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ABSTRACT

A novel electrochemical non-enzymatic hydrogen peroxide (H,0,) sensor has been developed based on Prussian
blue (PB) and electrochemically reduced graphene oxide (ERGO). The GO was covalently modified on glassy car-
bon electrode (GCE), and utilized as a directing platform for in-situ synthesis of electroactive PB. Then the GO was
electrochemically treated to reduction form to improve the effective surface area and electroactivity of the sens-
ing interface. The fabrication process was characterized by scanning electron microscopy (SEM), energy-disper-
sive X-ray spectroscopy (EDX) and atomic force microscopy (AFM). The results showed that the rich oxygen
containing groups play a crucial role for the successful synthesis of PB, and the obtained PB layer on the covalently
immobilized GO has good stability. Electrochemical sensing assay showed that the modified electrode had tre-
mendous electrocatalytic property for the reduction of H,0-. The steady-state current response increased linearly
with H,0, concentrations from 5 uM to 1 mM with a fast response time (less than 3 s). The detection limit was
estimated to be 0.8 pM. When the sensor was applied for determination of H,0, released from living cells of mac-

rophages, satisfactory results were achieved.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen peroxide (H,0-), as a common molecule in nature, shows
widespread applications in pharmaceutical, clinic, environmental, min-
ing, textile, paper, food manufacturing and chemical industries [1]. In bi-
ological field, it has been reported that the concentration level of H,0, is
an essential biological parameter in monitoring and maintaining the
physiological balance of living cells, and the abnormal concentration
level of H,0, in body will lead to cell aberrance and apotosis, causing
different kinds of diseases, such as Parkinson's, Alzheimer's, cancer, dia-
betes, cardiovascular and neurodegenerative disorders [2,3]. Therefore,
the development of highly sensitive, accurate, rapid and economical
method for the determination of H,0,, especially released from living
cells is of utmost importance in both biomedical and environmental
studies [4-6]. Due to the intrinsic simplicity, rapidness, high sensitivity
and selectivity, low cost, electrochemical method has been extensively
employed in H,0, sensor design and construction [7-9]. The enzyme-
based electrochemical H,O, sensors exhibit outstanding advantages of
high sensitivity and high selectivity, but their utility is usually debased
by the prohibitive costs of enzymes, complicated electrode fabrication
process, poor stability, and harsh condition of test. Alternatively, non-
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enzymatic H,0, sensors on the basis of nanomaterials are good candi-
dates for robust detection of H,0, due to their high stability, abundant
active sites, excellent catalytic activity [10,11]. Up to now, numerous
nanomaterials have been successfully used for the fabrication of non-
enzymatic H,0, sensors, such as noble metals, metal oxides, and carbo-
naceous materials [5,12-15]. But the high price and complicated syn-
thesis procedures these materials restrains their practical application.
Prussian blue (PB) is a typical inorganic material, which shows ex-
tensive application in various fields such as capacitor material,
electrochromic devices, catalysis, medicines, and so on [16]. PB has
also been denoted as an “artificial peroxidase” because of its catalytic ef-
fect toward many biological important molecules such as cholesterol
[17] and glucoses [18]. In addition, due to its excellent electroactivity,
high selectivity and porous structure, PB or its composite has also
been utilized as redox mediator in H,O, biosensor construction [19,20].
The fabrication of PB-based biosensors can be commonly accom-
plished by direct electrosynthesis [21] or physical coating coupled
with chemical pre-synthesis [22]. The electrodeposition of PB on the
electrode surface is convenient and thickness controllable, but the too
fast growth process of PB arising from its ultralow solubility product
constant (Kg, = 3.3 x 10~ *!) makes the morphology and size of the
electrosynthesised product hard to be controlled. PB synthesized
through homogeneous chemical method also has above mentioned dis-
advantages, and meanwhile the modification process of the pre-
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synthesized PB on solid electrode surface is complicated. In addition to
this, some film-forming reagent or binders are necessary, which will
cause inferior electronic conductivity as well as the low sensitivity of
the sensors.

In contrast, the in-situ self-assembly method based on successive
adsorptions of Fe> ™ and Fe(CN)&™ on an appropriate matrix to synthe-
size PB not only can effectively control the growth rate as well as unifor-
mity and morphology of PB, but also can greatly enhance its
physicochemical properties such as mechanical strength and chemical
stability [23]. Based on these merits, Manivannan et al. [24] used
amine-functionalized silicate sol-gel reduced graphene oxide composite
as the matrix for the in-situ synthesis of PB, leading to a three-dimen-
sion cage-like porous nanostructure. Electrochemical experiment
showed that the unique electron-transfer mediating process of PB inte-
grated with highly conductive reduced graphene oxide synthesized via
the in-situ assembly method facilitated synergistic electrocatalytic ac-
tivity for methanol oxidation. Ojani et al. [25] also synthesized PB
through in-situ assembly method on a poly (o-phenylenediamine)
modified electrode, which was utilized as an electrochemical sensor
for H,0; in acid media. However, in order to successfully obtain the
in-situ synthesized PB, a non-conductive supporting matrix such as
amine-functionalized silicate sol-gel [24] or poly (o-phenylenediamine)
[25] was used, which not only increased fabrication cost and procedure,
but also decreased the electrochemical activity of PB.

In order to overcome these disadvantages that happened in the con-
ventional synthesis method of PB, the graphene oxide (GO) with rich
functional groups was used as a directing platform for in-situ synthesis
of PB in this work. The GO was first immobilized on a glassy carbon elec-
trode (GCE) via a covalent bonding method, then the PB was grown on
GO through sequential dipping in Fe>* and Fe(CN)& ™ solutions. Charac-
terization experiments suggested that the functional oxygen-containing
groups were crucial for the GO-directed growth of PB. Then in order to
improve the electroactivity of the synthesized PB, the modified elec-
trode was electrochemically treated to transfer GO film to the reduced
form (ERGO), which was more convenient and safe than the traditional
chemical reduction methods [26,27]. So, the proposed method that
combines in-situ growth of PB and direct electro-reduction of GO pre-
sented the advantages of higher stability, easier fabrication process
and better analytical performance. Electrochemical analytical results
showed that the prepared electrode could been utilized as a robust sen-
sor for electrochemical analysis of H,O, with wide linear range, fast re-
sponse rate and excellent anti-interference ability. Based on these
features, the electrode was applied as an electrochemical sensor for
the effective monitoring of H,0, released from living cells.

2. Experimental
2.1. Reagents and apparatus

Graphite and ascorbic acid (AA) of analytical grade were obtained
from Guangdong Xilong Chemical Co., Ltd. (China). Dopamine (DA)
was acquired from Aladdin Reagent Co., Ltd. (China). H,0, and glucose
(Glu) were provided by Hengmao Chemical Reagent Co., Ltd. (China).
Lipopolysaccharide (LPS) and catalase were obtained from Sigma-Al-
drich  (China). N-Hydroxy succinimide  (NHS), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), po-
tassium ferrocyanide (K4Fe(CN)g) and ferric chloride hexahydrate
(FeCl3-6H,0) were purchased from Shanghai Jingchun Reagent Co.,
Ltd. (China). The macrophages were provided by BeNa Culture Collec-
tion Co., Ltd. (China). Uric acid (UA) was supplied by Sangon Bioengi-
neering Co., Ltd. (China). Nafion was obtained from Shanghai New-
energy Technology Co., Ltd. (China). All the other chemicals were of an-
alytical reagent grade and obtained commercially. Doubly distilled
water was used throughout the experiments.

Morphology of the modified electrode was recorded on JEOL JSM-
5600F Field-Emission Scanning Electron Microscopy (SEM, Japan).

Atomic force microscopy (AFM) measurements were carried out on
CSPM5500 scanning probe microscope (China). The pH values were

tested on a model pHS-25 digital acidometer (China). Electrochemical
measurements were measured by a CHI 650C electrochemical analyzer
(China) with a conventional three-electrode system composed of Pt
wire as auxiliary, Ag/AgCl electrode as the reference electrode, and a
glassy carbon electrode (GCE, & = 3 mm) modified with different ma-
terials as the working electrode. The SEM and AFM characterization on
the morphology of the electrode were performed on a detachable work-
ing electrode purchased from Gaoss Union Tech. Co., Ltd. (China).

2.2. Covalent immobilization of GO on GCE

Prior modification, the bare GCE was polished to a mirror-like sur-
face with 1.0, 0.3, and 0.05 pm a-Al,03, followed by ultrasonic rinsing
with water, ethanol-water mixture (V/V = 1:1), and water in turn.
Then the electrode was dried under a high-purity N, stream. GO was
synthesized from graphite powder according to Hummer's method
[28]. The homogeneous GO suspension (1.0 mg mL™!) was prepared
by dispersing 5 mg GO in 5 mL water with ultrasonication for 5 h. The
fabrication procedure of the sensor was illustrated in Scheme 1. In de-
tail, the cleaned electrode was oxidized at + 0.5 V for 60 s in 0.05 M
PBS (pH 7.0) to generate oxygen-containing functional groups on the
electrode surface [29]. Then the oxidized GCE was activated in 200 pL
mixture solution containing 5.0 mM EDC and 8.0 mM NHS for 2 h,
followed by rinsing with water. Afterward, 10 pL of prepared GO sus-
pension was dropped onto the activated GCE surface and dried in air.
After sufficiently washed with water to remove the loosely absorbed
GO, the GO covalently modified GCE (GO/GCE) was prepared.

2.3. In-situ growth of PB on GO/GCE and the electro-reduction treatment

For the in-situ growth of PB on GO/GCE, the GO/GCE was subse-
quently immersed in Solution A (0.01 M FeCls, 0.1 M HCI and 0.1 M
KClI) for 1 min, water for 30 s, Solution B (0.01 M K4[Fe(CN)g], 0.1 M
KCl) for 1 min, and water for 30 s at 37 °C. Such a dipping process was
repeated for 10 times to make sure of adequate growth of PB nanopar-
ticles on GO/GCE. The obtained electrode was denoted as PB-GO/GCE.
Afterwards, the PB-GO/GCE was immersed into 0.05 M PBS (pH 7.0),
and cyclically swept within a potential range of —1.6-0.6 V at
50 mV s~ ! to transform GO to the reduced form (ERGO) [30]. The ob-
tained electrode was denoted as PB-ERGO/GCE. Finally, in order to im-
prove selectivity and stability of the prepared electrode, 5 pL 0.5%
Nafion was cast on the PB-ERGO/GCE surface. After dryness and washed
with water, the sensor (Nafion/PB-ERGO/GCE) was achieved.

In addition, in order to probe whether PB was grown specifically on
GO modified electrode, an electrode of GO/GCE was electro-reduced
first, and then used as the directing platform for growth of PB. The ob-
tained control electrode was named as PB-pERGO/GCE. Also, in order
to investigate sensing performance of each constitute in the sensing
film, the electrodes of GO/GCE and PB-GO/GCE were fabricated through
the same procedures.

3. Results and discussion
3.1. Morphologic and structure characterization

The appropriate matrix with functional groups is very attractive as
support and stabilizer for the nanoparticles in both solution and solid
phase [31]. In this work, the GO with rich functional groups of —COOH,
—OH, and epoxy that covalently anchored on GCE was utilized as solid-
phase support for the in-situ growth of PB particles. The growth process
was characterized by SEM, and the results were displayed in Fig. 1. As
seen, the bare GCE showed a flat and smooth surface (Fig. 1A). Upon
modification of GCE with GO, some corrugated regions (Fig. 1B, see
the arrow) that was consistent with the characteristic of GO was
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Scheme 1. Illustration for the fabrication and electrochemical sensing application of Nafion/PB-ERGO modified electrode.

observed, suggesting that the GO had been successfully confined on the
electrode surface. After the GO/GCE was subsequently immersed in So-
lution A and Solution B as described in experimental section, it was
clearly found that some cubic particles were dispersed on the surface
of the GO/GCE, and the diameter of the obtained particles were in the
range from 100 nm to 400 nm (Fig. 1C).

The EDX analysis demonstrated that the particles were comprised by
the elements of Fe, N, C and K (Fig. 1a), confirming that PB had grown on
the surface of GO. In order to probe the effect of the functional groups of
GO on the in-situ growth of PB, the pre-electroreduced electrode of GO/
GCE, i.e., pPERGO/GCE was also applied as supporting matrix to succes-
sively dipping in Solution A and Solution B. Interestingly, the SEM
image (Fig. 1D) showed that only a few PB particles were observed,
and the EDX analysis (Fig. 1b) confirmed the few particles were PB.
Therefore, it could be concluded that the oxygen-containing functional
groups play a crucial role for the in-situ large-scale synthesis of PB.

The growth mechanism could be proposed as a “reactive self-assem-
bly process” [32]: when GO/GCE was immersed into Solution A, the hy-
drophilicity of GO facilitate the permeation and adsorption of Fe*™
cations on the GO surface via the electrostatic and/or coordinative inter-
action with the negatively charged oxygenic groups. Then the electrode
was immersed into Solution B, the adsorbed Fe>* cations further react
with the [Fe(CN)g]*~ anion, and form the insoluble crystal nucleus of
Fe,[Fe(CN)g]y on the surface of GO. After repetitive dipping in Solution
A and Solution B, the crystal nucleus of Fey[Fe(CN)g], continuously
grow, and finally form PB nanoparticle layer on the electrode surface.

Atomic force microscopy (AFM) is a high-resolution scanning probe
microscopy, which can be conducted to probe the topography changes
of an interface. The formation of PB on the GO modified electrode was
further characterized by AFM. Fig. 2 showed the three-dimension (3D)
(curve a), topographic (curve b), and cross-sectional (curve ¢) AFM im-
ages of bare GCE (A), GO/GCE (B), PB-GO/GCE (C) and PB-pERGO/GCE
(D). As seen, the surface of bare GCE was flat and smooth. The largest
height and the average roughness degree (R) that calculated from

different regions were determined to 1.83 nm and 1.27 nm, respective-
ly. However, when GO was covalently immobilized on GCE, the flat elec-
trode surface was transformed to mountain chain-like peaks. The
largest height and average roughness were raised to 4.26 nm and
2.65 nm, respectively, suggesting that GO had been grafted on the elec-
trode surface. After PB particles were further grew on the surface of GO/
GCE, the AFM results changed dramatically. It was observed that lots of
hill-like peaks appeared, and the largest peak height and the roughness
were evidently increased to 42.01 and 38.22 nm, respectively,
confirming that the PB nanoparticles had been successfully prepared
on GO modified electrode through the proposed approach. For compar-
ison, the AFM result of PB formed on pERGO/GCE was also recorded, and
the result revealed that the surface of this electrode was very different
with that of PB-GO/GCE, but was similar with that of GO/GCE. The
height and the average roughness were only 8.45 and 5.81 nm, respec-
tively. This result further testified that only few of PB was formed on
PERGO/GCE, likely due to the lack of active groups on pERGO for the ef-
fective growth of PB. These results also indicated that GO was capable of
acting as an effective directing platform for the in-situ synthesis of PB.

3.2. Electrochemical behaviors of PB modified electrode

Fig. 3A showed the corresponding CVs of (a) GO/GCE, (b) PB-GO/
GCE and (c) PB-ERGO/GCE within the potential range from — 0.8 to
0.6Vin 0.1 MKCI (pH = 2.0). As seen, not any Faradic response was ob-
served on GO/GCE, suggesting that the modified layer of GO was
electro-inactive under the test conditions. However, after the electrode
was deposited with the PB via the proposed in-situ growth method, a
pair of well-defined redox peak was observed at +0.116 V and
+0.220 V with the anodic peak currents (I,,) of —30.7 pA and the ca-
thodic peak currents (Ip.) of 98.2 yA. The redox peak potentials were
in good consistence with those of PB in literature [33,34]. Upon further
electrochemical treatment in 0.05 M PBS buffer to transfer GO layer to
the reduced form of ERGO, it was found that the background currents
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Fig. 1. SEM images of GCE (A), GO/GCE (B), PB-GO/GCE (C) and PB-pERGO/GCE (D), and EDX patterns of PB-GO/GCE (a) and PB-pERGO/GCE (b). The SEM and EDX results for PB-GO/GCE
and PB-pERGO/GCE were obtained after immersing in Fe>* and [Fe(CN)g]*~ solutions for 10 cycles.

of the electrode increased significantly (curve c), and meanwhile, the I,,
and I, were respectively increased to —160.7 pA and 253.5 pA. The
ratio of I,a/Ic was much closer to one unit in comparison with the un-
reduced one. These results demonstrated that GO layer had been well
reduced, which increased the effective surface area of the electrode
and electron transfer reversibility of the electroactive materials.
Furthermore, the electrochemical behaviors of PB-ERGO/GCE at var-
ious scan rates (v) were examined, and the results were displayed in Fig.
3B. It was observed that both the reduction peaks and the oxidation
peaks enhanced with the increase of scan rate, and the peak currents
(Ipc) showed good linear relationships with the square root of scan
rate (v'/?), obeying the regression equations of I,, (107 °A) =
1052 — 2150 v!2 (V'2/s12) (R = 0.999) and I,. (107°A) =
18.49 + 2230 v'/2 (V/2/s172) (R = 0.998), respectively (Fig. 3C). The re-
sults indicated that the electron transfer reaction of PB on the electrode
surface was controlled by a diffusion process [35], which could be ex-
plained by the fact that the electrochemical reaction process of PB was

accompanied by the diffusion of K from bulk solution to the electrode
surface as displayed in the following equation:

KFe {Fe“(CN)G} (electrode)+K* (solution)+e =K, Fe'! [Fe”(CN)G} (1)

3.3. Electrocatalytic activity toward the reduction of H,0»

To probe the potential application of the fabricated PB/ERGO/GCE, it
was applied as an electrochemical sensor for the catalytic analysis of
H,0,. It was of note that in order to enhance the stability and anti-inter-
ference of the sensor, a layer of Nafion was utilized to cast on the PB-
modified electrode surface. Fig. 4 showed the CVs of Nafion/ERGO/GCE
(A), Nafion/PB-GO/GCE (B), and Nafion/PB-ERGO/GCE (C) in N,-satu-
rated electrolyte without (curve a) and with (curve b) 1.0 mM H,0,. It
was observed that the CVs of ERGO/GCE in absence and presence of
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Fig. 2. Three-dimensional (a), topographic (b), and cross-sectional (c) AFM images of GCE (A), GO/GCE (B), PB-GO/GCE (C) and PB-pERGO/GCE (D). The AFM results for PB-GO/GCE and
PB-pERGO/GCE were obtained after immersing in Fe> ™ and [Fe(CN)]*~ solutions for 10 cycles.

H,0, showed negligible change (Fig. 4A), suggesting that the ERGO
alone had no obvious electrocatalytic activity for H,O, reduction. How-
ever, on Nafion/PB-GO/GCE (Fig. 4B), it was found that PB still presents
good redox peak (curve a), and when H,0, was added into the electro-
lyte, an increase of 21 pA was observed for the reduction peak, which
suggested that the PB in the modified film had the electrocatalytic effect
on the reduction of H,0, [36]. It was interesting that when Nafion/PB-
ERGO/GCE was applied for determination, the reduction peak of PB in-
creased more significant (85 pA), suggesting that the sensing film of
PB/ERGO had higher electrocatalytic ability for the reduction of H,0,,
due to the fast catalytic electron transfer process of PB on ERGO through

the following equation:

ERGO,-2e
SR

2K, Fell [Fe"(CN)G] +2H,0,+4H 2KFe!l {Fe"(CN)G] +4H,0 + 2K+

(2)

3.4. Amperometric performance of H,0, at Nafion/PB-ERGO/GCE

To further investigate the analytical performance of the sensor, the
amperometric curve of Nafion/PB-ERGO/GCE in H,0, solution was
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Fig. 3. (A) Cyclic voltammograms (a) GO/GCE, (b) PB-GO/GCE, and (c) PB-ERGO/GCE in 0.1 M KCl (pH = 2.0). (B) Cyclic voltammograms of Nafion/PB-ERGO/GCE with different scan rates
(v) in 0.1 MKCl (pH = 2.0) aqueous solution (from inner to outer): 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 V s~ ', respectively. (C) The relationship of
cathodic peak current (I,c) and anodic peak current (I,,) versus square root of scan rates (v'72), respectively.

recorded. Fig. 5A showed the typical amperometric response of Nafion/
PB-ERGO/GCE at different applied potentials, upon injection of increas-
ing amount of H,0,. It was clearly seen that the sensitivity of the amper-
ometric curve changed greatly with the variation of the applied
potential, and the largest sensitivity occurred at —0.25 V. Therefore,
the applied potential of —0.25 V was selected for the following quanti-
tative analysis.

Fig. 5B showed amperometric responses of Nafion/PB-ERGO/GCE in
0.1 M KCI (pH = 2.0) with successive injection of H,0, under the ap-
plied potential of —0.25 V. As shown, obvious increase of catalytic re-
duction current was observed during successive additions of H,0,.
Inset of Fig. 5B further revealed that the sensor showed a fast catalytic
response toward H,0, reduction, as judged from the fact that the cata-
lytic current reached steady-state within 3 s upon injection of H,0,,

Fig. 4. Cyclic voltammograms of (A) Nafion/ERGO/GCE, (B) Nafion/PB-GO/GCE, (C) Nafion/PB-ERGO/GCE in 0.1 M KCl (pH = 2.0) solution at scan rate of 0.1 Vs~ ! without (a) and with (b)

1.0 mM H;0,.
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Fig. 5. (A) Amperometric responses of Nafion/PB-ERGO/GCE upon successive injection of 0.1 mM H,0, at different potentials. (B) Amperometric responses of Nafion/PB-ERGO/GCE upon
successive additions of H,0, at an applied potential of —0.25 V. Inset: The current response time after addition H,O, at Nafion/PB-ERGO/GCE. (C) Calibration plots of catalytic current (I)
against H,0, concentrations (C). (D) Amperometric response of Nafion/PB-ERGO/GCE to 0.5 mM H,0, in the presence of 0.5 mM AA, DA, UA and glucose.

which was shorter than many reported values in literatures [37-40]. A
linear relationship was obtained in the range from 5.0 pM to 1 mM be-
tween catalytic currents (I) and H,0, concentrations (C) (Fig. 5C),
with the linear regression equation of I (pA) = 0.02013Cy0>
(UM) + 2.201 (R = 0.995). Based on a signal-to-noise ratio of 3, the
limit of detection was estimated to be 0.8 pM. Although the detection
limit of the sensor was slightly higher than some of the other H,0, sen-
sors [27,41,42], the presented method for in-situ preparation of PB ma-
terial coupled with electrochemical reduced GO layer exhibited the
advantages such as low cost, easy operation, high conductivity and
fast sensing response.

The influence of some endogenous species, such as AA, DA, UA and
Glu on the catalytic response were investigated to evaluate the selectiv-
ity of the PB-ERGO-based H,0, sensor. As showed in Fig. 5D, the addi-
tion of Hy0, (0.5 mM) leads to a dramatic increase in catalytic current.
However, the current response showed very small change after the ad-
dition of 0.5 mM DA, AA, UA and Glu, respectively. Moreover, the cur-
rent response remains significant enhancement after further addition

of 0.5 mM H,0-, into the solution containing those interference species.
This phenomenon confirmed that Nafion/PB-ERGO/GCE could be used
as a highly selective sensor for the electrochemical analysis of H,0O; in
a complex environment.

Furthermore, the stability, reproducibility and repeatability of the
sensor were investigated. Fig. 6A showed that the current signal
remained 88.7% over a long period of 3600 s. Moreover, the stability of
the Nafion/PB-ERGO/GCE was evaluated by storing the prepared sensor
at ambient environment, and then electrochemically monitored every
2 days. It was found that 97% of the initial redox peak in CV of the sensor
and 91% of the initial catalytic current toward H,O, was retained after
4 weeks, which ascertained its eligible long-term stability (inset, Fig.
6A). The high stability of the sensor could be ascribed to the stable
chemical performance of PB material and tight immobilization of sens-
ing platform on electrode surface through the covalent method. Addi-
tionally, when six Nafion/PB-ERGO/GCE were fabricated
independently under the same conditions and applied for detection of
0.5 mM H,0,, a relative standard deviation (RSD) value of 4.8% was

Fig. 6. (A) Amperometric response toward 0.5 mM H,0, over a long time-period of 3600 s. Inset: the stability of the sensor to H,0, tested every two days for 4 weeks. (B) Reproducibility of
six Nafion/PB-ERGO electrodes for detection of 0.5 mM H,0,. Inset: Repeatability of Nafion/PB-ERGO/GCE for detecting 0.5 mM H,0, seven times.
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achieved (Fig. 6B), indicating an acceptable reproducibility of the sensor
for analysis application. Repeatability was also measured with one elec-
trode used to detect 0.5 mM H,0, seven times, as shown in inset of Fig.
6B, the RSD of current response was 4.2%. The results showed that the
excellent stability, reproducibility and repeatability of the Nafion/PB-
ERGO/GCE were reliable for H,0, sensing.

3.5. Detection of H>0 released from living macrophages

In order to validate the practical application of Nafion/PB-ERGO/GCE
for measurement of H,0, released from living cells. Macrophages, the
chemotactically responsive cells, play an important role in host defense
against various microbes as well as tumors [43]. So, we used macro-
phages as cell example and used Lipopolysaccharide (LPS) to stimulate
H,0, generation of the cells. As shown in Fig. 7, in a blank electrolyte so-
lution without macrophages, no obvious current change was observed
when LPS was added (curve a). Nevertheless, when LPS was added
into the electrolyte in the presence of 6.4 x 10 macrophages, the cata-
lytic current increased rapidly (curve b), showing that H,0, had been
generated from living cells. Then the injection of 300 unit mL~" cata-
lase, the current decreased again. This is because catalase was a selective
enzyme for the decomposition of H,0,. According to the current change
(4.5 pA) for these cells, the H,0,, released from each cell was calculated
to be about 1.83 x 10~ '* mol, which agrees well with the earlier litera-
tures [44,45], showing that our developed sensor was feasible to real-
time monitor the H,0, released from living cells.

4. Conclusions

In this paper, covalent bonding method was applied for immobiliza-
tion of GO on an oxidized glassy carbon electrode, which was further
utilized as a supporting platform for the in-situ synthesis of PB. Charac-
terization experiments suggested that the rich oxygen-containing
groups play a crucial role for the growth of PB. Furthermore, GO in the
PB-GO film was reduced to ERGO through an environmentally friendly
and effective electrochemical reduced method. Such a protocol for the
fabrication of PB-based modified electrode has advantages: (1) The
morphology and growing amount of PB could be well controlled by
turning the dipping circles of the electrode in Fe** and [Fe(CN)g]* ~ so-
lutions. (2) The stability of the modified film can be greatly improved by
the combination of in-situ synthesis of PB covalent immobilization of
GO and electrochemical reduction of GO. Based on these advantages,
when Nafion/PB-ERGO/GCE was applied for the H,0, detection through
amperometry, fast response rate, high current response and wide dy-
namic range were achieved. In addition, when the developed sensor
was applied for real-time detection of H,0- released from living cells,
and satisfactory results were obtained. The present work provided us

Fig. 7. Amperometric responses of Nafion/PB-ERGO/GCE in 0.1 M KCI (pH = 2.0) with the
addition of 8 pg mI~ ! LPS in the absence (a) and presence (b) of macrophages.

a new strategy for the fabrication of non-enzymatic electrochemical
sensor for H,0, in biological samples.
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