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	 A Hemin-functionalized electrochemically reduced graphene oxide (H-ERGO) 
nanocomposite was prepared for the construction of a nonenzymatic H2O2 biosensor.  H-ERGO 
was directly modified on the electrode surface without using a binder by electrochemical 
reduction.  Detailed physical and electrical characterizations of H-ERGO were conducted by 
scanning electron microscopy, UV–vis absorption spectroscopy, and electrochemical impedance 
spectroscopy (EIS).  Taking advantage of the superior catalytic properties of H-ERGO, we 
applied the proposed biosensor to H2O2 analysis.  Under optimized conditions, the H-ERGO-
based biosensor exhibited a wide linear range from 25 to 8850 and 8850 to 28850 μM, with 
a detection limit (S/N = 3) of 8.33 μM for H2O2 determination.  Furthermore, it was also 
successfully applied to detect H2O2 in milk samples with recoveries ranging from 94.6 to 98.1%.

1.	 Introduction

	 Hydrogen peroxide (H2O2) is closely related to many vital physiological and biochemical 
changes in organisms.  For instance, H2O2 in plants is essential for stress response and the 
regulation of programmed cell death, while mammalian cells generate H2O2 to mediate diverse 
physiological responses, including cell proliferation, differentiation, and migration.(1,2)  In 
addition, H2O2 is of great importance in food processing, disinfection, and pharmaceutical 
production.  Dairy industries widely use H2O2 as a preservative to prevent corruption 
and extend the shelf life of dairy products.(3)  However, the residue of H2O2 can cause 
neurodegenerative disorders, cancer, diabetes, and other health problems.(4)  Therefore, the 
accurate measurement of H2O2 level is very important.  Traditional H2O2 determination 
methods include the colorimetric method,(5) fluorescence method,(6) flow injection method,(7) 
and electro-chemiluminescence.(8)  However, the application of these methods is limited by a 
complicated, time-consuming, or expensive process.  Moreover, these techniques require skilled 
operators and sophisticated instrumentation.  It is generally accepted that the electrochemical 
method has many advantages, including fast response, cheap apparatus, simple operation, and 
high sensitivity and selectivity.(9)  H2O2 can be reduced on ordinary electrodes; however, its 
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sensitivity is low and it is easily interfered by other substances.  Therefore, it is necessary to 
develop high-performance electrochemical sensors for H2O2 biosensing.
	 Hemin is a type of ferroporphyrin derivative and the active center of various heme proteins 
including hemoglobin peroxidase and myoglobin.  Typically, a pair of reversible or quasi-
reversible peaks from the redox of Hemin-Fe can be obtained in cyclic voltammograms.(10,11)  
Recent investigations have revealed that Hemin can exhibit peroxidase-like catalytic activity 
towards the H2O2 reduction reaction; thus, many efforts have been devoted to the fabrication 
of Hemin-based H2O2 biosensors.  For instance, Lotzbeyer et al. modified the cystamine 
monolayer to covalently bind Hemin on gold electrodes, which exhibited high electrocatalytic 
activity for H2O2 reduction.(12)  Valentini et al. used carbon nanofibers (CNFs) to immobilize 
Hemin by π–π interactions.  The open structure of CNFs coupled with a high surface functional 
group density enhanced the catalytic activity of Hemin, and the fabricated biosensor achieved 
a low detection limit for H2O2.(13)  However, a binder, such as nafion or chitosan, is required to 
anchor the Hemin stably on electrodes or nanomaterials, which may complicate the fabrication 
procedure and limit further improvement of the analytical performance of Hemin-based 
biosensors.
	 Graphene oxide (GO), consisting of a single layer, has a large surface area and attractive 
mechanical properties.  Abundant oxygen-containing functional groups on the surface of GO 
favor its surface functionalization.(14)  The reduction of GO is a significant method for the 
preparation of graphene, and investigations focused on reduced graphene oxide (rGO)-based 
sensors have received extensive attention.  For example, Zhou et al. fabricated 1-aminoindole 
functionalized rGO on electrodes to measure phenolic substances.(15)  Chen et al. used rGO 
to construct a molecular adsorption gas sensor for sensing NO2 and NH3.(16)  Recently, the 
preparation of graphene by electrochemical reduction has been extensively studied.  This 
method does not use a reducing agent, and the electrochemically reduced graphene oxide (ERGO) 
shows similar electrochemical performance to chemically reduced GO.(17)  For the biosensor 
fabrication, ERGO can be directly modified on the electrode by electrochemically reducing GO 
without using any binder, which can simplify the fabrication procedure.
	 In this work, we have prepared a Hemin-functionalized electrochemically reduced 
graphene oxide (H-ERGO) nanocomposite to fabricate a nonenzymatic H2O2 biosensor.  The 
immobilization of Hemin and the reduction of GO were accomplished simultaneously on 
the electrode surface.  Under optimized conditions, the proposed biosensor exhibited a wide 
linear range with a detection limit (S/N = 3) of 8.33 μM for the detection of H2O2.  It was also 
successfully used to detect H2O2 in milk samples.

2.	 Materials and Methods

2.1	 Reagents and materials

	 GO was purchased from XFNANO Technology Co., Ltd. (Nanjing, China).  Hemin 
(ferriprotoporphyrin IX chloride, 98 wt%) was purchased from Sigma.  All other reagents used 
in this work were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).  
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Milk bought from a local supermarket (Zhenjiang, China) was utilized for the real sample 
analysis.  The ultrapure water supplied by a Milli-Q Plus system (Millipore) was used for all the 
solution preparations.  All the experiments were conducted at room temperature.

2.2	 Instrumentation

	 Scanning electron microscopy (SEM) images were taken on a S-3400N scanning electron 
microscope (Hitachi, Japan).  UV–vis absorption and Raman spectra were obtained on a UV-
2450 spectrophotometer (Shimadzu, Japan) and a DXR Raman microscope (ThermoFisher, 
USA), respectively.  Electrochemical experiments were conducted on a CHI852D 
electrochemical workstation (Chenhua, China).  The three-electrode system was used with 
a modified glassy carbon electrode (GCE) (diameter = 2 mm) as the working electrode, a 
platinum wire electrode as the auxiliary electrode, and a Ag/AgCl electrode (saturated KCl) as 
the reference electrode.  Electrochemical impedance spectroscopy tests were performed on a 
Zennium electrochemical workstation (ZAHNER, Germany).

2.3	 Preparation of Hemin-functionalized graphene oxide (H-GO)

	 For the preparation of H-GO, 30 mg of GO and 15 mg of Hemin were mixed in 15 mL of 
ultrapure water, followed by ultrasonication in an ultrasonic homogenizer for 30 min.  Then, the 
solution was stirred for 24 h to obtain H-GO.

2.4	 Preparation of H-ERGO

	 GCE was firstly polished with 0.05 μm alumina powder and sequentially sonicated in 
ethanol and ultrapure water, and then dried at room temperature.  2 μL of H-GO solution was 
cast on GCE and dried in air.  Then, cyclic voltammetry (CV) was applied to reduce H-GO to 
H-ERGO/GCE in 0.1 M PBS (pH 7.0) in the potential range from 0.0 to −1.4 V for 50 cycles at a 
scan rate of 50 mV s−1.(18)

3.	 Results and Discussion

3.1	 Principles

	 To achieve the direct immobilization of Hemin without a binder during the biosensor 
fabrication, we developed a novel method of synthesizing H-ERGO on an electrode (Fig. 1).  
Briefly, Hemin was anchored on GO by π–π interactions, and the obtained H-GO composite 
was modified on the electrode.  Then, the following electrochemical reduction can reduce GO 
to ERGO as well as anchor the nanocomposite on the electrode.  Hemin in H-ERGO retained 
its catalytic activity toward H2O2 reduction; ERGO showed a high conductivity and a large 
effective specific surface area.  The fabricated electrochemical biosensor based on H-ERGO 
showed superior analytical properties toward H2O2.
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3.2	 Characterization of composite

	 The functionalization of Hemin on GO was characterized by UV–vis spectroscopy.  Figure 
2(a) shows the UV–vis spectra of GO, Hemin, and H-GO.  The peak located at 225 nm for GO 
and H-GO was the typical characteristic absorption of GO derived from the π–π* transition 
of aromatic C=C bonds.  Typically, the UV–vis spectra of Hemin display two characteristic 
absorption bands at 390 nm and a Q-band at 500–700 nm.(19)  For H-GO, absorption peaks 
were observed at 240 and 410 nm, which were assigned to GO and Hemin, respectively.  The 
redshifted peaks may originate from the π–π interaction between GO and Hemin.(20)  Raman 
spectra were further obtained to characterize the crystal structures of carbon in H-GO and 
H-ERGO.  As shown in Fig. 2(b), the results of Raman spectra show a D band at 1351 cm−1 
and a G band at 1578 cm−1 for both H-GO and H-ERGO.  Generally, the D band for carbon 
corresponds to the edge and disordered carbon atoms, reflecting the degree of disorder and 
defects, whereas the G band corresponds to the sp2-bond carbon atoms, reflecting the degree of 
symmetry and crystallization.(21)  Here, the calculated ID/IG values are 0.86 for H-GO and 1.11 
for H-ERGO [Fig. 2(b)].  The relatively larger ID/IG value of H-ERGO demonstrated that most 
of the oxy-generated groups were removed and the proportion of sp2 domains was reduced after 
the electrochemical reduction of GO, whereas the number of defects existing in H-ERGO is 
higher than that in GO.(22)

	 The morphologies of the electrodes were characterized by SEM.  In Fig. 3(a), the SEM 
image shows the smooth surface of the GCE.  For the GO-modified GCE (GO/GCE), the clearly 
observed wrinkle structure indicates the successful modification of GO [Fig. 3(b)].(23) The 
aggregation of Hemin with block structures could be observed on the Hemin-modified GCE 
(Hemin/GCE) [Fig. 3(c)].  According to the SEM image of the H-ERGO composite modified 
GCE (H-ERGO/GCE), relatively small blocks of Hemin aggregation are encapsulated by the 
graphene on the surface of the GCE; however, no distinguishable wrinkle for typical graphene 
structures is observed, which may be ascribed to the functionalization of Hemin on graphene 
[Fig. 3(d)].

Fig. 1.	 (Color online) Schematic for the preparation of H-ERGO and its application to H2O2 detection.
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3.3	 Electrochemical behavior of H-ERGO

	 The electrochemical performance of H-ERGO was examined by CV and electrochemical 
impedance spectroscopy (EIS).  Figure 4 shows the reduction of GO on H-GO/GCE and GO/
GCE.  After 50 cycles, compared with that of GO/GCE, the CV curve of H-GO/GCE shows a 
pair of distinct redox peaks at −0.35 V, which is ascribed to the redox reaction of Hemin-Fe.(23)  
The peak at −1.15 V disappears after 50 cycles of CV scanning for both H-GO/GCE and 
GO/GCE owing to the removal of oxy-generated groups from the GO surface.

Fig. 2.	 (Color online) (a) UV–vis absorption spectra of GO, Hemin, and H-GO. (b) Raman spectra of GO and 
H-ERGO.

(a) (b)

(a) (b)

(c) (d)

Fig. 3.	 SEM images of (a) GCE, (b) GO/GCE, (c) Hemin/GCE, and (d) H-ERGO/GCE.
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	 The CV curves of GCE, GO/GCE, Hemin/GCE, and H-ERGO/GCE are shown in Fig. 4(c).  
A pair of distinct redox peaks is observed on the GCE with a peak potential difference (ΔEp) of 
95 mV [Fig. 4(c)].  Compared with those of GCE, the CV curves of GO/GCE and Hemin/GCE 
display enlarged ∆Ep and reduced peak currents, indicating the impeded electron transfer 
between the redox probe and the electrode.(24)  In contrast, the peak current of H-ERGO/GCE 
significantly increases with a ∆Ep of 115 mV compared with that of GCE, GO/GCE, or 
Hemin/GCE.  The electroactive area of the electrode can be estimated using the Randles–
Sevcik equation(25)

	
5 3/2 1/2 1/2 ,

2.69 10
pA

n D V C

I

× × ×
=

× ×
	 (1)

where A is the electroactive surface area (cm2), Ip is the peak current (A), n = 1, D = 1.0 × 10−5 
(cm2 s−1), V is the scan rate (V s−1), and C is the concentration (mol ml−1) of probe molecules.  
The calculated electroactive surface areas are 3.28 and 5.42 mm2 for GCE and H-ERGO/GCE, 
respectively.  Thus, the presence of H-ERGO not only increased the electroactive area but also 
improved the electron transfer ability of the electrode.(26)

(a) (b)

(c) (d)

Fig. 4.	 (Color online) CV curves of (a) H-GO/GCE and (b) GO/GCE in 0.1 M PBS (pH 7.0) for 50 cycles. Scan 
rate: 50 mV s−1. (c) CV curves of GCE, GO/GCE, Hemin/GCE, and H-ERGO/GCE in 5 mM [Fe(CN)6]3−/4− 
containing 0.1 M KCl. Scan rate: 100 mV s−1. (d) EIS spectra of GCE, GO/GCE, Hemin/GCE, and H-ERGO/GCE. 
Amplitude: 5 mV, frequency: 0.1 to 1 × 106 Hz. Right inset: enlarged high-frequency region. Upper left inset: 
equivalent circuit [Rs(Cdl(RctZw))] fitting electrode. Rs: solution resistance, Cdl: double-layer capacitance, Rct: 
electron transfer resistance, Zw: diffusion resistance.
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	 EIS was extensively used for studying the interfacial properties of the electrode.(27)  The 
semicircular pattern diameter of the EIS spectrum in the high-frequency region is proportional 
to the electron transfer resistance (Ret).(28)  Accordingly, the estimated Ret value of GCE is 45.5 Ω.  
The Ret values of Hemin/GCE (6623 Ω) and GO/GCE show significant increases, revealing that 
both Hemin and GO block electron transfer and reduce the electron transfer rate [Fig. 4(d)].  In 
contrast, the calculated Ret value of H-ERGO/GCE is 135.5 Ω, indicating the good electrical 
property of H-ERGO.
	 Figure 5(a) shows the CV curves of H-ERGO/GCE at different scan rates ranging from 
10 to 700 mV s−1.  As the scan rate increases, both the anodic and cathodic currents increase 
[Fig. 5(b)].  Then, the redox peak current of H-ERGO/GCE increases linearly relative to the scan 
rate, and the electrochemical behavior of H-REGO is a surface control process.(28)  In addition, 
the effect of pH was studied [Fig. 5(c)].  The peak potential of H-ERGO/GCE strongly depends 
on the pH of the electrolyte.  A stable set of redox peaks can be clearly observed in the pH range 
from 5.5 to 8.0, but the anode and cathode peak potentials negatively shift with increasing pH.  
The formal potential EƟ of the electrode is linear with pH [Fig. 5(d)].  The slope of −55.70 mV 
pH−1 is close to the theoretical value of transferring the same number of protons and electrons 
in a reversible redox process (−58.60 mV pH−1), indicating that this is a single-electron transfer 
process.(29)

Fig. 5.	 (Color online) (a) CV curves of H-ERGO/GCE at different scan rates. (b) Plot of redox current of H-ERGO/
GCE against scan rate. (c) CV curves of H-ERGO/GCE in 0.1 M PBS with different pHs of 5.5, 6.0, 6.5, 7.0, 7.5, and 
8.0. (d) Effect of pH on the peak current.

(a) (b)

(c) (d)
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3.4	 Electrochemical performance of H-ERGO for H2O2 detection

	 Figure 6 shows the responses of GCE, ERGO/GCE, Hemin/GCE, and H-ERGO/GCE to 
H2O2.  As shown in Fig. 6(a), a relatively poor electrochemical response of GCE to H2O2 
is observed.  Compared with GCE, ERGO/GCE shows an improved response with a large 
charging current, owing to the excellent conductivity as well as large surface area of ERGO 
[Fig. 6(b)].  For Hemin/GCE, the current response to H2O2 is significantly enhanced owing to 
the catalytic property of Fe3+ in Hemin [Fig. 6(c)].  According to previous reports, the simplified 
mechanism of H2O2 reduction by H-REGO can be expressed as the following scheme:(30)

	 Hemin (Fe3+) + H2O2 → Compound I (Fe4+=O) + H2O,
	 Compound I (Fe4+ = O) + H++ e−→ Compound II,
	 Compound II + H+ + e− → Hemin (Fe3+) + H2O.
	 However, the inert surface of GCE limits the activity of the mimetic enzyme Hemin.  The 
superior electrochemical performance of H-ERGO/GCE was demonstrated by the previous 
tests.  Upon the addition of H2O2, the H-ERGO/GCE response significantly increases and it 
displays superior catalytic activity [Fig. 6(d)].
	 Figure 7 shows the electrochemical responses of GCE, ERGO/GCE, Hemin/GCE, and 
H-ERGO/GCE to 10 mM H2O2.  Clearly, H-ERGO/GCE exhibits the largest response current, 
indicating that H-ERGO shows the highest catalytic activity for H2O2 reduction.

Fig. 6.	 (Color online) CV curves of (a) GCE, (b) ERGO/GCE, (c) Hemin/GCE, and (d) H-ERGO/GCE in 0.1 M 
PBS (pH 7.0) containing different H2O2 concentrations.

(a) (b)

(c) (d)
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	 The current responses of H-ERGO/GCE toward 1 mM H2O2 at different potentials were 
tested [Fig. 8(a)].  With the decrease in potential from 0 to −0.30 V, the current gradually 
increases [Fig. 8(b)].  However, at a low potential, common substances, such as urea and 
ascorbic acid (AA), may affect the determination of H2O2.  Therefore, −0.15 V was selected as a 
suitable potential for H2O2 detection.
	 Figure 9(a) shows the response of H-ERGO/GCE to H2O2 in a current–time (i–t) plot at the 
potential of −0.15 V.  Upon the addition of H2O2, the current increases and reaches a stable 
value rapidly.  As shown in Fig. 9(b), the linear range for H2O2 detection at H-ERGO/GCE is 25 
to 8850 μM, with the linear regression equation I (μA) = 0.03982 + 6.609C (mM) (R2 = 0.9884); 
when the H2O2 concentration ranges from 8850 to 28850 μM, the linear regression equation 
is I (μA) = 29.59 + 2.982C (mM) (R2 = 0.9912).  When the CH2O2 values are below 8850 μM, 
H2O2 with relatively low concentrations can be reduced quickly at H-ERGO/GCE, producing 
fast response signals as shown in Fig. 9(a).  Thus, a high sensitivity was obtained at H-ERGO/
GCE for H2O2 in the range from 25 to 8850 μM.  However, for CH2O2 ranging from 8850 to 
28850 μM, a relatively low sensitivity was obtained.(31)  The detection limit is 8.33 μM (S/N = 3).  

Fig. 7.	 (Color online) CV curves of GCE, ERGO/GCE, Hemin/GCE, and H-ERGO/GCE in 0.1 M PBS (pH 7.0) 
containing 10 mM H2O2.

Fig. 8.	 (Color online) (a) Current responses of H-ERGO/GCE toward 1 mM H2O2 at different potentials. (b) Effect 
of applied potential on current.

(a) (b)
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(a) (b)

Fig. 9.	 (Color online) (a) Amperometric response curve of H-ERGO/GCE to successive injection of H2O2 into 0.1 
M PBS (pH 7.0). (b) Calibration curve of the reduction currents at H-ERGO/GCE against H2O2 concentration.

Table 1
Comparison of analytic performance of different electrochemical biosensors for H2O2 detection.

Electrode Linear range
(μM)

Detection limit
(μM) Reference

Au/HRP/GS/CS/GCE 	 5–5130 	 1.7 32
HRP/PTMSPA@GNRs 	 10–1000 	 0.06 33
HRP/silica matrix 	 20–200 	 3 34
Nafion/HRP/GNSs–TiO2 	 41–630 	 5.9 35
ND-NS(HRP)/ME 	 1000–45000 	 59 36

H-ERGO/GCE 	 25–8850;
	 8850–28850 	 8.33 This work

The fabricated H-ERGO/GCE shows a lower detection limit with a wider linear range than the 
previously reported H2O2 analytical methods (Table 1).

3.5	 Selectivity, reproducibility, and stability of the H2O2 biosensor

	 To examine the applicability of the proposed biosensor in real samples, the interferences of 
several substances, including glucose (glu), ascorbic acid (AA), and urea, were investigated.  
Figure 10(a) shows the I–t responses upon the consecutive injection of H2O2 (0.2 mM), urea 
(1.0 mM), glu (1.0 mM), AA (1.0 mM), and H2O2 (0.2 mM).  Clearly, these interferences show 
the insignificant effect of the biosensor on H2O2 detection, revealing the high selectivity of the 
proposed sensor.
	 Four intermittent measurements were performed to detect 0.2 mM H2O2, and the obtained 
relative standard deviation (RSD) was 2.5% [Fig. 10(b)].  The reproducibility of the biosensors 
was estimated by testing the response of five different electrodes towards 1 mM H2O2.  The 
result indicates a satisfactory reproducibility of biosensors with an RSD of 3.7%.  Moreover, 
the stability of the sensor was tested.  The response maintained 87% of the initial value, after 
storage at 4 °C for one week.  The good stability may result from the enzymatic mimetic 
properties of H-ERGO and the elimination of enzymatic denaturation problems.
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3.6	 Real sample analysis

	 To prove its applicability, the biosensor was applied to analyze milk samples by the standard 
addition method.(37)  The test results are summarized in Table 2.  The calculated recoveries for 
milk samples are between 94.6 and 98.1% with RSDs below 6.5%.

4.	 Conclusions

	 We have fabricated a high-performance nonenzymatic H2O2 biosensor based on H-ERGO.  
In contrast to typical methods, the biosensor here was fabricated by the electrochemical 
reduction method without using a binder.  A high catalytic performance toward H2O2 reduction 
was achieved by coupling Hemin with graphene.  The proposed biosensor displayed good 
sensitivity and selectivity with high stability toward H2O2 detection.  Furthermore, our 
biosensor was successfully employed to detect H2O2 in milk samples.  The development of this 
type of sensor has a good prospect in the application to detection and provides a reference for 
more rapid detection.
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