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ABSTRACT: Electrospinning process was used to fabri-
cate fine fibers from poly[(R)-3-hydroxybutyrate-co-(R)-3-
hydroxyvalerate] embedded with multiwalled carbon
nanotubes (MWCNTs). Rotating disc collector was used
to provide additional drawing force to stretch and align
both the embedded MWCNTs and electrospun fibers
themselves. Morphological observation revealed
MWCNTs aligned to the fiber axis and protruding from
the surface. To understand the electrical properties of the
fiber, a single-composite fiber has been deposited on a
substrate, across multiple electrodes. Electrical conductiv-

ity of the single-electrospun fiber with low MWCNT con-
tent of 0.2 wt % was calculated to be in a remarkable
magnitude of about 2.07 Sm™'. Electrical current flow
spanning the fiber length of 1400 pum indicates that the
presence of an interconnected network of MWCNTs exists
within the fiber. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 116: 1030-1035, 2010
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INTRODUCTION

Electrospinning is an efficient fiber fabrication tech-
nique, which uses a high-voltage electric field to
generate polymeric solution jets from a fine nozzle.
During spinning, cone-like solution droplet is devel-
oped at the nozzle, in which a flow of polymeric
fluid is continuously drained into the pointed tip, to
form the ejected solution jets. These jets solidify to
form fine fibers upon removal of the residing sol-
vents."™ Although the setup for electrospinning is
relatively simple, it has been demonstrated that via
the use of rotating disc or stationary plate collector,
the process is capable of fabricating continuous
yarns, fibrous mats composed of uniaxially’ and ran-
domly orientated fine nanofibers.

To functionalize and improve the physical proper-
ties of fibers, several authors have suggested the
fabrication of electrospun composite micron and nano-
fibers incorporated with carbon nanotubes (CNTs).c%
The motivations in using CNT composite systems are
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derived from the exploitation of the nanotubes” intrin-
sic advantages, and it has been demonstrated that the
introduction of CNTs into polymers can provide
improved mechanical properties and both electrical
and thermal conductivities.'! In addition, the nature
of CNT structure enables their surfaces to be modified
chemically with various functional groups, as demon-
strated by a handful of research groups.'*** Past stud-
ies have also highlighted that addition of CNTs can
increase crystallinities and change crystal morpholo-
gies of the polymer matrix."”™"”

Now, the use of CNT-filled biopolymer composites
has generated remarkable interest in the field of tissue
engineering and biomedical applications. Consider-
able efforts have been made to understand and evalu-
ate the interaction between CNTs and living mamma-
lian cells."”*'®' To exploit the biological advantages
associated with the CNT-filled biopolymer composite
system for medical applications, this study focuses on
the fabrication of electrospun multiwalled CNT
(MWCNT)-filled  poly[(R)-3-hydroxybutyrate-co-(R)-
3-hydroxyvalerate] (PHBV) composite fibers.

Another attractive characteristics of processing
CNT composite system via electrospinning lie in the
anticipation that the CNTs within the polymeric
solution would align and disperse themselves along
the fiber axis during the spinning process, as sug-
gested by Dror et al.*® Because of the fine diameters
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of electrospun fibers, it has been observed that some
of the embedded CNTs would be dispersed and
exposed on the surfaces of the fibers.*>?! In the case
of tissue engineering, it is still unclear whether the
direct contact of cultivated cells with CNTs would
be harmful; but there are several reported cases of
cells being cultivated directly on CNTs, and these
articles have demonstrated positive outcomes in cell
proliferation.'*'??* With respect to electrical proper-
ties, Ojha et al.>® highlighted that high concentration
of CNTs on fiber surfaces is advantageous for con-
ductance; as such morphology encourages conduc-
tion paths to be established between multiple fibers,
as in the case of fiber mat.

In this work, biocompatible polymer, PHBV solu-
tion dispersed with nitric acid surface-treated
MWCNT was electrospun on both stationary plate
and rotating disc collector. The stretching force pro-
vided by the rotating disc was expected to reduce fiber
diameters and further encourage the dispersion and
alignment of MWCNTSs within the fibers.** Morphol-
ogy and dispersion state of MWCNTSs within the fibers
were observed using scanning electron microscope
(SEM) and transmission electron microscope (TEM),
respectively. To understand the effect of MWCNTSs on
the structural properties and development of crystal
phases within electrospun PHBV/MWCNT composite
fibers, FTIR spectroscopy analysis was performed on
electrospun fibers collected on stationary plate collec-
tor. Current-voltage measurements were performed
on a single-composite fiber with low content of
MWCNT to investigate the electrical properties of the
composite system. Using two probes placed on elec-
trodes in contact with different sections of the fiber,
this work has successfully derived the conductivity of
the fiber, after taking into consideration the contact re-
sistance involved in the system.

EXPERIMENTAL
Materials

Natural source poly[(R)-3-hydroxybutyrate-co-(R)-3-
hydroxyvalerate] (PHBV) with hydroxyvalerate (HV)
content of 8 wt % (M, 600,000, M,,/M, = 3.7) was
purchased from Aldrich (USA) and purified by dis-
solving in chloroform followed by filtration and sub-
sequent precipitation in hexane. Hexane, chloroform,
and 1,2-dichloroethane were supplied by Aldrich.

To prepare PHBV solution for electrospinning, the
purified polymer was dissolved in mixed solvent of
chloroform and 1,2-dichloroethane (2/3; v/v) at 12
wt %. The mixture was then stirred at 50°C over-
night to encourage complete dissolution. The
PHBV/MWCNT solution for electrospinning was
prepared by dissolving PHBV and acid-treated
MWCNTs (Cheap Tubes, Inc, Brattleboro, VT) in
mixed solvent of chloroform and 1,2-dichloroethane
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(2/3; v/v) at 17 wt % via ultrasonification. MWCNT
composition was changed from 0.2 to 0.8 wt %. Acid
treatment of MWCNT was carried out according to
the previously reported approach.”

Electrospinning setup

The basic apparatus for electrospinning includes a
high-voltage power supply, a fine capillary, and a
grounded collector. The electrostatic force generated
ejects the polymer solution droplet at the tip of the
capillary into a jet, which eventually deposits as
fibers onto the collector.

Randomly oriented and aligned fibers were fabri-
cated via electrospinning, using a static plate and
rotating disc collector respectively. The rotational ve-
locity of the disc collector was varied at 750 and
1500 rpm, which correspond to 470 and 940 m/min
in take-up velocity, respectively. For all the experi-
ments, electrospinning had been carried out at an
applied voltage of 12 kV using 22 gauge size needle
(about 0.4 mm inner diameter opening) with a nee-
dle-to-collector distance of 150 mm.

Characterization method

SEM (JEOL JSM-5600) was used to observe the mor-
phologies of electrospun pure PHBV and PHBV/
MWCNT composite fibers. TEM (JEOL 2000) had
been used to examine the dispersion of MWCNT
within the fibers. Fiber diameters had been measured
using software Image]. Bruker Equinox 55 Fourier
transform infrared spectrometer was used to analyze
the molecular vibrations of electrospun fiber mats.

To prepare the fiber for electrical characterization,
a single-electrospun PHBV/MWCNT (0.2 wt %)
fiber was isolated and deposited onto an indium
phosphate substrate with gold electrodes deposited
on it. The gold electrodes were spaced about 200 pm
apart, and each electrode was about 200 pm wide.
The instrument used for electrical measurement is a
two-probe system, HP4140B Semiconductor parame-
ter analyzer. Current-voltage characteristics were
obtained by fixing one of the probes on a single
point along the fiber, pressing it against the gold
electrode, while shifting the other probe and placing
it on different points on the fiber. The probes were
adjusted to press the fiber tightly onto the gold elec-
trode. A potential difference from -5 to 5 V was
provided between the two probes, and the output
current was recorded. In the derivation of contact re-
sistance value, fiber segments between the two
probes in contact with the gold electrodes are
assumed to be highly conductive and thus not taken
into consideration in calculation. Fiber diameters
and lengths were measured using Image] program
via SEM micrographs scaling.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM images showing electrospun PHBV/
MWCNT (0.2 wt %) fibers collected on (a) stationary plate
collector, (b) rotating disc collector at take-up velocity of
470 m/min, and (c) electrospun PHBV fibers collected
using disc collector at take-up velocity of 470 m/min.
Magnification for all the images is the same.

RESULTS AND DISCUSSION

Morphology of electrospun PHBV/MWCNT fibers

Figure 1(a) shows the SEM image of randomly ori-
ented electrospun PHBV/MWCNT fibers, obtained
using static plate collector. The fibers were electro-
spun from PHBV-based composite with 0.2 wt %
MWCNT dissolved in the chloroform and 1,2-
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dichloroethane. Average fiber diameter was calcu-
lated to be 1.8 + 0.6 pm. Figure 1(b) shows the SEM
image for the aligned electrospun composite fibers
with MWCNT of 0.2 wt %, obtained from the edge
of a disc collector. The fibers were collected at a
take-up velocity of 470 m/min (rotational speed: 750
rpm); these aligned fibers exhibited nonuniformity
in fiber diameter along the fiber axis. The diameters
ranged from 200 nm for fine fibers to about 1.3 pm
for portions with nonuniformities. These nonuniform
portions are composed of MWCNT aggregates as
shown in TEM images in Figure 2(a). It was sug-
gested that these aggregates were firmly embedded
within the fibers. Despite the stretching force exerted
by the rotating disc collector, most of the MWCNT
aggregates were unable to disperse themselves as
individual tubes. The applied stress was, however,
transferred to the elongation and thinning of the
portion between the aggregates. The occurrence of
stretching could be observed via the reduction in
fiber diameter. In the contrast, uniform electrospun
PHBV fibers with diameter of 800 nm could be
obtained under the same electrospinning condition.
Figure 1(c) shows aligned electrospun PHBV fibers
collected using disc collector at the same take-up ve-
locity of 470 m/min. Continuous PHBV/MWCNT
fibers could not be obtained when the fibers were
taken up at a high linear velocity of 940 m/min (or
1500 rpm), indicating that the composite polymeric
jets were relatively brittle compared with the pure
PHBYV jets.

TEM images in Figure 2 show the presence of
MWCNTs within the electrospun fibers collected
using the rotating disc. Irregular structures consist-
ing of MWCNT aggregates were observed to be pro-
truding from the surfaces of the fibers. From Figure
2(b), a multilayered structure, identified as MWCNT,
was observed near the surface of the fiber. The ori-
entation of the MWCNT was parallel to the fiber
axis, suggesting that the MWCNT within the poly-
mer matrix aligned itself in the stretch direction dur-
ing the spinning process. Although dispersion state
of MWCNTs within the fibers is unclear, the electri-
cal conductivity measurements performed on a sin-
gle fiber across gold electrodes, as shown in the later
section, indicate that the MWCNTs may be intercon-
nected with one another, forming a network.

Structural analysis of PHBV fibers collected on
stationary plate

Because of the polymorphic nature of PHBV, the
polymeric chains are able to develop into o phase,
folded chain crystals (molecules in helix conforma-
tion) and B phase, extended chain crystals (mole-
cules in planar zig-zag conformation). Tanaka et al.*®
performed enzymatic degradation of PHBV fibers
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Figure 2 TEM images showing (a) the presence of
MWCNT aggregates found along the surface of aligned
electrospun PHBV/MWCNT (0.2 wt %) fiber, (b) MWCNTSs
found on the surface of electrospun PHBV/MWCNT fiber,
and (c) higher magnification of the MWCNT structure
embedded within the composite fiber.

composed of o- and B-phase crystals and demon-
strated that the a-phase crystals are more resistant to
enzymatic degradation compared with the B phase.
For applications requiring extended degradation
time, such as bone tissue scaffolds, it has been sug-
gested that o-phase crystals would be more desira-
ble. Kim et al.”” had previously associated the wave-
number 1278 and 1260 cm ' for asymmetrical
C—O—=C stretching and symmetrical C—O—C with o
and B phase, respectively.

Figure 3 shows the FTIR spectra in the range from
1200 to 1800 cm ™' for electrospun PHBV fibers and
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PHBV/MWCNT composite fibers with MWCNT
content of 0.2 (0.4), 0.6, and 0.8 wt %, respectively,
obtained using stationary flat plate collector. The
FTIR spectra of the fiber membranes indicated that
at high MWCNT content, a lower intensity of the
band of 1260 cm™' associated with B-phase crystal
was observed in comparison with the one associated
with o phase, implying that the population of o-
phase crystals is dominant in the PHBV/MWCNT
composite fibers with higher MWCNT content.
Effects of MWCNTs on PHBV crystallization were
not unexpected as CNTs were reported to exhibit
nucleating effects on PHBV, and in this case, the
addition of CNTs into electrospun composite fiber
still favored the domination of o-phase crystals.”®
An observation to be noted is the FTIR band
assigned to carbonyl bond stretching of the crystal-
line phase. The band shifted from 1718 cm™' for
electrospun pure PHBV fibers to 1722 cm ™' for elec-
trospun composite fibers with MWCNT content of
0.6 and 0.8 wt %. Such shift to high wavenumbers is
associated with the reduction in molecular chain
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Figure 3 FTIR spectra for electrospun PHBV incorporated
with different content of MWCNT. Symmetrical C—O—C
stretching and asymmetrical C—O—C stretching associated
with o and B phase, respectively, can be found at 1200 and
1800 cm * represented by band (i) and (ii). Carbonyl bond
stretching is represented by band (iii). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com]
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Figure 4 (a) SEM image of single-electrospun PHBV/
MWCNT (0.2 wt %) fiber deposited across a gold elec-
trode. Fiber diameter and length are of 1.2 * 0.3 pym and
about 3000 um, respectively. (b) Current-voltage curve of
single-electrospun PHBV/MWCNT (0.2 wt %) fiber
obtained by fixing one of the measuring probes on the first
electrode and shifting the other probe to the adjacent elec-
trodes. The label on the respective current-voltage curve
indicates the location of the second electrode and the
curve obtained during measurement. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com]

packing density, and in this case, the obtained spec-
tra suggested that the addition of MWCNT up to 0.6
wt % could induce a change in the polymer’s crys-
talline density.”

Electrical properties of single-electrospun
PHBV/MWCNT (0.2 wt %) fiber

A single-electrospun PHBV/MWCNT (0.2 wt %)
fiber was obtained across a pair of parallel electro-
des fixed on the rotating disc; the fibers were col-
lected using a take-up velocity of 470 m/min. The
fiber was placed on indium phosphate substrate
with gold electrodes via a masking method. The dis-
tance between two adjacent gold electrodes is about
200 pm. Figure 4(a) shows the SEM image of the
composite fiber deposited across a few electrodes.
The average fiber diameter of about 1.2 £ 0.3 pum
with a length of about 3000 pm had been deposited
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across the substrate. Conductivity measurements
were performed across a fiber length of 1400 um.
Current-voltage (I-V) curves were obtained by
placing two measuring probes on the gold electro-
des, in close contact with the fiber. Fixing one of the
probes on an electrode pad, electrical measurement
was performed by shifting the other probes to adja-
cent electrodes. The SEM micrograph of the fiber
and the I-V curves are shown in Figure 4. To under-
stand the electrical characteristic of the indium phos-
phate and investigate into the possibility of current
leakage via the substrate, a measurement was per-
formed based on one of the probes positioned on
the electrode and the other, next to gold electrode,
on the indium phosphate surface. I-V curve for the
measurement can be found in Figure 5(a). From the
I-V curve, the resistance of indium phosphate was
estimated to be in the magnitude of 10> GQ. To eval-
uate contact resistance, the curve based on measured
resistance plotted against fiber length was obtained,
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Figure 5 (a) [-V curve obtained when one of the probes
is placed on the gold conducting electrode pad and the
other, next to the electrode, on the surface of the indium
phosphate substrate. (b) The graph of measured resistance
plotted against fiber length (between pads), which is used
to obtain the value of contact resistance within the system.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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as seen in Figure 5(b). The values of the resistances
were obtained using the linear portions of the -V
curves in Figure 4(b). The fiber length, in this case,
does not include the portions of the fiber that are in
contact with the conducting electrode pads. The
point where the curve intersects the vertical axis is
the contact resistance value.

After excluding the contact resistance of 80 MQ,
the calculated average conductivity was about 2.07
Sm~'. Conductivity values for fiber length of 200
(portion between A-B), 400 (portion between A-C),
and 600 pm (portion between A-D) are 2.04, 2.08,
and 2.09 Sm™ ', respectively. It should be highlighted
that the presence of electrical conductance within
the single fiber over a length of 1400 um suggests
that a continuous and extensive network of intercon-
nected MWCNTs exist within the fiber.

Sundaray et al.’*® obtained similar order of mag-
nitude for conductivity based on single-electrospun
PMMA /MWCNT fibers based on two electrodes,
neglecting contact resistance in their calculations.
In their work, they reported that the conductivity
showed an increase of one order from 107> to 102
Sm™' when they increased the content of MWCNT
from 0.05 to 2 wt %. The maximum saturated con-
ductilvity in their study was found to be 1072
Sm™

CONCLUSIONS

The morphology and dispersion state of MWCNTs
within electrospun PHBV/MWCNT fibers were
highlighted in this work. MWCNTs were observed
to be dispersed along the surfaces of the electro-
spun composite fibers collected via a rotating disc
collector. FTIR analysis of electrospun fibers depos-
ited on the stationary collector showed that the
addition of MWCNT into the PHBV system did not
increase the relative content of p-phase crystal
within the electrospun fibers. On the other hand,
the FTIR also suggested that increasing MWCNT
content in electrospun composite fiber could lead to
the development of PHBV crystals with lower
packing density.

Electrical conductance and contact resistance were
obtained via probing of a single-electrospun PHBV
composite fiber with low MWCNT content of 0.2 wt %,
deposited across multiple electrodes. The calculated
condluctivity was a remarkable value of about 2.07
Sm™.
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