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Nanocomposite fibers ofBombyx morisilk and single wall carbon nanotubes (SWNT) were produced by the
electrospinning process. Regenerated silk fibroin dissolved in a dispersion of carbon nanotubes in formic acid
was electrospun into nanofibers. The morphology, structure, and mechanical properties of the electrospun nanofibers
were examined by field emission environmental scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, and microtensile testing.
TEM of the reinforced fibers shows that the single wall carbon nanotubes are embedded in the fibers. The
mechanical properties of the SWNT reinforced fiber show an increase in Young’s modulus up to 460% in
comparison with the un-reinforced aligned fiber, but at the expense of the strength and strain to failure.

Introduction

Protein-based polymers with good biocompatibility and
structural properties such as silk have been used as suture and
textile materials.1 The triangular cross section and 10-20 µm
size ofBombyx morifibers remain unchanged over the years.
The fibers consist of thousands of parallel fibrils which give
them their grainy surfaces. This paper examines the scientific
implications of reducing the fiber diameter to the nanoscale,
changing the triangular cross section of the fiber and reinforcing
the fibers with SWNT by the electrospinning process. We
envision new tailorable properties for the nanofibers such as
reduction in static electricity, higher tensile modulus and
strength.

Electrospinning is an attractive method of producing nanos-
cale fibers from natural2 and synthetic sources3 with diameters
ranging from 2 nm to several micrometers. Fiber diameters as
low as 7 nm with near circular cross section, smooth surfaces
and improved biocompatibility can be produced by electrospin-
ning regenerated silk fibroin devoid of sericin.4-7 However, the
mechanical properties of the electrospun silk fiber8,9 were
lacking in comparison with the natural fiber. This could be due
to the fact that the electrospun fibers were tested in yarns or
nonwoven mats, which do not give accurate values of the
nanofiber properties. The discrepancy in mechanical properties
of the electrospun and natural silk fiber may also be as a result

of the processing steps involved in the nanofiber formation,
differences in crystallinity, and molecular orientation of the
chains along the fiber axis. Experiments have shown that
electrospinning of nanofibers does indeed lead to a certain
degree of molecular orientation of the chains that comprise the
fibers;10-12 however, some of this orientation is lost due to
relaxation processes that occur immediately after fiber formation.
Drawing of fibers is one of the postprocessing methods for
improving the mechanical properties due to improvement of the
degree of molecular orientation. Vollrath et al. have shown that
it’s possible to attain silkworm silk fibers with improved
mechanical properties by drawing13 and artificial reeling of silk
straight from the silkworm at high speeds (27 mm/s).14

There is therefore a need to improve on the mechanical
properties of the electrospun silk fibers. The availability of
SWNT which have exceptional mechanical (elastic modulus and
tensile strength of 1TPa and 200 GPa respectively)15 and
electrical properties make them suitable candidates for tailoring
not only the mechanical properties of a material but also may
elicit changes in the electrical and thermal properties. Thus,
SWNT’s have potential applications as polymer reinforcements
for composites, materials for energy storage,16 electronics,17

catalysis,18 and vaccine delivery.19

Utilizing SWNTs will provide design options of tailoring the
mechanical properties of polymers for various applications such
as in tissue engineering for the fabrication of cell-growth
scaffolds20,21and vascular grafts.22,23The improved mechanical
properties of the SWNT-reinforced nanofibers may have an
effect on the transfer of mechanical stimuli to the cells. An
enormous reinforcement effect with the use of only a small
portion of SWNT can be anticipated. However, the challenges
involved in the fabrication of SWNT reinforced polymers such
as homogeneous dispersion of the SWNTs in the polymer,
efficient load transfer, aggregation and poor solubility in water
and organic solvents, acts as limitations for practical applica-
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tions. Many strategies have been employed to separate and
disperse the SWNTs which include sonication,24 covalent25 and
ionic functionalization,26,27 and steric28 and electrostatic repul-
sion.29

In recent years, SWNTs have been utilized as nanofillers to
enhance the mechanical properties of polymeric materials.30-32

Andrews et al. dispersed SWNT’s in isotropic petroleum pitch
matrixes to form nanotube composite carbon fibers with
enhanced mechanical and electrical properties33 (5 wt % loading
of SWNT’s led to an increase in modulus by 150%). Ko et al.
fabricated carbon nanotube-polyacrylonitrile composite fibers
by the electrospinning process.34,35They utilized both SWNT’s
and multiwall carbon nanotubes and studied the reinforcement
effects of the nanotubes on the nanofibers. A two-stage rupture
behavior of the composite fibers under tension, including crazing
of polymer matrix and pull-out of carbon nanotubes was
observed. They concluded that carbon nanotubes reinforce the
polymer fibers by hindering crazing extension, reducing stress
concentration, and dissipating energy by pullout.

To date, to our knowledge, no one has studied the reinforce-
ment effects of SWNTs on natural biopolymers. Spider silk is
known as the toughest natural material; however, efforts to
produce it on a commercial scale have not been successful. On
the other hand, natural silkworm silk, which is produced on a
large commercial scale, without postprocessing treatments,
usually lacks the toughness and strength of spider silk. We
hypothesize that by reinforcing the silk fibers with SWNT’s, a
significant improvement may be made in its mechanical
properties. We propose using the silk fibroin as the dispersing
agent for the SWNT’s with a net gain effect of having the
electrospun nanofibers reinforced by the latter. The dispersion
should be driven by both steric and hydrophobic effects between
silk and SWNT. van der Waals interaction forces also provide
cohesion between the SWNTs and silk. The rigidity and
cylindrical shape of SWNTs make their surfaces good supports
for protein crystallization36 which can improve the mechanical
properties of the electrospun nanofibers. Consequently, by co-
electrospinning SWNT with silk fibroin, a nanocomposite fiber
may be fabricated to yield multifunctional strong and tough
fibers, which may open the gateway to producing multifunc-
tional fibers that may be suitable for weaving into textiles.

Here, we report the reinforcement effects of SWNT’s on the
morphology, structure and mechanical properties of electrospun
silk nanofibers.

Experimental Section

DegummedBombyx morisilk fibers provided by the Taiwan Textile
Research Institute were dissolved in 50% aqueous calcium chloride
(CaCl2) and dialyzed against deionized water for 2-3 days. The
dialyzed fibroin solution was frozen for 24 h at-20 °C and then
lyophilized at -80 °C (LabConco Freezone 2.5 Plus) to produce
sponges. Purified SWNTs produced by high-pressure disproportionation
of CO (HiPCO)37 were used. Formic acid and calcium chloride were
purchased from Sigma-Aldrich.

The spinning dope was prepared by sonicating 0.5-5 wt % SWNT’s
in formic acid (98-100%) for 2 h. Regenerated silk fibroin (12 wt %)
was added to the SWNT-formic acid mixture and further sonicated for
an hour and mechanically stirred for another hour. The SWNT-silk-
formic acid solutions were electrospun utilizing an 18-G needle at a
45° spinning angle, a voltage of 30 kV and spinning distance of 7 cm
as described in our earlier paper.38 Random fibers were collected on
an aluminum foil covered metallic plate and aligned fibers were
collected to make nonwoven mats and yarns, respectively.

The diameter and morphology of the gold-sputtered electrospun
SWNT reinforced nanofibers were determined and examined by SEM

(Phillips XL-30 field-emission SEM). The average fiber diameter and
its distribution were determined based on measuring 100 randomly
selected fibers obtained from each spinning condition. The TEM images
were obtained using a JEOL-2010F (200 kV) with a point-to-point
resolution of 0.23 nm. The samples were prepared by drawing out small
fibrils from the silk assemblies (yarns) with the aid of tweezers and
placed on lacey carbon coated copper grids.

Raman spectroscopy (Renishaw 1000, 780 nm diode laser), FTIR
(Nicolet Magna-IR 560 spectrometer), and wide-angle X-ray diffraction
(XDS 2000, Scintag Inc.) were used to elucidate the secondary structure,
chemical composition, and crystallinity of the SWNT reinforced fibers.
At least 5 spectra were recorded per sample and data are based on
averages. The laser spot size and power employed in the Raman
measurements were 1µm and 50-100%, respectively. Deconvolution
of the Raman spectra was done by peak fitting application provided
by GRAMS-32 software, which uses an iterative fitting of Gaussian
functions with the data minimized by the chi-squared criterion. The
mechanical properties of the co-electrospun SWNT-silk fibers were
measured on the KES-G1 Kawabata microtensile tester at room
temperature. A strain rate of 0.02 s-1 was used in the tensile tests.

Results and Discussion

The SEM micrographs of electrospun 1 wt % SWNT
reinforced fibers (Figure 1) show that the fibers have smooth
surfaces. Analysis of the cross sections of the fibers shows that
they have near circular cross-sections (not shown). Random
structures (nonwoven mat), aligned fibers, and weblike structures
can be obtained (Figure 1b). The web formation, as postulated
by Gogotsi and Lam,39 may be a result of the inclusion of carbon
nanotubes into the fibers. Due to the methods of dispersion of
the SWNTs by sonication and mechanical stirring, the SWNT
clusters break down into small ropes. The addition of silk forms
a coating around each individual rope and keeps them from
aggregating or binding together. During electrospinning, the

Figure 1. SEM micrographs of 1% SWNT reinforced fibers: (a)
aligned and (b) random with a weblike structure.
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bundles are expelled from the polymer jet under extremely high
force and velocity, which causes opening of the bundles to form
the weblike structure.

Fiber diameter distribution is shown in Figure 2. The average
fiber diameter is 147( 41 nm. The average fiber diameters for
all loadings of SWNT in the silk fibers are all below the 200
nm range as shown in Table 1. There is a general trend of the
aligned reinforced fibers of having lower average fiber diameters
than their random counterparts. We believe that this is due to
the fact that, during the electrospinning and fiber formation
process, electrostatic forces stretch the fibers, and upon collec-
tion on a plate, the fibers become relaxed and tend to expand
in diameter. The aligned fibers on the other hand, were collected
between two points under tension and hence their relaxation
and expansion values are lower, leading to lower average fiber
diameters.

The presence of SWNT in the fibers and the secondary
structure of the reinforced silk fibers were determined by Raman
spectroscopy. It is also a useful tool for determining the
conformation of proteins. Figure 3 shows the spectra of 0.5, 1,
2, and 5% SWNT reinforced aligned fibers with characteristic
bands at 1593 and 1570 cm-1 (tangential mode [TM]), 195-
270 cm-1 (radial breathing mode [RBM]), and 1299 cm-1

(disorder induced mode [D]) and some minor bands attributed
to the silk fibroin. The RBM bands have a diameter-dependent
frequency that can be used to determine the nanotubes diameters.
The diameters of the SWNT range from 0.84 to 1.13 nm as
determined from their RBM bands.40 The TM band is derived
from the in-plane Raman-active mode in graphite and can be

used to differentiate metallic from semiconducting nanotubes.
The Raman spectra show that most of the SWNT are semicon-
ducting. The D band on the other hand, originates from double
resonance mechanism that couples electrons and phonons.41 The
D band provides information about the crystalline quality of
the samples, i.e., disorder and defects in the sp2 carbon material,
and is a useful probe for measuring degrees of structural disorder
in the nanotubes.42

The D-band occurs in the pristine SWNT at 1294.9 cm-1

and can be assigned to defects and tube curvature. It may also
originate from small amounts of amorphous carbon remaining
on the tube surface after purification, because it was not present
in the double-walled nanotubes samples subjected to oxidative
cleaning.43 The D-band positions are dependent on the SWNT
incorporation in the silk fiber as shown in Figure 4a. As the
concentration of SWNT increases from 0.5%, there is a shift of
D-band peak positions to higher frequencies. The D-band
increases up to 2% SWNT loading (1299.8 cm-1) after which
further increases in the % of SWNT lead to slight decreases in
D-band frequency at 5% (1298.4 cm-1). In comparison with
the pristine SWNT, there is a downward shift in the D-band by

Figure 2. Fiber diameter distribution of 1% SWNT reinforced aligned
silk fibers at spinning conditions of 12% silk fibroin concentration, 7
cm spinning distance and electric field of 3 kV/cm.

Table 1. Average Fiber Diameters of SWNT Reinforced Silk
Fibers

SWNT content
(%) type of fiber

average diameter
(nm)

0.5 random 54 ( 26
0.5 aligned 83 ( 30
1 random 153 ( 99
1 aligned 147 ( 41
2 random 70 ( 33
2 aligned 55 ( 20
5 random 81 ( 33
5 aligned 35 ( 15

Figure 3. Raman spectra of pristine SWNT and aligned electrospun
silk nanofibers with 0.5% to 5% of SWNT.

Figure 4. Raman spectroscopy measurements of band positions in
SWNT reinforced silk fibers: (a) D-band positions, (b) RBM1-RBM3
band positions, and (c) TM1 and TM2 band positions.
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4.9 cm-1. It is not clear if the shifts observed in the D-band
positions are due to scattering effects.

The RBM peaks shown in Figure 4b occur in the range of
205-267 cm-1. These peaks are attributed to the radial breathing
mode of the nanotubes, and its frequency depends on the inverse
diameter and on interaction with the surrounding media (silk).
The RBM peak positions appear constant when the concentration
of SWNT is increased from 0.5 to 5%. The pristine SWNT have
somewhat lower RBM values in comparison with the reinforced
fibers, which can be attributed to the silk-SWNT interaction.
The TM bands shown in Figure 4c also depict similar increases
in peak positions as with the D-bands. As the concentration of
SWNT increases from 0.5wt %, there is a shift of TM peak
positions to higher frequencies. There is an increase up to 1%
[1568.2 (TM1) and 1595.0 cm-1 (TM2)] after which increasing
the loading level of SWNT does not affect the peak position.
In comparison with the pristine SWNT, there is an upward shift
in the TM1 and TM2 bands by 12.7 and 6.6 cm-1, respectively.
Whether these small shifts are related to the interactions between
silk and SWNT loadings or as a result of heating of the
nanotubes during measurements needs further investigation.

The observed changes in the TM (1595 cm-1)-peak intensities
of the 0.5-2% SWNT reinforced silk fibers might suggest that
the quantity of silk intercalated between the nanotubes increases
with increase in SWNT content. As silk is a poor electrical
conductor, it may act as an insulator to the nanotubes hence
reducing the TM peak intensities. This may lead to better

dispersion of the nanotubes and weaker interactions between
the nanotubes. For higher concentrations (∼5%), the peak
intensities do not change with increase in SWNT content, which
may be an indication of saturation of the composite. It seems
that higher concentrations of SWNT lead to higher aggregates,
which may prevent the silk from being intercalated. Although
measured changes on peak positions are very small and may
result from data scattering or sample heating with the laser beam,
their systematic nature suggests that the observed shift might
result from SWNT-polymer interactions.

Polarized Raman spectroscopy was carried out to determine
the alignment of the nanotubes in the reinforced fibers. Figure
5 displays the polarized Raman spectra of 1% SWNT-reinforced
fibers taken at various angle (θ) relative to the incident light.
When the light is polarized along the fiber axis, the intensities
of all peaks are high (θ ) 0°) and they decrease to a minimum
as the value ofθ increases to 90°; that is, the polarized light is
perpendicular to the fiber axis. The decrease in intensity of the
Raman signal as a function of the orientation of the polarized
laser beam relative to the fiber orientation depicts local
alignment of the SWNT’s in the fibers. Figure 5 shows a
decrease in the intensity ratios of the D and TM bands with
increase in orientation angle.

Introduction of nanotubes into silk leads to a shift in the
D-band positions from 1294.8 to 1295.8 cm-1 (0.5% SWNT).
There is an increase in the shift up to 2% nanotube loading
(1299.8 cm-1), after which further increases in the content of
SWNT lead to a decrease in the D-band positions. When the
nanotubes are incorporated into the silk, the bands are shifted
toward higher frequencies, especially the lower frequency peaks
(RBM). The shifts observed can be explained by the intercalation
of the silk into the SWNT bundles. The silk exerts pressure on
the individual tubes, thereby increasing the peak positions.
Further, the quantity of silk intercalated between nanotubes
could lead to further opening of the SWNT bundles, thereby
enhancing the formation of nucleating sites to favor the
crystallization process. These results may suggest that there is
some reduced vibrational freedom of the silk polymer chains
as a consequence of the intercalation of the silk matrix.

The presence of SWNT in the silk fibers and their orientation
can be observed by TEM.

Analysis of a large number of fibers shows that tubes were
aligned along the fiber axis, as previously reported for PAN
fibers.22 Figure 6 shows the TEM image of a broken reinforced
fiber. The micrograph shows that the SWNTs are embedded in

Figure 5. Intensity ratios of D and TM bands in 1% SWNT reinforced
silk fiber as function of the orientation of the polarized laser beam
relative to the fiber orientation.

Figure 6. TEM micrographs of a SWNT reinforced silk fiber; (b) is a high-resolution TEM image of the area squared in (a) showing two single
wall nanotubes protruding out of the silk fiber.
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the silk fibers and not deposited on the surface during the
electrospinning process. The high-resolution TEM image shows
that the nanotubes are in the form of bundles and the average
diameter of the nanotubes is∼1 nm.

The SWNTs may be aligned along the silk fiber axis by three
mechanisms: (1) charge, (2) confinement, and (3) flow. Due
to the large electrostatic fields used in the electrospinning
process, a favored orientation of the SWNT along the fiber axis
is achieved. As a result of the large aspect ratio of the nanotubes
(L/d )1 µm/1 nm> 1000) and the nanoscale diameter of the
electrospun silk fibers, a relative orientation is further attained
due to confinement as there are not too many permissible
orientations in the fiber that will allow movement of the
nanotubes other than along the fiber axis. In addition, during
the fiber formation stage in the electrospinning process, the silk
matrix undergoes a drawing effect, which partially induces
alignment of the SWNT along the flow direction (fiber axis).
A coupling of these three mechanisms leads to a preferred
alignment of SWNTs along the electrospun silk fibers.

Figure 7 shows a schematic of the flow and confinement
induced alignment of SWNTs in a silk fiber.

The conformation of the aligned SWNT reinforced fiber was
determined by FTIR. The absorption spectra were carried out
on as-spun nanofibers and SWNT reinforced fibers at different
nanotubes content levels. The spectra in Figure 8, show the
fibers have random coils with strong absorption bands in the
1640-1690 cm-1 range (amide I), 1520-1570 cm-1 range
(amide II), and an amide (III) band at 1260 cm-1. Theâ-sheet
bands of the amide I group are noticeable at 1620, 1632, and
1651 cm-1, respectively.44 The spectra indicate that there are no
significant conformational differences between 0.5, 1, 2, and 5%
SWNT reinforced fibers. There are no significant differences in
the major bands; however, there are slight differences in peak in-
tensities, which indicate changes in the amount or concentration.

An XDS 2000 WAXD was employed to determine the
crystalline structure of the electrospun-unreinforced fibers and

SWNT reinforced fiber. Figure 9 shows the WAXD patterns of
the nonreinforced and SWNT reinforced fiber. The SWNT
reinforced fiber as well as unreinforced fiber were characterized
by peaks at 15.4, 18.3, 19.9, 26.9, and 29.7° corresponding to
silk (I) and silk (II) crystallined spacings of 0.57(I), 0.49(II),
0.45(I), 0.33(I), and 0.30(I) nm, respectively. Figure 10 depicts
the crystallinity of the SWNT reinforced fiber and unreinforced
fiber (calculated by the method of Herman)45 plotted against
the volume fraction of SWNT in each fiber. The volume fraction
was calculated from the mass fraction using the densities,F )
1500 kg/m3 for SWNT andF ) 1300 kg/m3 for silk. It can be
seen that there is a linear increase in crystallinity by reinforcing
the silk fibers with 0.5-2% volume of SWNTs. This might
suggest that SWNT may induce crystallization of silk.

The mechanical testing was conducted on aligned fibers,
which were collected by a procedure developed in our laboratory
as our previous research5 has shown that random fibers do not
possess satisfactory mechanical properties. The aligned fibers
were carefully rolled into yarns with as few twists as possible
and mounted on a paper sample holders (3 cm gauge length).
Figure 11 shows the stress-strain curves for SWNT reinforced

Figure 7. Schematic of flow and confinement mechanisms for
preferred nanotubes orientation along fiber axis.

Figure 8. FTIR spectra of silk fibers: (a) as-spun, (b) 0.5% SWNT
reinforced fiber, (c) 1% SWNT reinforced fiber, (d) 2% SWNT
reinforced fiber, and (e) 5% SWNT reinforced fiber.

Figure 9. WAXD patterns of (a) as-spun silk, (b) 2% SWNT-silk
fibers, (c) 1% SWNT-silk fiber, and (d) 0.5% SWNT reinforced silk
fibers.

Figure 10. Crystallinity of reinforced silk fibers versus volume fraction
of single wall carbon nanotubes.

212 Biomacromolecules, Vol. 7, No. 1, 2006 Ayutsede et al.

CDV



fiber and unreinforced fiber, whereas Table 2 shows the averages
of the mechanical properties.

The initial Young’s modulus of the as-spun aligned fibers as
calculated from the slope of the initial part of the stress-strain
curve was 337 MPa at a breaking strain of 4.6%. The 0.5 and
2% SWNT reinforced fibers have a lower modulus in compari-
son with the aligned as-spun fibers. However, the 1% SWNT
reinforced fibers show a much more promising result.

Reinforcing the fibers with 1% SWNT can lead to increases
in the initial modulus in the range of 110-460%. We hypoth-
esize that the lower mechanical properties of the 0.5 and 2%
SWNT reinforced fibers are due to poor dispersion (distribution)
and imperfect alignment of the nanotubes along the fiber axis
within the nanofibers. Nanotube agglomerates can act as critical
flaws decreasing the ultimate strain and strength of the fibers.
Higher Young’s modulus for the 1% SWNT reinforced fibers
could be due to a more uniform distribution and alignment of
SWNT along the nanofibers. This fiber also had the maximum
diameter (Table 1).

Summary

In conclusion, we have demonstrated the feasibility of
fabricating a nanocomposite fiber comprisingBombyx morisilk
and SWNT through the electrospinning process. The conforma-
tion of the silk is conserved as shown by the FTIR results. The
WAXD results show evidence of the possible nucleating effect
of the SWNTs on the silk by the linear increase in crystallinity
in the low volume fraction region. The mechanical properties
of the SWNT-reinforced fibers show an increase in Young’s
modulus up to 460% in comparison with as-spun fibers, but at
the expense of the strength and strain to failure.

Despite these promising results, it is well understood that the
mechanical properties of the SWNT reinforced silk fibers are

still not fully realized due to the nanotubes not being evenly
distributed and aligned throughout the fibers. Further study is
needed for improving the dispersion, achieving a uniform
distribution of SWNTs in the electrospun fibers, having a better
understanding of the SWNT-silk interactions, and identifying
the optimal interfacial stress transfer conditions of the SWNT-
silk composite in order to fully realize their properties and
potential applications.
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0.5% SWNT reinforced 180 ( 108 2.84 ( 1.1 1.7 ( 0.3
1% SWNT reinforced 705 ( 698 7.4 ( 2.5 1.4 ( 0.8
2% SWNT reinforced 285 ( 112 3.7 ( 1.3 1.8 ( 0.5

a Values are means of 5 measurements.
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