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Electrospinning provides a simple, rapid, and inexpensive
way to produce nano/microscaled polymer fibers using
electrostatic force.1-4 Electrospun products have been widely
employed in areas such as high-performance filters,5 high-
surface-area electrodes,6 and fiber templates.7 Recently,
electrospinning of nanofibrous polymer scaffolds for tissue
engineering applications has attracted attention. A biodegrad-
able poly (lactic-co-glycolic acid) (PLGA) material contain-
ing chitin was electrospun from hexafluoro propanol and
formic acid solution.8 Others have electrospun chitosan fibers
from trifluoroacetic acid solutions9 and aliphatic polyesters
(such as poly(ε-caprolactone)) from methylene chloride and
dimethyl formamide.10 In the quest for biocompatible/
bioresorbable, electrospinning has been used to produce
nanostructured dextran membranes.11

Poly(styrene-â-isobutylene-â-stryrene) (SIBS) is a block
copolymer first reported by Kennedy12,13 that exhibits dif-
ferent microphase morphologies depending on the ratio of
styrene to isobutylene units in the copolymer. Compositions
that result in SIBS structures consisting of a continuous
polyisobutylene phase and discontinuous polystyrene phases
provide a material that exhibits mechanical properties similar
to an elastomer.14 SIBS is biostable15-17 and has been used

as a biocompatible drug-eluting coating for cardiac stents.18-21

An increasing electronic conductivity in implantable materi-
als has been shown to result in a decrease in the foreign
body response.22 It also provides the basis of electrode
materials that may be used to provide electrical stimulation
to control cell behavior.23 Carbon nanotubes, first discovered
by Iijima in 1991,24 possess a fascinating combination of
electronic and mechanical properties and their potential
application as components of novel biomaterials has not gone
unnoticed.25,26 Carbon nanotube platforms have been suc-
cessfully used for the growth of the mouse fibroblast line
L-92927 as well as neuronal cells,28,29smooth muscle cells,30

and in bone-cell proliferation.31

In the present work, nanofibers of SIBS and single-wall
carbon nanotubes (SWNTs) were prepared using electro-
spinning. The electrospun fiber webs consisted of an
interconnected microporous structure. These structures have
potential advantages of enhanced mass transport and provi-
sion of interpenetrating 3D networks for cell attachment and
proliferation. Although our initial goal in this work was to
produce conductive electroactive 3D networks based on
SIBS, the addition of SWNTs was also found to facilitate
the electrospinning process.

Solution conductivity, surface tension, and viscosity are
key parameters in determining the suitability of polymer
solutions for electrospinning.32 These properties were deter-
mined for each of the SIBS/SWNT dispersions investigated
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here (Table 1). Pure SIBS is highly resistant. However, the
conductivity of dispersions improved significantly with
addition of SWNT. The surface tension of dispersions
decreased and the viscosity increased with increasing con-
centration of SIBS.

Fibers could not be electrospun from nonconductive SIBS
alone. However, with the addition of SWNT, nonwoven mats
were collected on the gold-coated mylar collector. SEM
images showed that few fibers were obtained when the
concentration of SIBS was less than 7% (w/v) in the
dispersion (Figure 1a), perhaps because of the low viscosity
of these solutions. The fibrous structure of the mats improved
significantly when the concentration of SIBS was increased
from 7 to 11% (w/v) (Figure 1b); and at concentrations above
12% (w/v) SIBS, nonwoven mats of composite fibers could
be obtained with well-interconnected structure (Figure 1c).
The composite fibers ranged from 30 to 350 nm in diameter.

SEMs showed the high surface area and microporous
structure of the electrospun fibers (Figure 1c).

The presence and distribution of SWNTs in the composite
fibers were confirmed using Raman spectroscopy (JYHR800)
with 632.8 nm diode laser excitation on 300 lines/mm grating
at room temperature. Figures 2 and 3 show G-band and radial
breathing mode (RBM) Raman spectra of 0.3% (w/v) SWNT/
13% (w/v) SIBS electrospun fibers in comparison with that
of raw SWNTs. According to Rao et al.,33 peaks in the 100-
275 cm-1 range (RBM) and in the 1500-1600 cm-1 range
(tangential (stretching) modes) should be prominent in
Raman spectra of SWNT. Figure 2a shows three classical
peaks that could be attributed to SWNT: 1588 cm-1 (from
the graphitic sheets), 1556 cm-1 (stretching mode of SWNT),
and 1311 cm-1 (defects in SWNT).34 The observed shifts in
RBM (Figure 3) indicate interactions between SIBS and
SWNT. Raman spectra were consistent across the electrospun

(33) Rao, A.; Chen, J.; Richter, E.Phys. ReV. Lett. 2001, 86, 3895.
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Table 1. Properties of SIBS/SWNT Dispersions

solution or dispersion conductivity (µS/cm)a surface tension (mN/m)b viscosity (mPa S)c

13 wt % SIBS 0 34.46 2855.71
5 wt % SIBS/0.3% SWNT 77.1 31.11 99.15
9 wt % SIBS/0.3% SWNT 86.1 24.00 193.58
13 wt % SIBS/0.3 %SWNT 94.7 23.32 385.58

a Determined by a model 20 pH/conductivity meter (Denver Instruments).b Determined by a KSV contact angle analyzer (goniometer, KSV Instruments
Ltd). c Determined by a DV-II viscometer (Brookfield Engineering Lab., Inc.), shear rate using 20 s-1 for viscosity testing.

Figure 1. SEM images of electrospun fibers obtained from toluene
dispersions containing (a) 5% (w/v) SIBS/0.3% (w/v) SWNT, (b) 9% (w/
v) SIBS/0.3% (w/v) SWNT, and (c) 13% (w/v) SIBS/0.3% (w/v) SWNT.
The increasing ratio of interconnecting fiber to bead structure with increasing
SWNT concentration is shown. The presence of SIBS at 12% or greater
gave a well-interconnected porous structure.

Figure 2. Raman spectra of (a) 13% (w/v) SIBS/0.3% (w/v) SWNT blend
fibers and (b) raw SWNT (using 632.8 nm diode laser excitation on
300 lines/mm grating at room temperature).

Figure 3. Radial breathing mode Raman spectra of (a) 13% (w/v) SIBS/
0.3% (w/v) SWNT blend fibers and (b) raw SWNT (using 632.8 nm diode
laser excitation on 300 lines/mm grating at room temperature).

Figure 4. Cyclic voltammograms in 1 mM K3Fe(CN)6/phosphate buffer
solution of (a) electrospun fibers from 13% (w/v) SIBS/0.3% (w/v) SWNT
on ITO glass, and (b) bare ITO glass slide. Scan rate: 50 mV/s.

2722 Chem. Mater., Vol. 19, No. 11, 2007 Communications



mats, indicating that SWNTs were well dispersed through
the composite fibers.

Cyclic voltammograms were obtained using the electro-
spun SIBS/SWNT mats on ITO glass. Figure 4 shows a CV
of 13% (w/v) SIBS/0.3% (w/v) SWNT electrospun fibers
on ITO glass compared with that of bare substrate. This
indicates that electrospun fibers have a much higher charge
capacity and higher surface area than the bare ITO glass. A
redox couple observed at 0.48 and-0.05 V (vs Ag/AgCl)

indicates an electroactivity for the composite fibers that is
attributed to the presence of SWNTs.

L-929 is a mouse fibroblast line that is commonly used to
assess the cytotoxicity of potential substrates for cell growth.
Calcein AM is a vital dye that diffuses across the plasma
membrane and is cleaved by intracellular esterases to yield
the membrane impermeant, fluorescent calcein product.
Calcein AM therefore may be used as a cell viability dye,
staining metabolically active cells bright green. L-929 cells
were seen to adhere to and grown on 0.3% (w/v) SWNT/
13% (w/v) SIBS electrospun fibers, such that clusters of
viable cells could be visualized by 72 h of culture time
(Figure 5a). The cells grew as well on SWNT/SIBS elec-
trospun fibers as on a gold-mylar substrate, as shown using
a combination of transmission and fluorescence microscopy
(Figure 5b), the rate of growth on the electrospun fibers being
similar to that on polystyrene tissue culture plastic (not
shown). These results suggest that SWNT/SIBS electrospun
fibers are biocompatible substrates.

In summary, we have shown that nanofibres of SIBS/
SWNT can be obtained from SIBS/SWNT toluene disper-
sions by electrospinning. The resulting fibers have a high
surface area and well-interconnected microporous structure,
indicating potential applications in areas requiring good mass
transport. The presence of SWNTs through the electrospun
fibers rendered the composite fibers conductive and elec-
troactive. This useful combination of properties, combined
with the compatibility of the SIBS/SWNT fibers with L-929
cells, opens up the possibility of using these conductive
materials as substrates for studies of the effects of electrical
stimulation on cell growth and suggests possible applications
in biomedical fields such as in tissue engineering.
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Figure 5. Fluorescence microscope images of L-929 cells growing on
SWNT/SIBS electrospun fibers. Figure 5a shows calcein-stained cells using
fluorescence detection only. Figure 5b shows the same field with the addition
of transmission (white light) imaging to show the position of SWNT/SIBS
fibers (dark regions).
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