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Abstract

Topographical features are essential to neural interface for better neuron attachment and growth.
This paper presents a facile and feasible route to fabricate an electroactive and biocompatible
micro-patterned Single-walled carbon nanotube/poly(3,4-ethylenedioxythiophene) composite
films (SWNT/PEDOT) for interface of neural electrodes. The uniform SWNT/PEDOT composite
films with nanoscale pores and microscale grooves significantly enlarged the electrode-electrolyte
interface, facilitated ion transfer within the bulk film, and more importantly, provided topology
cues for the proliferation and differentiation of neural cells. Electrochemical analyses indicated
that the introduction of PEDOT greatly improved the stability of the SWNT/PEDOT composite
film and decreased the electrode/electrolyte interfacial impedance. Further, in vitro culture of rat
pheochromocytoma (PC12) cells and MTT testing showed that the grooved SWNT/PEDOT
composite film was non-toxic and favorable to guide the growth and extension of neurite. Our
results demonstrated that the fabricated microscale groove patterns were not only beneficial in the
development of models for nervous system biology, but also in creating therapeutic approaches for
nerve injuries.

Keywords
Topographic guidance; Microgrooved structure; Conductive composite film; Neural interface

1. Introduction

The wide application of neural electrodes in modern medical therapies has revealed great
benefit for patients suffering from neural impairment and disorder, such as deafness,
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Parkinson’s disease, epilepsy, blindness, intractable pain, and paralysis [1-3]. Currently, one
of the major problems that affect clinical applications of neural electrodes is the inconsistent
performance during the long-term implantation [4].

Nanoscale components at the neural interface are crucial factors for excellent neural devices
due to the complex nanoscale structural features of neural tissue. The challenge for materials
science is to apply nanotechnology strategies to fabricate biologically mimic materials
which is soft, ionic, wet, and dynamic [5]. Several strategies have been proposed to improve
the electrical properties and reactive tissue responses of neural electrodes, such as surface
modification with bioactive conductive materials with nanostructures [6-10]. Surface
modification with carbon nanotubes (CNTSs) or conducting polymers (CP) such as
polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) can provide an excellent
foundation for neural electrode design focused on improving the charge storage capacity and
decreasing the interfacial impedance with neurons [11-13]. Additionally, the nanoscale
structures of the CNT films and CP coatings can influence the subcellular behaviors
including the organization of the cell adhesion molecule receptors, proliferation and
differentiation to enhance the communication between biological and electrical systems
[14].

Recent studies have shown that cellular behavior can be guided by both chemical signals and
physical interactions at the cell-substrate interface [15,16]. Neurons are capable of sensing
and responding to biophysical cues, over a wide range of length scales. Guiding and
promoting neurite outgrowth are essential neuron growth procedures during nerve
regeneration [16]. Therefore, while it is important to construct a variety of biocompatible
nanoscale conductive materials at the electrode interface, it is still desired for biomedical
applications to provide additional physical guidance cues for cells. When micropatterns are
introduced into the bioactive conductive coatings, cellular and supracellular characteristics
such as cell morphology and migration, and tissue organization will be influenced, which is
necessary for neural electrodes or nerve conduits to create surfaces that can modulate neuron
response to the implanted devices [17,18].

Microscale groove patterns are among the most common fabricated topographical features
that have been employed to control cell behavior [19]. The majority of cell types cultured on
this topography align along the major axis of grooves, with their alignment and orientation
enhanced on decreased groove width and increased groove depth [20]. Fabrication of
microscale grooves mostly relies on conventional photolithography, which is widely used to
generate rigid microstructures on inorganic materials, such as silicon and titanium oxide
[21,22]. Soft lithography also has been developed to fabricate grooves, which uses
elastomeric polymers to develop patterns based on embossing, molding, and printing
methods [23]. However, the bioactive conductive coatings with microscale groove patterns
cannot be introduced onto the surface of metal electrodes via these techniques directly.

Some specific approaches have been found to fabricate conductive coatings with grooves on
the metal electrodes, including electro-beam lithography [24] and laser-ablation [25], which
generally need high energy supply. In this paper, we proposed a facile and effective approach
to fabricate CNT/CP composite coatings with topographical feature: nanoscale pores and
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microscale grooves. In particular, aligned microscale poly(lactic acid) (PLA) fibers obtained
by electrospinning were used as template for electrophoretic deposition of the single-walled
carbon nanotube (SWNT) films. After removing the PLA fibers by dissolving the films in
dichloromethane, hollow tubes were formed in the SWNT films. The hollow tubes were
broken easily in an ultrasonic bath to obtain grooved structures. PEDOT was subsequently
deposited onto the SWNT films by pulse electro-polymerization. The approach allows
PEDOT to form an ultrathin coaxial layer around the SWNT bundles throughout the whole
film to remain the micro- and nanoscale structures of the SWNT films. PEDOT was
employed in this study as the conducting polymer coating due to its highly ordered chemical
structure and thus stable electrochemical properties [26,27]. Compared with thiophene,
when an ethylenedioxy bridge is fused onto the 3- and 4-positions of the thiophene ring, the
resulting 3,4-ethylenedioxythiophene (EDOT) monomer possesses a lower band-gap and
polymer oxidation potentials. Electrochemical analyses indicated that the introduction of
PEDOT greatly improved the stability of the SWNT/PEDOT composite film and decreased
the electrode/electrolyte interfacial impedance. Further, in vitro culture of rat
pheochromocytoma (PC12) cells showed that the grooved SWNT/PEDOT composite film
was non-toxic and favorable to guide the growth and extension of neurite.

2. Materials and methods

2.1. Materials

SWNTSs synthesized by electric arc discharge were purchased from Carbon Solutions Inc.
(CSI, Riverside, CA). The nanotubes have an average diameter of 1.4 nm and individual tube
lengths ranging from 0.5 to 3 um. EDOT (97%) and dimethyl-sulfoxide (DMSQ) was
purchased from Sigma-Aldrich (St. Louis, MO). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from Amresco (Bioscience, Shanghai,
China). The reagents used in cell culture including Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum, horse serum, L-glutamine, streptomycin, and penicillin, were
purchased from Nanjing Tengchun Bio-technology Development Co., Ltd (Nanjing, China).
PLA (4032D) was purchased from NatureWorks (Blair, NE).

All other reagents of analytical grade were obtained from Shanghai Chem. Co. (Shanghai,
China) and used as received without further purification.

2.2. Modification of the electrode surface

2.2.1. Fabrication of the aligned PLA fiber template—Stainless metal was cut into
small square electrodes with size of 2.0 x 0.5 cm?. Before use, the electrodes were bathed in
1 M NaOH at 100 °C for 1 h and washed subsequently with acetone, deionized (DI) water
and ethanol. The aligned PLA fibers were obtained by electrospinning on static parallel
electrodes [28]. In detail, 0.36 g PLA was dissolved in 3.25 g chloroform/ethanol solution
(75/25, viv) at room temperature and stirred for 5 h to obtain a homogenous solution with
PLA concentration of 10 wt%. PLA was directly electrospun onto the gap between the static
parallel electrodes in an electrical field of 0.7 kV cm™1 with a flow rate of 0.25 mL h™1 for
min. The static parallel electrodes with a gap of 1 cm were held at a distance of 10 cm from
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the syringe needle. Finally, the aligned PLA fibers were transferred onto stainless metal
electrodes for further use.

2.2.2. Electrophoretic deposition of the SWNT film—SWNT film was deposited by
electrophoretic deposition onto the above PLA fiber-covered electrodes. Before deposition,
SWNTSs were purified and carboxylated under water bath sonication in a sulfuric-nitric acid
(3:1, v/v) at 60 °C for 4h. The mixture was diluted with water, filtered through a 0.22 pm
filter and washed thoroughly with DI water until the pH value reached ca6.0. The
functionalized SWNTSs were then recovered from the filter and redispersed in ethanol under
ultrasonication, resulting in a stable and homogeneous solution with SWNT concentration of
0.5 mg mL™L. 75 uL of 0.1 M AI(NO3)3-9H,0 ethanol solution was diluted to different
concentrations, followed by the addition of 0.5 mL SWNT dispersion for electrophoresis.
The PLA-covered electrodes were immersed in the dispersion in an electrophoresis cell,
with an electrode gap of 1 cm. Care was taken to ensure that the electrodes were parallel to
each other. Direct current (DC) voltage of 50 V was applied to deposit a SWNT film on the
cathode for 5 min. The nominal area of the SWNT film was 5 x 10 mm?2. After deposition,
the electrodes were dried in a desiccator at room temperature for 30 min before soaking in
0.6 M H3POy4 for 15 min to remove any Al(OH)3 which may influence the conductivity of
the SWNT film. Then the electrodes were washed with DI water and ethanol to remove any
ions adsorbed on the surfaces of the SWNTSs. After drying in air for 30 min, the electrodes
were soaked in dichloromethane for 5 min to dissolve the PLA fibers. Finally, the electrodes
were immersed in the ethanol and placed in an ultrasonic bath and removed after 5 s before
another immersion. The repetitive immersion was performed to apply the effect of ultrasonic
vibration intermittently, inhibiting the rapid progression of the groove formation.

2.2.3. Fabrication of the grooved SWNT/PEDOT composite film—~Pulse electro-
polymerization was performed in an aqueous solution of 0.01 M EDOT with 0.1 M o
toluenesulfonic acid sodium (TsONa) as dopant to produce PEDOT. The electrochemical
deposition was carried out in a three-electrode system (Autolab PGSTAT302N, Ecochemie,
Netherlands), using the grooved SWNT-coated stainless metal as working electrode
(working area of 5 x 10 mm?2), a platinum wire as counter electrode and a standard Ag/AgClI
electrode as reference electrode. The working potential was programmed with a waveform
consisting of a potential step to 1.0 V for the deposition time (T4) of 5 s followed by
switching off for a rest time (T,) of 600 s. This waveform was repeated for 8 cycles for a
total polymerization time of 40 s. After polymerization, the SWNT/PEDOT composite film
was washed repeatedly with DI water to remove any remaining electrolyte and monomer and
dried in air.

2.3. Characterization

Surface morphologies of the films were observed by field emission scanning electron
microscopy (FESEM, JSM-7600F, JEOL Ltd., Japan) and optical microscopy (OM,
NMR-800RF/TRF, Novel optical, China). The alignments were quantified by an ImageJ
image processing software. To tell the elemental distribution in the grooved structures,
energy dispersive spectroscopy (EDS) was recorded using FESEM. Infrared spectra (FTIR)
of SWNT, PEDOT and SWNT/PEDOT were recorded with a Shimadzu FTIR-84 using KBr
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pellets. Raman spectra were collected across the 400-4000 cm™1 region (Renishaw,
RM2000, Britain), using the 578.5 nm line of an Ar* laser as its excitation source. Cyclic
voltammograms (CV) was performed in 0.1 M KCI aqueous solution containing 1 mM
[Fe(CN)g]34~ (1:1) in a potential range of —0.4-0.7 V (vs. saturated calomel electrode) at a
scan rate of 50 mV s1, using the General Purpose Electrochemical Systems data processing
software (GPES, software version 4.9). Electrochemical impedance spectroscopy (EIS) was
carried out in 0.1 M phosphate buffered saline (PBS, pH = 7.4) in a range from 0.01 to 100
kHz with an amplitude of 10 mV. All solutions were deaerated by bubbling nitrogen prior to
experiments and the electrochemical cell was kept in a nitrogen atmosphere throughout the
experiments. Zview software (Scriber Associates, Inc., USA) were employed for the curve
fitting analyses. UV spectra were recorded using a UV-vis spectrophotometer (model
Lambda Bio 20, Perkin-Elmer Co., USA).

2.4. Cells culture

PC12 cells were maintained in a tissue culture dish or flask in a growth medium composed
of DMEM, supplemented with heat-inactivated fetal bovine serum (10% volume), heat-
inactivated horse serum (5%), L-glutamine (2 mm), streptomycin (100 mg mL™1) and
penicillin (100 units mL™1), and were incubated in CO, (5%) and O, (95%). The medium
was changed every 2-3 days. The electrodes were sterilized using UV irradiation for about 1
h at room temperature immediately before cell culture. The cells were cultured for about 7
days to ensure that all cells adhered tightly to the substrate surface and multiplied to the
desired density. After cell culture, the cell morphologies were monitored using an Axiovert
200 Motorized Inverted Microscope System (Carl Zeiss Vision GmbH) and pictured with a
digital CCD camera using Axio-vision 4.0 software. For FESEM observation, the samples
were first rinsed with PBS to remove medium components and non-adhered cells and fixed
with glutaraldehyde (2.5%) in PBS for 1 h. Then the samples were immersed into 30% and
50% ethanol in PBS and sequentially dipped in three ethanol/water solutions (70/30, 90/10
and 100/0, v/v), respectively for 15 min. Finally, the samples were socked in
hexamethyldisilazane (HMDS) for 15 min to completely remove H,O from the cells.

To further assess the cytotoxicity of the coated electrodes and quantify the cell growth, in
vitro MTT assay was applied. MTT was dissolved in PBS (pH 7.4) to a concentration of 5.0
mg mL~1 and stored at —20 °C. PC12 cells were cultured on the electrodes with different
surfaces, with a seeding density of 2 x 10° cells cm™L. The electrodes were placed in 24-well
plates with 200 pL complete culture media in each well before the plates were placed in an
incubator at 37 °C with 5% CO,. After 6 d of incubation, the media were removed and
subsequently replaced with MTT solution, followed by incubation for another 5 h. After
incubation, the media was removed followed by adding 200 uL. DMSO to each well to
dissolve the produced formazan crystal. The mixture was shaken for 10 min before UV
absorbance measurements at 490 nm were performed.

Cell survival percentage was calculated according to the following equation:

As
Survival percentage (%):A— x 100%
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where Ag is the absorbance of the sample and A the absorbance of the blank control.

A Student £test was used to assess the significance between means of two groups. p < 0.05
was considered statistically significant.

3. Results and discussion

3.1. Microscale groove patterns

FESEM was employed to validate the formation of the grooved SWNT films deposited on
the electrodes. As seen in Fig. 1a, the diameter of the PLA fibers varies from 1 to 2 um. The
alignment of the fibers was quantified by using OM and an ImageJ image processing
software. Fibers for OM were deposited on glass slides and the images were collected under
brightfield conditions. The angles (/) between the long axes of the fibers and their expected
direction (parallel to the vectors of the magnetic field) were employed as a parameter to
quantify the alignment. From the corresponding statistical analysis on alignment, a
conclusion can be drawn that most fibers aligned in the desired direction, i.e. perpendicular
to the magnets (more than 90% of the fibers are within 15° scope of this direction). PLA
fibers with good alignment were obtained via electrospinning and transferred onto the
stainless metal electrodes. After electrophoretic deposition, the whole electrode surface was
covered with a uniform SWNT thin layer, as displayed in Fig. 1b. The thickness of the
SWNT film can be controlled through adjusting the parameters of electrophoretic
deposition, including deposition voltage, deposition time and concentration of SWNT
dispersion. PLA was considered as suitable polymers for the template since they can be
readily processed into nanoscale fibers, are stable during electrophoretic deposition, and can
be easily removed under conditions to leave the wall material intact [29]. After soaking in
dichloromethane for 5 min, the PLA nanofibers can be removed completely, which can be
confirmed by the tunnel structure of SWNT in SEM image. To better observe the structure,
we controlled the sonication intensity to obtain SWNT tunnels on the electrodes. As shown
in Fig. 1c, the SWNT tunnels are hollow tubes as expected after the dissolution experiment.
The inset in Fig. 1c shows the hollow structure of SWNT with well-defined internal and
external texture. The internal texture is replicated from the external texture of PLA
electrospun nanoscale fibers. The hollow structures are weak and can be easily destroyed by
ultrasonication. As shown in Fig. 1d, the grooved structures were thus obtained through the
repetitive immersion of the electrode shown in Fig. 1b in an ultrasonic bath. The diameter of
the grooves is almost two times of the fiber diameter. It is worthy to note that the thickness
of the SWNT film needs to be well adjusted to make sure that the hollow structures can be
completely destroyed to achieve a uniform grooved surface topography.

Fig. 2. shows the FESEM images of the grooved SWNT/PEDOT composite films obtained
through the pulse electropolymerization. In a constant potential mode, the deposition mainly
occurs on the SWNT external surface rather than on SWNT bundle surfaces in the inner
space [30]. This is due to the fact that the monomers do not have sufficient time to diffuse
into the SWNT films, which may result in a blockage of the pores in the SWNT films. In
cellular structure materials, the deposition rate of conducting polymer is controlled by the
balance of two factors, the polymerization rate and the diffusion rate of monomers into the
interior of the material. Generally, the former is far faster than the latter so that the diffusion
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rate of the monomers is the determinant factor to the final deposition rate of the conducting
polymer on the electrode. With the pulse electro-polymerization mode, the long “off”
intervals allow EDOT monomers in the supporting electrolyte to diffuse into the space
between SWNT bundles throughout the entire films and the brief “on” pulses confine
polymer deposition and growth on the SWNT surfaces, leading to the formation of uniform
and coaxial layers of PEDOT on the surfaces of the SWNT bundles [31]. With this strategy,
the microscale groove patterns can be well retained due to the fact that the polymerization
on the SWNT film external surfaces is avoided. The patterns are combined with the
nanoscale pores to form a special topography, which is favorable for controlling cell
adhesion, promoting cell alignment, and improving biocompatibility.

EDS mapping was applied to demonstrate the grooved structure by the distribution of
different elements (Fig. 3). It is obviously seen that less C is distributed in the area of the
groove due to the absence of the SWNTSs. The distribution ununiformity of O in the groove
is not that obvious but still can be identified. This can be explained by the fact that C comes
mainly from the SWNTSs thus the signal for C in the grooved area is greatly weakened.
However, the signal for O is complemented by the relatively higher O content in PEDOT
molecules, compared to the O content in SWNTS. The results again confirm the microscale
groove patterns fabricated with our strategy. S only comes from PEDOT thus is distributed
uniformly in the entire composite film.

3.2. Chemical structure of the SWNT/PEDOT composite film

FTIR was performed to confirm the presence of PEDOT in the SWNT film (Fig. 4 A). For
the SWNTs, the peaks at 1125 cm™1 is assigned to the stretching vibration of C-C-O, 1386
cm™1 to the graphite wall, 1629 cm™1 to the stretching vibration of C O and 3422 cm™ to the
—OH and —COOH functional groups introduced by the acid treatment [32]. The FTIR
spectrum of PEDOT exhibits the main characteristic bands as follows. The band around 630
cm~Lis due to the deformation vibration of the thiophene ring [33]. Vibrations at 1509 and
1386 cm™1 are attributed to the stretching modes of C=C and C—C in the thiophene ring [34].
The peaks at 1086 cm™1 and 1125 cm™1 are attributed to deformation vibration and
stretching vibration of C-O—C, respectively [35]. The band around 840 cm™1 is due to the
ethylenedioxy ring deformation mode. The vibration modes from the C-S bond in the
thiophene ring can be seen at 974 cm™1 [36]. In the spectrum of the SWNT/PEDOT
composite films, no extra peaks are observed except for the characteristic peaks of the two
components. This suggests that no new chemical bonds are formed between the SWNTs and
PEDOT in the SWNT/PEDOT composite films.

To better understand the interaction between the SWNTs and PEDOT, Raman
characterization was performed (Fig. 4B). It is known that SWNTS represent the typical
peaks located at ca. 1332 and 1582 cm™1, corresponding to the D band and G band,
respectively. As for PEDOT, the peak at 1436 cm™1 is attributed to the symmetric C=C
stretching vibration while the peak at 1510 cm™ is assigned to the antisymmetric C=C
stretching vibration. The characteristic Raman bands for SWNTs and PEDOT are present in
the spectrum of the SWNT/PEDOT composite. However, we notice that with interacting
with the nanotubes the shifts of C=C stretching vibration of PEDOT move to low
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wavenumbers (1425 and 1502 cm~1 for symmetric and antisymmetric C=C stretching
vibration, respectively). The C=C stretching vibrations reflect the electronic structure thus
the shift in the band positions can tell the change of the electron distribution. This
phenomenon implies a fact that there is a strong conjugation interaction between the SWNT
rings and PEDOT rings in the composite, which may decrease the electron density of
PEDOT and cause a red shift of C=C vibrations.

3.3. Electrochemical performance

3.3.1. Cyclic voltammograms—The electrochemical properties of the modified
electrodes were studied by CV, which is normally used to evaluate the redox characteristics
and the charge storage capacity of the electrodes. In order to better understand the
electrochemical features and stability, the electrodes were scanned between —0.4 and 0.7 V
(vs. Ag/AgCl) to avoid the insulation at very negative potentials and over-oxidization at
positive potentials of the polymer films. As can be seen in Fig. 5A, the cathodic charge
storage capacity (CSCc) of the electrodes is increased from 1.90 to 3.65 and 3.92 mC cm™2
after the electrophoretic deposition of SWNTSs and the pulse electropolymerization of
PEDOT, respectively. It implies that the deposited CNTs and PEDOT can significantly
improve the capacitive property of the metal electrodes. As can be observed in Fig. 5A, the
peak current in CV for the grooved SWNT/PEDOT is much higher than that of the bare
electrode under the same conditions, implying that the deposition of SWNT/PEDOT results
in a coating with a higher specific surface area. The SWNT/PEDOT coated electrode with
largely increased surface area possesses more electroactive sites for the electrodes to carry
out redox reactions, leading to increased peak currents.

As a potential candidate for the electrode material applied to neural electrodes, the stability
of the composite film is a crucial performance for its long-term use. Hence, it is necessary to
investigate the stability of the grooved SWNT/PEDOT film. It is known that modification of
the shape of the voltammogram upon potential cycling can be related to many factors, such
as degradation of the polymer. Fig. 5B shows the changes of redox behavior of different
electrodes scanned for 200 cycles. The changes of CSCc were used to evaluate the stability
of the coating, because the CSCcreflects the electroactivity of the electrode. The CSCc loss
of the grooved SWNT and grooved SWNT/PEDQT electrodes was 26.1% and 13.2%,
respectively, indicating that the SWNT/PEDOT coated electrode exhibits good electrical
stability compared with the SWNT coated electrode. For SWNTS, the integration of the film
was built through van der Waals forces. Some SWNTs may separate from the whole film
and migrate into the electrolyte solution during the cyclic sweeping. After the following
electrochemical polymerization, PEDOT would bind SWNT surfaces in a helical structure
due to the chirality interchain attractions between the polymer and CNTs [37]. The helical
growth rule guides the EDOT monomers to assemble onto the PEDOT molecular chain,
making the PEDOT chains wrap the SWNT bundles and effectively inhibits the migration of
SWNTSs. The CV variation of the 1st and 200th cycles for the SWNT coated electrode with
PLA template was shown in Fig. 5B as control. There is no noticeable difference between
the surface characteristics prior and after the removal of the PLA fiber template in the first
cycle. However, it is clearly seen that after 200 cyclic sweeping, the redox property of the
electrode with PLA template was further decreased compared to that of grooved SWNT.
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This can be explained by the fact that in the sweeping process part of the SWNTSs were
exfoliated from the convex PLA fibers, making the organic fibers exposed to the electrolyte.

To understand the redox kinetics of the modified electrode, CV measurements of the
grooved SWNT/PEDOT film at various scan rates were performed. From the plots shown in
Fig. 5C, it is noticed that with increasing scan rate from 25 to 200 mV s71, the separation of
redox potential AE, changes from 137 to 411 mV, indicating a quasi-reversible
electrochemical kinetics. Meanwhile, both anodic and cathodic peak currents increase with
increasing scan rate. The inset in Fig. 5C displays the relationship between the peak current
(/paand /) and the square root of scan rate 112 (/,.=0.07998 142 — 0.21569, /,,=
-0.08208 12 + 0.24746). The linear relationship indicates that the electrochemical reaction
at the electrode-electrolyte interface is a diffusion-controlled process.

3.3.2. Electrochemical impedance spectroscopy—Neural electrodes facilitate the
functional stimulation and recording of impulses from the neurons in peripheral and central
nervous systems. Low impedance in the neural interface is important when an electrode
serves in the transmission of stimulation pulses of neural signals. EIS is an attractive method
to study the electrical behavior of coated and uncoated neural prosthetic devices. It involves
measuring the electrode impedance over a spectrum of frequencies. Not only can it
determine the magnitude of the resistive and capacitive response, but it can also examine
their performance over a wide range of frequencies. By using these data, one can obtain
qualitative and quantitative information about the electrical properties of the modified
electrodes. One kilohertz is the frequency characteristic of neural biologic activity; therefore,
impedance at this point is frequently used as a standard to evaluate a neural electrode [38].
In our study, the impedance was measured over a range of frequencies from 1072 to 10° Hz.
The electrochemical properties of the grooved SWNT and grooved SWNT/PEDOT films are
shown in Fig. 5D. The impedance modulus of bare metal electrode is sharply decreased
within the whole frequency range after coating with the grooved SWNT, particularly in the
lower frequency region. In addition, the deposition of PEDQOT progressively decreases the
impedance of the coated electrode. At 108 Hz, the impedance decreases from 29.3 Q of
metal electrode to 9.8 Q of grooved SWNT/PEDOT electrode. This can be possibly
explained by the increase of an effective surface area (as shown in SEM) and the enhanced
intra-bundle connections between the tubes.

3.4. Cell culture

Biocompatibility is an important property for the materials applied to the surface
modification of metal electrodes. To determine the biocompatibility of the different coatings,
the modified electrodes were used as substrates for neural cell culture as well as MTT
testing was employed to compare the cytotoxicity of the bare electrode, SWNT, SWNT/
PEDOT and grooved SWNT/PEDOT. As a neural model cell line, PC12 cells were used to
investigate neuronal adhesion, neurite outgrowth and cell viability. Fig. 6 shows the images
of PC12 cells grown on different substrates for 7 days. Compared to the cultures on the bare
substrate where the neurons are not well attached (Fig. 6a), it is clear that the neurons grow
evenly over the entire coatings and show observable difference (Fig. 6b—d). The phenomena
demonstrate that the surface roughness plays a significance role in cell attachment. Since
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SWNTSs were encapsulated with PEDQOT, there is less possibility for the tubes to diffuse into
the surrounding environment and directly exposed to the soft cells. As a result, the
biocompatibility of the composite film is dramatically improved, thus robust neuronal
growth on the SWNT/PEDQT substrates can be observed (Fig. 6¢c—d) in comparison with
that on the pure SWNT coating (Fig. 6b). Moreover, neurons cultured on the grooved
SWNT/PEDOT coatings display observable directional growth (Fig. 6d). Further
characterization was carried out with SEM to show detailed morphology of the cell growth.
As can be seen in Fig. 6e and f, the neurons are tightly attached to the SWNT/PEDOT
composite surface and present positive neurite extensions. Particularly, the PC12 cells
cultured on the grooved SWNT/PEDOT coatings were ovally shaped overlying the substrate,
and the neurite differentiated along the direction of the grooves. The responses to
topography are thought to be transduced by tension generated within the cytoskeleton and
the redistribution of focal adhesion complexes (FAC) thanks to the preferred patterns [39].
Additionally, the cytoskeleton is directly connected to the nuclear membrane that ultimately
alters nuclear morphology, which has been hypothesized to be connected to changes in gene
expression [39,40]. We concluded that the grooved SWNT/PEDOT composite film has a
potential application in neural electrodes and nerve conduits where the orientation of
neurons is necessary.

In MTT testing, the cell survival was directly proportional to the amount of the formazan
produced, which was monitored by the UV absorbance at 490 nm. Cell viability on different
electrode substrates is shown in Fig. 7. PC 12 cells do not show preference on bare metal
electrode or SWNTSs due to their incompatible surface features, revealed by the low survival
percentage of 40% and 60% respectively. On the contrary, the viability of cells cultured on
SWNT/PEDOT surface is much higher, demonstrating that SWNT/PEDOT is a promising
nanocomposite for the surface modification of neural prosthetic devices. More important, the
cells are favorable to grow on the grooved SWNT/PEDQT. The cell viability has no
noticeable difference from that of the cells cultured in complete media. The results are in
good agreement with those shown in Fig. 6a—f, indicating the excellent biocompatibility and
low cytotoxicity of the SWNT/PEDOT coating and the priority of the grooved SWNT/
PEDOT.

4. Conclusions

Our study provides a simple and feasible way to fabricate micropatterned SWNT/PEDOT
composite films on metal electrodes. The uniform SWNT/PEDOT composite films with
nanoscale pores and microscale grooves can significantly enlarge the electrodeelectrolyte
interface, facilitate ion transfer within the bulk film, and provide topology cues for the
proliferation and differentiation of neural cells. In particular, the R¢; dramatically decreased
from 1.063 x 107 Q for bare electrodes to 6.469 x 10* Q for grooved SWNT/PEDOT coated
electrodes. The enhanced intra-bundle connections and the strengthened network connection
of SWNT bundles through deposition of PEDOT greatly improved the stability of whole
composite films. The CSCc loss after 200 cycles CV tests decreased 26.1% for grooved
SWNT coated electrode and 13.2% for grooved SWNT/PEDOT coated electrodes
respectively, indicating the better electric stability of the latter, which is crucial for long-term
implantation applications. Moreover, the grooved SWNT/PEDOT composite films exhibit
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cellent biocompatibility compared to the randomly packed SWNT films and is able to

provide additional physical guidance cues for neurite extensions.
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Fig. 1.
Microgrooved SWNT films fabrication: (a) Electrospinning of PLA template fibers. (b)

Electrophoretic deposition of SWNT. (c) Dissolving the electrospun core fibers to create
SWNT tunnels. (d) Grooved SWNT films after sonication.
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Fig. 2.
FESEM images with different magnification of the grooved SWNT/PEDOT composite

films.
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Fig. 3.
EDS mapping spectra of C, O and S in the grooved composite film.
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Fig. 4.

A. FTIR spectra of the SWNTSs (a), PEDOT (b) and SWNT/PEDOT composite (c).(Spectra
are shifted vertically for ease of view). B. Raman spectra of the SWNTs (a), PEDOT (b) and
SWNT/PEDOT composite (c). Inset is a magnified plot to better show the peak shift.
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Log Frequney/Hz

A. CVs of bare metal (a), grooved SWNT (b) and grooved SWNT/PEDQT (¢) in 1 mM
[Fe(CN)g]34~ in 0.1 M KCI aqueous solution. Scan rate: 50 mV s~L. B. CVs of the grooved
SWNT (a: the 1 st cycle, b: the 200th cycle) and grooved SWNT/PEDOT (c: the 1 st cycle, d:
the 200th cycle) modified electrode in 1 mM [Fe(CN)g]3~4~ in 0.1 M KCl aqueous solution.
Scan rate: 50 mV s~1. CVs of the SWNT with PLA template are displayed as control (e: the
1 st cycle, f: the 200th cycle). C. CVs of the grooved SWNT/PEDQOT with various scan rates
from 25 to 200 mV s~2. Inset shows the relationship between the peak current and the square
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root of the scan rate. D. EIS of the bare electrode (2), grooved SWNT coated electrode (b)
and grooved SWNT/PEDQT coated electrode (c).
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Fig. 6.

Micrographs showing PC12 cells cultured on different substrates at day 7: (a) bare electrode,
(b) SWNT, (c) SWNT/PEDOT, (d) grooved SWNT/PEDOT. FESEM images showing PC12
cells grown on SWNT/PEDOT (e) and grooved SWNT/PEDOT (f).
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Fig. 7.
Viability of PC12 cells cultured on different surfaces. Data are shown in terms of mean + SD

(***p < 0.01 versus cells cultured in complete media).
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