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ABSTRACT: Electrospun biopolymer-derived nanofiber
webs are promising scaffolds for growing tissue and cells.
However, the webs are mechanically weak and electrically
insulating. We have synthesized a polyethylene oxide (PEO)
nanofiber web that is pliable, tough, and electrically
conductive, by incorporating optically active, DNA-wrapped,
double-walled carbon nanotubes. The nanotubes were
individually trapped along the length of the PEO nanofiber
and acted as mechanically reinforcing filler and an electrical
conductor.
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■ INTRODUCTION

Electrospinning is a fast, simple technique that can be used to
fabricate nanofiber webs from a variety of polymers.1,2

Electrospun fibers exhibit a variety of desirable properties,
such as nanoscale diameter, highly accessible surface area,
tunable porosity, versatile surface properties, and thin web
morphology. They are promising materials for artificial organs,
for cell and tissue scaffolds, and for drug and gene delivery.3−13

However, the practical applications of nanofiber webs have
been limited, because the biopolymers are electrically insulating
and mechanically weak.
These limitations can be addressed by using one-dimensional

carbon nanotubes as a multifunctional filler for polymeric
nanofibers, because carbon nanotubes are electrically con-
ductive, optically active, mechanically strong, and have a
sufficiently small diameter.14 Carbon nanotubes, disentangled
by using sodium dodecyl sulfate, poly(vinyl pyrrolidone), and
gum arabic, have been successfully embedded in electrospun
polymeric nanofibers.15,16 However, the electrical and mechan-
ical properties of the nanofiber web were not investigated, and
toxic surfactants cannot be used to prepare functional tissue
engineering scaffolds. Herein, biocompatible DNA molecule is
chosen in our study, because DNA was identified as a powerful
dispersing agent to disentangle strongly bundled metallic/
semiconducting nanotubes and to separate single-chirality
nanotubes in an aqueous solution, because of DNA molecules’
ability to wrap around the sidewalls of carbon nanotubes.17−28

DNA is abundant and easier to handle than protein, because of
its high thermal stability, and, moreover, DNA can also be used

to induce cells to divide. Therefore, DNA molecules have been
incorporated in electrospun biopolymeric nanofibers.29,30

Herein, we have developed a method of fabricating a
polyethylene oxide (PEO) nanofiber web, which is thin, tough,
electrically conductive, and optically active, by incorporating
DNA-wrapped carbon nanotubes and DNA into the biopoly-
meric nanofibers. The DNA-wrapped nanotubes acted as a
mechanical reinforcing filler and an electrical conductor. Bright
optical signals from the inner tubes of the double-walled carbon
nanotubes (DWNTs) indicated that the DWNTs were trapped
in the PEO nanofiber web. Our PEO nanofiber web with
tunable porosity could be used to fabricate a spatially and
temporally controlled scaffold for growing cells.

■ EXPERIMENTAL SECTION
Dispersion of Double-Walled Carbon Nanotubes. The highly

pure crystalline DWNTs were prepared by chemical vapor deposition
followed by oxidative purification.31,32 Salmon DNA (300 base,
Maruha Nichiro) was used as the starting material. The homoge-
neously dispersed (i.e., individualized) DWNT solutions were
prepared as previously reported.33 The base pair of dsDNA after
sonication was found to be ca. 150−200. We found a saturated
fragmentation of the DNA under our sonication conditions. The
DWNT (2 mg) were dispersed in double-stranded DNA (dsDNA)
solution (10 mL) by sonication for 1 h at 4 °C. The amount of the
individually dispersed tubes in the supernatant was found to be ca.
10%, with regard to the starting DWNT sample.34 Then, we used a
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Qubit fluorometer to measure the adsorbed DNA to DWNTs in the
supernatant by removing any free DNA. The amount of the adsorbed
DNA on DWNTs was found to be ca. 12.1 μg/mL. The suspensions
were ultracentrifuged (150 000 g) to obtain the individually dispersed
DWNTs. The dispersion of the DWNTs in the DNA solution was
confirmed by the ultraviolet−visible light (UV-vis) absorption spectra
(SolidSpec-3700, Shimadzu) and photoluminescence maps (NIR-PL
system, Shimadzu). Raman/fluorescence spectra were obtained at an
excitation wavelength of 785 nm using a Raman spectrophotometer
(inVia, Reinshaw) fitted with a macroscopic sampling kit.
Preparation of PEO and PEO/DNA Solution. PEO (7 wt %,

MW = 300 000, Aldrich) was dissolved in distilled water. A DNA (7
wt %) or DNA-dispersed DWNT solution was added to the PEO
solution at different blending ratios (PEO/DNA = 100/0, 90/10, 80/
20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and 10/90). A DNA-
dispersed DWNT solution (1% or 5%) was added to the PEO/DNA
solution.
Nanofiber Formation Using the Electrospinning System.

The PEO/DNA solution was transferred into a 5-mL syringe with a
capillary tip of 0.5 mm in diameter. The electrospinning was carried
using standard equipment, with a voltage of 10−15 kV, a flow rate of
0.3−0.5 mL/h, and a tip-to-collector distance of 8−12 cm. The
electrospun fibers were collected as a thin web by a metal drum
wrapped in aluminum foil, rotating at ∼50 rpm.
Analysis of Electrospun Nanofiber Web. The macromorphol-

ogy of the nanofiber web was observed by field-emission scanning
electron microscopy (FE-SEM; Model JSM-7000F, JEOL). The
Raman map of the electrospun nanofiber web using a 532-nm laser
line was obtained using a Raman microscope (inVia, Reinshaw).
Electrical conductivity measurements were carried out using the
1M6exZAHNER electric analyzer. A standard four-probe method was
used to measure the electrical conductivity for all of the composites
films at ambient conditions of 25 °C. The mechanical properties of the
nanofiber web samples (60 mm × 10 mm × 0.50 mm) were evaluated
at room temperature, according to the ASTM D638 test method using
a tensile tester (Tensilon RTC, A&D), with a gauge length of 25 mm,
crosshead speed of 10 mm/min, and load cell of 2.5 kN. A standard
four-probe method was used to measure the electrical conductivity of
the composite films (1M6ex, Zahner-Elektrik).

■ RESULTS AND DISCUSSION
DWNTs were used instead of single-walled carbon nanotubes
(SWNTs), because strong optical signals were observed from
the inner nanotubes, since the outer nanotubes protected the
inner nanotubes from physical and chemical attack.35−37 High-
purity DWNTs, prepared by catalytic CVD and oxidative
purification,31,32 were used as a reinforcing filler for the
nanofibers. Figures 1a and 1b show that the nanotubes were
tightly bundled and stacked in a regular hexagonal arrangement
(inset, Figure 1b).31 In addition, the high crystallinity of the
DWNTs was confirmed by the absence of the D-band from the
Raman spectra, using a 532-nm laser line (Figure 1c).32 An
opaque DWNT dispersion in an aqueous solution of DNA was
obtained by sonication and ultracentrifugation (Figure 1d). The
strong van der Waals interaction between the DNA and the
DWNTs caused the DNA to wrap around the DWNT
sidewalls, and thus allowed the DWNTs to disperse (inset,
Figure 1d). The DWNT dispersion was optically characterized.
Sharp optical absorption peaks in the UV absorption spectrum
(Figure 1d) and several strong photoluminescence peaks in the
PL map (Figure 1e) showed that the DWNTs were individually
dispersed in the aqueous DNA solution.
The polymer matrix was PEO, which was selected because of

its high biocompatibility and nonfouling properties. PEO is
soluble in water, but it does not have the ability to disperse
carbon nanotubes, because of its structure (HO−CH2−(CH2−
O−CH2)n−CH2−OH). For this reason, the effects of the PEO

molecules on the stability and optical properties of the DNA-
dispersed DWNT solution were examined. A PEO solution (1
wt %) was added to a DNA-dispersed DWNT solution and
gently sonicated for 10 min. There was no visible change in the
appearance of the nanotube solution (see inset, Figure 2).
However, the Raman/fluorescence spectra of the DNA-
dispersed DWNT solution changed following the addition of
PEO. Figure 2a shows the low-frequency Raman spectra of
both solutions. Three radial breathing modes (RBMs), which
correspond to a coherent vibration of the carbon atoms normal
to the tube axis, were observed below 500 cm−1.38 The RBM
below 200 cm−1 was assigned to the outer metallic tubes, and
the two RBMs above 200 cm−1 were assigned to the
semiconducting inner tubes. The largely depressed outer
tubes can be explained by the direct charge transfer from
DNA to the metallic outer tubes.33 The intensity of the RBM at
265 cm−1 in the DNA-dispersed solution was inversely
proportional to the degree of dispersion of the tubes in the
solution.33 Thus, the increase in the intensity of the RBM at
265 cm−1 when the PEO solution was added indicated that the
degree of dispersion decreased, because the PEO molecules
weakened the binding of the DNA molecules to the surface of
tubes. The high-frequency Raman spectra (Figure 2b)
contained a strong G-band (E2g2 mode) at 1590 cm−1, and a
G′-band at ∼2700 cm−1.38 The strong luminescent peaks were
assigned to the (6,4), (9,1), (8,3), (6,5), and (7,5) DWNT
inner tubes, which indicates that the tubes were individually
dispersed.33,39 No significant change in the frequencies of the G
and G′ bands or in the positions of the luminescent peaks was
observed when PEO was added. However, the intensity of the
luminescent peaks decreased, indicating that the degree of
dispersion of tubes in solution decreased.
PEO/DNA solutions with different blending ratios were

electrospun into nanofiber webs. Long nanofibers were
obtained from the PEO/DNA solutions with blending ratios
of 70/30 and 80/20, which is consistent with previously
published data (see Figures 3a and 3b).29,30 However, the

Figure 1. (a) SEM and (b) TEM images of catalytically grown
DWNTs. Inset in panel (b) is a cross-sectional TEM image showing
the hexagonally packed structure. (c) Raman spectrum of the DWNT
sample using a 532-nm laser line. (d) Image showing the opaque
dsDNA-dispersed DWNT solution; the inset is a schematic model of
dsDNA-wrapped DWNT. (e) UV−visible absorption spectra and (f)
photoluminescence map of the dsDNA-dispersed DWNT suspension
at pH 8.0. The sharp absorption peaks and bright photoluminescence
spots indicate that the tubes were individually dispersed in the aqueous
solution.
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morphology of the electrospun material changed from fibers to
beads as the fraction of DNA increased (see Figures 3c and 3d).
This morphological change can be explained by the low
spinnability of DNA solution. In addition, electrospinning
PEO/DNA solutions with blending ratios of 80/20 and 70/30,
which contained DNA-dispersed DWNT suspensions (1% or
5%), produced a white web (see Figures 3e−h) consisting of
long, homogeneous nanofibers with a diameter of <100 nm.
The miscibility of PEO and DNA in the electrospun nanofiber
was characterized using low-resolution TEM. The absence of
component separation indicates the phase miscibility of PEO/
DNA was good (see Figure 4a). The high-resolution TEM
images showed that the individual long carbon nanotubes were
aligned along the length of the nanofiber (Figure 4b). SEM
images were also obtained after the electrospun nanofiber web
was washed with distilled water in order to remove the PEO
matrix and verify that the DNA-wrapped nanotubes were
trapped in the electrospun nanofiber (Figure 4c). Very long
fibrous materials were observed in the SEM images. The DNA
and DNA-wrapped DWNTs trapped in the PEO nanofiber
probably formed the long, curled fibrous material. In addition,
Raman map images of G-band and RBM (Figure 4d) obtained
using a 532-nm laser line confirmed that the DWNTs were

trapped in the fibrous material. The intermittent bright spots
showed that the optically active DWNTs were present in the
fibrous material.
The effect of the DNA-wrapped DWNTs in the PEO

nanofiber was verified by measuring the electrical conductivity
of the nanofiber webs by the four probe method and their
mechanical strength by tensile testing. Table 1 shows the
relatively high electrical conductivity of the PEO/DNA
nanofiber web, which suggests that DNA acts as an electrical
path in the PEO nanofiber.40 Electrospinning a PEO solution
that contained 5% DWNTs that were individually dispersed
with DNA produced nanofibers with a conductivity of 3.72 ×
102 S/cm. Figure 5 shows the stress−strain curves of the
various nanofiber webs that were prepared by electrospinning
PEO, DNA/PEO, and PEO/DNA/DWNT solutions. The
addition of the DNA-wrapped DWNTs increased the elastic
modulus of the PEO nanofiber web by 5-fold and the tensile
strength by 2-fold, compared with the pure PEO nanofiber web.
The improvement in the modulus and the tensile strength can
be explained by the high aspect ratio of the DNA-wrapped
DWNTs aligned along the length of the PEO nanofibers and by
the strong nanoscale interfacial interaction between DNA and
PEO, respectively. Thus, individual DNA-wrapped DWNTs are

Figure 2. Raman/fluorescence spectra taken with a 785-nm laser line of the DNA-dispersed DWNT solution and the DNA-dispersed DWNT
solution with PEO. The solutions appear the same to the naked eye; however, the intensity of the luminescent peaks decreased, which shows that the
dispersion was reduced by adding PEO.

Figure 3. FE-SEM images of (a−d) the DNA-added PEO nanofiber web at different blending ratios and (e−h) the DNA-dispersed DWNT PEO
nanofiber web containing (e, f) 1% DNA-dispersed DWNTs (panels (e) and (f)) and 5% DNA-dispersed DWNTs (panels (g) and (h)).
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probably present in the PEO nanofiber along the length of the
fiber, and DNA molecules act as a buffer-like interphase
between the DWNTs and PEO molecules.

■ CONCLUSIONS
We have successfully fabricated a web of long, homogeneous
nanofibers by electrospinning PEO solution containing DNA-
wrapped DWNTs. Strong optical signals coming from the inner

tubes of the DWNT showed that the DWNTs were individually
dispersed in the DNA solution. In addition, the homogeneous
coating of the DNA-wrapped DWNTs with PEO was verified
by the blue shift of the luminescent peaks. Optically active
DNA-wrapped DWNTs within the PEO nanofiber acted as an
electrical path as well as an effective reinforcing filler, which
dramatically increased the electrical conductivity and mechan-
ical strength of the PEO nanofiber web. Accordingly, our
electrically conductive, mechanically tough, DWNT nanofiber
web is an interesting multifunctional biomaterial.
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■ ABBREVIATIONS

dsDNA = double-stranded DNA
DWNTs = double-walled carbon nanotubes

Figure 4. (a,b) TEM images of an individual electrospun nanofiber, and (c) FE-SEM image of an electrospun nanofiber washed in water. The long,
curled fibrous materials were aggregated DNA-wrapped DWNTs. (d) Raman two-dimensional map images of G-band and RBM and its
corresponding Raman spectrum of the electrospun nanofiber web using a 532-nm laser line.

Table 1. Electrical Conductivity of the PEO/DNA and PEO/
DNA/DWNT Nanofiber Webs

Average Electrical Conductivity (S/cm)

PEO/DNA PEO/DNA/DWNT1% PEO/DNA/DWNT5%

2.54 × 10−4 7.65 × 10−2 3.72 × 102

Figure 5. Stress−strain curves of nanofiber webs containing only PEO,
DNA and PEO, and DNA-wrapped DWNT and PEO. A 5-fold
increase in the modulus and a 2-fold increase in the tensile strength of
the PEO nanofiber web were achieved by adding individually DNA-
dispersed DWNTs.
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