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Biocompatible responsive polypyrrole/GO
nanocomposite coatings for biomedical
applications†
A. Madhan Kumar,*a Bharathi Suresh,bc Suresh Ramakrishnabc and Kye-Seong Kim*bc
Hybrid implant coating materials composed of at least two constituents of diﬀerent chemistry, functionality,
and biocompatibility have attracted attention in a wide range of biomedical applications. One-step
electrosynthesis of polypyrrole (PPy)/graphene oxide (GO) nanocomposites on 316L SS implants was
achieved by electropolymerization of pyrrole using diﬀerent amounts of GO. Possible interaction
between the PPy chain and GO nanosheet was examined by structural characterizations including
UV-visible, X-ray diﬀraction, Raman, and X-ray photoelectron spectroscopy analyses. Morphological
study by scanning electron microscopy and transmission electron microscopy conﬁrmed dispersion of
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the GO nanosheets within the PPy matrix. Further, in vitro cell culture studies were carried out using
MG-63 human osteoblast cells to estimate the biocompatibility of PPy/GO coatings. Noticeable
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improvements in surface protective and biocompatibility performance suggest possible application as

www.rsc.org/advances

a bioactive coating material on 316L SS implants for biomedical ﬁelds.

1. Introduction
Over the last 3 decades, researchers have been trying to develop
optimal and convenient bioactive coating materials for
implanted biomedical devices for use in the human body.1–3
Exploring the fabrication of new biocompatible coatings will
help to overcome the intrinsic toxicity of existing implant
devices that are composed of toxic metals and predominantly
fascinating for the prospective biomedical applications of such
implants. Recently, nanotechnologic features and procedures
have also been employed to develop and improve devices for
biomedical applications.4,5 In particular, there is growing
interest in the fabrication of bioactive coatings on a nanometer
scale because their distinctive features make them suitable for
various implantable materials.6 The fundamental requirements
of bioactive coatings used in implants are biocompatible
surfaces with protective ability and favorable mechanical
properties.
In recent decades, conducting polymers (CPs) have gained
a reputable status from their use as economical materials in the
manufacture of simple devices and their scope is continuously
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widening with respect to nanostructure devices, as emphasized
by the increasing number of scientic publications on CPs over
the years.7,8 Among diﬀerent CPs used for biomedical applications, polypyrroles have been highly investigated because of
their outstanding features such as good specic conductivity,
eﬀective electrosynthesis from aqueous solutions, chemical
stability, ease of polymerization, and biocompatibility with
mammalian cells, which make them suitable for several
medical applications.9 Further, PPy coating exhibits an excellent
corrosion resistance due to its high stability, which impedes the
electron exchange between the metal and the adsorbed biological species. Moreover, a recent study on PPy lm coated
implants in experimental animals displayed promising results
for their in vivo use.10 In biomedical applications, PPy is being
employed as a biocompatible and electro active polymeric
substrate for the manipulation of cell growth and function of
numerous tissues including bone, cartilage, skin, peripheral
and spinal nerves that respond favorably to electric elds.11
Regardless of their successful biomedical applications, applications of PPy coatings in implants remain problematic due to
their intrinsic property limitations. Among many approaches to
the modication or functionalization of the PPy surfaces, one of
the most promising involves the incorporation of second-phase
reinforcements such as metal nanoparticles, ceramics, and
carbon nanostructures including carbon nanotubes and graphene. The interaction between nanostructures and the polymer matrix is the foundation for improved mechanical and
functional properties of the nanocomposites.12,13
Polymers reinforced with carbon nanostructures have been
investigated for a variety of biomedical applications.14 The use
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of graphene in the eld of biomedical engineering, such as in
drug delivery, gene transfection, and bio sensing, as well as
tumor imaging and photothermal therapy for cancer, has
already been reported.15–17 Furthermore, graphene can be
synthesized on a large scale with a relatively pure environment,
which reduces the risk of impurity-induced toxicity. Alex et al.
reported that a graphene coating can improve both biocompatibility and hemocompatibility of implant materials and
almost all cell viability results for graphene coatings have
indicated good protection and biocompatibility.18 Recently, it
has been reported that sodium functionalized GO nanosheets
play a dual role in implant material, i.e., passive layer against
corrosion and biocompatible scaﬀold for cell viability.19 The
remarkable biocompatibility of graphene oxide (GO) suggests
the prospect for its possible use as an additive for PPy-based
nanocomposites with enhanced bioactive and surface protective properties. The aim of the present study was to investigate
the complementary performance of a combination of PPy and
GO using an electrochemical route for the formation of a novel
nanocomposite over 316L SS implants, and evaluate their
feasibility as bioactive coatings through analysis of surface
protective and biocompatibility performance on MG63 osteoblast cells.

2.

Experimental

2.1

Materials and methods

In the present study, 316L SS with the composition of wt% 17.20
Cr – 12.60 Ni – 2.40 Mo – 0.02 N – 0.03 C – 1.95 Mn – balance Fe
was used as a base substrate. These substrates were abraded
with silicon carbide abrasive paper ranging from grit size 320 to
1200, rinsed with distilled water, placed in an ultrasonic
acetone bath for approximately 5 min to remove probable
residue of polishing, rinsed with acetone, and dried in warm air.
Before each experiment, 316L SS substrates were treated as
described and used immediately with no further storage.
Pyrrole (monomer), oxalic acid, and other chemicals used in
this study were analytical grade and purchased from the Aldrich
Chemical Company. The pyrrole monomer was distilled twice
whereas the other analytical grade chemicals were used without
any further purication. All electrosynthesis experiments were
performed in an aqueous solution of 0.1 M pyrrole in 0.3 M
oxalic acid using ultra-pure deionized water. All experiments
were carried out at room temperature and atmospheric pressure. GO was prepared by oxidization of natural graphite
powder and subsequent exfoliation by ultrasonication according to the method reported in the literature.20
Electropolymerization and other electrochemical studies
were carried out in a conventional three-electrode system with
316L SS substrates as working electrode, platinum plate as
counter electrode, and saturated calomel electrode (SCE) as
reference electrode, and all the potentials in the text are relative
to the SCE. The working electrode constructed from 316L SS
substrate with an exposed area of 1 cm2 was embedded in
a Teon holder. SBF solution was used as an electrolyte for
electrochemical and in vitro characterization. A model PGSTAT
12 (Autolab, The Netherlands) potentiostat was used for
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electropolymerization and other electrochemical studies. This
system was interfaced to a personal computer to control the
experiments and the data were analyzed using dedicated soware (GPES version 4.9.005).
2.2 Electrochemical synthesis of PPy nanocomposite
coatings
The PPy/GO nanocomposites were synthesized by electropolymerization on 316L SS substrate containing pyrrole and
graphene oxide. The weight feed ratio of pyrrole to GO was
varied as 99 : 1, 97 : 3, and 95 : 5 and the resulting nanocomposites were designated PGO1, PGO2, and PGO3 respectively. First, GO was dispersed in 50 mL of water by
ultrasonication for 30 min and pyrrole (0.1 M) was dissolved in
30 mL of aqueous oxalic acid solution (0.3 M). The resultant
pyrrole solution was added to the dispersion of GO and ultrasonication was continued for another 30 min. Nanocomposite
coatings were deposited on 316L SS substrates using a cyclic
voltammetric technique in the potential range of 0.4 V to +1 V
(versus SCE) at a scan rate of 50 mV s1 with constant stirring.
Aer electrodeposition of the lms, polymer-coated electrodes
were removed from the polymerization medium and rinsed with
deionized water to remove unused monomer molecules before
being dried in air. For the sake of comparison, pure PPy coating
was also electropolymerized under the same conditions without
GO in the polymerization electrolyte solution.
The thickness of the PGO and the PPy coatings was
measured using a conventional magnetic induction-based
microprocessor-controlled coating thickness gauge (Elcometer
Instruments, Germany) and the error in the thickness
measurements was less than 5%. The average thickness of PPy
and PGO coatings was 10.25 mm and 10.65 mm, respectively. In
order to evaluate the adhesion strength of polymer coatings,
scratch test was done on PPy coated 316L SS substrates
according to ASTM D 3359. Six, approximately parallel, score
lines were scribed with a separation of 1.0 mm; a further six
score lines were made perpendicular to the original score lines.
For individual substrates, 25 grids were created. Adhesive tape
was positioned on the grids, using a so eraser; the tape was
then removed with a rm, steady pulling action. All the coatings
displayed above 95% of the adhesion remaining (AR%) values
without any failed regions, 5B, which suggests good adhesive
strength of PPy coating towards 316L SS surface.
2.3

Characterization of PPy and PGO coatings

The synthesized nanocomposite was characterized by UV-visible
spectroscopic (Shimadzu UV-2100 spectrometer) measurements
in the range of 200–800 nm with scanning speed of 100 nm
min1 and bandwidth of 0.1 nm. Phase identication of the
coated 316L SS substrates was performed using X-ray diﬀraction
(XRD; RINT2500, Rigaku Co., Tokyo, Japan; CuKa, 40 kV, 20 mA)
over a scattering angle range of 20 # 2q # 80 at a 2q step of
0.02 . Raman spectral analysis was performed using an Yvon
Jobin Horiba Raman spectrometer with a spectrum window of
200–2000 cm1 and a green type laser source at 532 nm. X-ray
photoelectron spectroscopy (XPS) (Thermo Scientic,
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ESCALAB-250Xi) was used to determine the chemical composition of PPy-GO coatings. The XPS spectra were recorded using
Al Ka radiation (1486.6 eV) as the excitation source. The take-oﬀ
angle q of the emitted photoelectrons was adjusted to 45 with
respect to the surface normal.
The surface morphologies of polymer-coated SS were investigated using a Field-Emission Scanning Electron Microscope
(FE-SEM; Hitachi), which was typically operated at 10 keV
accelerating voltage and in secondary electron imaging mode.
The associated energy-dispersive X-ray spectrum (EDAX)
provided qualitative information about surface elemental
composition. The shape and distribution of GO nanosheets on
the PPy matrix were observed using transmission electron
microscopy (TEM-2100F), operated in bright-eld image mode
at 20 keV accelerating voltage.
Contact angles were measured using a sessile drop method
with a Kruss G10 contact angle apparatus. A drop of SBF (5 mL)
was positioned on the coated substrates and photographed
immediately aer positioning. The images of drops were processed by the image analysis system, which calculated contact
angles from the shapes of the drops with an accuracy of 0.1 .
Uncoated steel substrate was considered the control. To obtain
reliable contact angle data, ve droplets were dispensed at
diﬀerent regions of the uncoated and coated SS substrates.
2.4

Electrochemical measurements

Electrochemical studies of uncoated and coated 316L SS
substrates were carried out in SBF solution by potentiodynamic
polarization techniques and electrochemical impedance spectroscopy (EIS) measurements. The potential was applied on the
working electrode at a scan rate of 0.167 mV s1 from open
circuit potential. The corrosion rates were evaluated by Tafel
plot analysis and the results were presented in mils per year
(mpy). Electrochemical impedance measurements were recorded over the frequency range of 104 to 1 mHz, with acquisition
of 10 points per decade and a signal amplitude of 10 mV at OCP.
The impedance spectra were analyzed by tting the experimental results to equivalent circuits using the non-linear leastsquare tting procedure. The quality of tting to the equivalent
circuit was judged rst by the c2 value (i.e., the sum of the
square of the diﬀerence between theoretical and experiment
point) and second by limiting the relative error in the value of
each element in the equivalent circuit to 5%. All measurements
were repeated at least three times and good reproducibility of
the results was observed.
2.5

Paper

were seeded on the sterile samples and the plates were incubated at 37  C. Viability was measured on days 5 and 7 using
a live cell viability kit (Molecular Probes, USA). Briey, the cells
were washed gently two times using 1  PBS to remove all
media components. Fluorescent dye containing calcein AM at
a working concentration of 2 mM in PBS was added to stain the
live cells and the plates were incubated at room temperature
under dark conditions for 20 min. Images of living cells, which
were stained green, were captured using uorescence
microscopy.
2.5.2 Cell counting assay. MG-63 cell suspension was
seeded at a density of 1  104 cells per well on 6-well plates
containing uncoated 316L SS substrate or substrate coated with
PPy and PGO nanocomposites. Aer incubation for 5 and
7 days, specimens were transferred to a new 6-well plate and the
assay was performed according to the protocol provided with
the Cell Counting Kit-8 (CCK-8) kit (Dojindo, Molecular Technologies, Rockville, MD, USA). Absorbance was measured at
450 nm using a spectrophotometer.

3.
3.1

Results and discussion
Electrochemical synthesis of PPy and PGO coatings

The electrochemical synthesis of pure PPy and PGO coatings
was performed using the cyclic voltametric technique on the
surface of passivated 316L SS substrates. The passivation
process was performed by the linear sweep voltammetry technique in the range from 0.6 V to 0.7 V versus SCE at a 10 mV s1
scan rate in 0.3 M oxalic acid solution.21 Aer passivation,
electropolymerization of the monomer was initiated by addition
of Py monomer and GO to the polymerization solution. Cyclic
voltammograms (CVs) of pure PPy and PGO coatings are shown
in Fig. S1.† It is clear that Py monomer oxidation began at
approximately 0.7 V and an oxidation loop was observed, indicating that the nucleation and growth mechanism was
responsible for deposition of the pure PPy lms. For the electrodeposition of GO/PPy nanocomposites, the recorded CV was
very similar to those obtained in pure PPy and showed a smaller
oxidation current with a starting potential of 0.65 V. However,
the peak current was higher, possibly due to a higher charge
transfer through the cell when the GO nanosheets are dispersed

In vitro cell culture studies

The MG-63 human osteosarcoma cell line was purchased from
the Korean Cell Line Bank and cultured in 5% CO2 at 37  C in
Dulbecco's minimal essential medium (DMEM; Gibco-BRL
Rockville, MD, USA) supplemented with 10% FBS and 1%
penicillin and streptomycin.
2.5.1 Live cell viability assay. 316L SS substrates coated
with pure PPy and PGO nanocomposites were placed on sterile
6-well dishes and specimens were sterilized under ultraviolet
radiation for 1 hour. Aer trypsinization, 1  104 MG-63 cells
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Raman spectra of pure PPy, GO, and synthesized nanocomposite PGO coatings.

Fig. 1
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XPS spectra of pure PPy, GO, and synthesized nanocomposite PGO coatings.

within the electrolyte. The increase in current indicates
attachment of the GO nanosheets on the electrode surface,
which provides an electrochemically active surface area and
strengthens the electrochemical process.

3.2

Structural characterization

UV-visible spectra of pure PPy, GO, and PGO nanocomposite
coatings are presented in Fig. S2.† The UV curve of GO shows
a characteristic absorption peak at 237 nm. In the case of PPy,
the spectrum displays a weaker absorption peak at around
302 nm and stronger absorption at around 505 nm, which are
associated with molecular conjugation and the bipolaron state
of PPy respectively.22 Similar peaks were acquired for the PGO
nanocomposites and a strong band at around 540 nm was obtained, which implies a bipolaron state of PPy in the nanocomposite. In particular, typical peaks related to molecular
conjugation were also observed at 327 nm, which conrms the
p–p interaction between PPy and GO of the nanocomposite.
Fig. S3† displays the characteristic XRD patterns for GO, PPy,
and the representative PGO nanocomposites. A peak observed
for GO at 10.72 is ascribed to the (001) reection of GO, which
indicates highly oxidized GO.23 In the XRD pattern of pure PPy,

This journal is © The Royal Society of Chemistry 2015

a weak and broad diﬀraction peak appeared at 2q ¼ 22–25 ,
indicating the amorphous nature of PPy.24 The appearance of
a peak at 2q ¼ 11.65 (for GO) and 2q ¼ 25.6 (for PPy) in the
XRD pattern of the PPy/GO composite conrms eﬀective
formation of the nanocomposite.
Fig. 1 presents the Raman spectra recorded for the GO, PPy,
and PGO nanocomposites. For pure PPy, characteristic bands
were observed at 1368 cm1 and 1567 cm1 due to the ring
stretching mode and the C]C backbone stretching of PPy,
respectively. In addition, the peak obtained at 921 cm1 and two
small peaks at 974 cm1 and 1041 cm1 were attributed to the
bipolaron ring deformation and the polaron symmetric C–H
inplane bending vibration, respectively.25 The Raman spectra of
GO exhibited two prominent peaks at around 1357 cm1
(D-band) and 1595 cm1 (G-band). The D-band represented
defects and disorder in the hexagonal lattice, whereas the
G-band has been attributed to the vibration of sp2 bonded
carbon atoms in the 2D hexagonal lattice. Hence, the D/G
intensity ratio (ID/IG) represents the atomic ratio of sp2/sp3
carbons in calculating the amount of disordered graphite. The
calculated ID/IG ratio for GO was 0.99. In the spectrum of the
PGO nanocomposite, the appearance of noticeable bands was
considered a consequence of the contribution of PPy and GO. In
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SEM images of pure PPy, GO and synthesized nanocomposite PGO coatings.

particular, both the D and G bands were shied to 1332 and
1560 cm1, respectively, which reveals p–p interaction between
the PPy and the GO sheets. Moreover, the reduction of the ID/IG
value (0.82) of nanocomposites revealed that the disorder of
graphene is smaller and the peak shi of the G-band from
1590 cm1 to 1570 cm1, compared to GO, corroborates the
reduction of GO during the electrodeposition process.26
The wide-scan XPS spectra of GO nanosheets, pure PPy, and
GO/PPy composites are shown in Fig. 2a–d. From the wide-scan
spectrum, GO exhibits only carbon (C 1s at 284.0 eV) and oxygen
(O 1s at 532.0 eV) peaks and the pure PPy coating obviously
displays the nitrogen peak (N 1s at 400.0 eV). The wide-scan
spectrum of GO/PPy composites obviously showed the N 1s
peak, signifying eﬀective alteration of the PPy layer on the
surface of the GO nanosheets. Fig. 2b illustrates the highresolution C 1s core-level spectra of the GO and PGO composites. The C 1s spectrum of the GO could be tted into four
component peaks with binding energies of 284.6 eV (C–C),
286.7 eV (C–O), 287.8 eV (C]O), and 288.9 eV (O–C]O).
Moreover, the C 1s XPS spectrum of GO/PPy nanocomposites
could be tted into four component peaks with binding

99870 | RSC Adv., 2015, 5, 99866–99874

energies of 284.5 eV (C–C in aromatic rings), 285.2 eV (C–N), and
286.8 eV (C–O) in C–OH/C–O–C and 288.5 eV (C]O).27 The
appearance of the C–N group conrms the formation of GO/PPy
nanocomposites. Moreover, the N 1s XPS spectra of pure PPy
and GO/PPy composites are shown in Fig. 2c. The N 1s XPS
spectrum of GO/PPy composites displays a peak at 399.9 eV,
which is ascribed to the pyrrolic-NH-moiety in the PPy chain.

3.3

Surface characterization

Fig. 3a–f shows SEM images of GO, pure PPy, and PGO nanocomposite coatings. The SEM image of GO nanosheets in Fig. 3a
displays the folding nature of graphene nanosheets throughout
the morphology. As seen in Fig. 3b, the electrochemically
polymerized PPy coating displays a homogeneous structure of
a cauliower morphology agglomerated randomly with
a granule size of 200 to 300 nm, which is compatible with the
literature.28 A noticeably diﬀerent morphology was observed for
the PGO nanocomposites (Fig. 3c–e) compared to that of pure
PPy, which is ascribed to the inclusion of GO nanosheets in the
PPy lm during electropolymerization. The structure of
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indicated that the nanocomposite morphology obviously varied
from that of individual components. These remarkable variations in surface morphology due to the inclusion of GO may
enhance the electrochemical and biological properties.
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3.4

Fig. 4 TEM images of (a) GO and (b–d) synthesized PGO
nanocomposite.

wrinkled lms and bridge at the joint of PPy bulges could be
attributed to the eﬀect of GO on the surface morphology of
nanocomposites as it has not been noted for pure PPy coatings.
With increasing GO content in the electrolyte, the resulting PGO
coatings exhibit a typically curved, layer-like structure and the
GO sheets are surrounded by PPy with micrometer-scale bulges
at the surface and half embedded in the coatings with many
pores. Hence, the resulting PGO nanocomposites with an open
porous structure are desirable because this surface feature
facilitates more bioaccessible surface active sites for biochemical reactions and thus helps to promote the biocompatibility
performance, as reported in previous studies. Furthermore, the
EDX spectrum of PGO (Fig. 3f) showed the existence of an N
peak due to the PPy chain, which conrmed the PPy coating on
the SS surface.
For deeper insight, TEM observation was performed for GO
nanosheets and synthesized nanocomposites and the resulting
images are shown in Fig. 4a and b. As expected, GO showed
a sheet-like morphology with a slightly twisted edge and a large
surface area. Compared to GO, PGO displayed an overlap
structure with multilayer GO nanosheets, and the PPy particles
were dispersed on the surface. Both SEM and TEM observations

Fig. 5 Contact angle results of uncoated and coated 316L SS
substrates.

This journal is © The Royal Society of Chemistry 2015

Contact angle studies

The surface wettability features of the synthesized nanocomposite coatings were examined by water contact angle
measurements and the results are plotted in Fig. 5. In general,
the hydrophilic nature of coatings on implants improves
biocompatibility and cell interactions. Uncoated 316L SS
exhibited a contact angle of 82.3 , which implied the hydrophobic nature of 316L SS, whereas the PPy-coated substrate
showed a lower contact angle of 38.5 due to the presence of the
amine group in the polymer matrix.29 Furthermore, it was
obvious that the contact angle values decreased with increasing
GO content in the PPy coatings. Recently, it has been reported
that, in contrast to pristine graphene, GO is rich in hydrophilic
functional groups such as –COOH and –OH, which can significantly enhance its biocompatibility performance on MC3T3-E1
cells.30 This result indicated that the incorporation of GO into
polymer matrix increases the hydrophilic nature and further
conrms the improved bioactivity of nanocomposite coatings.
3.5

Electrochemical corrosion test in SBF medium

A potentiodynamic technique was used to understand the
active–passive behavior of nanocomposite coatings in SBF
medium, and the relevant Tafel plot of uncoated and coated
316L SS substrates is shown in Fig. 6. The values of the corrosion potential (Ecorr), corrosion current density (icorr), anodic
and cathodic Tafel slopes (ba, bc) were calculated using Echem
analyst soware from the potentiodynamic polarization curves
and are given in Table 1. The uncoated SS showed active
dissolution, whereas the lower current densities measured with
the coated SS indicate the barrier protection oﬀered by the
polymer coatings. A shi in the corrosion potential to more
positive values was observed for the coated substrates and the
largest shi was seen in the PGO3-coated SS substrates, suggesting that the coatings improve the protection performance of

Fig. 6

Tafel curves of uncoated and coated 316L SS substrates.
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Tafel parameters for uncoated and coated 316L SS substrates
Substrate

Ecorr mV

icorr mA cm2

ba mV dec1

bc mV dec1

Corr. rate (mpy)  103

1
2
3
4
5

Uncoated
Pure PPy
PGO1
PGO2
PGO3

326
225
220
182
259

9.334
1.570
0.314
0.0955
0.463

80
92
84
72
83

62
74
69
93
79

54.04
0.907
0.0143
0.05533
0.0211
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Fig. 7 Bode plots of uncoated and coated 316L SS substrates.

SS substrates against corrosion. The corrosion current density
decreased from 9.334 mA cm2 for the uncoated SS to 1.570
mA cm2 for PPy and 0.314 mA cm2 for PGO nanocomposite
coatings. Hence, it is established that the PPy coatings act as
a barrier that prevents the electrolyte from reaching the metal
surface and, moreover, the addition of GO into the PPy matrix
could further inhibit the corrosion process of the substrate,
most likely because the GO within the PPy matrix might function as a reinforcement network and create a coating that is

Table 2

more compact and corrosion resistant. A much lower corrosion
current density (0.0955 mA cm2) and a higher corrosion
potential (183 mV) could be observed for the PGO2 coatings. It
is already recognized that the corrosion current density (icorr) is
directly proportional to the corrosion rate, and polarization
resistance (Rp) is inversely proportional to corrosion rate.31
Hence, the investigated materials can be ranked in the
following sequence by considering icorr and Rp: PGO2 > PGO3
>PGO1 > pure PPy > uncoated SS substrate.
EIS results for uncoated and coated 316L SS substrates in
SBF medium are shown in Fig. 7 as the Bode plot. It is clear that
coated SS substrates display a diﬀerent response in the Bode
plots compared with the uncoated SS. The impedance parameters derived from these plots using the equivalent circuit
(Fig. S4†) are displayed in Table 2, where Rs is the solution
resistance, Rp is the resistance of the porosity in the coating,
and Rct is the charge transfer resistance of the coated substrate,
CPE1 is the constant-phase element (CPE) used to replace Cf,
the lm capacitance, and CPE2 to Cdl, the double layer capacitance. In general, CPE was used instead of capacitance in order
to compensate for the non-ideal behavior of the system.32 Based
on this equivalent circuit, two time constants resulting from two
relaxation processes are observed in the response of the coated
substrates. The outer polymer coating is considered to be
responsible for the high-frequency relaxation process whereas
the low frequency response of the system can be ascribed to the
beginning electrochemical activities on the SS surface. These
corrosion processes could be assessed by the double layer
capacitance on the electrolyte/metal interface and the charge
transfer resistance. All of the investigated coatings present
a higher impedance modulus at a low frequency limit (10 mHz)
than that for the uncoated SS substrates. It was also clear that
the impedance of the coating containing GO was higher than
that of coating without GO (pure PPy). Both the barrier eﬀect
and the electrochemical activity of the GO nanosheets are
responsible for the increase in impedance. In particular, the
highest value of total impedance and the lowest value of the

EIS circuit parameters for uncoated and coated 316L SS substrates

S. No.

Substrate

Rs U cm2

Rct kU cm2

Qdl mF cm2

N

Rf kU cm2

Qf mF cm2

n

1
2
3
4
5

Uncoated
Pure PPy
PGO1
PGO2
PGO3

16.48
13.55
15.63
16.70
16.52

21.27
115.51
200.67
907.64
629.53

338.21
229.93
39.44
3.63
2.17

0.70
0.85
0.87
0.89
0.88

—
1.26
1.88
10.02
9.54

—
289
67.35
6.435
11.12

—
0.90
0.91
0.93
0.90
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capacitance were observed for the substrate coated with PGO2.
In other words, the substrates prepared under these coating
conditions showed the highest corrosion resistance among the
coated substrates.
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with the pure PPy-, PGO1- or PGO2-coated substrates respectively. Thus, PGO3 substrates supported high cell adhesion and
high cell growth behavior of MG-63 cells. Together, our results
suggest that the biocompatibility behavior of MG-63 was
optimal with PGO3-coated substrates.

In vitro biocompatibility test

We next investigated the biocompatibility of MG-63 cells on
316L SS substrates coated with pure PPy and PGO nanocomposites. To this end, we cultured equal numbers of MG-63
cells on several sterile specimens for 5 and 7 days. To detect
live cells, we used calcein AM uorescent dye, which is retained
within live cells and emits green uorescence. From our staining results, we found that cell growth was higher for coated
substrates compared to uncoated 316L SS substrates. The
MG-63 cells showed a signicant dose-dependent increase in
cell growth, and exhibited higher densities on PGO3 coated
substrate compared with PGO1 and PGO2 substrate (Fig. 8). A
healthy morphology of MG-63 cells with polygonal shape and
lopodial extensions was observed on PGO3-coated substrates
compared with other PPy or PGO coated substrates. It has been
already reported that GO has promising biological properties by
supporting the adhesion and proliferation of broblast cells,
and a GO composite was reported to support cell attachment
and proliferation and increase the osteogenic diﬀerentiation of
MC3T3-E1 cells.33
Next, we investigated the cell growth rate by performing a cell
proliferation assay on MG-63 cells cultured on the PGO-coated
bioimplants using a CCK-8 kit. Equal numbers of cells were
seeded on 316L SS substrates coated with PPy and PGO
substrates and allowed to grow for 5 and 7 days. Our results
show that MG-63 cell growth signicantly increased in a dosedependent manner as the concentration of PGO on the
substrate increased. As a result, 1.5-, 1.3-, and 1.2-fold higher
cell proliferation was observed on PGO3 substrates compared

Fig. 8 In vitro MG-63 cell culture results with absorbance values for cell
grown on surfaces of uncoated, PPy coated, and PGO coated 316L SS.

This journal is © The Royal Society of Chemistry 2015

4. Conclusions
Successful preparation of PGO nanocomposites was performed
on 316L SS implants by in situ electrochemical polymerization.
Both Raman and XRD results revealed incorporation of GO in
the PPy matrix. TEM and SEM observations showed uniform
distribution of GO throughout the PPy matrix. Electrochemical
corrosion tests revealed that PGO coatings could signicantly
improve the corrosion resistance of 316L and, in particular, the
PGO2 coating showed the best performance. However, in vitro
cell culture results showed healthy morphology and high
growth rate of MG-63 on PGO2 and as well as on PGO3-coated
substrates. Considering the versatility of GO nanosheets, PGO
nanocomposites have great potential as bioactive coatings on
implants for applications in biomedical elds.
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