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a b s t r a c t

Microelectrode array (MEA) has recently attracted significant research interest in biomedical applications
due to its high sensitivity, mass production and fast response. However, the previous MEA with precious
metal-based nanomaterials for electro-catalysis may induce toxicity to cells. In this work, we present a
metal-free graphene/graphene oxide (rGO/GO) hybrid MEA for precise and in-situ H2O2 secretion
detection. The configuration and size of rGO/GO hybrid MEA can be well designed and controlled by
combining the convenient lithography and electrochemistry method, where the GO region with abun-
dant oxygen functionalized groups has good biocompatibility, so as to play as the adhesion and growth
agent of pheochromocytoma cells (PC12 cells). Whereas, the rGO region with higher electro-catalytic
activity can favor high sensitive in-situ H2O2 secretion detection that is released from the stimulated
PC 12 cells at GO region, but with the cell filopodia extended to the rGO region. Besides, the rGO/GO
hybrid MEA presented herein is compatible with the micro-fabrication technique and can be integrated
into the lab-on-chip devices, which may shed useful insights for the design and fabrication of high
performance biosensors.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Detection of cell secretions, that can characterize cell activity
and viability, is one of the most important methods for disease
diagnose and precaution [1e3]. Among them, hydrogen peroxide
(H2O2), as the most stable and general reactive oxygen species
(ROS) generated by intracellular signaling molecules, such as hy-
droxyl radical (�OH), alkylperoxyl radical (ROO�), superoxide
radical anion (O2�), nitric oxide (NO), and peroxynitrite (ONOO�), is
being proved to play as a vital role in physiological signaling
pathways through regulating DNA damage, cell apoptosis, protein
synthesis, etc [4,5]. Meanwhile, emerging evidences further
Zhejiang Sci-Tech University,
indicate that H2O2 is related to several kinds of physiological dis-
order, such as Parkinson’s disease, atherosclerosis, Alzheimer’s
disease and cancer [6,7]. Therefore, the convenient and precise
detection of H2O2 in viable cells is necessary not only for exploring
its roles in cellular physiology, but also providing reliable diagnostic
indicators for pathological analysis. In the past decades, electro-
chemical biosensors have been widely used for H2O2 detection [8].
Particularly, nanomaterials-based electrochemical biosensors, such
as nanomaterials of noble metals like Pt, Au, Ag, metal sulfides like
MoS2, CuS, and metal oxides like Fe2O3, CuO, MnO2 as alternative
electrochemical catalysts, have been developed to construct non-
enzymatic biosensors due to their rapid response, low cost, easy
fabrication and high precision [9e13]. However, recent works have
observed the toxicity and bioaccumulation of nanoparticles due to
the releasing of metal ions or endocytosis of nanoparticles, which
may significantly influence the cell proliferation, apoptosis, ROS
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generation, etc [14]. Thus, one challenge of the nanomaterials-
based electrochemical biosensors is to develop metal-free and
biocompatible nanomaterials for cell culture and cell secretions
detection.

Microelectrode array (MEA) has attracted significant research
interest as electrochemical biosensors because of its high sensi-
tivity, enhanced mass transfer, and large current response
benefited from the device miniaturization [15]. Meanwhile, gra-
phene or graphene oxide (GO), two-dimensional (2D) carbon ma-
terial with heteroatoms, such as O, N, S, P, and trace metal
impurities, has been extensively studied as alternative catalysts
compared to noble metal catalysts due to its high chemical activity,
long-term stability and low cost [16e19]. Reduced graphene oxide
(rGO) prepared by Hummers’ method with less oxygen function-
alized groups and higher electric conductivity exhibits excellent
electro-catalytic activity since the introduction of trace manganese
and oxidation debris (OD) at the edges and basal plane of graphene
sheet during oxidation and reduction processes [20,21]. However,
previous works indicated graphene had some cytotoxicity to
mammalian through characterizing the cell morphology, viability,
and mortality under the environments with graphene. But, other
works also showed GO containing abundant oxygen-containing
groups, exhibits better biocompatibility than rGO because the
sheet size, oxygen content, surface charge, and sharp edge of gra-
phene and relative derivative have a strong impact on their bio-
logical/toxicological responses to mammalian cells [22,23]. Thus,
exploring the biocompatibility, catalytic activity and electro-
chemical sensing ability of GO and rGO, and combining the ad-
vantages of GO and rGO, may provide new opportunities for
constructing high-performance electrochemical biosensors.

In this work, we proposed the rGO/GO hybrid microelectrode
array (rGO/GO hybrid MEA), which was not only a good incubator
for pheochromocytoma cells (PC12) growth, but also a high-
precision detector for in-situ detection of the cell secretion of
H2O2. As illustrated in Scheme 1, the rGO/GO hybrid MEA was first
fabricated on indium tin oxide (ITO) coated glass by combining the
convenient lithography and electrochemistry method. The size,
shape and pattern of GO/rGO hybrid MEA (rGO was surrounded by
GO), and spacing between adjacent rGO electrodes were all pro-
grammable and well controlled without multi-mask design, which
provided high freedom for cell culture and cell secretion detection.
Most importantly and interestingly, when PC12 cells were seeded
on rGO/GO hybrid MEA, the cells preferred to migrate and grow on
GO surfaces with cell filopodia extended to rGO, which demon-
strated the good biocompatibility of GO and provided rapid diffu-
sion pathway of H2O2 (released from the stimulated PC12 cells at
GO region) to rGO for further electrochemical detection.
Scheme 1. Schematic illustration of the fabrication of rGO
2. Experimental section

2.1. Reagents and apparatus

Graphite powder, KMnO4, H2SO4, H3PO4, HCl, ethanol, NaH2-
PO4$2H2O, Na2HPO4$7H2O, K4Fe(CN)6, K3Fe(CN)6, KCl and H2O2
(30wt%) were purchased from Aladin Ltd. (Shanghai, China). ITO-
coated glass slides with resistance of 8U/square were supplied by
Sigma. All of the other chemicals were of at least analytical grade
and used without further purification. Aqueous solutions were
prepared with deionized water. 0.2M phosphate buffer solution
(PBS, pH7.4) was prepared by mixing 19mL NaH2PO4 solution
(0.2M) and 81mL Na2HPO4 solution (0.2M), and used as the sup-
porting electrolyte in the electrochemical reduction of GO. 0.01M
PBS (pH7.4) was also prepared with the similar method and used as
the supporting electrolyte for the detection of H2O2 secretion.

The morphology characterizations of rGO/GO hybrid MEA were
carried out by VK-X100 laser microscope with a 680 nm wave-
length laser light (Keyence Inc., Korea) and BX51 Optical Micro-
scope (OLYMPUS, Japan). X-ray photoelectron spectroscopy (XPS)
measurements were performed by the ESCALab220i-XL electron
spectrometer from VG Scientific. Attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) was collected with the
Thermo Scientific Nicolet 5700 spectrometer. Raman mapping was
obtained on a Raman Microscope (Thermo DXR, USA) with a
632 nmwavelength laser light. The conductivity of GO and rGOwas
measured by using the four-point-probe technology via a Keithley
2400 Current/Voltage Source Meter with probe station. The contact
angle measurement was carried out by the FTA1000 instrument
(First Ten Angstroms, Portsmouth, VA). Electrochemical experi-
ments were performed with the CHI 660D Electrochemical Work-
station (Chenhua, China) at room temperature in a conventional
three-electrode cell, equipped with an Ag/AgCl as reference elec-
trode, a platinumwire as counter electrode, and the rGO/GO hybrid
MEA attached on the ITO coated glass (6mm� 9mm) as working
electrode.
2.2. Preparation of GO

GO was prepared from graphite powder by the modified
Hummers’ method [24]. Typically, a mixture of the concentrated
H2SO4/H3PO4 solution (36mL of H2SO4 and 4mL of H3PO4) was
slowly added to the mixture of graphite (0.3 g) and KMnO4 (1.8 g).
Then, the mixture was heated to 50 �C for further reaction of 12 h
under continuous stirring. Next, 4mL ice water with 30% H2O2
(0.5mL) was carefully poured to the mixture and the suspension
was further centrifuged twice (3000 rpm for 10min). After that, the
/GO hybrid MEA and in-situ H2O2 secretion detection.
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remaining solid material was sequentially washed by deionized
water, HCl and ethanol, respectively. Finally, GO powder was ob-
tained by high-speed centrifugation and was washed with deion-
ized water to neutral. Besides, further exfoliationwas carried out by
bath ultrasonication for 2 h to get the GO dispersion solution (3mg/
mL).

2.3. Fabrication of rGO/GO hybrid MEA

The fabrication of rGO/GO hybrid MEA was similar to our pre-
vious work [25], but some modifications were made. Briefly, in the
lithography process, the photoresist was spin-coated on the ITO-
coated glass surface at 8000 rpm for 7s to form a uniform photo-
resist layer with thicknesses of 600 nm. After ultraviolet exposure
via the mask with patterns, some conductive microwells were
obtained. Then, the GO aqueous solution (3mg/mL) was spin-
coated on the patterned substrate with electrodeposited copper
film to form a uniform and continuous GO layer with thicknesses of
25 nm. Different rGO microarrays were obtained by electrochemi-
cally and selectively reducing the GO layer through the contacted
copper microwells with different sizes, shapes and spacing for
controllable time (Scheme 1). After wet etching in FeCl3 solution
and washing in acetone, the resulted filmwith rGO/GO hybrid MEA
could be transferred to the desired substrates. Besides, the GOMEA
as a controlled system was also prepared by spin-coating GO film
on the ITO-coated glass surface, followed by lithography process via
the mask with same patterns.

2.4. Cell culture

The PC12 cells were obtained from Chinese Academy of
Shanghai Cell Bank. PC12 cells with density of 3� 103/mL estimated
by cell counter were seeded on the rGO/GO hybrid MEA, and
further incubated in DMEM medium with 10% fetal bovine serum
(FBS, Sigma, USA), 100 U/mL penicillin (Sigma, USA), and 100mg/
mL streptomycin (Sigma, USA) at a humid environment of 37 �C and
5% CO2 for 24 h.

2.5. Evaluation of PC12 cell viability

In order to evaluate the PC12 cell viability, a common double
Fig. 1. Optical images of rGO/GO hybrid MEAs with GO reduction time of 7 s. (a) The circ
triangular rGO electrode array with size 25 mm and spacing 25 mm. (c) The square rGO electr
array with size 45 mm and spacing 45 mm. (e) The crossing-linked rGO electrode array w
interdigitated rGO electrode array with pitch width 25 mm and spacing 10 mm. The upper in
staining method was used for the visualization of PC12 cell nuclei
and F-actin filaments. First, PC12 cells were seeded on rGO/GO
hybrid MEA, cultivated for 24 h, fixed with 3.7% paraformaldehyde
in PBS, and permeabilized with 0.1% Triton X-100. Then, PC12 cells
were further incubated for 30min with 100 nM Acti-stain 555
fluorescent phalloidin (Cytoskeleton, USA) for the visualization of
cytoplasmic F-actin in red color, and they were also stained with
5 mg/mL 40-6-diamidino-20-phenylindole (DAPI, Cytoskeleton,
USA) for the visualization of cell nuclei in blue color. Finally, the cell
nuclei and F-actin filaments were characterized by using the
Fluorescence Microscope (OLYMPUS, Japan). Acti-stain 555 fluo-
rescent phalloidin was excited at 550 nm and measured at
565e610 nm. DAPI fluorescence was excited at 405 nm and
measured at 420 nme480 nm.
2.6. Detection of H2O2 secretion

After 24 h incubation, the rGO/GO hybrid MEA with PC12 cells
incubated on it was used for electrochemical measure in a three-
electrode system in physiological 0.01M PBS at the potential of
0.6 V, where the rGO/GO hybrid MEA was treated as the working
electrode, as illustrated in Scheme 1. After obtaining the steady
signal output as background current, 10 mL Phorbol 12-myristate
13-acetate (PMA, Sigma, USA) with concentration of 100 ng/mL
was injected onto the rGO/GO hybrid MEA to stimulate H2O2
releasing of PC12 cells. Then, the released H2O2 was simultaneously
monitored by rGO electrode. Besides, the signal output of rGO/GO
hybrid MEA without PC12 cells under PMA stimulation was also
tracked for reference.
3. Results and discussion

3.1. Characterization of rGO/GO hybrid MEA

The rGO/GO hybrid MEAs with different shapes, sizes and dis-
tribution of rGO patterns (such as the circular, equilateral trian-
gular, square, hexagonal, crossing-linked and interdigitated ones)
are well programmable and controlled by pre-designed masks, as
shown in Fig. 1. We find that for 7 s reduction of GO, the shape and
size of rGO pattern can exactly duplicate the mask ones [25]. Here,
the rGO region exhibits darker color than that of GO due to the
ular rGO electrode array with diameter 20 mm and spacing 60 mm. (b) The equilateral
ode array with size 20 mm� 20 mm and spacing 10 mm. (d) The hexagonal rGO electrode
ith the junction diameter 30 mm and length of the connection cable 20 mm. (f) The
set is the magnification of the dashed region in (f).



Fig. 2. (aef) Optical images of circular rGO/GO hybrid MEAs with different reduction time from 7 s to 60 s. Here, the diameter of copper electrode is 20 mm and the 7 s reduction
time can give the same size of rGO pattern.
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deoxygenization after electrochemistry reduction [26].
Furthermore, the reduction time of GO will affect the size and

distribution of rGO patterns. As shown in Fig. 2, with the increasing
of reduction time from 7 s to 60 s, the dark region for the circular
rGO electrode is gradually extended outward along the radial di-
rection of the lithographic pattern, which means the size and dis-
tribution of rGO/GO hybrid MEA can be conveniently adjusted by
only changing the reduction time of GO. Besides, the color of the
later expanded rGO region is lighter than that of the initially con-
tacted with the copper electrode region due to the smaller reduc-
tion degree [25]. This construction characteristic is also confirmed
by XPS, FTIR and Raman measurements. From the XPS analysis of
the rGO and GO region in rGO/GO hybrid MEA (Fig. 3a), we can see
that the dominant peak near 287.4 eV in C1s spectrum of GO cor-
responds to the oxygen functionalized groups such as epoxy,
Fig. 3. (a) C1s, (b) O 1s, (c) FTIR and (d) Raman spectra of GO and rGO with different red
spectrum (I287.4/I285.1) increases from 0.71 for GO to 7.74 for 60s-reduced rGO. The intensi
increases from 0.97 for GO to 1.68 for 60s-reduced rGO. (e) Raman mapping of the D band
hydroxyl, carbonyl or carboxyl [27], which would provide GO with
good hydrophility and biocompatibility. However, this peak in-
tensity is obviously weakened after 7s reduction with a drastic
increase in the peak near 285.1 eV, which indicates the partially
returning to the aromatic carbon structure after electrochemical
reduction [27]. Further increasing of the reduction time results in
slight change of the ratio of two peak intensities (I287.4/I285.1). The
intensity of O 1s spectra also shows a similar trend (Fig. 3b). The
FTIR data in Fig. 3c demonstrate that the oxygen functionalized
groups in GO, such as the C]O bond at 1731 cm�1 and CeOH bond
at 1224 cm�1, disappear in rGO after only 7 s electrochemical
reduction of GO. The intensity ratio of D band at 1345 cm�1 to G
band at 1594 cm�1 (ID/IG) in the Raman spectra gradually increases
from 0.97 for GO to 1.68 for 60s-reduced rGO due to the removing
of oxygen functional groups and recovering of graphitic carbon
uction time. The intensity ratio of the two peaks at 287.4 eV and 285.1 eV in the C1s
ty ratio of D band at 1345 cm�1 to G band at 1594 cm�1 (ID/IG) in the Raman spectra
for the rGO/GO hybrid MEA in Fig. 2(d).



Fig. 4. Cyclic voltammograms of (a) GO MEA, (b) 7s-reduced rGO/GO hybrid MEA and (c) rGO/GO hybrid MEAs with different reduction time in 0.1M KCl solution with 2mM
Fe(CN)63�/4-. The scan rate changes from 10mV/s to 200mV/s in (a) and (b). The rGO/GO hybrid MEA used in (b) and (c) is shown in Fig. 2. The scan rate in (c) is 10mV/s.
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rings (Fig. 3d) [25]. Besides, the Raman mapping of D band of rGO/
GO hybrid MEA (reduction time 30 s, Fig. 2d) presents clear inter-
face between the GO and rGO regions (Fig. 3e), demonstrating the
precisely controlled electrochemical reduction of GO, so as to the
rGO pattern in the rGO/GO hybrid MEA. The intensity of D band of
rGO in the original copper electrode region is slightly different from
that of the later expanded region due to the different reduction
degree. The four-point-probe electric conductivity measurement of
the rGO on quartz substrates also shows an obvious effect of elec-
trochemical reduction time. The rGO conductivity demonstrates an
increase of at least three orders of magnitude from the GO filmwith
Fig. 5. (a) CVs of the rGO/GO hybrid MEAs with different reduction time in 0.01M phospha
rGO/GO hybrid MEAs at 0.6 V. The error bars represent the standard deviation of six measu
hybrid MEA at 0.01 PBS (pH 7.4) with sequentially adding different concentrations of H2O2 (th
H2O2 oxidation and H2O2 concentration. The error bars represent the standard deviation o
an electrical conductivity of 4.4� 10�3 Sm�1 to about 20e60 Sm-1

after electrochemical reduction for 7e60 s due to the removing of
oxygenated groups [25]. The easy and controllable adjusting of
electrical conductivity of rGO microarrays by changing GO reduc-
tion time provides the rGO/GO hybrid MEA potential applications
for electrochemical sensor.

3.2. Electrochemical properties of the rGO/GO hybrid MEA

We further investigated the electrochemical property of rGO/GO
hybrid MEA by using Fe(CN)63�/4- redox couple as the probe. Fig. 4a
te buffer (pH 7.4) and 20mMH2O2. The scan rate is 50mV/s. (b) Current density of the
rements by using six samples. (c) The current density output for 30s-reduced rGO/GO
e constant potential of 0.6 V is applied). (d) The relation between the current density of
f six measurements by using six samples.



Fig. 6. PC12 cell adhesion and proliferation on (a) GO film, (b) 30s reduced rGO film, and (c) 30s-reduced rGO/GO hybrid MEA with rGO strip width 30 mm and spacing 30 mm after
cell culture for 24 h. The PC12 cells were stained with Acti-stain 555 phalloidin (red color) and DAPI (blue color) to show the distribution of F-actin (cell skeletons) and cell nucleus.
The insets in (a)e(c) are the contact angles of water on the surface of these samples. (d) The PC12 cell density on GO and rGO regions for the 30s-reduced rGO/GO hybrid MEA. Error
bars represent standard deviations for six samples. (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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illustrates the cyclic voltammograms (CVs) of the GO MEA under
different scan rates from 10mV/s to 200mV/s, indicating a radial
diffusion regime at lower scan rates and a mixed regime at higher
scan rates [28,29]. By contrast, the CV curves of the 7s-reduced rGO/
GO hybrid MEA under different scan rates exhibit typical sigmoidal
curves with current approximately 15 times larger than that of GO
MEA (Fig. 4b), due to the partial recovery of p conjugation in rGO to
increase its in-plane electron transfer kinetics [30,31]. The steady-
state current is well kept for the rGO/GO hybrid electrode until
the potential scan rate up to 200mV/s, demonstrating a typical
behavior of MEA. Furthermore, the MEA-like behavior for the rGO/
GO hybrid electrode is still remained as the increasing of reduction
time of GO. But, for the reduction time larger than 45 s, an obvious
decreasing of the current signal is observed due to the overlapping
of the diffusion zone of adjacent microelectrodes similar to that of
macro electrode, as shown in Fig. 4c.

In order to evaluate the electro-catalytic activity of rGO/GO
hybrid MEA for H2O2 oxidation, the CV tests were carried out in a
three-electrode system including 20mMH2O2 and 0.01M PBS
(pH¼ 7.4). Note that there is almost no current response in the
electrolyte solution (0.01M PBS, pH¼ 7.4) without H2O2 molecules
(Fig. 5a). While, when the H2O2 molecules are added in the PBS, an
obvious increase of current density is observed due to H2O2
oxidation, indicating the electro-catalytic activity of the rGO/GO
hybrid MEAs. Here, the area of the hybrid electrodes with different
reduction time is calculated according to the rGO parts through the
optical images of the rGO/GO hybrid MEAs in Fig. 2. As the electro-
catalysis of H2O2 oxidationmostly occurs for the voltage larger than
0.4 V, and the oxygen generation becomes dominating over the
voltage of 0.7 V, we compare the current density of H2O2 oxidation
for the rGO/GO hybrid MEAs with different reduction time at the
point of 0.6 V. It can be seen that the maximum current density is
obtained for 30s-reduced rGO/GO hybrid MEA (Fig. 5b). This phe-
nomenon demonstrates that the careful design of rGO/GO hybrid
MEAs with appropriate structure defect, oxygen functionalized
groups, distribution, pattern, and electrical conductivity can opti-
mize their electro-catalytic activity for H2O2 oxidation [32].
Therefore, the 30s-reduced rGO/GO hybrid MEA is used in the
following study. The chronoamperometric curve was measured at
the potential of 0.6 V to calibrate the measuring range and sensi-
tivity of the rGO/GO hybridMEA for H2O2 detection.When different
amount of H2O2 was discontinuously injected onto the hybrid MEA,
the stepwise increasing of the current density is observed for H2O2
concontration from 0.5 mM to 20mM (Fig. 5c), which suggests the
metal-free rGO/GO hybrid MEA could detect H2O2 in a wide range
from micromolar to tens of millimolar. The relation between the
current density and H2O2 concentration is shown in Fig. 5d, which
demonstrates a wide linear range over H2O2 concentration. The
sensitivity of this sensor for H2O2 detection is 34.1 nAmm�2mM�1

in the concentration ranging from 1.0 mM to 1.0mM (R¼ 0.998) and
0.4 nAmm�2mM�1 in the concentration ranging from 1.0mM to
9.6mM (R¼ 0.996). The higher sensitivity at lower H2O2 concen-
trationmay be caused by the higher diffusivity and catalytic activity
of H2O2 at lower concentration due to the limited diffusion channel
and catalytic site of the rGO/GO hybrid MEA. The detection limit of
H2O2 for the rGO/GO hybrid MEA is estimated to be 0.18 mM by
assuming the ratio of signal-to-noise (S/N¼ 3). Thus, themetal-free
rGO/GO hybrid MEA exhibits comparable performance to that of



Fig. 7. (a) PC12 cells adhesion on 30s-reduced rGO/GO hybrid MEA (Fig. 2d) after cell culture for 24 h. (b) Local magnification of the PC12 cells adhered on 30s-reduced rGO/GO
hybrid MEA. The PC12 cells were stained with Acti-stain 555 phalloidin (red color) and DAPI (blue color) to show the distribution of F-actin (cell skeletons) and cell nucleus. (c) In-
situ H2O2 secretion detection on 30s-reduced rGO/GO hybrid MEA under PMA stimulus (100 nM) in 0.01M PBS (pH7.4) at the applied potential of 0.6V. (d) The relation of the
oxidation current density to the quantity of injected PMA. The error bars represent the standard deviation for six measurements by using six samples. (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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the H2O2 biosensors with nano-composites or precious metals re-
ported before [33,34].
3.3. PC12 cell growth and H2O2 secretion detection

Graphene and its derivatives have attracted great research in-
terest for their potential applications in biosensor and biomedical
applications. However, the toxicity and biocompatibility is one of
the most concerned issues for graphene related biomedical appli-
cations. Here, we first study the wettability of the rGO/GO hybrid
MEA. The contact angle was measured by dropping a 10 mL deion-
ized water on the sample surface and recording the image with a
digital camera. As shown in the inset of Fig. 6a, the GO film is of
good hydrophility with contact angle about 19.6� due to the
abundant oxygen functionalize groups [35]. When GO film was
electrochemically reduced for 30 s, the obtained rGO film shows a
contact angle about 75.6� as the deoxygenization decreases the
polarity (the inset in Fig. 6b). While for the 30s-reduced rGO/GO
hybrid MEA (rGO strip with width 30 mm and spacing 30 mm), the
contact angle is about 62.1� due to the synergic effect of GO and rGO
parts (the inset in Fig. 6c). In general, the adhesion and proliferation
of PC12 cells are significantly affected by surfacewetting properties.
Thus, PC12 cells are well spreading on GO surface with the filopodia
unfolded and outspread after seeding for 24 h (Fig. 6a). While the
PC12 cells on 30s-reduced rGO surface show shrunk configuration
(Fig. 6b). The difference is attributed to the hydrophilic surface of
GO with abundant oxygen functionalized groups, so that it is more
biocompatible than that of rGO. For the 30s-reduced rGO/GO
hybrid MEA with strip-like pattern (rGO strip of width 30 mm and
spacing 30 mm), the PC12 proliferation demonstrates interesting
phenomenon. When the cell nucleus was stained with DAPI (blue
color) and F-actin was stained with Acti-stain 555 phalloidin (red
color), we can clearly observe that most of the cell nucleus are
distributed on the GO region, while the F-actin is uniformly
stretched along the strip direction and located at the GO side
(Fig. 6c). More interesting, most of the cell filopodia are extended to
the interface of GO and rGO, which can be ascribed to the edge
effect and rough interface between GO and rGO so as to provide
numerous anchoring sites for PC12 cell filopodia spreading, as re-
ported by Kim and Yang [36,37]. The histogram of cell density on
GO and rGO parts for 30s-reduced rGO/GO hybrid MEA (Fig. 6d)
further verified the preferred cell migration and proliferation on GO
surface.

Because of the good biocompatibility and high sensitivity of the
rGO/GO hybrid MEA, it can be used for in-situ H2O2 secretion
detection of PC12 cells (seeding density of 50000 cells/cm2). Fig. 7a
and (b) depict the status of the PC12 cells grew on 30s-reduced
rGO/GO hybrid MEA (Fig. 2d), which indicates that most of
PC12 cells prefer to grow on the GO region with the filopodia
extending to the interface of rGO and GO, i.e. PC 12 cell are closely
surrounding the circular rGO electrode. Upon exposure to PMA,
ROS are formed in PC12 cells, resulting in apoptosis [38]. Fig. 7c
shows the current density output of the 30s-reduced rGO/GO
hybrid MEA treated with 10 mL of 100 nM PMA for nine times. In
comparison, there is only reference current output for the rGO/GO
hybrid MEA without PC12 cells. In the case with the PC 12 cell
culture, a sharp current impulse is immediately obtained for each
PMA stimulation addition and then the signal comes back to
baseline within 2 s. This can be explained that when the PMA is
added to the near-surface of rGO/GO hybrid MEA, the H2O2 is
instantly released from the filopodia of the simulated cells and
promptly oxidized on the rGO/GO hybrid MEA at the applied po-
tential of 0.6V. Since the amount of released H2O2 is relative low,
the cell filopodia extended to the interface of rGO and GO provides
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fast diffusion channels for the H2O2 secretion to the conductive and
electrochemical active rGO region for rapid and sensitive H2O2
detection in a very short time. About 3.9 nAmm�2 peak current
density is recorded for the first PMA stimulus. As the further
increasing of PMA stimulus, the peak current density increases
until the 7th stimulus (Fig. 7d), corresponding to the increasing of
H2O2 releasing due to the ROS generation under PMA stimulus [9].
However, further PMA stimulus (8th and 9th) may cause apoptosis
or falling off of PC12 cells, resulting in the decreasing of current
output (Fig. 7c). The relation of the current output to the amount of
injected PMA is shown in Fig. 7d, and a linear relation is obtained.

4. Conclusion

In this work, we proposed the metal-free rGO/GO hybrid MEAs
for sensitive and in-situ H2O2 secretion detection. By combining the
convenient lithography and electrochemistry method, the size,
shape and pattern of rGO/GO hybrid MEAs were all programmable
and well controlled. Because of the good hydrophilicity of GO
(partially due to the abundant oxygen functionalized groups) and
high electro-catalytic activity of rGO, the rGO/GO hybrid MEA
exhibited high sensitivity for H2O2 detection with H2O2 concen-
tration ranging from 0.18 mM to 9.6mM. On the other hand, the
rGO/GO hybrid MEA also exhibited good biocompatibility for
PC12 cells proliferation and growth with cell filopodia extending to
the interface of GO and rGO, which provided rapid diffusion
channel for H2O2 secretion oxidation. The rGO/GO hybrid MEAwith
comparable sensor performance to that of the nanocomposites or
precious metals based biosensors, are compatible with the micro-
fabrication technique and can be easily integrated to the lab-on-
chip devices, which may shed useful insights for the design and
fabrication of high-performance biosensors.
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