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Modified PEDOT by preparing N-doped reduced graphene oxide
as potential bio-electrode coating material

Mengmeng Fan®, Chunlin Zhu®, Lin Liu®, Qilu Wu®, Qingli Hao®, Jiazhi Yang®, Dongping Sun®*

We successfully prepare poly (3, 4-ethylenedioxythiophene) (PEDOT)/N-doped reduced graphene oxide (N-rGO) by
electrodeposition, post-reduction, and doping N atoms with microorganism (as green reagent) to modify PEDOT and
resolve the exfoliation, fragment problems of pristine PEDOT. This modification greatly improves the electrochemical
properties of PEDOT showing great potential for bio-electrode coating material which should have excellent
electrochemical properties, stability and biocompatibility. The as-prepared PEDOT/N-rGO shows lower impedance, higher
capacitive performance, cyclical stability than pristine PEDOT due to the doping of N-rGO. MTT assay demonstrates this
modified PEDOT has good adhesion, cell viability and proliferation similar to pristine PEDOT. It indicates this modifying
progress of PEDOT does not restrain the good biocompatibility of pristine PEDOT, which results from the doping of high
biocompatible N-rGO by this green method. The wrinkled structure, residual oxygen containing functional groups and
doping N atoms of N-rGO lead to forming fluctuant surface and increasing hydrophilicity of PEDOT, respectively, which
increase specific surface area and cell adhesion in cell culture, respectively. Consequently, this modified PEODT improves
electrochemical properties, resolves the exfoliation, fragment problems of pristine PEDOT, and meanwhile, still retains the

high biocompatibility of pristine PEDOT, which is promising for bio-electrode coating material.

1. Introduction

Recent years, implantable biomedical devices have achieved
great development in medicine field including diagnostics and
monitoring,1 drug delivery,z'3 neurology,4 orthopedic
operation,5 audiology and t:ardiology,6 etc. One of most
important factors to decide the performance of implanted
device is the efficiency and reliability of an electrode.”®
Generally, a small size of the electrode can lower the damage
to the tissue but it inevitably decreases the electrochemical
performance and safety of the electrode,’ for example
increasing impedance and decreasing charge storage capacity.
However, coating material plays a significant role to improve
the performance of the electrode.

It has been reported that noble metals ( Pt, Au, Ti, etc.) and
Iridium oxide are widely used as the coating materials'® but
low charge storage capacity, weak bonding with electrode
restricted their further application.u'12 Conducting polymers,
especially PEDOT,"?is an ideal coating material of electrode.™
PEDOT not only overcomes the drawbacks of conventional
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coating materials®® but also possesses high biocompatibility16
and stability in continuous operation.17 However, the
exfoliation and fragments of pristine PEDOT from electrode
arouse the stability and safety problems during
electrochemical oxidation-reduction procedure.16 Therefore,
the modification of PEDOT by doping other materials is an
effective way to overcome above problems and
simultaneously improves the electrochemical properties of
pristine PEDOT.®" Since PEDOT acts as the biological coating
material, we significantly hope the doping material does not
destroy the excellent biocompatibility of pristine PEDOT.

Recently, graphene or graphene oxide (GO) has been widely
studied to act as the doping material due to its excellent
electrical, mechanical, thermal and optical properties.zo'23
Nevertheless, GO possesses high cytotoxicity,z‘l'25 insulativity
which decreases biocompatibility and conductivity of coating
material.?® Graphene has high hydrophobicity27 leading to
sharp piercing for membrane?®*® or protein denaturation in
cell culture.® However, N-doped reduced graphene oxide (N-
rGO)31'34 with high hydrophilicity35 and electrical conductivity
has been rarely reported for the modification of PEDOT.
Furthermore, the doping N atoms of N-rGO are beneficial to
cell adhesion, viability, proliferation.35

Generally, N-rGO is produced by chemical reducing GO with
toxic reagents such as ammonia,36 hydrazine hydrate,37 urea®
and melamine®® which are harmful to biological application.
Nevertheless, in this paper, we propose a green and mild
method* using microorganism as green reducing, N doping
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reagent to prepare higher biocompatible N-rGO as the doping
material for modifying PEDOT.

To the best of our knowledge, this green preparing
approach of N-rGO has not been used for modification of
PEDOT. Consequently, we doped N-rGO into PEDOT by this
green method, resolved the exfoliation and fragment problems,
and simultaneously improved the electrochemical properties
of pristine PEDOT. The greatest advantage for overall
modifying progress is that it does not require any toxic
chemical reagents.

2. Experimental
2.1 Electrodeposition of PEDOT/GO

The composed of 0.01M 3, 4-
ethylenedioxythiophene (EDOQT) (Aladdin Industrial
Corporation) and 2mgmL"1 GO (XFNano, China). The 10 ml
above solution or 10 ml 0.01M blank EDOT solution was
treated by ultrasonic for 20 min before polymerization to
prepare PEDOT/GO or blank PEDOT, respectively. The solution
was purged with nitrogen gas for 20 min. The constant current
for polymerization was set 0.1 mA and the polymerization time
was 1h unless otherwise stated. Platinum and Ag/AgCl acted as
the counter electrode and reference electrode, respectively.
After polymerization, the modified electrode was washed
thoroughly with deionized water and dried at room
temperature. The gold chip (as the electrode) was prepared by
spraying Au on a small size glass slide.

2.2 Preparation of PEDOT/N-rGO and PEDOT/H-rGO

The obtained PEDOT/GO electrodeposited on a gold chip
(0.8cmx1.5cm) was incubated with microorganism from
microbial fuel cell for 72 hours at 30°C. The microbial fuel cell
has been assembled for a long time in our laboratory. The
microorganism was substituted for hydrazine hydrate to
prepare PEDOT/H-rGO in a representative chemical preparing
method of N-rGO. PEDOT/GO electrodeposited on a gold chip
was sealed in a vacuum dryer filling with hydrazine hydrate gas
at 50 °C for 12 hour. The chips were repeatedly washed with
10% hydrochloric acid, 80% ethanol and finally washed with
deionized water until neutral pH.41
2.3 Morphology, composition and structure characteristics

mixed  solution

The samples were characterized by a scanning electron
microscope (SEM) (JEOL JSM-6700). SEM observations were
conducted at an accelerating voltage of 15.0 kV. Field-emission
scanning electron microscopy (FE-SEM) was performed with a
microscope (FElI Quanta 250F). The Atomic Force Microscope
(AFM) image was completed by Atomic force microscope
(BRUKER Dimension Icon)

The X-ray photoelectron spectroscopy (XPS) spectra was
completed by a RBD upgraded PHI-5000C ESCA system (Perkin
Elmer) with Mg K radiation (h =1253.6 eV). The Fourier
Transform Infrared Spectroscopy (FT-IR) analysis was
conducted on a Bruker Model IFS 66v/s spectrophotometer.
Raman spectra recorded from 0 to 5000 cm™ on a Renishaw
Invia Raman Microprobe using a 514 nm argon ion laser.

2| J. Name., 2012, 00, 1-3

2.4 Electrochemical characteristics

The Electrochemical Impedance Spectroscopy (EIS)
measurements were completed from 0.1 to 1.0x10° Hz in
electrochemical workstation (Shanghai Chenhua CHI760C). The
Cyclic voltammetry (CV) measurements were taken from —-0.8V
to 0.8V at a scan rate of 5 mVs ™ in 0.1 M KOH solution using an
electrochemical workstation in a three-electrode with Pt
electrode as the counter electrode and Ag/AgCl electrode as
the reference electrode at room temperature. Unless
otherwise specified, all the potentials are against Ag/AgCl as
reference potential.

2.5 Cytotoxicity assay

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) assay was used to test cytotoxicity of material by
human umbilical vein endothelial cells (HUVECs). HUVECs were
cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal calf serum, 1% penicillin-
streptomycin at 37°C in a humidified (5% CO,, 95% air)
atmosphere. The cells were planted in a 96-well microplate at
a density of 3000 cells per well for MTT assays. The cells were

exposed to different samples incubated at 37 °C for 24h or 72h.

Then the medium was replaced by Hank’s balancing buffer
followed by addition of 20 mL MTT buffer (5 mgmL'1 of MTT in
Hank’s balancing buffer) and incubated for 4h. Then the
medium was extracted and replaced with 100 mL dimethyl
sulfoxide (DMSO) to dissolve the formazan salt. Cell viabilities
were presented as the percentage of the absorbance of cells
(cultured on materials) to the absorbance of cells on blank
gold chip using the absorbance at 490 nm. Experiments were
carried out in triplit:ate.42

(3)?7[ ‘\ A
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L | workstation ®

*:EDOT
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Fig. 1 The procedure of preparing PEDOT/N-rGO (a): (1) electrodeposition and (2)

microbial reduction, N doping; t%e schematic representation of the structure of
PEDOT/N-rGO (not drown in scale) (b).

3. Results and discussion
3.1 Preparation of PEDOT/N-rGO and morphology characteristics

The scheme of the proposed synthesis strategy of PEDOT/N-
rGO (see Experimental section in detail) is shown in Fig. 1.
Firstly, the gold chip was connected to the working electrode
of electrochemical workstation to obtain PEDOT/GO by
electrodeposition in the mixed electrolyte of GO and 3, 4-

This journal is © The Royal Society of Chemistry 20xx
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ethylenedioxythiophene (EDOT). Then the chip was

immersed into the microbial medium to get PEDOT/N-rGO (Fig.

1b) by post-reducing and N doping PEDOT/GO. The detailed
electrodeposition mechanism of PEDOT/GO is given in
Supporting Information (Fig. S1).

In order to observe the morphology of PEDOT with or
without doping N-rGO, we got SEM, FE-SEM, AFM images.
Firstly, the blank PEDOT comprises of many particles and small
fragments on the surface showing typical porous structure of
pristine PEDOT(Fig. 2a, c).45 The AFM image also can affirm a
lot of fragments on the surface of blank PEDOT (Fig. S2). The
fragments and exfoliation probably occurs when continuous
electrochemical stimulating. Meanwhile, the falling fragments
cause safety problem and depress electrochemical property of
pristine PEDOT.™ To the contrary, the surface of PEDOT/N-rGO
is covered with wrinkled sheets (Fig. 2b) stemming from the
corrugated nature of graphene and the wrinkled structure
effectively wraps the small fragments of PEDOT as shown in
the internal of PEDOT/N-rGO at cracking area (Fig. 2d). The
introduction of N-rGO can effectively prevent the exfoliation of
PEDOT fragments. Therefore, PEDOT/N-rGO exhibits a more
stable structure like “steel-concrete” (PEDOT as “concrete”,
and N-rGO as ”steel"),zowhich can be affirmed by stability test
using long-term Cyclic Voltammetry (CV) scanning. Noticeably,
the fluctuant surface of PEDOT/N-rGO can effectively increase
the contacting area for cell adhesion as demonstrated in AFM
images (Fig. 2e, f) and the cross section of PEDOT/N-rGO on a
gold chip (Fig. S3).

ARTICLE

the successful N doping and the reduction of oxygen
containing functional groups of GO, respectively. Moreover,
the Raman analysis also demonstrates GO has been
deoxygenated in PEDOT/N-rGO according to the decreasing
ratio of Ip/lg (Fig. S4, decreasing from 1.46 to 1.33).46 The
reduction of oxygen containing functional groups can restore
sp2 carbons in graphene plane, which decreases defects and
increases conductivity.

Furthermore, we can get the N atoms configuration in the
high resolution N1s peak. The two peaks located at 398.6 eV
and 400.1 eV are assigned to pyridinic-N and pyrrolic-N,47
respectively (Fig. 3b). Pyridinic-N generally distributes on the
edge and basal plane of graphene, which offers a significant
number of active sites*®*® and is beneficial to cell adhesion.

As shown in Fig. 3¢, the peak at 162.2 eV can be assigned to
the S—N bond due to the combination of N atoms of N-rGO
with S atoms of PEDOT. PEDOT is expected to act as the
extended resonating electron-transfer component. The S-C
bond at 163.5 eV refers to the inner chemical bond of S and C
in PEDOT.>>>
results from neutralizing the positive charge of S atoms in
PEDOT chains, which may be due to the electronegative
oxygen atoms in oxygen containing functional groups of N-rGO
withdrawing the electron density of the S atoms of PEDOT.>>™
Therefore, the peak deconvolution of S indicates intact PEDOT
structure and the strong interaction of two components in
PEDOT/N-rGO.

Furthermore, the peak appearing at 167.2 eV

Fig. 2 SEM (a, b) and FE-SEM (c, d) images and AFM images (e, f) of blank PEDOT
(a, ¢) and PEDOT/N-rGO (b, d, e, f). Image (d) was taken from an artificial
cracking area of PEDOT/N-rGO.

3.2 Composition and structure characteristics

The XPS analysis was completed to affirm the successful N
atoms doping, reduction of PEDOT/GO and obtain the
configuration of N, S elements. Apart from mutual S, C and O
elements, there are a ca. 3.6 % N elements emerged at 400eV
(Fig. 3a) in PEDOT/N-rGO and the ratio of C/O increases from
2.34 of PEDOT/GO to 2.96 of PEDOT/N-rGO, which indicates

This journal is © The Royal Society of Chemistry 20xx
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Combined with the similar research,55 the Raman spectrum
analysis, the FT-IR analysis (Fig. S4 and S5), it can be inferred
that the mn-m interaction between graphene plane and
thiophene rings of PEDOT backbone plays a main role for the
interconnection of two components. In addition, the rest of
oxygen containing functional groups (especially, carboxyl)20
and the doping N atoms (especially, pyridinic-N with a localized
lone pair of electrons) of N-rGO are usually negatively
charged.56 The former is mainly responsible for negative
charge of N-rGO owing to the abundant residue of oxygen
containing functional groups. To the contrary, PEDOT is
positively charged.20 Therefore, PEDOT/N-rGO also includes
the electrostatic interaction between PEDOT and N-rGO in Fig.
1b.57-58

—a—blank PEDOT
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—&— PEDOTIN-rGO
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Figure 4. Nyquist plots (a) and expanded Nyquist plots (b) at high frequency for:
blank PEDOT, PEDOT/GO and PEDOT/N-rGO.

3.3 Electrochemical characteristics

Impedance property is one of most important parameters
for electrode coating material. As shown the EIS spectra in Fig.
4, the three Nyquist plots show small arcs in the high
frequency and straight lines in the low frequency (Fig. 4a). The
intercept with the Z’ axis (real impedance axis) can be used to
represent the intrinsic Ohmic resistance of the internal
resistance or equivalent series resistance of the electrode
material and electrolyte.59 Compared to blank PEDOT (17.5 Q)
and PEDOT/GO (21.3 Q), PEDOT/N-rGO has the lowest value
(13.5 Q) (Fig. 4b) which suggests that the conductivity of
PEDOT is effectively improved by the doping of N-rGO.
Furthermore, the steeper gradient of PEDOT/N-rGO in the low
frequency indicates faster ion diffusion and more suitable for
capacitor,20 which is a good property for electrical stimulation
of electrode.®® The above improved impedance property of
modified PEDOT attributes to the good electrical conductivity
of N-rGO and interconnected structure of PEDOT/N-rGO which
reduce the ion transport resistance and minimize the ion
diffusion distance, respectively.61

4| J. Name., 2012, 00, 1-3

The CV measurements were carried out to explore the
electrochemical stability and the change of charge storage
capacity of PEDOT after doping N-rGO. The enhanced
electrochemical stability of PEDOT/N-rGO (Fig. 5a) is
demonstrated by almost no changed CV curve after long-term
CV scanning. To the contrary, the scanning area reduces a lot
for blank PEDOT after CV scanning (Fig. 5b). The increasing
stability of PEDOT/N-rGO can be attributed to N-rGO
interconnecting and covering small fragments of PEDOT.?
Apparently, PEDOT/N-rGO shows a more rectangular shape
and larger scan area (Fig. 5c) which indicates the good
capacitor behaviour during charge transfer procedure20 and
the increasing charge storage capacity, respectively.62 The
improved charge storage capacity of PEDOT/N-rGO results
from the different interior properties: firstly, the sheet
structure of N-rGO interconnects with the porous structure of
PEDOT and secondly, N-rGO good
pseudocapacitive behaviour, high
electrical conductivity.63

The contact angles were measured to study the change of
hydrophilicity of PEDOT with or without doping N-rGO. The
value of contact angle for PEDOT/N-rGO (67.3°) is between
that of blank PEDOT (87.5°) and that of PEDOT/GO (50.6°) as
shown in Fig. 5d-f. The hydrophilicity of PEDOT is obviously
enhanced by doping N-rGO, which attributes to the residue of
oxygen containing functional groups and the doping N atoms
in N-rGO. The increasing hydrophilicity is beneficial to protein
adsorption in cell culture.® Compared to PEDOT/GO,
PEDOT/N-rGO shows a lower hydrophilicity indicating that the
oxygen containing functional groups in PEDOT/GO are
effectively reduced by microorganism because the reduction
of oxygen containing functional groups can decrease the
hydrophilicity of material.

itself possesses a
abundant active sites,
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comparison of CV scanning area of samples (c); contact angles (d= blank PEDOT,

e=PEDOT/N-rGO, and f= PEDOT/GO).
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3.4 Cytotoxicity assay

MTT assaym'65 and FE-SEM images were completed to

investigate biocompatibility of this modified coating material
by human umbilical vein endothelial cells (HUVECs). In order to
demonstrate higher biocompatibility of green preparing N-rGO
than that of conventional chemical preparing N-rGO, chemical
preparing PEDOT/N-rGO was prepared using hydrazine
hydrate as reducing, N doping reagent and is defined as
PEDOT/H-rGO (see Experimental section in detail).

Compared to PEDOT/GO (94%) and PEDOT/H-rGO (88%),
PEDOT/N-rGO has the highest viability value (103%)
approaching to that of blank PEDOT (110%) in Fig. 6f, which
indicates that the green preparing N-rGO shows a lower
cytotoxicity for modulating PEDOT. Moreover, it demonstrates
that pristine PEDOT itself has excellent biocompatibility as
reported by previous papers.16
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Figure 6. FE-SEM images of HUVECs: (a) blank gold chip; (b) blank PEDOT; (c)
PEDOT/GO; (d) PEDOT/N-rGO; (e) PEDOT/H-rGO, prepared by reducing, N doping
with hydrazine hydrate and (f) cell viability of HUVECs tested by MTT assay after
24h exposure to different samples (l=blank PEDOT; 2=PEDOT/N-rGO;
3=PEDOT/GO; 4=PEDOT/H-rGO)

In addition, the cells morphology on the surface of samples
is also an important aspect to reflect the interaction between
samples and cells. Fig. 6a—e shows the FE-SEM images of
HUVECs adhered on the surfaces of different samples after 24h
incubation. There are obvious pseddopods in spindly shape for
the cells on the surface of PEDOT/N-rGO (Fig. 6d) similar to
blank PEDOT (Fig. 6b). However, no obvious pseddopods
appear on PEDOT/GO (Fig. 6¢) and there are just relatively
small and few pseudopods on PEDOT/H-rGO (Fig. 6e). The
above different cell morphology indicates that PEDOT/N-rGO
shows a higher performance in cell adhesion and growth than
that of other modified PEDOT. Although many researchers
have reported GO was a biocompatible material,%'68 the green
preparing N-rGO has a higher potential for modifying PEDOT in
our study whose potential reasons are: 1) the N-rGO reduced
by microorganism has a better biocompatibility owing to no
usage of toxic reagents. 2) N-rGO has a lower geometrical
damage to cells than that of GO.%97° 3) the doping N atoms can
improve biocompatibility including cell viability,

This journal is © The Royal Society of Chemistry 20xx

proliferation35‘71'72 and the nonspecific binding between the

doping N atoms and cell surface proteins enhances cell
adhesion force.”*”? 4) the wrinkled surface and enhanced
hydrophilicity of PEDOT/N-rGO increases cells contacting area.

We also further observed the cells morphology cultured on
PEDOT/N-rGO and PEDOT/H-rGO for 72h. It shows that the
cells on PEDOT/N-rGO connect together forming obvious
vascular model in vitro (Fig. S6a). To the contrary, the cells on
PEDOT/H-rGO just74 have low cell density with less spreading
(Fig. S6b). The above cell morphology suggests that the cells
on PEDOT/N-rGO have a higher proliferation. Therefore, we

affirm that the green preparing N-rGO has a higher
biocompatibility than that of chemical preparing N-rGO.

4. Conclusions

It is demonstrated that PEDOT/N-rGO has enhanced

electrochemical properties including low impedance, high
electric capacity, and high stability. N-rGO sheets cover PEDOT
fragments by m-m and electrostatic interaction, which
effectively resolves exfoliation problem of pristine PEDOT.
Meanwhile, the corrugated nature of N-rGO and the oxygen,
nitrogen containing functional groups of N-rGO leads to
forming fluctuant surface and increasing hydrophilicity of
PEDOT, respectively, which are beneficial for cell adhesion.
Compared to the other modified PEDOT, PEDOT/N-rGO has the
highest biocompatibility approaching to that of pristine PEDOT,
which can be attributed to high biocompatible N-rGO and no
using any toxic chemical reagents in overall modifying progress.
Therefore, we develop a rapid, environmentally friendly and
efficient modifying approach which makes PEDOT a potential
candidate as bio-electrode coating material.
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