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� We report a colorimetric assay for
detection of H2O2 based on the
oxidation ABTS.

� The rGO was prepared using the
green tea extract agent and decorated
by HRP.

� H2O2 can be catalysed by HRP-rGO
and converted into water and oxygen.

� The detection limit of analysis was
�15 nM.

� Also, the biosensor was adapted to
monitor H2O2 in different beverages.
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a b s t r a c t

We reported a simple and sensitive colorimetric assay for detection of hydrogen peroxide (H2O2) based
on the oxidation of azino-bis(3-ethylbenzothiazoline-6-sulfonic-׳2,2 acid) (ABTS) by UV–Vis spectroscopy
method. The reduced graphene oxide (rGO) was prepared using green tea extract as bio-reducing and sta-
bilizer agent and decorated by horseradish peroxidase (HRP). The surface of Au interface was modified
with HRP-rGO hybrid. The formation of HRP-rGO hybrid was confirmed by cyclic voltammetry, scanning
electron microscopy (SEM), energy-dispersive X-ray Spectroscopy (EDX) and Raman spectroscopy�H2O2

can be catalysed by HRP-rGO hybrid and converted into water and oxygen. The ABTS substrate takes
up oxygen to form a green coloured product that has absorption peaks at 421, 655 nm and 737 nm.
The colour development is linearly dependent on HRP in the range of 4–50 mg/L. The color of the green
product solution is stable for 20 min. The absorption intensity is strongly related to the hydrogen perox-
ide concentration. The absorption intensity of the formed product scaled linearly with the hydrogen per-
oxide concentration in the ranges of 0.3–20 mM and 20–8000 mM with a detection limit of �15 nM could
be achieved. The biosensor with excellent limit detection and wide linear ranges was adapted to monitor
H2O2 in different beverages.

� 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen peroxide (H2O2) as mediator and oxidizing agent [1]
is used in different fields such as food industries, clinical, pharma-
ceutical and environmental [2,3]. H2O2 is a byproduct in meta-
bolic oxidation processes. When H2O2 concentration reaches
75 ppm, it is dangerous to life and health [4]. The excessive
amount of H2O2 can cause the physiological and pathological
events such as Alzheimer, Parkinson, amyotrophic lateral sclero-
sis, cancer, traumatic brain injury, ischemia/reperfusion injury,
impaired learning and memory functions [5,6]. So, the simple,
highly sensitive, low-cost and rapid detection of hydrogen perox-
ide has been particularly important and widely studied. The sev-
eral analytical methods including spectrophotometric, titrimetry,
chemiluminescent, fluorometric, high performance liquid chro-
matography (HPLC) and electrochemistry were reported for low
levels determination of H2O2 [7–18]. The most of them require
expensive reagents and instruments, skilful techniques and com-
plicated procedures. The peroxidase-based interfaces are useful to
effective detection of H2O2 [19]. Among peroxidases, horseradish
peroxidase (HRP) has long been a representative enzyme to inves-
tigate the structure, dynamic and thermodynamic properties of
peroxidases, particularly to explore the biological behavior of
H2O2 catalyzed oxidation. The HRP is a heme-containing oxidore-
ductase used in diagnostics for a wide range of applications. The
detection principle is related to the oxidation or reduction of a
substrate under the catalysis of a natural enzyme. The change
of color or signal intensity is linear with the target concentration
[20]. In the 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS)-HRP systems, the measurement is based on the consump-
tion of H2O2 by peroxidase in the presence of ABTS. ABTS regen-
erates peroxidase giving a radical-cation (ABTS�+) with an
absorption maximum at 414 nm, the intensity which is propor-
tional to the amount of H2O2 present in the sample [21].

The establishment of a simple strategy for stable enzyme
immobilization on platform is important to develop bio-
devices. Conventional methods of enzymes immobilization
include covalent binding, physical adsorption, encapsulation in
polymers, and cross linking to a suitable supporting matrix
[22]. Among various enzyme immobilization methods, physical
adsorption is one of the easiest methods and can be performed
under relatively mild conditions. HRP is easily denatured through
the direct adsorption of HRP onto a bare surface and results in
bioactivity loss [23]. Furthermore, physical adsorption results in
a lack of operational and stability. Various functional materials
including self-assembled monolayer (SAM), catalysts and pro-
teins have been utilized to modify the surface of platform to
construct bio-devices [24,25].

The use of nanomaterials for the development of bio-devices
has aroused considerable interest. Graphene and its derivatives
(e.g., graphene oxide (GO) and reduced graphene oxide (rGO))
are a single layer of carbon atoms with a two-dimensional honey-
comb sp2 carbon lattice [26–29]. Graphene-based materials have
shown great promise as high-performance matrices for enzyme
immobilization [30–32], offering advantages such as large surface
area, tailor-made surface functionalities and easy substrate acces-
sibility [33,34]. The type and distribution of surface functionalities
of nanomaterial affect the interactions between nanomaterial and
enzymes and consequently, the structural conformation and sub-
strate accessibility to adsorbed enzymes. Also, hydrophobic effects
are the predominant mechanism for the adsorption of enzyme on
rGO [35]. Different interactions between enzyme and nanomaterial
had different effects on substrate accessibility to the heme, result-
ing in an increase or a decrease in enzyme activity [36]. This study
was undertaken to develop a HRP-rGO/Au biosensor to measure
hydrogen peroxide concentration in the presence of ABTS (Fig. 1).
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Furthermore, conditions for the colouring of ABTS by HRP-rGO/
Au and hydrogen peroxide were optimized.
2. Experimental

2.1. Materials

The green tea used in this study was prepared from the local
market of Rasht city. Potassium hexacyanoferrate(II) ([K4Fe
(CN)6]), potassium chloride (KCl), -azino-bis(3-׳2,2
ethylbenzothiazoline-6-sulfonate) (ABTS), horseradish peroxidase
(HRP), N-hydroxysuccinimide (NHS), N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide (EDC), hydrogen peroxide
(H2O2), phosphoric acid (H3PO4), sodium dihydrogen phosphate
(NaH2PO4), disodium hydrogen phosphate (Na2HPO4) and sodium
phosphate (Na3PO4) were purchased from Sigma-Aldrich and used
as received. Graphene oxide (GO) was purchased from Iranian
Nano Materials Pioneers. The different beverages were purchased
from the local market (Amol, Iran).
2.2. Apparatus

Electrochemical experiments were performed with a poten-
tiostat/galvanostat (Sama 500-c Electrochemical Analysis system,
Sama, Iran) using a three-electrode system consisting of Ag|AgCl|
KCl3M as the reference electrode, HRP-rGO modified carbon paste
electrode as working electrode and platinumwire as auxiliary elec-
trode. UV–Vis tests were recorded by UV–Vis spectrophotometer
(UV-1900, Shimadzu Co., Japan). Raman analysis was performed
with a Takram P50C0R10 Raman spectrometer (Teksan, Iran) con-
taining CCD array detector and a laser (532 nm). FE-SEM images
were obtained by an electron microscope (MIRATESCAN-XMU,
Czech Republic) combined with energy-dispersive X-ray (EDX)
machine equipped with three detectors and a thermal field emis-
sion emitter.
2.3. Preparation of reduced graphene oxide

The reduced graphene oxide (rGO) was prepared based on pre-
vious report [37]. To obtain green tea extract, green tea (3 gr) in
25 mL of distilled water was sonicated for 45 min at 50 �C and
the extract was isolated by filtration. 20 mL of green tea extract
was added drop by drop to 20 mL of GO aqueous suspension
(0.5 mg/mL). Then mixture was refluxed for 8 h at 60 �C. The pro-
duct (rGO) was precipitated and isolated by centrifugation
(15000 rpm) for 15 min. At least, rGO was washed with water
and dried in an oven at 60 �C overnight.
2.4. Fabrication of HRP-rGO modified electrode

The carbon paste electrode (CPE) was prepared based on previ-
ous report [38]. Breifly, the paraffin was added drop by drop to 0.5
gr of graphite powder and hand-mixed until a uniformly wetted
paste was obtained. Then the carbon paste was packed into a glass
tube with internal radius 3 mm and a copper wire was used to
electrical contact. The polishing of glass tube was carried out on
weighing paper.

1 mg of rGO in 1 mL of water was sonicated for 40 min. 5 mL of
this solution was drop-casted onto the CPE and allowed to dry in
an oven at 60 �C. Then, 5 mL of the HRP solution (5 mg/mL) was
deposited on the surface of rGO/CPE, and adsorption of the HRP
was allowed to proceed overnight at 4 �C. The HRP-rGO/CPE was
washed with buffered phosphate solution (PBS, 0.1 M and pH
7.4) and used for electrochemical tests.



Fig. 1. Schematic illustration for the preparation HRP-rGO modified Au as biosensor for detection of hydrogen peroxide.
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2.5. Preparation of HRP-rGO modified interface

The Au interface was immersed into cysteine (1 mM) for 2 h at
room temperature. 10 mL of rGO aqueous suspension (1 mg/mL)
was drop casted on Au by first activating the carboxyl groups via
immersion into a solution of EDC (10 mM) and NHS (10 mM) in
PBS (0.1 M, pH 7.4) for 45 min. 8 mL of the HRP solution (5 mg/
mL) was deposited on the surface of rGO/Au interface, which was
then placed in a petri dish, and adsorption of the HRP was allowed
to proceed overnight at 4 �C. The HRP-rGO/Au interfaces were thor-
oughly rinsed with PBS solution (0.1 M, pH 7.4), and if not used
immediately they were stored at 4 �C.

2.6. Colorimetry experiments

1 mg of ABTS was added into PBS solution 0.1 M (pH = 7.4,
2 mL), followed by the addition of H2O2 (30%, 5 mL) and immersion
of HRP-rGO/Au interface into solution. The UV/Vis spectra were
recorded at 421 nm after reaction for 10 min to form a green sol-
uble product vs. a blank containing only the PBS solution. All
assays were done at 25 �C.

2.7. Analysis of real samples

500 lL of different beverages were added into 5 mL of PBS solu-
tion 0.1 M (pH = 7.4) containing 1 mg ABTS. Then, the certain
amounts of H2O2 were added to solution and were analysed by
UV–Vis at 421 nm after 10 min.

3. Results and discussion

3.1. Characterization

The morphology of rGO and HRP-rGO is characterized with FE-
SEM. As seen in Fig. 2, the rGO is a wavy shape and thin layers
(Fig. 2a). In contrast, the image of HRP-rGO (Fig. 2b) shows that
rGO sheets is decorated by flower-like HRP. This observation con-
firms the formation of HRP-rGO hybrid. The EDS pattern shown in
Fig. 2c indicates that the rGO contains only C and O elements, while
the EDX spectrum of HRP-rGO (Fig. 2d) contains C, O and Fe ele-
ments. This result confirms the formation of HRP-rGO hybrid.

Raman analysis of rGO and HRP-rGO was also performed (Fig. 3)
and revealed the introduction of defects in the graphene frame-
work after decoration of rGO by HRP. The D and the G bands of
rGO are appeared at 1326 cm�1 and 1601 cm�1 with the intensity
ratio of D and G bands (ID/IG) of 1.9. The D and G bands of HRP-rGO
are shifted to 1368 cm�1 and 1619 cm�1, and the ID/IG of HRP-rGO
is calculated to be 0.85. The ID/IG of rGO decreased after the intro-
duction of HRP on rGO. It represents that not only there is physical
adsorption of HRP on rGO nanosheets but also HRP interacts chem-
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ically with rGO. Also, D and G bands of HRP-rGO shift due to
decrease the number of free functional groups indicating the defor-
mation of ordered structure and the appearance of different
groups.

Furthermore, the electrochemical behavior of rGO and HRP-rGO
interfaces was also monitored using [Fe(CN)6]3�/4� as the redox
couple by cyclic voltammetric. As shown in Fig. 4, the redox cur-
rent decreased in the presence of HRP-rGO. The COOH, N and Fe
groups of HRP were used for the integration to rGO. Covalent inte-
gration of the HRP results in further decrease in charge transfer due
to the formation of an insulating barrier. Moreover, the presence of
HRP decreases the active sites and electrical conductivity of rGO.
The active surface area of rGO/CPE and HRP-rGO/CPE was deter-
mined by [Fe(CN)6]4� (5 mM) from the slope of plotting the peak
current vs. the square root of the scan rate using Eq. (1) [39]:

A ¼ slope= 268:6� n3=2 � D1=2 � C
� �

ð1Þ

where A, n, D and C are the active surface area (cm2), number of
transferred electrons (n = 1), diffusion coefficient of [Fe(CN)6]4�

and concentration of [Fe(CN)6]4�, respectively. In contrast to rGO/
CPE (0.136 cm2), HRP-rGO/CPE shows a decreased surface area
(0.091 cm2).

3.2. UV–Vis experiments

Fig. 5 shows the UV–Vis spectrum of a solution of ABTS (1 mg)
and H2O2 (30%, 5 lL) in PBS (2 mL, pH 7.4) after immersion of HRP-
rGO/Au for 15 min. As seen, the absorption peaks became apparent
at 421 nm, 655 nm and 737 nm that the UV–Vis measurements
were recorded at strong band of 421 nm. Also, the effect of time
in catalytic reaction by HRP is shown in Fig. 6a. As shown, the cat-
alytic reaction was completed after 10 min, the color and absor-
bance of solution is approximately constant in range of 10–
20 min and is decreasing after 20 min. So, 10 min reaction time
was chosen as optimum time for recording UV–Vis spectra.

Fig. 6b shows the effect of rGO in HRP amount immobilized on
Au interface. As observed, the absorption of solution after immer-
sion of HRP-rGO/Au interface in solution of PBS (2 mL, pH 7.4) con-
taining ABTS (1 mg) and H2O2 (30%, 5 lL) is higher than immersion
of HRP/Au in the same solution. It’s found, rGO because of large
surface area, tailor-made surface functionalities and easy substrate
accessibility shows as high-performance matrices for HRP immobi-
lization. Also, hydrophobicity of rGO effects the adsorption of HRP
on rGO [35].

The concentration of active HRP immobilized onto rGO/Au
biosensor for determination of H2O2 was optimized by using the
HRP different concentrations recorded in Fig. 6c. The experiment
was done by keeping the concentrations of ABTS (1 mg) and
H2O2 (30%, 5 lL) in PBS (2 mL, pH 7.4), whereas the HRP-rGO/Au



Fig. 3. Raman spectra of rGO (a) and HRP-rGO (b). Fig. 4. Cyclic voltammograms of (a) rGo/CPE and (b) HRP-rGO/CPE in 0.1 M PBS (pH
7.4) and scan rate of 100 mV s�1.

Fig. 2. FE-SEM images of rGO (a), HRP-rGO; EDX of rGO (e) and HRP-rGO (f).
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biosensors immersed in the solution have different amount of
immobilized HRP. As from the absorption maximum seen in, the
active HRP concentration corresponds to 50 mg/L.
3.3. Determination of hydrogen peroxide

The HRP modified rGO/Au biosensors were used to determine
hydrogen peroxide in solution of PBS (2 mL, pH 7.4) containing
ABTS (1 mg) by UV–Vis spectroscopy (Fig. 7a). H2O2 was added
in different concentrations to PBS, and absorbance of solution
was recorded after 10 min. Representative calibration curves is
shown in Fig. 7b and c. The linear ranges of 0.3–20 mM and 20–
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8000 mM H2O2 were recorded with correlation coefficients of
0.9989 and 0.9906, according to A = 1.043 � [H2O2]
(mM) + 0.0633 and A = 0.0095 � [H2O2] (mM), + 1.054, respectively.
The detection limit (LOD) for H2O2 was determined to be �15 nM.
The detection limit and the wide linear range of this biosensor are
comparable to or lower than other H2O2 sensors (Table 1) [1,19,40–
48].

The reproducibility of the HRP-rGO/Au fabrication for H2O2

sensing is expressed in terms of relative standard deviation
(RSD), which is found to be 6.1% in PBS (2 mL, pH 7.4) containing
ABTS (1 mg) and H2O2 (5 lL, 30%). The long-term stability of the



Fig. 5. The UV–Vis spectrum of ABTS (1 mg) and H2O2 (5 lL) in PBS (2 mL, pH 7.4)
after immersion of HRP-rGO/Au for 15 min.

Fig. 6. (a) The time effect in catalytic reaction of ABTS (1 mg) and H2O2 (5 lL) in PBS (2 mL, pH 7.4) by HRP-rGO/Au; (b) The effect of rGO in catalytic reaction; (c) The HRP
concentration immobilized onto rGO/Au biosensor for determination of H2O2.

Fig. 7. (a) The UV–Vis spectra of ABTS (1 mg) in PBS (2 mL, pH 7.4) by HRP-rGO/Au with different concentrations of H2O2: (1) 3, (2) 6, (3) 12 (4) 16, (5) 20 and (6) 30; (b) and
(c) The absorbtion plot of solution vs�H2O2 concentration.

Table 1
Characteristics of other H2O2 sensing platforms.

Sensor component Linear range
(mM)

LOD
(mM)

Ref.

HRP-GO 2–500 1.6 [1]
Peroxidase-Porous CoFe2O4 20–6000 20 [19]
Macroporous Silicon 10–5000 4.35 [40]
MoS2 nanoparticles 0.005–0.1 0.002 [41]
(HRP-Pd)/ functionalized graphene 25–3500 0.05 [42]
Iodide catalyzed oxidation of TMB 0.5–1000 0.2 [43]
HRP-carbon nanotubes-polyvinyl

butyral film
0.832–600 0.167 [44]

HRP-Bi-Ag nanoparticles 0.02–1 0.06 [45]
HRP–MoS2–Graphene 0.2–1103 0.049 [46]
nafion/HRP/Ag 0.03–0.5 0.13 [47]
HRP/MWCNT 9–1000 4 [48]
HRP-rGO 0.3–20 0.015 This

work20–8000
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Table 2
Determination of H2O2 in several commercial beverages using HRP-rGO/Au as
biosensor.

Sample Spiked (mM) Found (mM) Mean recovery (%)

Low fat milk (Kalleh) 5 5.1 102 ± 2.3
Low fat milk (Mihan) 5 4.7 94 ± 1.9
Low fat milk (Damdaran) 5 4.8 96 ± 3.7
Full fat milk (Kalleh) 8 7.6 95 ± 4.2
Full fat milk (Mihan) 8 8.1 101 ± 2.5
Orange juice (Takdaneh) 10 9.7 97 ± 5.2
Apple juice (Takdaneh) 10 9.4 94 ± 0.9
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biosensor when stored at 4 �C for about 2 weeks was in addition
showed loss of 7.8%.

3.4. H2O2 sensing in real samples

The suitability of the proposed method for testing low and full
fat milks (Kalleh, Mihan and Damdaran), orange juice (Takdaneh)
and apple juice (Takdaneh) was analysed using UV–Vis spec-
troscopy (Table 2). The accuracy of the proposed method was
assessed by performing recovery experiments using the standard
addition method. A known amount of H2O2 was added to real sam-
ples. The obtained mean recoveries and relative standard devia-
tions were in the ranges of 94–102% and 0.9–5.2%, respectively
(Table 2). The results revealed that the proposed method can accu-
rately determine any small changes of the H2O2 concentration in
the samples.
4. Conclusion

In this work, a cost-efficient H2O2 biosensor was fabricated
based on immobilized HRP enzyme on rGO/Au interface with a
simple and reproducible procedure. We demonstrated the quanti-
tative and qualitative characteristics of the proposed biosensor
using UV–Vis analysis. The detection limit of analysis was 15 nM.
We also evaluated that the concentration of active HRP immobi-
lized onto rGO/Au biosensor for determination of H2O2 corre-
sponds to 50 mg/L. Good reproducibility and long-term stability
were also displayed on the proposed biosensor. The fabricated
biosensor is promising for the practical application in detection
of H2O2 in different beverages.
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