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The biocompatible neural interface has been one of the most difficult challenges in developing
implantable active neural prostheses for more than a decade. Either in recording neural signals, which
delivers intelligent signals to operate active prostheses or in stimulating living tissues, which aids
sensing organ deficits, neural electrodes play central roles in relaying information between biotic tissues
and abiotic electronics. Until now no single material can possess all the ideal physicochemical properties
of chronically implantable neural electrodes although organic conducting polymers have demonstrated
the most promising functional integration with neural tissues. Here, we have successfully constructed
poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/graphene oxides (GOs) hybrid
composites by electrochemical deposition on a gold micro-electrode. By changing the compositions and
the redox states of GOs, the composites showed varied electrochemical performances as implantable
neural electrodes, which have been further analyzed by Raman spectroscopy and scanning electron
microscopy (SEM), and PC12 neural cellular attachment tests. Our experimental results indicated that
both PEDOT:PSS/GOs and PEDOT:PSS/reduced graphene oxides (rGOs) were significantly better than
PEDOT:PSS in electrochemical performances, mechanical softness, as well as favorable protein expres-
sions of modulating PC12 neural cells. Therefore, our PEDOT:PSS/rGO composites can be used to further
improve the PEDOT in the applications of an implantable electrode, biosensors, drug delivery carriers,
and neural interfaces.
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1. Introduction provide effective medical treatments to restore body function or

regain health by intercepting an autonomous nervous system [9].

Advances in modern electronic and robotic technologies have
changed not just our daily life but also neural prosthetic devices.
Human intention can be delivered as commanding signals to
operate electronic computers or prosthetic robots through the so-
called ‘brain-machine interfaces’ [1,2], ‘body-machine interfaces’,
or ‘peripheral nerve interfaces (PNIs) [3]. Neurologic deficits,
including Parkinson's disease [4], Lou Gehrig's disease, epilepsy [5],
chronic pain [6,7], and depression [8], can also be treated by ther-
apeutic neuro-stimulation. Electroceuticals will also be used to
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All these bionics require implantable neural electrodes, whose ideal
qualities require seamless integration of both abiotic functionality
and biotic cellular interactions. Because abiotic sides build electrical
circuits, their desirable material properties are not limited to high
electrical conductivity and mechanical integrity, but also include
high signal-to-noise transduction and delicately tunable perfor-
mances [10]. Biotic tissues, however, require them to have ionic
conductivity, softness, conformability to complex extracellular
structures, physiological stability, as well as facile relays of multi-
cellular inter-communication. Thus, no single material can bridge
seemingly contradictory property gaps between implantable elec-
trode devices and biotic tissues.

Conventional materials for these neural electrode applications
are dominantly rigid noble metals with Young's modulus of tens to
hundreds GPa such as gold, platinum, and iridium, on flexible
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matrices. They are too rigid to be compatible with nerve tissues,
such as brain which has few kPa of Young's modulus [11]. When
neuronal cells are electrically stimulated, biphasic current pulses
are used through these electrochemical working electrodes at the
proximal interfaces of the cells. Thus, the electrochemical perfor-
mances of the electrode determine the efficacies of safely stimu-
lating or sensitively recording neural signals at the neural
interfaces. Furthermore, pseudocapacitive charge transports rather
than faradaic charge injections are preferably designed to trigger
only action potentials through ion channels on cellular membranes,
without causing potentially toxic side reactions, splitting water, or
corroding metallic ions from the surfaces of the electrode. For this
purpose, surface roughening on the metallic electrodes could be
employed to increase charge storage capacities. However, this
roughening generally does not prevent metal corrosion at all [12].
Even small amounts of dissolved metal ions are critical to cause not
only neurotoxicity but also inflammatory reactions at the interface.
Thus, it is also desirable to cover up the metallic exposures without
causing impedance elevations, overshooting potentials, and losing
mobile charge storage capacities[10].

Advanced electronic materials including carbon nanomaterials
[13] and conducting polymers have been demonstrated to improve
cytocompatibility as well as essential electrochemical functional-
ities. Poly(thiophenes), particularly poly(3,4-ethylene dioxythio-
phene) (PEDOT) is one of the most promising soft conducting
polymers(~2.7 GPa) [14—16] in the applications of organic and
flexible bioelectronics because of its unique chemical stability [17].
While conventional polymers have confined o-bonded electrons in
the sp? hybrid structures, PEDOT has delocalized charge carriers
along the sp® hybrid orbitals of w-conjugated backbone structures.
Two most common ways to prepare PEDOT materials are oxidative
chemical and electrochemical polymerizations by adding desired
doping materials. For the chemical method, two EDOT precursors
are directly oxidized and integrated together. This process con-
tinues by strong oxidizing agents such as FeCls, Fe (OTS)3; or AgNOs.
For the electrochemical way, the EDOT monomer is spatially
oxidized by injected charges through the electrode. The EDOT
oligomer then grows gradually into a blue colored polymer.
Simultaneously, the PEDOTs are densely deposited on the electrode
by hydrophobic interactions from an aqueous solution. These
electrochemically prepared PEDOTSs are intrinsically nanoporous to
diffuse electrical charges along with the deposited layer effectively
as well as to facilitate ionic charge transports through the poly-
meric volume. Furthermore, these PEDOT materials have demon-
strated unique biocompatible performances, particularly when
interfacing with biotic tissues. PEDOT could be directly synthesized
in in situ biotic environments with living neural cells [18], through
living tissues [19], and even in rat cortex [20]. PEDOT nanotubes
have also been proved to be useful in reducing mechanical stiffness
of metallic electrodes without losing electrochemical charge
transductions [21]. Biocompatible doping materials of PEDOT like
hyaluronic acid (HA) and heparin [22,23] as well as LiClOg4, PSS, and
p-toluenesulfonic acid (PTS), could be used to modulate electro-
chemical and biocompatible properties in order to improve the
device performances as neural interfaces.

Although these PEDOT materials have become essential in the
neural interfaces, relatively poor electrochemical durability has
remained as the challenging limitation to expand the chronically
implantable applications of PEDOT [24,25]. As ionic and electrical
charges are released from or headed into the PEDOT by repeated
biphasic stimulations, the molecular structures of PEDOT are me-
chanically swelling, contracting and thus, breaking their conju-
gated backbones as well as concurrent doping/de-doping processes
[14]. While polymeric dopants such as PSS could reinforce the
structures moderately by molecular entanglements into PEDOT,

electrochemical durability is still needed to be improved to be used
as chronic implants. One approach to improve the electrochemical
durability of soft conducting polymers is to build composites with
carbon nanomaterials such as graphene and carbon nanotube
(CNT) [26]. These carbon composites could improve electro-
chemical performances of the conducting polymers without
altering chemical stability. Thus, the composite methodology has
been used in the wide ranges of biomedical applications such as
biosensors [27—35], drug delivery system [36,37], scaffolds for
regeneration [38—43] and electrodes for bio-interfaces [44—50].

For neural interface applications, Cui group compared long-term
neural recording performances of PEDOT:PSS and PEDOT/CNTs
which were electrodeposited on the Au electrode [51]. The chronic
recording performances were evaluated in the visual cortex of mice.
The performances of PEDOT/CNTs significantly outperformed
PEDOT:PSS after 7—8 weeks of implantation. They also tried to coat
the PEDOT/CNT composites with an anti-inflammatory drug,
dexamethasone, on the surface of Pt [52,53]. The results showed
not only lowering the impedance values from bare Pt, but also
significantly reducing neuronal deaths or damages in vitro and
in vivo. Guo et al., reported the PEDOT:PSS/rGO microfibers for self-
powered stimulation to enhance neural differentiation [39]. The
microfibers, fabricated by a modified capillary hydrothermal
method, were used for stimulation of mesenchymal stem cells to
differentiate into a neural lineage.

In this experiment, we have successfully deposited the
PEDOT:PSS/GO composites on Au micro-electrodes with different
redox levels of GOs. The PEDOT:PSS/GO composites showed much-
improved charge storage capacity (CSC) as well as electrochemical
durability compared to PEDOT:PSS. Furthermore, redox state of GOs
were quite effective parameters to freely tune the electrochemical
properties of the PEDOT:PSS/GO composites. Surprisingly, our
PEDOT:PSS/GO composites are softer and mechanically more du-
rable than PEDOT:PSS itself at the same time. From our in vitro PC12
neural cell tests, the PEDOT:PSS/GO was not just cytocompatible
but also able to modulate gene expression of specific proteins such
as GAP-43, regulating axonal regeneration, and synapsin,
enhancing cellular communications. Thus, our findings on
PEDOT:PSS/GO composite coatings on Au micro-electrodes suggest
that electrical performances, as well as cellular behaviors of neural
interfaces, are easily tuned by compositions as well as redox state of
GOs.

2. Experiment
2.1. Materials

Graphite (17046-02, 75—100 um) was purchased at KANTO
Chemical in Japan. Potassium permanganate (KMnOg, 99.0%), sul-
furic acid (H,SO4, 98.0%, 7683-4100), hydrochloric acid (HCI,
35.0—37.0%, 4090—4100) and hydrogen peroxide (H»0O,, 30.0%,
4104—4405) were purchased at DAEJUNG in Korea. Sodium nitrate
(NaNOs3, 99.0% 1475) was purchased at DUKSAN pure chemicals in
Korea. Polystyrene sulfonate (PSS, Mw ~1,000,000, 434574), 3,4-
ethylene dioxythiophene (EDOT, 97.0%, 483028) and phosphate-
buffered saline (PBS, P4417) were purchased at Sigma-Aldrich in
USA. Gold wire (0.1 mm diameter, 99.95%, 14727) was purchased at
Alfa Aesar in USA. Epoxy resin (145—10025) and hardener
(145—10030) was purchased at Allied High Tech Products Inc. The
PC12 cells were purchased at Korean Cell Line Bank in Korea. Ros-
well Park Memorial Institute (RPMI) 1640 Medium and 100 x An-
tibiotics penicillin/streptomycin were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Fetal bovine serum (FBS) was ob-
tained from Hyclone (Pittsburgh, PA, USA). Cell Counting Kit-8
(CCK-8) was purchased from Dojindo Molecular Technologies, Inc
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(Rockville, MD, USA).

2.2. Synthesis of graphene oxide

Graphene oxide was synthesized through the oxidization of
graphite powder according to the modified Hummers method
(Fig.1(a)) [54]. 0.1 g of graphite, 5 ml of 98% sulfuric acid and 0.1 g of
sodium nitrate were stirred under ice bath condition for interca-
lation of oxygen molecules to the graphite. After 10 min, the tem-
perature of the beaker was set to 50 °C, and 0.05 g,0.15gand 0.25 g
of potassium permanganate were slowly added. After 15 min, 25 ml
of DI water for dilution, 3 ml of hydrogen peroxide for removing
remaining salts were added. The pH level is adjusted to 10—11 using
a sodium hydroxide solution to terminate the reaction. The solution
was filtrated with enough amount of DI water. Cake from the
filtration was dispersed to 50 ml of DI water with stirring. And
graphene oxide pellet was collected through the centrifugation of
dispersed solutions. The pellet was dispersed with 10 mg of PSS in
50 ml of DI water by using the bath sonication for overnight.

2.3. Reduction of graphene oxide

Hydrochloric acid was added to the graphene oxide solution to
adjust the concentration to 1 M. An enough aluminum foil was
immersed to the solution for 15 min. The reduced graphene oxide
was precipitated to the bottom of the conical tube.

2.4. Preparation of EDOT/PSS/GO and EDOT/PSS/rGO solution

EDOT was dispersed in deionized water and GO and rGO solu-
tion at 0.02 M (2.21 pl/ml) with PSS at a weight ratio of 1:1. For good
dispersion of EDOT, that solution was stirred vigorously.

2.5. Preparation of gold wire electrode

For electrochemical deposition of PEDOT:PSS and PEDOT:PSS/
GO composites on the gold wire, the gold wire was sealed by epoxy.
The epoxy resin and hardener were mixed at a ratio of 10:3. The
mixture was poured into a petri dish and the pipette tip was cut at
both ends and placed there. After curing in 50 °C oven at 2 h, the
gold wire was put inside of pipette tip and filled with the epoxy
mixture. That was cured at 50°C oven for 2h. Before the

electrochemical deposition, all the electrodes were cut and pol-
ished by the sandpaper, CW-1200. The control bare gold electrode
was also polished by the exact same process before
characterization.

2.6. Electrochemical deposition and characterization of PEDOT:PSS,
PEDOT:PSS/GO and PEDOT:PSS/rGO

The Gamry Reference600 Potentiostat (Gamry, USA) and the
Gamry EIS300 Electrochemical Impedance Spectroscopy (EIS)
Software, and the AutoLab PGSTAT204 Potentiostat and NOVA
advanced software were used for both electrodeposition and all
electrochemical characterization. EDOT monomers were polymer-
ized through a chronopotentiometry method on the epoxy sealed
gold electrode and ITO coated glass at 5 pA for 3 min and 2V for
15 min respectively (see Fig. 1(b)). The counter electrode and the
reference electrode were Pt plate and Ag/AgCl electrode respec-
tively. After the deposition, 5 samples of each electrode were
analyzed through EIS (1-100,000 Hz at 1 pA), symmetric bi-phasic
stimulation (BPS), cyclic voltammetry (CV, —0.6—0.8 V, 50 mV/s, 3
cycles) and durability test (—1.0—1.0V, 200 mV/s, 500 cycles). The
BPS was performed to find charge injection limit (CIL) with the
variable current for 500 ps and 200 ps of pulse and phase width,
respectively. The morphology analysis was characterized by SEM
(SU8010, Hitachi, Japan) after coating with Pt by using Sputter
Coater (Q150T, Quorum Technologies Ltd, United Kingdom). The
combination system of an Element Silicon Drift Detector (SDD)
with the APEX™ software by AMETEK, Inc. was used for element
energy dispersive spectroscopy (EDS). The Young's modulus was
measured by nanoindentation system (G200, KLA, USA). The me-
chanical loads were collected in the depth range from 0 to
40—100 nm, and the average Young's modulus was calculated from
the six of indentation results in the depth range of 20—30 nm. The
LabRam GR UV/Vis/NIR (Horiba, Japan) was used to record Raman
spectra.

2.7. Cell viability test

In vitro cytotoxicity of electrodes was determined in PC12 cells
by the Cell Counting Kit-8 (CCK-8) assay. PC12 cells were incubated
in RPMI medium containing 5% heat-inactivated FBS and 1% peni-
cillin/streptomycin at 37 °C in 5% CO, humidified atmosphere. Each
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Fig. 1. Schematic of the process for (a) synthesis of GO and rGO (b) synthesis of PEDOT:PSS/GO composites. (c) Optical images of (c-1) bare gold electrode and (c-2) PEDOT:PSS/GO
composite coated electrode. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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electrode was sterilized by 70% ethanol solution for 1h and
exposed to UV for further sterilization. Each electrode was air-dried
for one day and seeded with 10° cells/ml in a 24 well plate. After
72 h incubation, cells were trypsinized and collected by centrifu-
gation with 1500 rpm for 10 min. After removing the supernatant,
the pellet was collected with 350 pl cell media. 10 ul of CCK8 assay
was added to 96 well plates containing 100 pl cell media and
incubated for 2 h to produce formazan crystals. The absorbance of
each well was measured using 420 nm wavelength with a micro-
plate reader. The absorbance of the cells cultured without electrode
was used as a control and its absorbance was as the reference value
for calculating 100% cellular viability.

2.8. PC12 neuronal differentiation

The 2 x 10° cells were seeded on a 24 well plate with each
sample. 24 h after, the medium was replaced with serum-free
media supplemented with 50ng/ml human recombinant NGF
(Rockhill, NJ, USA). The cells were incubated for 7 days.

2.9. Total RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated from treated cells using the TRIzol re-
agent (Invitrogen, Waltham, MA, USA) according to the manufac-
turer's instructions. First strand cDNA was generated using a Tetro
cDNA synthesis kit (Bioline Inc, UK). The target genes, relevant
sense and antisense primers (Table 1) were measured as described
previously [55]. These experiments were repeated for three times.

3. Results and discussions
3.1. Production of GO and rGO

The Raman spectra, shown in Fig. 2, were used to qualitative
analyze GO and rGO which were produced by the modified Hum-
mers method and chemical reduction, respectively. In the graph,
the numbers next to the GO and the rGO means the amount of
potassium permanganate, which controls the degree of oxidation.
GO(05) were synthesized with 0.05 g of potassium permanganate,
GO(15) with 0.15 g, GO(25) with 0.25 g of that, respectively. The rGO
is the reduced form of these GOs by oxidation of Al foil. As in the
typical graphene analysis, G band at ~1580cm~!, D band at
1350 cm™ Y, and 2D band at ~2690 cm™! correspond to 1) in-plane
vibrational mode involving sp® hybridized carbons (G band), 2)
disordered mode induced sp>-bonded carbons from edges of gra-
phene (D band), 3) the amount of graphitic layers (2D band) [56].
Therefore, graphite which has just low D/G ratio indicates just small
amounts of defects in graphite flakes as well as a high degree of sp?
bond crystallinity. But significant amounts of graphitic layers and
sp?> bonds are destroyed during the oxidation processes. This
destruction results in relatively high D/G ratio in GO samples. The
ratio of D/G again decreases with the reduction process of GOs by
recovering graphitic structures.

While the 2D band does not represent defects in the graphene
structure, both band position and band shape are affected by the
number of graphene layers in the structure. Heavily oxidized

Table 1
Primer design for target gene sequence.
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Fig. 2. Raman spectra of graphite, GOs, and rGOs.

graphene also makes the 2D band low and be indistinguishable. The
broad and low intensity of the 2D band of PEDOT:PSS/GO(05) im-
plies that the amount of potassium permanganate was not enough
to oxidize and to exfoliate the graphite sufficiently. Furthermore,
indistinguishable 2D peaks of PEDOT:PSS/GO(15) and PEDOT:PSS/
GO(25) are originated from the excessive oxidation of graphitic
structures. From the Raman spectra of rGO, it is observed that
recovering sp? carbons makes the 2D peaks relatively sharp and
distinguishable.

3.2. Electrochemical deposition of PEDOT composites

PEDOT:PSS, PEDOT:PSS/GO and PEDOT:PSS/rGO composite films
were successfully deposited on the gold micro-electrodes
(785 x10>mm?) by a chronopotentiometry method (5 pA,
3 min). During the PEDOT deposition, the surface of electrodes was
covered with dark colored composites (Fig. 1(c)) and the voltages

Target gene Forward primer

Reverse primer

rGAP-43 AAG CTG AGG AGG AGA AAG AA GCA TGT TCT TGG TCA GCC
rSynapsin-1 CCA ATC ATA AAG AGA TGC TC CAA TAT CCT GGA AGT CAT GT
rBeta actin CCG TGA AAA GAT GAC CCA GA GTC TCC GGA GTC CAT CAC AA
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was gradually increased from 1.8V to 2.0V. (SFig. 1) Even if the
PEDOT composites have lowered the electrochemical impedance of
the Au electrode, its electrical resistivity in dry state could be a little
higher measured than the Au itself. The morphology of the coated
PEDOT composites was compared by SEM images (Fig. 3). While
PEDOT:PSS showed typical polymeric smooth surfaces at the sub-
micron scale, the GO and rGO composites clearly showed micro-
scale particulates or sheets by the degree of oxidation and
exfoliation of GOs. We also have performed the EDS analysis of
PEDOT:PSS/graphene composites. While there are some significant
variations in oxygen contents, it is quite complex to draw a sys-
tematic conclusion because oxygen contents are complex functions
of 1) ratio between PEDOT:PSS and GOs/rGOs, 2) redox degrees of
GOs, and 3) residual water in porous structures. One note is that
some degree of decrement in oxygen contents is clearly shown by
changing from GOs to rGOs. The detailed analysis data were pre-
sented in the Supplementary Information as in Fig. S2.

3.3. Electrochemical performances of PEDOT:PSS/GO composites

EIS, CV, BPSs and durability tests were performed to evaluate the
electrochemical performances of the PEDOT:PSS/GO composites for
the neural electrode. The EIS results show that PEDOT coating re-
duces the impedances of the electrodes from the bare gold in wide
frequency ranges, particularly from 4000—1 Hz(Fig. 4). Given that
the neural action potential has around 0.1—1 kHz, the impedance at
1 kHz should be a key parameter for estimating the performances
of neural recording sensitivity as well as occurring potentials for
neural stimulation. The impedances at 1kHz of all the PEDOT
composites was reduced more than 27% compared to the bare gold
electrode. Note that the improvements in impedances of
PEDOT:PSS come from the nano-porous structures to increase the
active surface area to transfer charges from electrons to ions.
However, the further impedance reduction by filling GO/rGO is
because of improved electrical charge conduction through rather
bulky porous structures of PEDOT:PSS/GO and PEDOT:PSS/rGO
composites. Other variables affecting impedances come from the
degrees of oxidation and exfoliation whose electrical contributions
are exerting conversely. While more oxidization might result in
higher exfoliation of graphite, a higher degree of exfoliation im-
proves the effectiveness of dispersing conductive GOs/rGOs in the

(a) PEDOT/PSS/GO(S)

(b) PEDOT/PSS/GO(15)

composites so that electrical properties of GO composites improve
with a high degree of exfoliation of graphite. Thus, the impedance
varied by the degree of oxidation as well as redox states of GOs
together. Overall, the impedance of the PEDOT:PSS/rGO(15) was the
lowest among all the composites.

For comparing the PEDOT:PSS/rGO composites, however,
another complexity, the degree of recovered conjugated carbons,
also involves in affecting the impedances. The high degree of
oxidation sacrifices electrical properties of graphene when it is
reduced. Because electrical conduction on a graphitic layer is pri-
marily dependent on the crystallinity of sp® conjugated carbon.
Obviously, in the Raman analysis, GO(25) has a higher degree of
oxidation than GO(15) by comparing D bands. While the impedance
of PEDOT:PSS/rGO(15) decreased to 0.59 + 0.27 Q cm? dramatically
from PEDOT:PSS/GO(15) which has 1.24 + 0.35Q cm?, the imped-
ance of PEDOT:PSS/rGO(25) was similar to PEDOT:PSS/GO(25)
which are 1.01+0.25Qcm? and 1.00+0.30Qcm? respectively.
Probably, GO(25) became too much oxidized for conductive carbon
structures to be recovered effectively again. For GO(05), since the
exfoliation by oxidation did not occur sufficiently, the effect of
reduction was not remarkable. That is why the impedances of
PEDOT:PSS/GO(05) and PEDOT:PSS/rGO(05) were similar to be
1.29+0.27 Q cm? and 1.28 +0.32 Q cm? at 1 kHz, respectively.

The impedance spectra can be fitted to an equivalent circuit
model to interpret their electrochemical charge transport phe-
nomena further [72]. One suggested circuit model for conducting
polymer coating is comprised of the Solution resistance (Rs), sub-
strate resistance (Rsyp), Substrate capacitance (Csyp), coating resis-
tance (Rcoa), coating capacitance (Ce,), the semi-infinite Warburg
diffusion impedance (Zp) and constant phase element (CPE) (Zq) as
shown in Fig. 5. The EIS parameters were calculated by the fitting of
impedance spectra to the equivalent circuit model in Table 2. The
semi-infinite Warburg diffusion impedance (Zp) and constant
phase element (Zg) are calculated by the following formula,
respectively.

Fig. 3. SEM images of (a) PEDOT/PSS/GO(05), (b) PEDOT/PSS/GO(15), (c) PEDOT/PSS/GO(25), (d) PEDOT/PSS/rGO(05), () PEDOT/PSS/rGO(15), (f) PEDOT/PSS/rGO(25), (g) PEDOT/PSS

and (h) Bare gold.
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Fig. 4. Electrochemical impedance spectroscopy of PEDOT composites. (a) Bode plot and (b) impedance at 1 kHz. Each data point represents the average of five electrodes with

standard deviation. (n = 5).

Fig. 5. Equivalent circuit model for PEDOT:PSS/graphene composites. Solution resis-
tance (Rg), substrate resistance (Rqyp), Substrate capacitance (Csyp), coating resistance
(Reoa), coating capacitance (Cco,), semi-infinite Warburg diffusion impedance (Zp) and
constant phase element (Zg).

1
Zn——
7 Yo (jo)"

Y, is the admittance of an ideal capacitance. And n is an
empirical constant ranging from 0 to 1. When n = 1, the Zg behaves

as a pure capacitor, while when n=0, the Zg behaves a pure
resistor. Further, when n=0.5, the Zq is the equivalent of the
Warburg element. For all the GO and rGO composites, the n was
approaching to 1. While deciphering the circuit model to the actual
physical phenomena seems to be extremely difficult because of the
limitation of our understanding of the system, only a few things can
be highlighted. The solution resistances, which might depend on
the distance among the working, the counter, and the reference
electrodes as well as the dissolved ionic concentrations, are well
confined in the ranges of 2.60—3.62 kQ. This consistency confirms
that our experimental set-up was well constructed to test the
performances of the composites. The other noticeable fact is that
the constant phase element (CPE) admittance, Yoq related to the
behavior of double layer increased by reduction of GOs through the
hydrodynamically resistive porous structures of PEDOT composites
(Reoa)- This improved Ypq; allows to increase CSC as well as to
reduce faradaic side reactions. While the desired neural interfaces
require to transfer electrical charges solely by physical mecha-
nisms, pseudocapacitive transports, at the surface of PEDOT:PSS/GO
or rGO composites, evidently there should exist substantial degrees
of chemical redox reactions (Cco,) Which cause faradaic charge in-
jections along with the interfaces without diffusion. This combi-
nation of physical and chemical mechanisms makes the composite
system too complex to analyze in a single model. Thus, the physical
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EIS parameters obtained by fitting of impedance spectra to the equivalent circuit model.

85

Element  Parameter PEDOT:PSS/GO(05)  PEDOT:PSS/GO(15)  PEDOT:PSS/GO(25)  PEDOT:PSS/rGO(05)  PEDOT:PSS/rGO(15)  PEDOT:PSS/rGO(25)
Value Value Value Value Value Value
Rs Ry(kQ) 2.78 +0.04 2.60 +0.10 3.62+0.14 3.15+0.06 3.62+0.09 3.54 +0.07
Rsub Rsub(KQ) 1.32+0.13 1.82+037 1.77 £0.34 1.40+0.23 1.85+0.09 1.44 +0.09
Csub Csup(nF) 9.92 +0.85 4.84+0.77 4.29+0.88 7.44 +0.94 1.31+0.14 2.24+024
Reoa Reoa(kQ) 32.74+0.70 10.89 +0.70 16.31+0.80 37.50+0.81 53.98 + 0.40 4127 +£035
Ceoa Ceoa(NF) 11.01 £0.52 9.75+1.72 7.76 + 1.06 5.68 +0.34 1.57 +0.03 2.19+0.05
Zn Yocoa(1S-s'?)  0.36 +0.03 0.15+0.11 0.18 +0.07 0.22 +0.02 0.10+0.00 0.10 +0.00
Zq Yoai(1S-s™) 1.17 +0.03 1.27 +0.06 1.16 £ 0.06 1.96 +0.09 3.18+0.08 1.71+0.03
n 1.01+0.01 1.02 +0.02 1.03 +0.02 1.03 +0.02 0.88+0.01 0.93 +0.01
%2 0.0415 0.2121 0.1852 0.0632 0.0108 0.0133

Rs: solution resistance.
Rsup: substrate resistance.
Csupb: substrate capacitance.
Reoa: COating resistance.
Ceoa: COating capacitance.

Yocoa: admittance of Warburg element.
Yoai: admittance of double layer capacitor.
Zq: constant phase element.
%2: Chi-Squared goodness of fit.

interpretation of the equivalent circuit model becomes fuzzy now.
This elemental study should be further performed by isolating the

parameters involved.

To evaluate the CSC of the composites, CV analysis has been
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Current (uA)

GO(05) » rGO(05)
89.06 — 54.12 mC/cm?

Charge storage capacity

GO(15) » rGO(15)
82.75 » 155.36 mC/cm?

performed in the range of applied potential from —0.6V to 0.8V
(Fig. 6). PEDOT:PSS has been known to increase CSC from the bare

gold electrode by forming porous ionic storage channels along with
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Fig. 6. (a) Cyclic voltammogram of bare gold, PEDOT:PSS, GO and rGO composites. The GOs and bare gold are expressed as the dashed line, and the rGOs and PEDOT:PSS are
expressed as the solid line. The charge storage capacity is displayed on each graph. (b) Calculated charge storage capacity from cyclic voltammogram. Each data point represents the
average of five electrodes with standard deviation. (n=>5).
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46.38 +8.82mC/cm? for PEDOT which is well matched to the
typical level of CSC for PEDOT coated microelectrode. (38—78 mC/
cm?)[52,57,58] Evidently, CSCs have increased by adding GOs in the
composites. Moreover, their CSCs have further improved by rGOs.
While the maximum CSC, 155.36 + 14.83 mC/cm?, has been ob-
tained with PEDOT:PSS/rGO(15), the PEDOT:PSS/rGO(15), and
rGO(25) have improved 187.74% and 267.58% from its correspond-
ing PEDOT:PSS/GO composite, respectively. Because the conduc-
tivities of rGOs are higher than those of GOs, the PEDOT:PSS/rGO
composites have fully active charge transfer sites along with the
porous and bulky composite structures and thus, higher CSCs are
obtained. Note that rGO(25) has resulted in relatively low CSC value
than rGO(15) because of too much destruction of conduction paths
by overoxidation. These high CSCs on the electrodes are important
parameters for neural interfaces. The higher CSCs can be inter-
preted as one of the indications of ability to protect both biotic and
abiotic system by reducing chances of faradaic charge injection
which inevitably involves electrochemical reactions. Thus,
PEDOT:PSS/rGO composites show partly favorable electrochemical
performances as neural interfaces.

To understand the electrochemical meaning of CSCs in detail, we
have compared the calculated parameters from the equivalent
circuit model in Fig. 5 and the CSC values in Fig. 6. Voluminous
PEDOT:PSS/GO provides rather fuzzy ionic charge transfer and
charge diffusion phenomena on the electrode, which can be diffi-
cult to be interpreted solely by perfect capacitance units. We found
out that CPE (Zq) and the coating resistance (Rcoa) show the trends
well matched to the CSCs. Because CPE represents imperfect
capacitance unit, the well-matched trends explain that the CSCs
involve the behaviors of a double layer in the hydrodynamically
resistive microstructures.

Electrochemical symmetric BPS responses of the PEDOT:PSS/GO
or rGO composites, PEDOT:PSS, and Au electrodes were evaluated
by measuring the invoked potential for 500 us at each phase and
200 ps between phase. Because higher invoked potential may cause
unwanted reactions on either solutions and biotic materials sys-
tems, particularly neural tissues, BPS performances can be a direct
indication for evaluating the safety of stimulating electrodes as
neural interfaces. Furthermore, the rapid recovery from the voltage
spike at interval allows higher frequency stimulation [59]. From the

Charge injection limit (mC/cm?)
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BPS, the charge injection limits (CIL) were calculated (Fig. 7). When
the maximum cathodal excursion potential is reached to —0.6 V
which is potential window safely used in neural stimulation, the
delivered charges can be calculated from the applied current. As
expected, the PEDOT:PSS/rGO(15) showed the highest CIL. It also
has lower impedances at around 100—1000 Hz as well as higher
CSC. However, CIL trends of whole samples were not exactly
matched to the order of the performances of CSCs and EISs. While
all the PEDOT and PEDOT composite coated electrodes showed
much safe voltage invoking performances compared to the bare
gold electrode, particularly PEDOT:PSS/rGO(15) and PEDOT:PSS/
rGO(25) showed much higher CIL due to increased amounts of
charge carriers [58]. Furthermore, these samples showed pretty
constant areas of the applied voltage measured relative to the open
circuit voltage.

When the charges are injected from the neural electrodes with
low CIL, the unrecovered voltage in the interphase gap can be
accumulated by repeating cycles. It triggers continuous voltage
drifts in the following cycles, and thus this accumulation could be
harmful to the neural tissue if the total voltage drift reaches to a
certain level. If the area changes, then we can assume that there
exist some unwanted side reactions which might be fairly irre-
versible during neural stimulation [60].

The electrochemical durability tests were performed in a
phosphate buffer solution with the harsh voltage range, +1V for
500 cycles (Fig. 8 and Table 3). Because conducting polymers are
swelling and contracting by repeating cyclic voltammetry, their
electrochemical performances can degrade gradually, particularly
in a high potential range. We have chosen +1V for testing dura-
bility against corrosion because this invoked potential range can be
a harsh limit at the surface of electrodes for neural stimulation. The
1st cycle of our samples shows higher CSC value than both 100™
and 500 cycles except the bare gold electrode. After 500t cycles,
the diameter of the bare gold electrode increased from 100 um to
120—130 pm, which implies dissolution and complex deposition of
gold. By repeating CV for 500 times, the CSC of PEDOT:PSS has
changed from 33.55 + 2.06 mC/cm? to 9.77 + 2.13 mC/cm? while all
the PEDOT:PSS/GO or rGO composites also have experienced the
similar severe drops in CSCs. In this condition, the working elec-
trode system seems to have some side reaction such as
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Fig. 7. Charge injection limit for PEDOT:PSS, bare gold and GO and rGO composites. Pulse and phase widths were 500 ps and 200 ps respectively. Each data point represents the

average of five electrodes with standard deviation. (n =5).
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Fig. 8. Electrochemical durability test results of (a) PEDOT:PSS/rGO(15), (b) PEDOT:PSS, (c) Bare gold with sweep range of —1.0—1.0 V. Each inset text indicates CSC values before and
after 500 cycles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Charge storage capacity measured at 1st, 1007 and 500 cycle.

Sample name CSC as-prepared Relative value to as-

CSC after 100 cycles

Relative value to as- CSC after 500 cycles Relative value to as-

(mC/cm?) prepared (%) (mC/cm?) prepared (%) (mC/cm?) prepared (%)

1. PEDOT:PSS/ 33.11+1.67 100 20.94 +3.13 63.3 18.21+1.79 549
GO(05)

2. PEDOT:PSS/ 47.63 +3.11 100 42.60 +3.62 89.5 21.51+0.62 45.2
GO(15)

3. PEDOT:PSS/ 41.80 +2.64 100 40.31+0.93 96.5 28.08 +7.23 67.2
GO(25)

4. PEDOT:PSS/ 94.83 +3.80 100 4232 +245 44.6 32.90+1.95 34.7
1GO(05)

5. PEDOT:PSS/ 84.83+2.25 100 60.63 + 1.71 715 30.18 +3.57 35.6
1GO(15)

6. PEDOT:PSS/ 56.23 +5.13 100 22.16+2.97 394 26.10+4.54 46.4
1GO(25)

7. PEDOT:PSS 33.55+2.06 100 18.54 +2.22 553 9.77 +2.13 291

8. Bare gold 1.76 £ 0.72 100 3.98 +1.55 2261 4.74 +0.89 269.1

overoxidation. However, note that the residual CSCs after 500 cy-
cles of PEDOT:PSS/GO or rGO composites were higher
(34.70—67.19%) than that of PEDOT:PSS (29.12%). In particular, the
PEDOT:PSS/GO composites showed slower CSC decrement than
rGO composites. It means that the adhesion of GOs to the
PEDOT:PSS are better than rGOs. Nevertheless, since the initial CSCs
of rGO composites were far higher than that of GO composites, the
CSCs after 500 cycles were maintained high. This result confirms
that both the adhesion of GO and rGO composites to the gold sur-
face and the electrochemical durability of those against corrosion
were significantly improved from the PEDOT:PSS.

3.4. Mechanical analysis

The nanoindentation measurement was used to analyze the
mechanical softness of PEDOT:PSS/GO or rGO composites (Fig. 9).
The samples for analysis were synthesized on the ITO coated glass
to be made with a large area. The indentation was operated with a
depth of 0—40—100 nm, and the average moduli were calculated
over a range of 20—30 nm depth to obtain reliable data. The average
modulus of PEDOT:PSS was measured at 7.30 + 0.50 GPa. However,
while the PEDOT:PSS/GO or rGO composites include extremely
rigid nanofillers whose modulus are in the range of hundreds to
thousand GPa, it was surprisingly measured to be in the range of
2—5 GPa which is much lower than that of PEDOT:PSS itself. Briefly,
more GO content and higher reduced states caused softer modulus
properties. This inclination of the composites is extremely unusual
if our composite is homogeneous mixtures of PEDOT and GO.
However, as stiff nano carbons are included more in the compos-
ites, it appears that the PEDOT forms far more irregular nano-
structures with pores which might cause desirable ion flowing
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Fig. 9. Average modulus of PEDOT:PSS, PEODT:PSS/GO and rGO composites measured
by nanoindentation. The modulus was collected in 20—30 nm depth region.

highways as well as mechanical softness. Thus, the PEDOT:PSS/
rGO(15) composite showed the concurrent desirable behaviors in
both electrochemical and mechanical performances as soft
implantable electrodes.

3.5. PC12 neural cell tests

To analyze cytocompatibility of PEDOT composites, cell viability,
growth of neurite, the gene expressions of PC12 neural cell lines
have been tested by comparing PEDOT:PSS, PEDOT:PSS/GO and rGO
composites, and ITO glass. Firstly, the cell viability of PC12 cells on
the surface of PEDOT composites was tested (Fig. 10). There was not
much noticeable difference in PC12cell viabilities among the



88 S. Lee et al. / Electrochimica Acta 313 (2019) 79—90

*PEDOTPES

120

100

1 2 3 4 5 6 1 8 9

ol
=

£
=

Cell viability (%)
(-
—J

[
=]

Fig. 10. Cell viability on the surface of PEDOT:PSS/GO composites. (a) Living PC12 cell images were shown by 20x magnification. (b) Cell viability of PC12 cells were measured by the

CCK-8 assay.

PEDOT composites, PEDOT:PSS, and ITO glass at around 85—95%.
This indicates that GO or rGO composites of PEDOT play insignifi-
cant effects on the performance of holding PC12 cells on their
surfaces while PEDOT:PSS itself is a little poorer than the non-
conductive polystyrene (PS) surface of the cell culture flask.

In Fig. 11 (a) and (b), neurite growth results of the PC12 cells
were compared. After treating with collagen and nerve growth
factor (NGF) for 7 days, the neurite lengths were directly observed
by optical microscope and directly measured. The neurites on the
conductive surfaces were clearly longer than those on the non-
conductive PS well plate. The longest neurite formation among
the tested was 98.7 um on the PEDOT:PSS/rGO(15) and 85.3 pm on
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the PEDOT:PSS/GO(05) was the second longest, which at least ex-
cels PEDOT:PSS and even ITO conductive surface.

The relative gene expression of GAP-43 and synapsin on the
surface of PEDOT composites were also compared in Fig. 8(c) and
(d). The GAP-43 is a neural specific cytoplasmic protein which is
related to axonal membrane regeneration. This protein plays a key
role in neurite outgrowth, regeneration, and plasticity [61,62].
Furthermore, the expression of phosphoprotein GAP-43 which is an
endogenous substrate for protein kinase C is stimulated by NGF,
and the up-regulation of GAP-43 mRNA and protein increases
during the differentiation of PC12 cells into the neuronal phenotype
[63,64]. The expression of GAP-43 in PC12 cells is promoted on a
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Fig. 11. (a) Microscopic images of the PC12 cells on the surface of PEDOT composites after treated with collagen and neurite growth factor for 7 days. The images were magnified by
40x. (b) Measured neurite length and relative gene expression of (c) GAP-43 and (d) synapsin of PC12 cells were compared on the prepared PEDOT:PSS/GO composites.
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conductive surface such as graphene [65] and promoted further by
electric field application even on a non-conductive surface [66]. The
surface modification of graphene oxide with the acetylcholine-like
unit could promote GAP-43 expression effectively [67]. In this
study, the relative gene expression of GAP-43 of PC12 on the sur-
faces of the PEDOT:PSS/GO and rGO composites were significantly
higher than the well plate, ITO coated glass, and PEDOT:PSS. While
the PEDOT:PSS and ITO showed more than two times of the GAP-43
expression compared to the well plate, the PEDOT:PSS/GO and rGO
composites showed much improved GAP-43 expression compared
to the ITO and PEDOT:PSS. Particularly PEDOT:PSS/rGO(15) showed
the highest GAP-43 expression, which is 7.7 times higher than that
of the well plate. These result is significantly higher value than the
graphene-only substrates [65,67]. The high GAP-43 expression
implies that the PEDOT:PSS/GO or rGO composites hold beneficial
potentials, for examples, 1) to induce static neural regeneration, 2)
to shorten the distance between the neural electrode and neurons
by inducing axonal membrane regeneration of neural cells when
applied in vivo, 3) to overcome synkinesis.

Synapsin is abundant pre-synaptic phosphoprotein associated
with the cytoplasmic side of synaptic vesicles which have the ca-
pacity to promote actin polymerization and to stimulate cell dif-
ferentiation [68—71]. These synapsin expressions among PEDOT
composites were much more dramatic than those of GAP-43. While
the synapsin expressions on all the conductive surfaces were at
least 7 times higher than that of the well plate, PEDOT:PSS and
PEDOT:PSS/GO composites were about 1.7 times and 3.2—4.6 times
higher than that of the ITO coated glass, respectively. Furthermore,
the PEDOT:PSS/rGO composites showed better synapsin expression
than any of the PEDOT:PSS/GO composites. Among them,
PEDOT:PSS/rGO(15) has shown the highest synapsin expression
which is at least 2.1 times higher than any of the PEDOT:PSS/GO
composites, ~9.4 times and ~66 times higher than ITO and the well
plate, respectively. Though PEDOT or graphene-related materials on
promoting synapsin expression have not been found in any previ-
ously reported paper, there is a report showing that
polypyrrole(PPy)-coated poly (i-lactic acid-co-caprolactone)/silk
fibroin could do [66]. Moreover, our PEDOT composites showed a
slightly higher value than the PPy composites. Because higher
synapsin expression could provide more potential to induce dy-
namic intercellular communication, our PEDOT:PSS/GO or rGO
composites will have a unique impact on solving synkinesis, long-
distance cut, and chronic cut issues in regenerating neural tissues.
Furthermore, these favorable gene expressions in regenerating
neural tissues as well as axonal neurite have beneficial contribution
to developing intelligent neural interfaces.

4. Conclusion

In this research, the soft PEDOT:PSS/GO and PEDOT:PSS/rGO
composites were electrochemically deposited on the Au micro-
electrodes. The electrochemical performances of PEDOT:PSS/rGO
composites were much higher than PEDOT:PSS and the bare gold
micro-electrode in terms of impedance, CSC, CIL, and durability
while showing softer modulus. From in vitro PC12 neural cell tests,
the PEDOT:PSS/GO or rGO composites was proven to be not only
cytocompatible by the cell viability evaluation, but also able to
modulate important gene expressions of specific proteins such as
GAP-43, regulating axonal regeneration, and synapsin, enhancing
intercellular communications. This gene expression implies that
the PEDOT:PSS/GO or rGO composites can play unique roles to
overcome long-lasting challenges in regenerating neural tissues,
such as synkinesis, long-distance cut, and long-term cut. Thus, our
PEDOT:PSS/GO or rGO composites will make them strong candi-
dates among conductive biomaterials for the applications of an

implantable electrode, biosensors, bio-actuators, drug delivery
carriers, and neural interfaces.
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