
Research Article
One-Step Electrosynthesis of Graphene Oxide-Doped
Polypyrrole Nanocomposite as a Nanointerface for
Electrochemical Impedance Detection of Cell Adhesion and
Proliferation Using Two Approaches

Yuan Li1,2 and Chao Yu1

1 Institute of Life Science, Chongqing Medical University, Chongqing 40016, China
2Yongchuan Hospital, Chongqing Medical University, Chongqing 402160, China

Correspondence should be addressed to Chao Yu; yuchaom@163.com

Received 20 November 2015; Revised 8 January 2016; Accepted 1 June 2016

Academic Editor: Silvia Licoccia

Copyright © 2016 Y. Li and C. Yu. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A novel nanointerface of graphene oxide-doped polypyrrole (GO/PPy) is prepared on the surface of an indium tin oxide (ITO) elec-
trode for electrochemical impedance detection of cell adhesion and proliferation through a facile one-step electropolymerization.
The prepared GO/PPy nanocomposite had a robust surface and provided a biocompatible substrate for A549 cells adhesion and
proliferation.The adhesion and proliferation of A549 cells on the surface of the GO/PPy modified ITO electrode directly increased
the electron transfer resistance of [Fe(CN)

6
]3−/4− redox probe and influenced the impedance properties of the GO/PPy modified

ITO electrode system. Based on these results, the adhesion and proliferation of A549 cells could be detected by electrochemical
impedance technology using two approaches.Therefore, the present paper confirms that the GO/PPy nanocomposite film provides
an excellent biological-electrical interface for cell immobilization and offers advantages of simple, low-cost fabrication and
multiparameter detection and possesses potential application in cytological studies.

1. Introduction

With the development of nanobiotechnology, various nano-
composite materials based on observed synergistic effects
have found widespread applications in the fields of biomate-
rials [1], drug delivery [2], and detection of molecules [3]. In
addition to the special structure, electrochemical properties,
and catalytic activity of graphene (GN), graphene oxide (GO),
an oxidized derivative of GN, is rich with various oxygenated
functional groups at its basal plane and edges, including
hydroxide, epoxide, carbonyl, and carboxyl groups [4, 5].
Therefore, GO exhibits better water solubility than does GN,
which is beneficial for the construction of nanocomposites.
To date, great efforts have been made to develop GO-based
nanomaterials and explore their applications in biosensors
[6, 7], electronics and optoelectronics [8], drug delivery [9],
enzyme immobilization [10], and so forth. More importantly,

Chang et al. [11] used different cytotoxic tests to evaluate
the cytotoxicity of GO with different sizes on A549 cells.
The results revealed that GO exhibits excellent cell biocom-
patibility. Zhang et al. [12] constructed a GO/PLL biocom-
patible nanocomposite through electrostatic assembly and
demonstrated that this composite can be used as the inter-
face to anchor cells. The authors also used electrochemical
impedance spectroscopy to quantitatively detect leukemia
K562 cancer cells. Guo et al. [13] reported thatmodification of
GO with RGD-peptide can further improve the biomimetic
function of GO for the detection of nitric oxide molecules
as live-cell sensors. Undoubtedly, the development of GO-
based nanocomposites is an important direction for the
construction of novel cell-based sensors.

Polypyrrole (PPy) is an important conjugated conduct-
ing polymer that possesses advantages including intrin-
sic conductance, controllable surface properties, excellent

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 8932908, 13 pages
http://dx.doi.org/10.1155/2016/8932908



2 Journal of Nanomaterials

biocompatibility, and low-potential electropolymerization
preparation. PPy can be used as the anchoring matrix for
biomolecules such as DNA [14], enzymes [15], and antibodies
[16] and more recently as cell growth surfaces [17]. In
particular, PPy can also be used as potential electrode coating
for electrochemical detection of cell behaviors due to the
combinations of biocompatibility and conductivity [18, 19].
However, these reports are limited. The reason may be that
pure PPy is usually mechanically weak, electrochemically
instable, and insulating in its neutral state, in turn com-
promising the detection performances of cell sensors. To
improve the mechanical and electrochemical properties of
PPy, various nanomaterials, including gold nanoparticles
[20] and carbon nanofiber [21], have been integrated into
PPy to form unique PPy/nanocomposites. Because of the
unique properties of GN and its derivatives, researchers have
reported the coupling of GN or its derivatives with PPy
to form GN/PPy nanocomposites and have demonstrated
that the constructed nanocomposite is characterized by
synergistic effects between PPy andGN [22, 23]. For example,
the novel multilayered nanoarchitecture of graphene and PPy
was developed by stacking PPy and graphene nanosheets
[24]. Mini et al. [23] developed a highly capacitive electrode
made of GN/PPy composites and the preparation process
involves the electrophoretic deposition of graphene upon
which the PPy layer was electropolymerized. Recently, Zhu
et al. [25] synthesized GO/PPy nanocomposite on a glassy
carbon electrode through one-step electrodeposition for the
preparation of high-performance electrochemical superca-
pacitors. Lv et al. [26] modified a layer of GO/PPy nanocom-
posite on the graphite felt electrode through one-step elec-
tropolymerization and demonstrated the improvement of
anode stability and electricity generation for a microbial fuel
cell. In the aforementioned studies [25, 26], GO could be
used as the only external dopant in the electropolymerization
of pyrrole [27]. The preparation of GO/PPy nanocomposite
through one-step electropolymerization is simple and easy to
realize. Furthermore, the prepared GO/PPy nanocomposite
can improve the conductivity and stability of PPy as well as
the adhesion between GO and electrodes. However, to the
best of our knowledge, no research has been reported con-
cerning the interaction between the GO/PPy nanocomposite
prepared by one-step electropolymerization and cells or
concerning the use of such nanocomposite as a nanointerface
for detection of cells.

Electrochemical methods have attracted considerable
attention to detecting live cells numbers [12, 28], constructing
electrical impedance based sensing system to track the mor-
phological change of adherent cells [29, 30], and monitoring
immobilized cell response to drugs [31]. Compared with
optical analysis methods, electrochemical analysis exhibits
higher sensitivity, can distinguish the bioconjugation events
at the sensor interface, and is easier for the quantification
of signals and the presentation of information. Among the
various electrochemical analytical techniques, electrochemi-
cal impedance spectroscopy (EIS) uses an alternating current
(AC) of small amplitude as the disturbance signal and
records the impedance data corresponding to different fre-
quencies for the analysis of the impedance characteristics of

the electrode system. Because a voltage signal with very small
amplitude (less than 10mV) is used in EIS, this method
is considered noninvasive [31]. Currently, although a series
of biosensors based on EIS have been developed for the
analysis of cellular activity and function [28–32], most of
the biosensors involve complicated preparation. At the same
time, the cellular information obtained from the biosensors
is limited. Therefore, investigation is valuable to simplify the
preparation process and to improve the detection informa-
tion obtained from these biosensors.

In the present study, we used a simple, one-step electro-
polymerization approach to synthesize GO/PPy nanocom-
posite film in situ and investigated the feasibility of applying
the film as the nanointerface between biological cells and
electrochemical impedance spectroscopy. The scheme for
the one-step preparation of GO/PPy nanocomposite film
is presented in Figure 1. ITO glass was chosen as the
electrode in the experiment because of its conductance and
transparency, which allows the in situ electropolymerization
of PPy, EIS detection, and morphological observation of the
interaction between the cells and theGO/PPy nanocomposite
[33]. The obtained GO/PPy nanocomposite exhibited good
electrochemical and physical properties. Meanwhile, human
lung cancer epithelial cells A549 were used as the cell culture
model and the results revealed that the GO/PPy nanocom-
posite film exhibited excellent biocompatibility. Furthermore,
the adhesion and proliferation of A549 cells to GO/PPy
nanocomposite film changed the electron transfer impedance
of the electrochemical redox probe and also caused changes
to the electrochemical impedance characteristic of the elec-
trode system. Together, these results form the basis of two
effective detection approaches in the construction of new
electrochemical impedance biosensors for cells.

2. Materials and Methods

2.1.Materials and Equipment. GO,with a diameter of 50 nm–
100 nm and purity of >99%, was purchased from JCNANO
Co., Ltd. (Nanjing, China). Pyrrole was purchased from
Sigma Aldrich, distilled under nitrogen protection, sub-
packaged, and stored at −20∘C before use. ITO conductive
glass was purchased from Zhuhai Kaivo Optoelectronic
Technology Co., Ltd. (China), with a conductive thickness of
2200±300 nmand an area resistance of≤7Ω/square.The ITO
conductive glass was sequentially cleaned in acetone, ethanol,
and distilled deionized (DDI) water for 15min each with
ultrasonication. The WST-8 assay kit was purchased from
Beyotime Institute of Biotechnology (China). Other regents
were of analytical grade, and the solutions were prepared
using Millipore Milli-Q DI water (18MΩ).

Fourier transform infrared spectroscopy (FTIR) was
performed on a Magna-IR 750. Morphological observations
were performed on a Phenom Pro desktop scanning elec-
tronmicroscope (SEM). Cell micromorphology observations
were performed on an inverted fluorescence microscope
(Olympus IX71, Japan). The roughness and thickness of the
PPy films were measured using a VK-V150 laser microscope
system (Keyence, Japan). The roughness was investigated by
measuring the surface three times per sample at different
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Figure 1: Schematic diagram of the one-step electrosynthesis of GO/PPy nanocomposites via electropolymerization of pyrrole using GO as
the sole dopant.

locations and the thickness was measured three times per
sample at different locations at the PPy boundary.The surface
energy of PPy films wasmeasured by a SCI3000F optical con-
tact angle meter (Henda, China). All electrochemical exper-
iments were performed on a CS350 electrochemical station
(Wuhan Corrtest Instrument Co., Ltd., China). Electropoly-
merization, cell culture, and electrochemical impedance
spectroscopy were also performed in a small home-made
electrolytic cell. The schematic and the actual picture of
the electrolytic microcell are presented in Figure 2. The
volume of each electrolytic cell was 500𝜇L. A three-electrode
systemwas used in the electrochemical experiments.The ITO
electrode placed in the bottomof the electrolytic cell was used

as the working electrode (the diameters of the electrode were
5mm and 0.5mm, resp.), the platinum wire was used as the
auxiliary electrode, and the Ag/AgCl wire was used as the
reference electrode.

2.2. Electropolymerization of GO/PPy Nanocomposite Film.
GO was dissolved in DDI water without any treatment and
was sonicated for 15min to form a homogeneous dispersion
with a concentration of 2mgmL−1. Pyrrole was added to the
GO solution to reach a pyrrole concentration of 0.5mol L−1,
and the mixture was vortexed to obtain the prepolymeriza-
tion solution. The constant potential method was used for
the electropolymerization of the GO/PPy nanocomposite;
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Figure 2: House-made electrolytic cell. (a) Structure diagram. (b) Picture.

that is, a constant polarization potential of +0.8V (versus
Ag/AgCl) was applied to the ITO electrode. The thickness
of the GO/PPy nanocomposite could be controlled by the
polymerization charge. Our preexperiment revealed that a
homogeneous and stable nanocomposite film can be formed
on the surface of the ITO electrode with a diameter of
5mm when the polymerization charge was 0.02 Ccm−2. The
thickness calculated with a theoretical equation was esti-
mated to be 209 nm [34]. The GO/PPy nanocomposite was
then rinsed with DDI water and dried at room temperature.
As a control, pure PPy film was obtained by electropoly-
merization in a solution containing 0.1M KCl and 0.5M
Py.

2.3. Cell Culture. A549 cells were routinely cultured at 37∘C
with 5% CO

2
in RPMI-1640 medium (Gibco) supplemented

with 10% fetal bovine serum (Gibco), 100UmL−1 penicillin,
and 100 𝜇gmL−1 streptomycin within an incubator. After the
A549 cells grew into a monolayer, the cells were harvested
by trypsinization with 0.25% trypsin and centrifuged at
1500 rpm for 4min. A549 was stained by trypan blue for cell
counting.

The GO/PPy nanocomposite film was sterilized using
70% ethanol and was rinsed with sterilized DDI water. The
A549 cell suspension (100 𝜇L) at a concentration of 5.0 ×
104 cells mL−1 was added to the electrolytic cell, which was
subsequently placed into an incubator set at 37∘C and 5%
CO
2
. A549 cells precipitated to the surface of the GO/PPy

nanocomposite film at the bottom of the electrolytic cell.
The adhesion morphology of the A549 cells cultured for 2
hours on the surface of pure PPy and GO/PPy was observed
by optical microscopy. A549 cells cultured for 12 hours
were fixed using 4.0% paraformaldehyde, and the cellular
spreading morphology was observed by laser microscope
system. The proliferative activity of the A549 cells cultured
on the surface of GO/PPy for 24 h and 48 h was analyzed by
WST-8 assay. Pure PPy, bare ITO, and polystyrene for tissue
culture were used as controls. For the WST-8 assays, 10 𝜇L of
WST-8 reagent was added to each electrolytic cell and was
incubated at 37∘C for 1 hour. Culture medium (100 𝜇L) was

taken out of the electrolytic cell to measure the absorbance
value at 450 nm.

2.4. Measurement of Cell-Electrochemical Impedance. An
A549 cell suspension (100 𝜇L) at a concentration of 5.0 × 104
cells mL−1 was seeded into the electrolytic cell containing
the GO/PPy nanocomposite film. The electrolytic cell was
incubated for 2 h, 24 h, 48 h, or 72 h in an incubator. The
GO/PPy nanocomposite film was rinsed with 0.01M PBS
to remove the nonadhered and dead cells. The reference
electrode and counter electrode were subsequently inserted
into the electrolytic cell for the measurement of the electro-
chemical impedance. The measurement was performed in
two different electrolyte solutions. The first was a 0.01 PBS
(pH 7.4) solution containing 0.02M K

3
Fe(CN)

6
/K
4
Fe(CN)

6

(1 : 1) and 0.1MKCl. The second was a 0.01MPBS (pH 7.4)
solution.Themeasurement of the electrochemical impedance
was performed by applying a sinusoidal alternating detection
signal with an amplitude of 10mV under open circuit voltage;
the frequency range of the signal was 1Hz∼105Hz. At least
three measurements were made for each electrode. The
electrochemical impedance data were analyzed by ZView 2.0
software (Scribner Associates, Southern Pines, NC, USA).
In the first electrolyte solution, the cell proliferative activity
was quantified by the electron transfer impedance of redox
probe. In the second electrolyte solution, the cell proliferation
affected the characteristics of the electrode impedance. By
establishing equivalent circuit models, the electrochemical
impedance data were fitted for the analysis and quantification
of cell adhesion and proliferation. It is worth mentioning
that, in the measurement of the second electrolyte solution,
GO/PPy was electropolymerized on the surface of the ITO
microelectrode with a diameter of 500𝜇m such that the
measured electrochemical impedance was controlled by the
ITO working electrode [35].

2.5. Statistics. Statistics analysis of surface characteristics
of PPy film was performed using 𝑡-tests. For experiments
with cell proliferation, one-way repeated measure analysis of
variance (ANOVA) was used with paired-samples 𝑡-tests for
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Figure 3: (a) Current-time curves recorded during the electropolymerization of 0.5M Py in an aqueous solution of 2mgmL−1 (red line) and
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of pure PPy film and GO/PPy film electrodeposited on one ITO glass. The diameters of both films were 5mm.

post hoc comparisons. All data were presented as mean ±
SD. A 𝑝 value < 0.05 was considered to be statistically
significant.

3. Results and Discussion

3.1. One-Step Electropolymerization and Surface Characteriza-
tion of GO/PPy Nanocomposite. To monitor the electropoly-
merization process of Py in GO and KCl solutions, we
recorded the current-time (𝑖-𝑡) curve for the electropoly-
merization of Py under +0.8V polymerization voltage, as
shown in Figure 3(a). The results demonstrate that the
polymerization current for Py was smaller in GO aqueous
solution than in KCl solution. This finding is attributed to
the poor conductivity and the intrinsically poor electrolyte
characteristic of GO. Therefore, under the same electropoly-
merization charge, the electropolymerization of the GO/PPy
nanocomposite took longer time than for pure PPy. These
results are consistent with those reported in the literature
[25]. In addition, no current was produced under the same
polymerization voltage when only GO or Py was present
in solution, indicating that GO is the necessary dopant for
the electropolymerization of Py. Furthermore, because of the
ionization of the hydroxide and carboxyl groups on the GO
surface, the zeta potential of GO was about −50.7mV [36].
As a result, in the electropolymerization of Py, the negative
charge-bearing GO acted as the sole dopant to balance the
positive charges on the PPy backbone, thus forming the
GO/PPy nanocomposite. At the same time, the 𝜋-𝜋 stacking
and hydrogen bonding between GO and the aromatic ring
of PPy also played important roles in the formation of the
GO/PPy nanocomposite [25]. Figure 3(b) presents the digital
photos of the pure PPy film and the GO/PPy nanocomposite
film on the surface of the ITO electrode prepared by the
one-step electropolymerization. The PPy and GO/PPy films
exhibited an integral structure and uniform thickness. Under

the same electropolymerization parameters, it was observed
by the naked eye that GO/PPy film exhibited a darker color,
denser structure, and stronger adhesion to the surface of the
ITO electrode than those of pure PPy.

Surface topography and wettability are important param-
eters commonly discussed for surface characterization of
biomaterials. The type of dopant has a major influence
on the surface topography and hydrophilicity of electro-
chemically polymerized polymer. These surface properties
in turn affect cell biobehaviors [37]. In the current study,
the surface properties of GO-doped PPy were systematically
studied. Figure 4(a) presents the SEM images of the GO/PPy
nanocomposite prepared by the one-step electropolymer-
ization. Compared with the typical cauliflower structure
characteristics of the pure PPy, GO/PPy nanocomposite
exhibited more smooth surfaces and was featureless. Further
observation of the edges of the nanocomposite demonstrated
that the GO/PPy nanocomposite consisted of overlapping
two-dimensional nanosheets. This result is different from
the GO/PPy nanocomposite reported in the literature [26],
whose surface exhibited a highly porous structure. This
difference could be due to the difference in the size of the GO
and the thickness of the prepared nanocomposite. Surface
roughness and thickness were further measured by laser
microscope system; three-dimensional topologymorphology
images (Figure 4(b)) showed GO/PPy had a very smooth
surface, while PPy had a typical nodular feature. Calculated
form Figure 4(b), the roughness value of the GO/PPy (Ra =
0.007 ± 0.02 𝜇m) was significantly lower than that of PPy
(Ra = 2.67 ± 0.51 𝜇m) (Figure 4(c)), indicating that low
degree of roughness of GO/PPy surface is more preferable for
adherent cells than micro-scale roughness PPy surfaces [38].
Meanwhile, the thickness of GO/PPy (323±38 nm) appeared
to be thinner than that of PPy (564 ± 67 nm) (Figure 4(d)).
It indicated that GO/PPy has a more compact structure than
PPy. Figure 4(e) showed GO/PPy and PPy had contact angles
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Figure 4: Surface characterization. (a) SEM images of the synthesized GO/PPy nanocomposites and pure PPy. (b) Three-dimensional
topology morphology images of GO/PPy and pure PPy. (c) Surface roughness analysis, (d) thickness analysis, and (e) contact angle test
of GO/PPy and pure PPy. The value represents mean ± standard deviation (𝑛 = 3). ∗∗𝑝 < 0.01 and ∗𝑝 < 0.05.

between 10∘ and 80∘, respectively, which is considered normal
hydrophilic with goodwettability. Although thewater contact
angle value of PPy (28.6 ± 0.8∘) was little smaller than that of
GO/PPy (34.8 ± 0.5∘), the GO/PPy still presented sufficient
hydrophilicity for cell attachment and proliferation [39].

The composition of the one-step electropolymerization-
prepared GO/PPy nanocomposite was further analyzed by
FTIR. Figure 5 presented the FTIR spectra of GO, pure PPy,
and GO/PPy nanocomposite. The GO spectrum revealed the
presence of absorption peaks for a few oxygenated functional
groups, for example, the stretching vibration peak of the
carboxyl group (C-OH) at 1732 cm−1, the vibration peak of
the -OH group at 3386 cm−1, and the peaks of deformation
of O-H, carbonyl (C=O), and epoxide (C-O-C) at 1400,
1224, and 1057 cm−1, respectively. The peak at 1600 cm−1 was
related to the characteristics of the residual sp2 fromgraphene
[40]. Compared with GO, several new peaks appeared on
the spectrum of GO/PPy nanocomposite because of the
presence of PPy.The peaks at 1548, 1448, and 1034 cm−1 were

the absorption peaks of the C-C, C-N, and C-H stretching
vibration on PPy rings [41]. In addition, the peak of the C-
OH group in the GO/PPy nanocomposite shifted downwards
to 1700 cm−1. This shift could be due to the 𝜋-𝜋 stacking
and hydrogen bonding between the GO nanosheet and the
aromatic rings on Py. This result also suggested that the
carboxyl groups on GO are the effective doping functional
groups in the polymerization of Py [42]. Therefore, FTIR
results demonstrated the successful GO doping in PPy film
to form the GO/PPy nanocomposite film.

3.2. Electrochemical Characterizations of GO/PPy Nanocom-
posite. Figure 6(a) showed the Bode plots of EIS results
of the bare ITO electrode and ITO electrodes coated with
PPy and GO/PPy. Both the modified ITO electrodes showed
much smaller impedance than the bare ITO electrode over
the frequency range of 1–104Hz, mainly owing to the effect
of PPy [43] and its combination of GO. The lower inter-
facial impedance of the GO/PPy improved the sensitivity
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nanocomposite.

of measurements and allowed more reliable measurements
at the lower frequencies of the spectrum [35]. Figure 6(b)
showed the typical CVs of the bare ITO electrode and ITO
electrode modified with GO/PPy and PPy in 0.01M PBS
solution. Compared to the bare ITO electrode, remarkable
high capacity was obtained for PPy coated ITO electrode.
More importantly, the electrochemical stability was investi-
gated to compare the performances of the GO/PPy and the
PPy film. After performing ten CV cycles, the capability of
the PPy decreases more than that of GO/PPy. It was found
that the GO/PPy retained 95% of the initial capacitance,
which was much higher than that obtained for PPy (74%).
The improved stability obtained for the GO/PPy might be
ascribed to the synergistic effect between GO and PPy for
the better mechanical strength and ion doping/dedoping
mechanism. Based on the discussionmentioned above, it was
expected that these novel GO/PPy nanocomposites would be
very promising for constructing electrochemical biosensor
with improved performance.

3.3. A549 Cell Culture on the GO/PPy Nanocomposite Film.
The interaction between GO/PPy nanocomposite film and
cells was characterized by cell adhesion, spreading, and
proliferation. Figure 7 presented the phase contrast image of
cells seeded for 2 h and the spreading lasermicroscope images
of cells seeded for 12 h on GO/PPy film and PPy film. The
cell adhesion images (Figures 7(a) and 7(b)) demonstrated
that the A549 cells seeded on GO/PPy film and PPy film
exhibited pseudopodia and adhesion, suggesting that the
electropolymerized PPy film can support the adhesion of
A549 cells. PPy film was able to adsorb proteins in solution,
thereby promoting cell adhesion [44]. Figures 7(a) and
7(b) also demonstrated that the spreading proportion of
A549 cells was higher on GO/PPy film than on PPy film,
which might be due to the difference in the physiochem-
ical properties between the two surfaces, such as surface
roughness and hydrophilicity. To further demonstrate the
effect of GO/PPy and PPy films on the spreading of A549

cells, the cells seeded on GO/PPy and PPy for 12 h were
observed by laser microscope, as shown in Figures 7(c) and
7(d). The quantity and spreading morphology of A549 cells
were better on GO/PPy film than on PPy film. The above
results indicated that the GO/PPy film prepared by the one-
step electropolymerization can support the adhesion and
spreading of A549 cells, providing an excellent biocompatible
interface for the cell proliferation.

The relative proliferation activities of A549 cells seeded
on polystyrene, GO/PPy, PPy, and bare ITO for 24 h and
48 h were analyzed by WST-8 colorimetric analysis, and the
result was presented in Figure 7(e). The relative proliferation
activity of A549 cells was significantly higher on GO/PPy
film than on polystyrene, PPy, and bare ITO, indicating that
GO/PPy exhibited excellent cellular biocompatibility for the
proliferation of A549 cells. Additionally, the proliferation rate
of A549 cells was the lowest on PPy film, which might be
due to the leakage of Cl− ions, which were doped in PPy film
during the culture process [44].

3.4. Measurement of the Faradaic Impedance for A549 Cells.
Theoretically, the electron transfer resistance of the redox
probe on the electrode surface is related to the surface proper-
ties of electrodes. When cells adhered to and proliferated on
the electrode surface, they inhibited the pathways of the redox
probe to reach the electrode surface, resulting in the increase
in electron transfer resistance. In addition, the increase in the
amplitude of the electron transfer resistance was related to
activity and quantity of the cells [12, 45, 46]. Therefore, the
detection of cells on the electrode surface could be achieved
by measuring the electron transfer impedance for the redox
probe. Figure 8(a) presented the Nyquist curves for the bare
ITO electrode and GO/PPy-ITO electrode seeded with A549
cells for different times. It demonstrates that themodification
of electrodes with GO/PPy nanocomposite film decreased
the electron transfer resistance on the electrode surface. At
the same time, with the prolonged incubation time of A549
cells, the diameter of the semicircle in the high-frequency
region increased, suggesting an increase in electron transfer
resistance.The result indicated that A549 cells can proliferate
well on the surface of GO/PPy nanocomposite film and that
cell proliferation can be detected through the measurement
of electron transfer resistance. The relationship between the
A549 cell incubation time and the electron transfer resistance
𝑅et of the redox probe was presented in Figure 8(b).

In addition, the proliferation of A549 cells on the surface
ofGO/PPynanocomposite filmwas verified byWST-8 colori-
metric analysis.WST-8 can be reduced to highlywater soluble
yellow formazan by dehydrogenase in mitochondria, and the
quantity of the resultant formazan is positively correlated
with the quantity of live cells. Therefore, the absorbance
of formazan can indirectly reflect the quantity of live cells.
Correlation analysis was performed between the measured
absorbance of WST-8 and electron transfer resistance 𝑅et.
The result revealed a correlation coefficient 𝑅 = 0.986, 𝑝 <
0.01, indicating an excellent correlation, as presented in Fig-
ure 8(c). Moreover, three parallel experiments revealed that
the average precision (RSD = 3.8%) of the EIS measurements
was better than that of WST-8 measurements (RSD = 7.4%).
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Figure 6: Electrochemical properties of GO/PPy modified ITO electrode. (a) Bode plots of EIS over a frequency range of 1–105Hz in 0.01M
PBS. (b) CV curves of bare ITO electrode and ITO electrodes modified with GO/PPy and PPy, respectively, in 0.01M PBS at a scan rate of
50mVs−1.

Furthermore, we compared the performances of the different
electrode for faradaic EIS detection of A549 cells growth.
In order to eliminate the electrode-to-electrode variation,
the normalized resistance, Δ𝑅et, was used for accurate
detection: Δ𝑅et = (𝑅et2 − 𝑅et1)/𝑅et1, where 𝑅et1 and 𝑅et2
were the resistance value before and after incubating cells,
respectively. Figure 8(d) showed the relationship curves
between Δ𝑅et and incubation time for different electrodes.
It clearly showed that GO/PPy modified ITO electrode
revealed the most sensitive performance compared to the
bare ITO electrode and PPy modified ITO electrode, fur-
ther highlighting the advantages of the GO/PPy nanocom-
posite film as a nanointerface for faradaic cell impedance
measurement.

3.5. Measurement of Nonfaradaic Impedance for A549 Cells.
The measurement of nonfaradaic impedance for A549 cells
was performed in 0.01M PBS electrolytic solution in the
absence of any redox probes. Theoretically, as frequency-
dependent electronic components, when cells adhere to and
proliferate on the surface of microelectrodes, they can cause
a change in the impedance characteristics of the electrode
system. As a result, the analysis of the impedance spectrum
can aid in the analysis of cell adhesion and proliferation on
microelectrodes [18, 19, 29, 47]. Figures 9(a) and 9(b) pre-
sented the frequency-impedance spectra and the frequency-
phase angle spectra for the bare ITO microelectrode and the
GO/PPy-ITO microelectrode incubated with A549 cells for
different times. They demonstrated that the electropolymer-
ization of GO/PPy nanocomposite film markedly decreased
the impedance and phase angle in the low-frequency region

(1∼1 kHz) for the ITO microelectrode, shifted the electrode
towards the resistance characteristic, and improved the
response characteristics of electrodes in the low-frequency
region [35]. The adhesion and proliferation of A549 cells on
the surface of the GO/PPy-ITO microelectrode caused the
increase in the impedance amplitude for the electrode system
over the entire measurement frequency region, as shown in
Figure 9(a). This increase was due to the poor conductance
of the cells. Furthermore, the cell proliferation produced a
new time constant on the frequency-phase angle spectrum
in the 30∼40 kHz region, as shown in Figure 9(b). This time
constant was speculated to be related to the charging effect of
the plasma membrane capacitance [18].

The proliferation of A549 cells on electrodes can be
analyzed using the equivalent circuit model. According to
the change in the impedance characteristics before and
after cell seeding, cells can be considered equivalent to a
series of an RC parallel circuit and an R component [35].
Therefore, the equivalent circuit model after seeding with
cells consisted of the series of the equivalent circuit of the
GO/PPy-ITO microelectrode and the equivalent circuit of
cells, as shown in Figure 9(c). Among those, 𝑅

𝑠
explained the

gap impedance of the cell-electrode, 𝑅cell explained the gap
impedance of the cell-cell, and𝐶cell explained the capacitance
effect of the plasma membrane. The nonlinear least squares
method was used to fit the electrochemical impedance data
to provide the fitting values of each component for the
equivalent circuit of cells at different times, as shown in
Figure 9(d).The results demonstrated that, with the adhesion
and proliferation of A549 cells, 𝐶cell rapidly increased at 0 h∼
24 h and reached 6.02 nF approximately after the formation
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Figure 7: Biocompatibility characterization. Phase contractmicroscopy images of A549 cells attached to (a) GO/PPy film and (b) PPy film for
2 h after the inoculation of cells. 3D laser microscope images of A549 cells spread on (c) GO/PPy film and (d) PPy film for 12 h after seeding.
(e) Relative cell growth rate of A549 cells cultured on polystyrene, GO/PPy, PPy, and bare ITO as tested by the WST-8 assay. The absorbance
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Figure 8: Cell adhesion and proliferation behaviors on GO/PPy-ITO electrode measured by Faraday electrochemical impedance
spectroscopy. (a) Faraday electrochemical impedance spectra recorded on bare ITO (A) and GO/PPy nanocomposite film-modified ITO
electrode (B) and after A549 cell incubation on a GO/PPy nanocomposite film-modified ITO electrode for 2 h (C), 24 h (D), 48 h (E), and
72 h (F). (b) Relationship curve between electron transfer resistance 𝑅et and the A549 incubation time. (c) Correlation analysis between
the absorbance measured by WST-8 and electron transfer resistance 𝑅et. (d) Relationship curves between the normalized electron transfer
resistance Δ𝑅et and incubation time for different electrodes.

of the cell monolayer (48∼72 h). The change in 𝐶cell was
related to the decrease in cell thickness, the increase in the
spreading area, and the quantity and opening of cellular
ion channels in the proliferation process [19, 31]. 𝑅cell con-
tinuously increased during cell proliferation and reached a
maximum at 72 h (approximately 1873Ω). The continuous
increase in 𝑅cell indicated that the gap between the cells
decreased and that the degree of cell fusion increased [48].
In addition, 𝑅

𝑠
reached a maximum (approximately 183Ω) at

48 h after seeding and decreased to 164Ω at approximately

72 h.The change in𝑅
𝑠
indicated that, at 48 h, the gap between

cells and the GO/PPy-ITO electrode was minimal and that
the cell adhesion strength was the greatest. Further cell
proliferation resulted in an increase in the gaps between
cells and the GO/PPy-ITO electrode and the exfoliation of
cells [48]. Therefore, the GO/PPy nanocomposite film can
also be used as a biological cell-electrochemical detection
interface for nonfaradaic impedance measurement to reveal
biological information concerning the A549 cell adhesion
and proliferation processes.
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Figure 9: Cell adhesion and proliferation behaviors on GO/PPy-ITOmicroelectrodes measured by non-Faraday electrochemical impedance
spectroscopy. (a) Typical Bode plot of electrochemical impedance spectra of bare ITO and GO/PPy-ITOmicroelectrodes recorded at 0 h, 2 h,
24 h, 48 h, and 72 h after inoculation of A549 cells. (b) Typical phase plot of electrochemical impedance spectra of bare ITO and GO/PPy-
ITOmicroelectrodes recorded at 0 h, 2 h, 24 h, 48 h, and 72 h after inoculation of A549 cells. (c) Equivalent circuit model of the GO/PPy-ITO
microelectrode (left) and equivalent circuit model of the cells (right) in series. (d) Curve fit results for the equivalent circuit model of A549
cells after inoculation on GO/PPy-ITO microelectrodes at different times.

4. Conclusions

GO/PPy nanocomposite film was synthesized in situ on
the surface of ITO electrodes using a one-step electropoly-
merization technique and was proved to be used as a
nanointerface for electrochemical impedance detection of
A549 cell adhesion and proliferation. The obtained GO/PPy
films exhibited robust interface characterizations and good
electrochemical properties. Cell culture and electrochemical
impedance measurement experiments demonstrated that

GO/PPy nanocomposite film not only supported A549 cell
adhesion and proliferation but also provided a new nanoin-
terface for the measurement of cell adhesion and prolif-
eration by electrochemical impedance spectroscopy. More
importantly, the detection of cell adhesion and prolifera-
tion on GO/PPy nanocomposite film was achieved by both
faradaic impedance and nonfaradaic impedance techniques.
Therefore, the cell behaviors could be analyzed from two
levels, thus yieldingmore cell behavior information.Thus, the
one-step electropolymerized GO/PPy nanocomposite can be
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used as a robust nanointerface between biological cells and
electrochemical impedance system for the fabrication of cell-
based impedance biosensors.
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