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Abstract. An electrochemical sensor for hydrogen peroxide (H2 O2 ) detection was established using 1aminopyrene (AP) as a linker between horseradish peroxidase (HRP) and reduced graphene oxides (rGO)
modified glassy carbon electrode. The AP can combine with HRP via a covalent bond and combine with
rGO via π-π conjugation. The covalent bond linkages can prevent the enzymes leaching of the enzymes and
the π-π conjugate combination can facilitate electrons transfer, which plays synergistic effects to improve
the performance of this sensor. The electrochemical activity of the HRP-AP/rGO was described by cyclic
voltammetry, alternating current impedance and amperometric techniques. Under the optimal conditions, the
biosensor showed a wide linear range from 1.5 μM to 28.5 μM and a low detection limit of 0.5 μM with
good stability and high selectivity, confirming that the sensor is well-suited for the detection of H2 O2 during
biological processes.
Keywords. Enzymatic biosensor; 1-aminopyrene; reduced graphene oxides; hydrogen peroxide; horseradish
peroxidase.

1. Introduction
H2 O2 is the most stable and abundant reactive oxygen
species in an organism, and present in many biological processes. 1 Quantitative detection of H2 O2 has
important scientific significance for understanding intracellular signal transduction and realizing the normal
function of cells. H2 O2 can also be used as an intermediate biomolecule in other biological assays, including indirect detection of glucose, 2 and quantitative
analysis of other biomarkers 3,4 and phenol 5,6 coupled
with specific enzymes capable of depleting or producing H2 O2 . The concentration of H2 O2 in these processes is very low, therefore, traditional non-enzymatic
redox methods 7–15 are difficult to meet the actual
detection requirements as their low catalytic activity. Additionally, the non-enzymatic method usually
involves a redox-active medium, which may make the
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observed electrochemical response not relate to H2 O2
concentration.
All chemical reactions that occur in the organism are
enzymatic reactions, enzymes are efficient, specific catalysts, and the efficient catalytic properties of enzymes
are obtained by forming clathrates with the substrate.
In view of the rapid development of biotechnology,
immobilizing enzymes on solid substrates for biosensing, and developing heterogeneous enzyme biosensors
is a promising research direction and one of the hottest
topics in analytical chemistry. After the oxidoreductase
is immobilized on the surface of the biocompatible solid
electrode, the signal generated by their direct interaction with the specific analyte in the solution can show
enhanced electrochemical activity, resulting in higher
sensitivity and better selectivity of electrochemical measurement.
Many enzymatic immobilization methods have been
reported, including entrapment, 16–18 adsorption, 19–21
covalent binding, 22,23 and cross-linking. 24 The choice
of these methods has a profound effect on the direct
1
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electron transfer of proteins and the overall stability
of the sensor. On the one hand, the entrapped material
and the adsorbate used to immobilize the enzyme have
poor conductivity which extends the distance between
the redox-active center and the electrode, and hinders
the direct electron transfer between the redox-active
protein and the electrode. 25 On the other hand, the
immobilization of the substrate by the matrix is not
strong enough and there will be unavoidable enzyme
leaching, which will affect the stability of the biosensor. 26 What is more, it may also cause multiple sites
of the enzyme to bind to the carrier, destroying the
natural conformation of the enzyme, significantly reducing the activity of the immobilized enzyme. Therefore,
orientation and high-efficiency enzyme immobilization methods have become the key to study sensors.
In general, the covalent attachment of an enzyme
molecule to a surface is more favorable than physical adsorption in order to avoid the severe exudation
of enzymes from the surface. 27 Direct electrical contact between the redox protein and the electrode has
been improved by the use of a well-conductive matrix
such as polycationic self-assembled monolayers, conducting polymer hydrogels, and carbon paste immobilization, all of which provide electronic conduction
pathway between protein and electrodes. 23 By interaction of protein and electrode, electrons can be transferred
directly between the enzyme and the electrode, and
direct detection of the active site of the redox protein
can be obtained. This method does not require redox
mediators and is well-suited for the study of electron
transfer mechanisms and greatly simplifies device fabrication.
HRP is a heme-containing protein widely distributed
in the plant kingdom. It is a glycoprotein formed by
the combination of a colorless enzyme protein and a
brown iron porphyrin. In biosensing analysis, HRP is
widely used to detect hydrogen peroxide, glucose, metal
ions, DNA and other biological molecules. 28–31 Like
most water-soluble enzymes, immobilization of HRP
is a necessary way to realize the application value.
1-Aminopyrene (1-AP) is a bifunctional molecule with
a pyrenyl group and an amino functional group. It has
been successfully used as a linker to immobilize enzyme
to fabricate electrochemical sensors. 22,33
In this work, HRP was immobilized on the electrode surface to detect H2 O2 in the biological process.
The glycosyl group on the surface of HRP can be
used as an immobilization site. Firstly, HRP is covalently bonded with 1-Ap, and then they π-π conjugated
to the support of rGO to establish a newly reduced
graphene oxide/Aminopyrene/enzyme immobilization
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system. This novel immobilization method utilizes the
excellent electronic conductivity of rGO and 1-Ap, combine covalent bonding with conjugation linkages to
prevent the leaching of enzymes to achieve the direct
transfer of electrons between the active centers of proteases and the electrodes. Such firm enzyme electrodes
are particularly attractive for in vivo applications where
leaching of diffusional mediators is to be avoided. The
resulting electrodes will offer high current outputs, fast
response and stabilize the mediator to electrode surfaces.

2. Experimental
2.1 Materials and reagents
HRP was purchased from Shanghai Yuanye Biotechnology
Co., Ltd., and rGO was obtained from Shandong Yuhuang
New Energy Technology Co., Ltd., 1-AP was purchased from
Beijing Bellingway Technology Co., Ltd., and all the other
reagents were analyzed Pure, the water used in all experiments
is ultrapure water.

2.2 Preparation of HPR-AP/rGO hybrids
The preparation of enzyme electrodes is presented in
Scheme 1. The electrochemical enzyme biosensor consists
of a modified GCE, which is coated with a mixture of HPRAP/rGO. The mixture is a stable suspension, fabricated by
a conjugation between rGO and 1-AP and covalent bonding between 1-AP and HRP. The specific procedure is as
follows. Firstly, 0.0020 g rGO was ultrasonically dispersed
in 0.5000 mL ethanol for 2 h and 0.0210 g AP was dissolved in 0.5000 mL ethanol. Then they were mixed together
for 1 h on an air bath shaker and made to stand for one
day. After that, the suspension experienced several washings with ethanol, centrifugation, and finally drying in the
oven, marked as AP/rGO. Then, the procedure was followed
by the attachment of the enzyme and AP/rGO, using glutaraldehyde (GA) as a cross-linker. 2.0 mg of newly made
AP/rGO complex was dispersed in 1.000 mL of PBS buffer
solution, and then 0.1000 mL of a 5 wt% aqueous solution
of GA was added. The mixture was shaken for 30 min to
make sure that GA is connected to the amino group on the
AP. Then 200 μL of 1 mg/mL HRP was added to the solution which continued to oscillate for 30 min to complete
the reaction. At this time, HRP were successfully attached
to the AP/rGO and a homogeneous dispersion was obtained
(HPR-AP/rGO). The prepared hybrids were stored in a refrigerator at 4 ◦ C before use. Attenuated total internal reflectance
fourier transform infrared (ATR-FTIR) spectroscopy was
used to characterize the modified materials. They were all
recorded on a thermo scientific nicolet Tiso50 FTIR spectrometer.
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3. Results and Discussion
3.1 Characterization of HPR-AP/rGO hybrids
Attenuated total internal reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy was used to characterize the modified materials as shown in Figure 1.
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2.3 Electrochemical measurements
Electrochemical measurements were performed with a CHI660D electrochemical working station (CH Instruments Inc,
China). The three-electrode system was used for all electrochemical experiments, employing a modified glass carbon
electrode (GCE) (3 mm in diameter) as working electrode, a
platinum wire as a counter electrode and a saturated calomel
electrode (SCE) as a reference electrode at room temperature
of about 20 ◦ C. Before the glassy carbon electrode was used,
the aluminium oxide powder having a particle size of 1.0, 0.3
and 0.05 μm was used for polishing, followed by ultrapure
water, ethanol, and ultrapure water washing. After that, 5 μL
solution of the HPR-AP/rGO was dipped in the freshly pretreated GCE surface and dried at room temperature overnight.
For comparison, rGO/GCE, and AP/rGO/GCE electrodes
were fabricated in the same way: firstly, AP/rGO or rGO was
ultrasonically dispersed in ultrapure water before drop coating onto the electrode. Then 5 μL of the suspension was
applied dropwise onto the electrode. After a thorough rinse
with water, the resulting electrode was immersed in 1.0 mM
[Fe(CN)6 ]3−/4− a solution containing 0.1 M KCl for cyclic
voltammograms and alternating current (AC) impedance
detection.
Successive cyclic voltammograms were performed in the
potential range of −0.3 V to +0.6 V at a scan rate of
80 mVs−1 . The AC impedance experiment was carried out
with frequencies ranging from 0.1 Hz to 100 kHz. Amperometric experiments were performed in a stirred cell with the
successive addition of 5 μL 1.5 mM H2 O2 into 5.0 mL of
supporting solution, while the electrode potential was set at
−100 mV. All experimental solutions were deoxygenated by
bubbling ultrapure argon for 15 min and maintained under an
argon atmosphere during the course of the experiments.
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Figure 1.
rGO.

ATR-FTIR spectra of rGO, 1-AP and HRP-AP/

By comparing the spectra of rGO, 1-AP and with that
of HPR-AP/rGO hybrids, the absorption peak of amino
groups (3300 cm−1 ) increased significantly in the spectra of HPR-AP/rGO hybrids, which confirmed that HPR
has been successfully connected to the hybrids. Two new
peaks appear near 1000 cm−1 can attribute to π-π interaction of rGO and 1-AP.
3.2 Electrochemical activity of different electrodes
Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were employed to characterize the electrochemical processes of the different
electrodes during the preparation of this sensor. Figure 2 exhibited the CV curves of the bare GCE and
different materials modified GCE in the presence of
1.0 mM [Fe(CN)6 ]3−/4− . As we can see, the blank GCE
displayed an anodic peak at 0.185 V and the corresponding cathodic peak at 0.261 V, which are attributed to the
Fe (III)/Fe (II) redox couple of [Fe(CN)6 ]3−/4− . Under
the identically experimental conditions, both rGO/GCE
and AP/rGO/GCE displayed stronger redox peaks. And
the response currents obtained were much bigger than
that of obtained at bare GCE, which showed that the
rGO and AP/rGO can facilitate the electron transfer of
[Fe(CN)6 ]3−/4− reduction. When HRP was covalently
attached to the electrode, CV curves displayed poor
electrochemical activity with an inferior reduction current response. In contrast to the peak current obtained
from rGO/GCE and AP/rGO/GCE, it may, therefore, be
attributed to the introduction of HRP into the AP/rGO
matrix owing to HRP that can hinder direct electron
transfer. This also further proved the successful covalently attachment of HPR on AP.
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Figure 2. Cyclic voltammograms of (a) bare GCE, (b)
rGO/GCE, (c) AP/rGO/GCE and (d) HRP-AP/rGO/GCE in
1.0 mM [Fe(CN)6 ]3−/4− at the scan rates of 100 mV/s.

Figure 3. Electrochemical impedance spectra of (a)
bare GCE, (b) rGO/GCE, (c) AP/rGO/GCE and (d)
HRP-AP/rGO/GCE recorded at the open circuit potential in
1.0 mM [Fe(CN)6 ]3−/4− .

Above all, when AP/rGO was uniformly
distributed on GCE, the AP/rGO would serve as highly
conductive substrates to interconnect the GCE for efficient electron transfer. Thus, the obtained AP/rGO/GCE
could not only have good conductivity but also benefit from AP’s abundant amino functional groups to
connect the HPR, bringing about more active sites for
H2 O2 electrocatalytic reduction. More importantly, the
connection force between the electrodes and HRP in
HRP-AP/rGO/GCE hybrids is in conjugation and covalent bonded. They are much better than the adsorption or
entrapment, and can obviously increase the stability of
the electrochemical sensor. The above factors make the
HRP-AP/rGO/GCE hybrids to be a good electrochemical sensor for detecting trace quantities of H2 O2 .
The immobilization of HRP and AP/rGO on the GCE
is also demonstrated by EIS. Figure 3 shows the EIS for
(a) bare GCE, (b) rGO/GCE, (c) AP/rGO/GCE and (d)
HRP-AP/rGO/GCE, recorded in 1.0 mM [Fe(CN)6 ]3−/4−
as the background electrolyte with a swept frequency
range from 0.1 to 105 Hz. The measured EIS were
fitted applying the classical Randle’s electronic equivalent circuit. In accordance with the traditional Faradic
impedance spectra, the obtained EIS were composed of
a semicircle portion and a straight-line portion respectively at higher and lower frequencies. The semicircle
portion was bound up with an electron transfer-limited
course and the straight-line portion was related to diffusion procedure. The diameter of the semicircle in
EIS indicates the electron transfer resistance (Ret ) at
the electrode surface. 9 The Ret changes in the following sequence: bare GCE < HRP-AP/rGO/GCE <
rGO/GCE < AP/rGO/GCE. These results denote that
AP/rGO could accelerate electron transfer between the

electrode surface and [Fe(CN)6 ]3−/4− electrochemical
probe, and also verify that HRP is successfully and
firmly attached to the electrode through conjugation and
covalent bonding. This showed good agreement with
the previous CV researches. The perfect property of
HRP-AP/rGO/GCE confirmed by EIS made it a competitive material for multiple electrochemical applications,
specifically for electrochemical biosensors desirable for
H2 O2 detection.
3.3 Optimization of parameters
In order to further study the electrocatalytic activity of
HRP-AP/rGO hybrids towards H2 O2 and excavate its
possible application potential, we investigated the effect
of experimental conditions. The effect of pH of buffer
solution on the biosensor response for H2 O2 was examined in the PBS solutions at various pH values. The
results were analyzed in terms of the response current
of the biosensor for a 0.5 mM H2 O2 buffer solution. The
maximum response was reached at about pH 7.0. Therefore, the PBS buffer at pH 7.0 was used in the following
experiments.
As shown in Figure 4, the effect of the applied potential on the biosensor response for a 0.5 mM H2 O2
solution was investigated through the amperometric
measurement. As we can see, the response currents of
the biosensor decrease as the polarized potential shifts
from −0.3 V to 0.4 V, when we applied the potential
of −0.1 V, the current is stable all the time. Under
this potential, the interference of other substances that
reduced at large negative potential could be decreased
to the minimal.
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Figure 4. Amperometric curves that were obtained by
detecting H2 O2 with a series of applied potential (−0.3 V,
−0.2 V, −0.1 V, 0 V, 0.1 V, 0.3 V, 0.4 V) in pH 7.0 PBS buffer
solution.
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Figure 6. Amperometric response compare of (a) bare
GCE, (b) rGO/GCE, (c) AP/rGO/GCE and (d) HRP-AP/rGO/
GCE at −0.1 V upon successive additions of 0.5 mM H2 O2
into 0.1 M PBS at pH 7.0.
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Figure 5. CVs toward 5 μM H2 O2 at different modified
electrodes: (a) bare GCE, (b) rGO/GCE, (c) HRP-AP/rGO/
GCE in a pH 7.0 PBS buffer solution.

3.4 Electrochemical response of the HRP-AP/rGO/
GCE to H2 O2
CV measurements of the bare GCE, rGO/GCE, and
HRP-AP/rGO/GCE were carried out as shown in Figure 5. The reductive current of H2 O2 in a pH 7.0 PBS
buffer solution increased according to the sequence of
GCE, rGO/GCE, and HRP-AP/rGO/GCE. The results
showed HRP had immobilized the surface of the electrode and had good catalytic activity for H2 O2 .
Figure 6 presents the chronoamperometric response
of the (a) bare GCE, (b) rGO/GCE, (c) AP/rGO/GCE
and (d) HRP-AP/rGO/GCE electrode with successive
additions of H2 O2 into 0.1 M PBS at pH 7.0, recorded
under a stirred system at the potential of −0.1 V. A
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Figure 7. Amperometric response of the HRP-AP/rGO/
GCE in 0.1 M PBS (pH 7.0) at an applied potential of −0.1 V
upon successive injection of H2 O2 (Inset: the corresponding
calibration plot of amperometric response toward H2 O2 ).

gradual increase in the reduction current of H2 O2 was
observed on HRP-AP/rGO/GCE with stepped increasing of H2 O2 concentration in PBS, indicating that
HRP in the structure of the sensor can electrochemically catalyze the reduction of H2 O2 . Experiments were
also performed by using the bare GCE, rGO/GCE,
and AP/rGO/GCE as the working electrodes respectively, and no response currents towards H2 O2 were
observed. These results indicated that the present sensor has high sensitivity compared with those of other
sensors. Furthermore, it can be proved that hybrids
of reduced graphene oxide with aminoguanidine-HPR
indeed played a role of great significance in the enhancement of the response current.
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3.5 Stability, reproducibility and selectivity
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Figure 8. Amperometric response of the HRP-AP/rGO/
GCE to 3 μM H2 O2 in the presence of 10 μM of H2 O2 ,
ascorbic acid (AA), dopamine (DA) and KCl, respectively.

Figure 7 shows a typical current-time response of
the HRP-AP/rGO/GCE at a fixed potential of −0.1 V
with several sequential additions of 500 μM H2 O2 .
The current increased rapidly when H2 O2 was injected
into an electrochemical cell containing 0.1 M PBS,
and a steady-state current was achieved within several seconds when the current reached 95% of the
steady-state value. This means that such an electrode
is highly suitable as an H2 O2 detector. The inset of
Figure 7 showed the plot of the response current
against H2 O2 concentration. The linear regression equation for the HRP-AP/rGO/GCE biosensor was IμA =
0.6057 Cμmol/L (H2 O2 ) + 0.0768, and the correlation
coefficient was calculated to be 0.996 (n = 19). The
linear detection range was 1.5 μM to 28.5 μM with
a detecting limit of 0.5 μM. From the comparison of
other performance parameters, it can be concluded that
the developed electrode exhibits the good characteristics of shorter response time, a wider linear range and a
lower detection limit.

In order to investigate the long-term stability of the
enzyme sensor, the HRP-AP/rGO/GCE electrode was
stored in the refrigerator at 4 ◦ C and the amperometric
response towards H2 O2 were periodically monitored for
7 days. The sensor can retain 87% to 91% of its initial
current response during testing days. The relative standard derivation (RSD) of its reduction current response
was 5.36% to six parallel experiments, indicating the
acceptable repeatability of the proposed modified electrode. All the performances indicate that HRP-AP/rGO
can adhere to GCE electrode firmly through amperometric technique. In addition, six electrodes were made
independently under the same condition in order to
evaluate the reproducibility of the HRP-AP/rGO/GCE
electrode. The amperometric responses show a nice
reproducibility with a relative standard deviation of
8.1%. The selectivity of the proposed sensing platform
was investigated with potential interfering substances
including AA (ascorbic acid), DA (dopamine), KCl
(Figure 8). It is clearly seen that only H2 O2 induces
an apparent response compared with other interfering substances, suggesting the high selectivity of the
HRP-AP/rGO/GCE electrode toward the detection of
H2 O2 .
3.6 Application in real samples
Diluted agave tequilana leaves’ juice was used as a
biological environment to confirm the application reliability of the HRP-AP/rGO/GCE sensor. For the striking
release of H2 O2 in agave, tequilana leaves are correlated with a number of plant-pathogen interactions or
environmental stresses and may play an important role
in disease resistance. 34 The samples were diluted 100
times with a PBS solution (pH 7.0) and measured by
the standard addition method. As listed in Table 1, the
recovery for the determination of the H2 O2 sample was
96.1%–103.7% and the RSD was less than 3.8%. Hence,
the fabricated H2 O2 sensor presented a suitable application in detecting H2 O2 in physiological samples.

Table 1.
3 mM).

Determination results of H2 O2 in real samples (n =

Samples

Detected

Added

Found

R.S.D/%

Recovery/%

2.92
2.77
2.63
3.89
4.22
3.95

3.00
3.00
3.00
5.00
5.00
5.00

5.95
5.98
5.75
8.63
9.02
8.60

2.5
3.0
3.8
2.0
3.1
3.3

100.5
103.7
102.1
97.1
97.8
96.1

1
2
3
4
5
6
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4. Conclusions
A novel enzymatic H2 O2 biosensor was successfully
fabricated by dispensing HRP-AP/rGO hybrid onto
GCE. The modified electrode has excellent electrocatalytic properties confirmed by cyclic voltammetry and
alternating current impedance detection. The sensor also
exhibited wide linear range, high sensitivity and good
stability towards H2 O2 detection under the optimized
condition of an applied potential of −0.1 V and pH 7.0.
In summary, this easily prepared HRP-AP/rGO/GCE
sensor can be a promising amperometric sensor used
to monitor the trace amount of H2 O2 released from a
living organism.
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