluminum frame and stretched

Conductivity (S/cm)

while they were still wet. They were allowed to dry overnight in
a vacuum chamber.

2.4. Scaffold characterization

The morphology of the palladium sputtered electrospun fibers
was examined and their diameters were determined by Phillips XL-30
ESEM. The average fiber diameter and its distribution were deter-
mined based on 100 random measurements. The composition of silk
fibers was characterized by Nicolet Magna-IR 560 FT-IR spectrometer.
The structure and crystallinity of fibers were determined by Siemens
D500 WAXD. Raman Spectra (Renishaw 1000) were obtained using
a 780 nm diode laser. Mechanical properties of both random and
aligned nanofibers were determined by KES-G1 Kawabata micro-
tensile tester at the elongation rate of 0.2 mmy/s. For random mat,
strips measuring 4 x 0.5 cm were glued on a paper frame and then
mounted on Kawabata micro-tensile machine and average tensile
properties from five samples were measured. The time in seconds
required to break the sample was noted and converted to displace-
ment (mm) by dividing it by elongation rate (0.2 mm/s). The
displacement was converted to strain by dividing it by gauge length.
The load on the strips was computed as gram force. The specific stress
in g/Tex was then calculated using the following equation.

Force (g)/specimen width (mm)

Stress (g/Tex) = Areal density (g/m?)

The areal density is simply the weight (g) of the nonwoven test
strip divided by the area (m?) of the strip. The stress in g/Tex was
converted to MPa using following equation.

Stress (MPa) = 9.8 x Stress (g/Tex)
x density of material (g/cc)

The aligned fibers were rolled into a yarn. The 4 cm long sample
was glued from both the sides on a paper frame having 1 cm length.
This gives us the gauge length of about 3 cm. These samples were
then mounted on a Kawabata micro-tensile machine and the
tensile properties were measured from the average of five samples.
The weight and length of all the yarns were measured prior to
mounting them on a paper frame. The linear density of the yarn
expressed in the unit of denier (g/9000 m) was determined for each
yarn. The load on the yarn was normalized by the linear density to
obtain the specific stress expressed in gram force/denier. Knowing
the density of the silk at 1.25 g/cc one can determine the engi-
neering stress in MPa.

To measure the electrical conductivity we used Four-point probe
method. The sample was mounted on a glass slide and the four
probes of the machine were lowered on the sample. The length,
width and the thickness of the sample were noted. The distance
between the probes (probe space) was 2 cm. The known amount of
current was passed through the sample and the voltage was read.
The conductivity in Siemens/cm (S/cm) of the sample was
measured using following equation.

2.5. Statistical analysis

The statistical significance was determined by the analysis of
variance (ANOVA) and Tukey post-hoc test at the significance level

Current (mA) x length of the sample (cm)

~ Voltage (mV) x thickness of the sample (cm) x probe space (cm)
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of less than 0.05 (P < 0.05) using SPSS 14 for Windows® software
package.

3. Results
3.1. Structure of silk nanofibers and silk-CNT nanocomposite

The protein conformation in natural cocoon silk fibers, electro-
spun nanofibers, methanol treated nanofibers and silk-CNT nano-
fibers were determined by FT-IR spectroscopy, Raman spectroscopy
and WAXD.

The FT-IR spectra were collected using Nicolet Magna-IR 560
spectrometer and deconvoluted using Digilab Merlin 3.3 software
(Fig. 1). The frequencies of amide regions in the natural cocoon
fibers (Fig. 1A (1)) and nanofibers (Fig. 1A (2)) did not show any
significant differences proving the protein composition remained
unchanged. They were higher in the silk nanofibers treated with
methanol (Fig. 1A (3)) and silk-CNT nanofibers (Fig. 1A (4)). FT-IR
spectroscopy of silk fibroin shows 2 peaks in the Amide I region at
1650 and 1630. The ratios of areas under these peaks determine the
configuration of the protein [29]. Amide I peak at 1630 represents
B sheet configuration whereas at 1650 represents random coil and
helical structure. The ratios of area under the curve for 1630 to total
area under the curves for 1630 and 1650 [Area;gso/(Areaigso -
+ Areajg3p)] x 100 give you the percentage of B sheets in the
sample. Our calculations proved that natural cocoon fibers had 65%,
nanofibers had 62% B sheets, nanofibers after methanol treatment
had 63.5% and nanofibers with 1% CNT had 64% P sheets.

The Raman spectroscopy is a very useful tool for determining
the conformation of proteins in the solid as well as in solutions. It
also helps us to determine chemical modification and crystalliza-
tion. Raman spectra contain bands that are characteristic of the
specific molecules in the sample (Fig. 2). There was no major
difference in the frequency of the peaks in all samples (Fig. 2A). But
the intensities were not same indicating a difference in alignment
of the polypeptide backbone. Silk fibroin protein has characteristic
bands in the range 1650-1667 and 1241-1279 cm ™! corresponding

to Amide I and Amide III respectively [30]. We observed these
bands at 1665 cm~! and 1231 cm™! in our samples (Fig. 2B). These
regions showed a little higher intensity in the samples having
methanol (Fig. 2B (3)) indicating better alignment of the poly-
peptide backbone after methanol treatment.

CNT shows very unique peaks in Raman spectroscopy. They have
3 characteristic peaks. The peak for Tangential Mode (TM) is
observed between 1593 and 1570 cm~L. TM band can be used to
differentiate metallic from semi-conducting nanotubes [31]. The
Radial Breathing Mode (RBM) band arises between 195 and
270 cm~ L. The RBM bands have a diameter-dependent frequency
and can be used to determine the nanotubes’ diameters [32]. The
last characteristic peak is Disorder Induced Mode (D) and it is at
1299 cm~'. The D band provides the information on the crystal-
linity of the sample and the defects in the sp? orbital of carbon in
the nanotubes [33]. We carried out the Raman spectroscopy of CNT
used in this study (Fig. 3). We were able to see all characteristic
bands of CNT in our sample. The Raman spectra of silk nanofibers
with and without CNT were taken as well. The similar characteristic
peaks were observed in CNT reinforced silk nanofibers proving that
CNT got incorporated in silk fibers during electrospinning.

The WAXD is a powerful technique for determining the three
dimensional structure of molecules that form crystals or regular
fibers. It can be used to determine the type, structure of the crystals
and degree of orientation of the crystallites. We carried out WAXD
on cocoon and nanofibers using copper radiation at 40 kV and
20 mA with collection of spectrum at § = 5-50 and step size of 0.1.
The resemblance between diffraction patterns of cocoon and
nanofibers suggests structural similarity between them (Fig. 4). The
fibers had five diffraction peaks at 13.7, 16.5, 18.2, 25.3 and 28.1°,
corresponding to d-spacings of 6.5, 5.4, 4.9, 3.5 and 3.2 A respec-
tively with higher intensities in methanol treated and CNT rein-
forced fibers. Bragg’'s law was used to calculate d-spacings.
According to Bragg’s law, d-spacing (d) which is a intercrystallite
space is given by

d = 2/2(1/sin 0)

A Amidel  Amide I Amide Il B =
1650 1630 1540 1520 1270 1230 (D)
Natural cocoon fibers " = 3 @
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£ | —
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Fig. 1. FT-IR spectra (A) and amide I regions (B) of various silkworm silk fibers.
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Fig. 2. Raman spectra (A) and Amide I and III (B) regions of various silkworm silk fibers.

where 1 is the wavelength of copper (1.5406) and £ is an incident
angle. The natural silk protein exists in 2 forms, silk I and silk II. Silk
L is the helical protein present in the silk glands prior to spinning. It
is water soluble and undergoes a structural change to water
insoluble silk II protein which is a fiber in B sheet form. The tran-
sition from silk I to silk II is known to occur because of many factors
including acidic pH, removal of calcium ions and water molecules
from the ducts along with the presence of external forces [34-36]
during natural spinning process. In the present study, calculated d-
spacings correspond to both silk I (3.5 and 3.2 A) and silk Il (5.4 and
4.9 A) structure. The unknown d-spacing of 6.5 may be due to other
types of conformations such as B-turns. Thus the fibers were
predominantly made up of the crystals of § sheets dispersed in an
amorphous matrix.

3.2. Effect of post-spinning treatments on diameter
and mechanical properties

We tried to alter the tensile properties of silk nanofibers by post-
spinning treatments of aligned as well as random fibers with
methanol and stretching. The morphology of the palladium coated
fibers was observed and their diameters determined before and
after the treatment with methanol and stretching (Fig. 5).

Radial Breathing Mode
195 i270

Intensity (arbitrary unit)

2

Methanol treatment of the silk nanofibers leads to the
contraction of the fibers thus increasing their average diameter.
This was observed for both aligned as well as random fibers. The
random mat had the average diameter of 72 +25nm and after
methanol treatment the diameter was 231 +70 nm. For the aligned
fiber the diameter change observed was from 904 60 nm to
233 4+ 60 nm. Also, the methanol treated fibers were not as smooth
in appearance as non-treated. They had a grainier or rougher
surface. When the fibers were stretched along with the methanol
immersion the fiber diameter did not change much. The average
diameter of the random fibers after methanol and stretching
was 88 + 32 nm, whereas that of aligned fibers was 70 + 51 nm
(Table 1).

These six samples, random mat, random mat with methanol,
random mat with methanol and stretching, aligned fibers, aligned
fibers with methanol and aligned fibers with methanol and
stretching were evaluated for the mechanical properties. The
tensile properties of all these fibers were measured from 5 samples
and the average stress—strain curves were plotted. The random mat
had a modulus of 140.67 + 2.21 MPa, strength of 6.18 + 0.3 MPa and
elasticity of 5.78 +0.65% (Table 2). The aligned fibers had
a modulus of 174.98 + 2.86 MPa, strength of 7.75+ 0.4 MPa and
elasticity of 5.05 + 0.45% (Table 3). The treatment with methanol

Disorder Induced Mode Tangential Mode

1299} 1570 {1593

i Electrospun silk fibers
-~ L

Electrospun silk + 1%
CNT fibers

Pure CNT (ina
powder form)

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman Shift (cm!)

Fig. 3. Raman spectra of silkworm silk nanofibers with and without CNT. The pure CNT spectrum has the characteristic peaks which are observed in the CNT reinforced silk fibers as

well.
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Fig. 4. WAXD of various silkworm silk fibers.

significantly increased the tensile properties of the fibers. Methanol
is known to induce crystals of B sheets in silk in various forms
including nanofibers [17,18], conjugated films [14], and wet-spun
fibers [12,16]. We believe methanol increases the mechanical
properties by formation of B sheets. Mechanical properties of
electrospun silk-polyethylene oxide nanofibers were evaluated by
Wang et al. [37]. They utilized methanol-water treatment to
remove polyethylene oxide from the composite nanofibers to yield
pure silk nanofibers and to induce § sheets formation. The WAXD
and FT-IR spectroscopic studies showed the conversion of silk from
coil to B sheets and the peaks were indicative of the random
orientation of fibers. In the present study, we employed post-
spinning methanol treatment along with stretching as an attempt

Methanol + Stretching (88 + 32 nm)

Table 1
Fiber diameter of the silk fibers with and without CNT.
Fiber As-spun Methanol Methanol

+ stretching
Random 72+ 25 231+70 88 +32
Aligned 90 + 60 233 £ 60 70 + 51
Random + 1% CNT 153 +£99 280+ 92 140 + 86
Aligned + 1% CNT 147 + 41 288 +83 136 +53

to further improve the alignment of  sheets. Random mat after
methanol treatment had a modulus of 506.55+10.23 MPa,
strength of 18.53 +1.21 MPa and elasticity of 4.82 +0.38%. The
aligned fibers after methanol treatment had a modulus of
630.11 +£12.21 MPa, strength of 23.25 4+ 1.32 MPa and elasticity of
4.22 +0.21%. Stretching of the fibers along with methanol treat-
ment further increased the properties. Random mat after methanol
treatment and stretching had a modulus of 729.89 4 15.43 MPa,
strength of 22.234+0.98 MPa and elasticity of 4.01 £0.22%. The
aligned fibers after methanol treatment and stretching had
a modulus of 995.015 4 15.76 MPa, strength of 26.38 4+ 1.97 MPa
and elasticity of 2.78 + 0.14%.

3.3. Effect of carbon nanotubes on mechanical
properties and electrical conductivity

The silk nanofibers were reinforced with 1% CNT (w/w). The
incorporation of CNT can alter the mechanical properties and can
provide electrical conductivity to the scaffolds. The nanomat and
aligned fibers produced by co-electrospinning silk and CNT were
treated with methanol and stretching to calculate the tensile
properties. Random nanofibers with CNT had the average diameter
of 153 +£99 nm whereas that of the aligned fibers with CNT was
147 4+-41. The methanol treatment and stretching changed the fiber
diameter of CNT reinforced fibers in a similar way as that of non-
reinforced fibers (Table 1).

The incorporation of only 1% CNT significantly increased the
tensile properties of both the random nanomat as well as the aligned
fibers. These properties were further enhanced by methanol and
stretching. Our calculations suggested that nanofiber mat with 1%
CNT had modulus of 633.84 + 12.94 MPa, strength of 13.89 4+ 0.9 MPa
and elasticity of 2.89 + 0.17%. The methanol treatment changed these
properties to modulus of 3644.254+30.34 MPa, strength of
4446 +2.34MPa and elasticity of 1.61+0.43%. The stretching
accompanied by methanol treatment altered the properties to
modulus of 4817.24 + 69.23 MPa, strength of 44.46 4+ 2.1 MPa and
elasticity of 1.22 4 0.14% (Table 2). The aligned nanofiber showed the

Methanol (233 * 60 nm)

\\\

Methanol + Stretching (70 £ 51 nm)

Fig. 5. Morphology and diameters of silkworm silk aligned and random nanofibers before and after methanol treatment and stretching.
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Table 2
Comparison of the mechanical properties of various silkworm silk nanofiber mats.

Modulus (MPa) Strength (MPa) Elongation (%)

Nanomat 140.67 +2.21 6.18 0.3 5.78 + 0.65

Nanomat + methanol 506.55 + 10.23 18.53 +£1.21 4.82 +0.38

Nanomat + methanol 729.89 + 15.43 22.23+0.98 4.01+0.22
+ stretching

Nanomat + 1% CNT 633.84+12.94 13.89+0.9 2.89+0.17

Nanomat + 1% CNT 3644.25+30.34 4446+2.34 1614043
+ methanol

Nanomat 4817.24 +69.23 4446421 1.22+0.14

+ 1% CNT + methanol
+ stretching

similar trend. The aligned nanofibers with 1% CNT had the modulus,
strength and elasticity of 1269.37 4+ 20.58 MPa, 25.57 + 1.38 MPa and
2.3 4+ 0.34% respectively. The methanol treatment of aligned fibers
reinforced with CNT changed the modulus, strength and elasticity to
4640.9 + 78.34 MPa, 53.47 4 2.87 MPa and 1.32 + 0.08% respectively
(Table 3). When the methanol treatment was accompanied with
stretching they had modulus, strength and elasticity of
6549.30 4- 95.8 MPa, 58.04 + 2.86 MPa and 0.93 + 0.09% respectively.

Electrical conductivity of silk nanofiber mats with and without
CNTs was measured using four-point probe method. The conduc-
tivity of silkworm cocoon fibers was evaluated as well as a control.
The samples were considered as films for the simplicity of calcula-
tion. The cocoon fibers had the conductivity of 0.016 S/cm whereas
that of nanofibers and nanofibers with CNTs was 0.028 and 0.114 S/
cm respectively. The cocoon fibers are the least conductive material.
The nanofibers have higher conductivity. The addition of only 1%
CNT significantly increases the conductivity of nanofibers.

4. Discussion

An attempt was made in this paper to alter the properties of
electrospun regenerated silk nanofibers by post-spinning treat-
ments. These properties are an order of magnitude less than the
natural cocoon fibers. However, the data presented in this study
showed the improvement in the properties over the published
information. Gotoh et al. [ 14] fabricated films from regenerated silk
protein. They used lithium bromide as a salt solution and after
dialysis they casted the films in the bath containing methanol. Their
data suggested the strength of 16.37 MPa and elongation of 1.9%. Jin
et al. produced silk nanofibers from regenerated silk protein [3,15].
They used lithium bromide as a salt solution and then added PEO in
various concentrations to a dialyzed silk solution to make a spin-
nable dope for electrospinning. After generating a nanofibrous
structure from silk-PEO solution they removed PEO to obtain

Table 3
Comparison of the mechanical properties of various aligned silkworm silk
nanofibers.

Modulus (MPa) Strength (MPa) Elongation (%)

Aligned nanofibers 174.98 + 2.86 7.75+0.4 5.05+0.45

Aligned nanofibers 630.11 + 12.21 23.25+1.32 4.22 +0.21
+ methanol

Aligned nanofibers 995.015 £+ 15.76 26.38 £197 278 £0.14
-+ methanol
+ stretching

Aligned nanofibers 1269.37 +20.58 25.57 +1.38 23+034
+ 1% CNT

Aligned nanofibers 4640.9 +78.34 53.47 +2.87 1.32 +£0.08
+ 1% CNT
-+ methanol

Aligned nanofibers 6549.30 + 95.8 58.04 + 2.86 0.93 4+ 0.09

+ 1% CNT + methanol
+ stretching

a structure containing only silk nanofibers. The tensile properties of
PEO extracted silk fibers after methanol treatment was 2 MPa of
strength and 1.4% elongation. Additionally, we used co-electro-
spinning technique to generate silk—-CNT nanofibers and to improve
mechanical as well as electrical properties. The rationale for using
CNT was elongation balance theory [38,39] according to which
combining materials with similar elongation at break provide the
most effective means of transferring tensile properties. On the basis
of this theory, silk (15-20% elongation at break) and CNT (6-30%
elongation at break) are the most compatible material systems. It
has been demonstrated by Ko et al. that co-electrospinning
provides an excellent method for aligning CNT in polymer fibril
matrix [24]. Mechanical properties of nanocomposites prepared by
them using co-electrospinning 1-5% CNT (w/w) in a poly-
acrylonitrile nanofiber matrix suggested a 4- to 5-fold increase in
the properties [40]. We theorize that the improvement in the
tensile properties after methanol and stretching is due to formation
and orientation of B sheet crystals in nanofibers. Also, authors
believe that CNT possibly is acting as a nucleating site for the
growth of these crystals. However, further analysis using appro-
priate technology similar to 2D WAXD, NMR, TEM and/or polarized
spectroscopy is necessary in order to substantiate these claims.

5. Conclusions

The regenerated silk was successfully electrospun in formic acid to
generate nanofibers. The silk nanofibers were reinforced with 1% CNT
to improve mechanical and electrical properties. The process opti-
mization and characterization were carried out on various nanofiber
nanocomposites. Uniform fibers with diameter less than 100 nm
were produced in the spinning conditions of concentration range 12-
15% (w/w) and electric field of 3-4 kV/cm. Secondary collection plate
technique was found to be an effective way of fabricating aligned
nanofibers. Post-spinning treatment with methanol and stretching
increased the mechanical properties significantly. These treatments
improved the crystallinity of fibers as well which was investigated by
FT-IR and WAXD studies. Methanol induces the formation of § sheets
in nanofibers. Stretching helps in aligning the fibers to the direction of
pull. We were successfully able to incorporate CNT in nanofibers as
evident from Raman spectroscopy. FT-IR spectroscopy and WAXD
studies showed that silk-CNT nanofibers had more crystallinity
compared to silk nanofibers without CNT. The strength and toughness
of silk fibers were significantly increased upon addition of just 1% CNT.
Electrical conductivity was improved as well with CNT. For tissue
engineering of load bearing tissue which also requires electrical
conductivity for cell growth, example bone [41], silk—-CNT nanofiber
nanocomposites should help scientists fabricate specific scaffolds for
their applications.
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