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New methylene blue (NMB), a phenothiazine dye, was covalently bonded to graphene oxide
(GO) using glutaraldehyde as a crosslinking agent, which was characterized by spectroscopic
techniques and electrochemistry. The obtained GO–NMB nanocomposite was used as
interface material to construct a novel electrochemical sensor for the determination of
hydrogen peroxide (H2O2). The electrochemical sensor based on GO–NMB nanocomposite
exhibited excellent electrocatalytic activity for the reduction of hydrogen peroxide (H2O2), which
was also enhanced by GO within the GO–NMB nanocomposite. With the optimized
experimental conditions, the developed sensor showed high sensitivity (79.4 μAmM−1 cm−2)
for electrocatalytic determination of H2O2 at the applied potential of −0.50 V in the concentration
range of 0.000333 to 2.28mM. The low limit of detection (1.35 μM), good reproducibility, and
high stability of the sensor suggests that the electrochemical sensor based on the GO–NMB
nanocomposite possesses obvious advantages, which paves a new avenue to functionalizeGO
for obtaining electrode interface materials.
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INTRODUCTION

Electrochemical sensors are powerful and attractive analytical tools due to their advantages, such as
high sensitivity, accurate signal conversion, fast response, low manufacturing cost, easy
miniaturization, and integration. These performances, however, are influenced, to some extent,
by electrode substrates and interfacial materials (Masibi et al., 2018; Asadian et al., 2019;
Chinnadayyala and Cho, 2020). Therefore, a diversity of novel nanomaterials with well-
controlled physicochemical features, electrocatalytic activities, shape, and dimension have been
produced and used as interfacial materials owing to the high reactive surfaces area and small particle
size (Burda et al., 2005). Recently, carbon-based nanomaterials, such as graphene oxide, carbon
nanotubes, mesoporous carbon, and fullerenes, have been applied to the fabrication of
electrochemical biosensors due to their high electrical conductivity, large specific surface area,
and easy modification (Wu et al., 2014a; Asadian et al., 2019; Alam et al., 2020).
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Graphene oxide, a “rising-star” carbon material, is considered
an ideal candidate due to the presence of oxygen-containing
functional groups including hydroxyl, carboxyl, and epoxy
groups (Ramesh et al., 2004), which provides reactive sites for
covalent or noncovalent functionalization with a wide variety of
catalysts (Nanda et al., 2015; Georgakilas et al., 2016), metallic
nanoparticles (Tucek et al., 2016; Liu et al., 2018), and electron
mediators (Subbiah et al., 2017; Xue et al., 2018). Our group has
conveniently synthesized a zinc porphyrin dye (YD)
noncovalently functionalized graphene oxide (GO) nanohybrid
(GO@YD) through hydrogen bonding and π–π stacking
interactions. The GO@YD nanohybrid-based electrochemical
sensor showed high sensitivity and selectivity for AA detection
(Wu et al., 2018). However, due to the relatively weak non-
covalent interaction, there is poor dispersion of non-covalently
functionalized carbon nanomaterials in aqueous solution, posing
a serious challenge for practical applications (Guo et al., 2019;
Park et al., 2021). Covalent functionalization of GO with the
anchored molecules by edge-group modification and basal plane
modification can improve its structural stability, dispersion,
electrical conductivity, and potential catalytic activity (Park
et al., 2021). Guo et al. first used thiolated graphene oxide
(GO–O–SH) as a substrate to covalently link gold nanorods
(AuNRs) on the surface of GO, obtaining the GO@AuNRs

composites for an ultra-sensitive Raman probe (Guo et al.,
2019). Kong et al. reported the covalent functionalization of
reduced graphene oxide aerogel (RGOA) by diazotization and
amidation to graft conducting polymer polyaniline (PANI) onto
the surface of RGOA. The covalent bonding between RGOA and
polyaniline not only enhances the electrical conductivity but also
prevents the agglomeration of graphene nanosheets (Li et al.,
2019). More recently, Xia et al. (2021) constructed a
bioelectrochemical sensor based on covalent immobilization
bionic oxidase iron porphyrin with chloroprene-functionalized
graphene oxide surface for sensitive detection of catechol.
Obviously, the covalent functionalization of graphene oxide
constitutes a subject of interest for enhancing the catalytic
sensitivity of electrochemical sensors.

A series of organic dyes or compounds including methylene
blue, Prussian, neutral red, ferrocene, and covalent organic
frameworks have been modified on carbon nanostructures for
constructing electrochemical sensors, which showed good
electrocatalytic properties in determination of different
analytes. New methylene blue (NMB), a phenothiazine dye, is
a good electron transfer mediator due to its conjugated planar
structure (Liu et al., 1996). Its special chemical structure with
imino groups on the heteroaromatic ring makes it easier to be
functioned with other materials. We have covalently immobilized

SCHEME 1 | Electrocatalytic mechanism of new methylene blue (NMB) for the reduction of hydrogen peroxide (H2O2).
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NMB and horseradish peroxidase-labeled penicillin polyclonal
antibody (HRP-PePAb) on a glassy carbon electrode (GCE) to
prepare an amperometric immunosensor for sensitive
determination of penicillin in milk (Wu et al., 2014b). Zhu
et al. reported the electrochemical properties of NMB/silicon
oxide nanocomposite mediator and its application in hydrogen
peroxide biosensor (Yao et al., 2005); however, the direct current
response of NMB alone is weak, affecting the accuracy of
detection. Herein, NMB was used as a mediator and was
covalently immobilized on GO to obtain the GO–NMB
nanocomposite. A novel electrochemical sensor based on the
GO–NMB nanocomposite was proposed for the sensitive
determination of hydrogen peroxide in low concentration,
which showed excellent detection performances.

EXPERIMENTAL

Chemicals and reagents
Glutaraldehyde (25 wt% in H2O) was bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Graphene oxide
(GO) was purchased from XFNANOMaterials Co. Ltd. (Nanjing,
China). New methylene blue (NMB) and hydrogen peroxide
(H2O2, 30%) were purchased from J&K Scientific (China). The
0.1 M phosphate buffer solution (PBS, pH 7.0) with 0.1 M KCl
was prepared with KH2PO4, Na2HPO4·12H2O, and KCl
solutions, and its pH was adjusted by NaOH and HCl
solutions with a pH meter (Mettler Toledo). Aqueous
solutions were prepared with high purity water.

Covalent immobilization of grapheme oxide
and new methylene blue
First, 5 mg of GO was dispersed in 5 ml of 5% glutaraldehyde and
stirred for 12 h at nitrogen atmosphere. The pH of the solution
was adjusted to 7.0 with 10% sodium hydroxide solution, and
5 ml of 0.4 mMNMB solution was then added drop by drop with

stirring for 5 h. The mixed solution was dialyzed at room
temperature for 30 h until the high-purity water was colorless
and was then centrifuged at 7,500 rpm/ s for 20 min. The
precipitate was dried at 55°C in a vacuum drying oven to
obtain the GO–NMB nanocomposite. The cross-linking
mechanism was based on the acetal or hemiacetal reaction
between hydroxyl groups of the GO sheets and aldehyde on
glutaraldehyde (Podsiadlo et al., 2007; Hu et al., 2011), and the
aldimine condensation between the aldehyde group at the other
end of glutaraldehyde and the imine of NMB. The covalent
bonding processes are illustrated in Scheme 1A.

Fabrication of the modified electrodes
Prior to the modification, GCE was sequentially polished to a
mirror surface with 0.3 and 0.05 µm of alumina slurry and was
then rinsed with ultrapure water. After continuous sonication in
nitric acid (v/v, 1:1), anhydrous ethanol, and purified water for
30 s, respectively, GCE was dried with nitrogen gas. To obtain a
homogeneous suspension, 8 mg of the prepared GO–NMB
nanocomposite was dissolved in 1.0 ml of ultrapure water and
sonicated. Then 5 µl of homogeneous dispersion solution of
GO–NMB was dropped onto the surface of cleaned GCE and
dried at ambient temperature. For comparison, NMB/GCE and
GO/GCE were prepared using NMB and GO solution with the
same condition, respectively. The construction process is shown
in Scheme 1B.

Apparatus and measurements
Spectral characterization of GO, NMB, and GO@NMB
composites were performed using UV-vis spectrometer
(PerkinElmer 750s), fluorescence spectrometer (HITACHI F-
7000), and FT-IR spectrometer (Thermo Fisher Nicolet iS50).
Electrochemical measurements were performed with a CHI660E
electrochemical workstation (Chenhua, Shanghai) using a
conventional three-electrode system. A modified GCE, an Ag/
AgCl electrode (3 M KCl), and a platinum wire were used as the
working electrode, reference electrode, and auxiliary electrode,

FIGURE 1 | (A) UV–vis spectra, (B) fluorescence spectra, and (C) FTIR spectra of new methylene blue (NMB) (curve a), graphene oxide (GO) (curve b), and
graphene oxide–new methylene blue (GO–NMB) (curve c).
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respectively. Before every electrochemical experiment, the
prepared GO-NMB/GCE was first scanned in the potential
range from 0.1 to −1.2 V for 10 cycles using cyclic
voltammetry, obtaining stable redox current. Cyclic
voltammetry was performed in the potential range of −0.6 to
0.6 V with a scan rate of 100 mV s−1.

RESULTS AND DISCUSSION

Characterization of the graphene
oxide–new methylene blue nanocomposite
The covalent bonding reaction between GO and NMB was
successfully confirmed by UV-Vis, fluorescence, and FT-IR
spectroscopy. In Figure 1A, NMB displays a strong
absorbance at 629 nm corresponding to the π–π* transition of
NMB aromatic chromophore (curve a) (Paul et al., 2017, 2020).
After covalently bonding with GO (curve c), this prominent
absorption shifts from 629 to 665 nm, which suggest that the
plane of NMB is close to the GO plane and causes π–π stacking
interaction between the two conjugate planes. The result is also
proven by the following structural optimization. The absorption
at 286 nm attributed to π–π* transition, which also occurred on
the GO–NMB nanocomposite without a significant shift in
wavelength, which indicates that the structure of bonded NMB
on GO was not affected by covalent bonding reaction.
Furthermore, both GO and GO–NMB show a weak
absorption peak at about 221 nm, which is ascribed to π–π*
transition of C–C and C � C bonds in the sp2 hybrid regions of
GO (curve b) (Cuong et al., 2010). Therefore, the results
demonstrate that the GO–NMB nanocomposite remains the
main structure and properties of the GO and NMB monomer.

The emission spectra of NMB, GO, and GO-NMB were
recorded to study the interaction between GO and NMB.
NMB has a maximum emission peak at 675 nm but GO has
no fluorescence when excited at 629 nm (Figure 1B). After the

interaction with GO, the fluorescence of NMB was obviously
quenched by GO with a blue shift from 675 to 653 nm, mirroring
the bathochromic shift that occurred in the UV-vis spectrum of
GO-NMB (Huang et al., 2019).

The FT-IR spectrum of GO, NMB, and GO–NMB are
presented in Figure 1C. NMB shows a characteristic peak at
3,453 and 1,613 cm−1 (curve a), which are the stretching vibration
of N–H and the ring extension of the benzene ring, respectively.
The symmetric C–N extension and C–C extension vibration can
be observed at 1,326 and 1,024 cm−1, respectively (Ovchinnikov
et al., 2007; Sharma et al., 2013; Zhang et al., 2016). For GO (curve
b), the vibrational peaks at 3,434, 1,628, 1,405, and 1,096 cm−1 can
be assigned to O–H stretching, sp2-hybridized C�C groups
stretching, O–H bending vibrations, and C–O stretching of
epoxy or alkoxy groups, respectively (Basirun et al., 2013;
Golsheikh et al., 2013; Zhang et al., 2016). The spectrum of
GO–NMB (curve c) showed a redshift from 1,613 to 1,620 cm−1,
probably due to an increase in its conjugation after bonding of
NMB. Noteworthy, the decrease in C–O vibration of epoxy or
alkoxy bonds at 1,096 cm−1 and the appearance of the band at
1,173 cm−1 assigned to C–N indicate the reaction between the
–NH of NMB (Hu et al., 2013; Chen et al., 2018), but the band of
O–H at 1,405 cm−1 did not decrease obviously, which shows that
small bonded NMB molecule did not affect the main structure
of GO.

Electrochemical behavior of graphene
oxide-new methylene blue/glassy carbon
electrode
The electrochemical performance of the modified electrodes was
evaluated by cyclic voltammetry. Figure 2A shows cyclic
voltammograms (CVs) of different modified electrodes in 0.1M
PBS. It can be found that the GO/GCE (curve a) and NMB/GCE
(curve b) have no significant redox peaks in the scanned potential
range. A pair of redox peaks can be found on the GO/NMB/GCE

FIGURE 2 | (A) Cyclic voltammograms (CVs) of GO/glassy carbon electrode (GCE) (a), NMB/GCE (b), GO/NMB/GCE (GO and NMB physical mixture) (c), and
GO–NMB/GCE (d) in 0.1 M phosphate buffer solution (PBS) (pH 7.0, 0.10 V s−1). (B) CVs of GO–NMB/GCE at different scan rates of 0.04, 0.06, 0.08, 0.10, 0.12, 0.16,
0.20, 0.25, and 0.30 V s−1 (inset: the relationship between the redox peak current and the square root of the scan rate). (C) CVs of GO–NMB/GCE in 0.1 M PBS in the
absence (curve a) and presence (curve b) of hydrogen peroxide (H2O2).
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FIGURE 3 | (A) CVs of GO–NMB/GCE in 0.1 M PBS (pH 7.0) with various concentrations of GO–NMB modified solution from 4 to 10 mg ml−1. (B) CVs of
GO–NMB/GCE in PBS with various pH (inset: the plot of the relationship between formal potential and different pH). (C) The amperometric current−time curves of
GO–NMB/GCE at different applied potential with successive injections of the same volume of hydrogen peroxide (H2O2).

FIGURE 4 | (A) Amperometric response of GO–NMB/GCE with successive additions of H2O2 in 0.1 M PBS (pH 7.0) at the applied potential of −0.50 V. (B)
Corresponding calibration plots between catalytic currents and H2O2 concentrations.

TABLE 1 | Comparison of the presented sensor for electrochemical determination of hydrogen peroxide (H2O2) with other reported sensors.

Sensorsa Linear range (µM) LOD (µM) Sensitivity (µA/mM/cm2) Ref

NiO–NSs/CF-1801/GCE 200–3750 0.01303 23.30 Liu et al. (2021)
PB/MoS2–rGO/GCE 0.3–1,150 0.14 − Cheng et al. (2017)
MWCNTs50/PMB/CC 100–3,000 21.7 108 Peña et al. (2011)
B-doped dGN/GCE 5–1,955 0.48 492.71 Hsu et al. (2021)
Hb/3.0 PAMAM–AuNPs/GCE 20–950 6.1 35.07 Elancheziyan and Senthilkumar, (2019)
AuNPs–PB–GO/GCE 3.8–5,400 1.3 − Liu et al. (2021)
AuNPs–GO/GCE 50–4,600 25 − Bas, (2015)
GQDs–CS/MB/GC 1–2,900 0.7 − Mollarasouli, et al. (2017)

2,900–11,780
GO@NMB/GCE 0.33–2,280 1.35 79.4 This work

Note. aNiO–NSs, Nickel oxide nanosheets; CF-1801, three-dimensional (3D) carbon foam (CF) network; PB, Prussian blue; MWCNTs50/PMB,multiwalled carbon nanotubes (MWCNT) into
a poly(-methylene blue) (PMB) film; Hb/3.0PAMAM–AuNPs, hemoglobin (Hb) was covalently immobilized on polyamidoamine (PAMAM) dendrimer encapsulated with gold nanoparticles;
(AuNPs); GQDs-CS, graphene quantum dots (GQDs) functionalized with chitosan; MB, methylene blue; LOD, limit of detection.
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(curve c), which is due to the physical adsorption of NMB on GO. By
comparison, GO–NMB/GCE exhibited a higher redox peak current
and a more reversible redox process (curve d). Figure 2B presents the
CVs of GO-NMB/GCE in 0.1M PBS with increasing scan rates from
0.04 to 0.3 V s−1. The redox peak currents increased linearly with the
scan rates (inset in Figure 2B), indicating a surface-controlled redox
process. The prepared electrochemical sensor based on the synergistic
effect of GO–NMB nanocomposite showed good electrocatalytic
activity for the reduction of H2O2. As shown in Figure 2C, in the
presence of H2O2, the reduction peak current of NMB on GO–NMB
increased along with the decrease in the oxidation peak current,
showing a typical electrocatalytic process. All the results indicate that
covalently bondedNMBonGO–NMBnanocomposite can be used as
an excellent electron mediator for electrocatalytic determination of
H2O2. Moreover, the electron transfer rate of NMB can be promoted
by GO, and the analytical sensitivity can be enhanced with their
synergistic effect.

Optimization of experimental conditions
The experimental conditions, including the modified
concentration of GO–NMB, pH of PBS, and applied potential
for detecting H2O2, were optimized to achieve the best
electrochemical response. As shown in Figure 3A, the highest
peak currents of GO–NMB/GCE were obtained when the

GO–NMB concentration was up to 8 mg ml−1. The current of
the electrode decreased significantly at the GO–NMB
concentration of 10 mg/ ml, which suggested that the thickness
of the modified layer would affect the electron transfer process.

The influence of pH on the electrochemical behavior of the
GO–NMB/GCE in 0.1 M PBS was investigated in the range of
4.98 to 9.03 (Figure 3B). A liner regression equation was obtained
from a plot of formal potential with pH: Eθ (V) � −0.0542–0.0534
pH (R � 0.9932). The slope (−53.4 mV pH−1) is very close to the
theoretical value of 59 mV pH−1, indicating that equal proton and
electron are involved in the redox process (Li et al., 2009). On the
basis of the above results and a previous study, a possible
mechanism for this electrochemical process of GO–NMB on
the electrode is described in Scheme 1B (Mollarasouli et al.,
2017). The peak currents increased gradually until they reached
the maximum at pH 7.00 (Figure 3C); therefore, pH 7.00 for
0.1 M PBS was chosen for further experiments.

In addition, the applied potentials for amperometric
determination of H2O2 were optimized. As shown in
Figure 3D, the catalytic current responses toward H2O2

exhibit excellent and quick amperometric responses at all the
applied potentials, but the catalytic sensitivity toward the same
concentration of H2O2 gradually increases as the potential is up to
−0.50 V, whereas the response decreases at −0.55 V and then

FIGURE 5 | The current–time curve of GO–NMB/GCE in 0.1 M stirring PBSwith successive injections of (A) 0.05 mMH2O2, 0.3 mM uric acid (UA), dopamine (DA),
ascorbic acid (AA), hydroxylamine hydrochloride (NH2OH), and 0.05 mM H2O2. (B) 0.05 mM H2O2, 0.3 mM Ca2+, NH4

+, Br−, F−, CO3
2−, SO3

2−, NO2
−, SO4

2−, NO3
−,

Cu2+, IO3
−, and 0.05 mM H2O2 (C) 0.05 mM H2O2 and various concentrations of Cu2+. (D) 0.05 mM H2O2 and various concentrations of IO3

−.
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increases again at −0.60 V, which is consistent with the CV
response. Considering that more negative potential will cause
greater interference, −0.50 V was selected as the optimum applied
potentials to determine H2O2.

Electrocatalytic analysis of presented
sensor
To evaluate the electrocatalytic activity of GO–NMB/GCE, H2O2

was selected as the analyte due to its extensive application in
medicine, food products, and biosensor developments (Fan et al.,
2016). Figure 4A shows the typical amperometric response of the
presented sensor with successive injections of H2O2 to constantly
stir 0.1 M PBS. The current response grew linearly with the
concentration of H2O2 in the range of 0.00033 to 2.28 mM
(Figure 4B). The response sensitivity is up to 79.4 μAmM−1

cm−2, and the limit of detection (LOD) was calculated to be
1.35 μM (Lin et al., 2012). The analytical performances of the
sensor and reported sensors in terms of linear range, sensitivity,
and LOD were compared and are summarized in Table 1. The
presented sensor shows a lower LOD and higher sensitivity,
which indicated that the GO–NMB could be an alternative
material for the construction of H2O2 electrochemical sensor.
However, it must be noted that the relatively narrow linear

detection range may be due to the low amount of NMB
covalently bonded on the surface of GO, which will be further
optimized in our later research.

Properties and application of the presented
sensor
The analytical properties of the presented sensor, including
selectivity, stability, and reproducibility, were evaluated by
sensing H2O2. The amperometric responses of the sensor were
performed with successive additions of 0.05 mΜ H2O2 and
0.3 mM interfering substances, including uric acid (UA),
dopamine (DA), ascorbic acid (AA), hydroxylamine
hydrochloride (NH2OH), Co2+, Fe3+, Zn2+, Cd2+, Ni2+, Fe2+,
Ca2+, Ag+, Hg2+, NH4

+, Cu2+, Br−, F−, CO3
2−, SO3

2−, NO2
−,

SO4
2−, NO3

−, and IO3
− (Figures 5A−C). The current

responses on H2O2 were not interfered by the injection of
other substances except for 0.3 mM IO3

−, Cu2+, Ag+, and
Hg2+. As shown in Figure 5D, the interference of IO3

− can be
avoided when its concentration is lower than 0.2 mM. Similarly,
as the concentration of Cu2+ and Ag+ decreased to 0.2 and
0.15 mM, respectively (Supplementary Figure S1), the
interfering current can be negligible. However, the interfering
current is neglectable when the concentration of Hg2+ is as low as

FIGURE 6 | The current–time curves of GO–NMB/GCE toward 83 μMH2O2 prepared with the same electrode for five times (A) and five different electrodes (B). (C)
Successive current response of the GO–NMB/GCE toward 83 μMH2O2 in 0.1 MPBS before and after 1-h response. (D) Long-term storage stability of the sensor for the
response toward 83 μM H2O2 before and after 27 days.
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0.03 mM. Therefore, it was concluded that the prepared
GO–NMB/GCE sensor presented a good selectivity for the
determination of H2O2 except for the presence of Hg2+ and
high concentration of IO3

−, Cu2+, and Ag+.
Additionally, the reproducibility of GO–NMB/GCE was

investigated under the same experimental conditions in the
section above (Figures 6A, B). The intra-reproducibility of the
same modified GCE was carried out by comparing the
determination of the same H2O2 concentration for five times.
The relative standard deviation (RSD) is 6.72%. Moreover, RSD
was 4.98% for five independently prepared sensors toward H2O2,
indicating a good inter-reproducibility. Therefore, the proposed
sensor presents excellent reproducibility for reliable analysis.

The operation of the sensor was studied by continuous
response on 83 μM H2O2 for 1 h. As shown in Figure 6C,
the catalytic current remains relatively stable, and moreover,
it still shows a sensitive response toward H2O2 after continuous
use for 1 h. The long-term storage stability was examined by
comparing the initial response current and the catalytic current
after 27 days of storage toward the same concentration of H2O2

(Figure 6D). Obviously, no significant change in the catalytic
current was observed. With the excellent stability, the sensor
could serve as a practical electrochemical sensor for H2O2

detection.
To validate the reliability of the presented senor, diluted

disinfector samples have been detected and evaluated by the
standard addition method and traditional potassium
permanganate method. The acceptable recoveries from 92.4%
to 95.8% have been obtained; moreover, the determined results
are consistent with those of the potassium permanganate method.

CONCLUSION

In conclusion, NMB was successfully covalently immobilized
onto GO, which was confirmed by spectroscopic and
electrochemical methods. Based on the GO–NMB
nanocomposite, a novel electrochemical sensor was proposed
for the application in H2O2 determination. The results from the
electrochemical characterization of the sensor suggested that
covalent bonded NMB on GO–NMB nanocomposite could be
used as an excellent electron mediator for electrocatalytic
reduction of H2O2. Moreover, GO could promote the electron
transfer rate of NMB and enhance the response sensitivity. The

electrochemical properties of GO–NMB nanocomposite were
better than that of the physical mixture of GO and NMB
modified electrode. With the synergistic effect, the sensor
showed the advantages of high sensitivity, good stability, and
reproducibility, and low limit of detection. With these
advantages, the method provides a new avenue for the
construction of electrochemical sensors based on the covalent
functionalized GO composites.
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