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A microwave-assisted strategy was developed for the synthesis of nitrogen and boron co-doped graphene

(NB-G) with a hierarchical framework, and the NB-Gwas characterized by transmission electronmicroscopy,

scanning electron microscopy, X-ray photoelectron spectroscopy and Raman spectroscopy. The resultant

NB-G network provided multidimensional electron transport pathways, and was used in the

electrocatalytic reduction for hydrogen peroxide (H2O2) sensing, exhibiting an excellent response and

stability. The NB-G modified electrochemical sensor showed a linear range from 0.5 mM to 5 mM with a

detection limit of 0.05 mM at a signal-to-noise ratio of 3. This high performance was attributed to both

the beneficial structure of NB-G and synergetic effects arising from the co-doping of N and B in

graphene. The proposed biosensor was also used to achieve real-time quantitative detection of H2O2

from living cells at the nanomolar level, which exhibited excellent electrochemical activity.
1. Introduction

Hydrogen peroxide (H2O2), is known as a by-product of aerobic
respiration and a part of the phagocytic respiratory burst, and
has recently been shown to be a messenger in cellular signal
transduction.1 The emerging concept of H2O2 as a redox signal
that triggers reversible post translational modication of
precise protein targets has generated interests in understanding
how cells produce, partition and funnel H2O2 into specic
signaling pathways.2,3 As a reactive oxygen species (ROS), H2O2

also plays an important role in many oxidative biological reac-
tions as an essential mediator, including those catalyzed by
glucose oxidase, cholesterol oxidase and alcohol oxidase, etc.
Over-production of H2O2 can lead to oxidative stress and
subsequent functional decline in organ systems, inducing
neurodegeneration or cancer.4,5 Thus, the precise and rapid
detection of H2O2 is of signicant importance. To better
understand the biological effects of H2O2, it is critically
important to monitor H2O2 levels in biological environments,
especially in the cellular environment, and new diagnostic
methods are needed to detect and quantify endogenous H2O2

production. H2O2 has been detected by various methods,6–9

among which electrochemical method has become increasingly
attractive in biological applications because it possesses better
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temporal resolution for measurements, offering great potential
to image the dynamic release process of H2O2.10 However, most
amperometric techniques rely on enzyme-based biosensors
which have intrinsic problems such as poor enzyme stability
and interference from electroactive species. Therefore, it is
important to fabricate a novel low cost electrodematerial for the
oxidation of H2O2 and develop a highly selective and sensitive
H2O2 sensor to track the role of H2O2 in physiological and
pathological processes.

Nanomaterials have attracted signicant attention due to
their outstanding properties. Previous reports have shown that
carbon-based nanocomposites possess good sensing ability for
H2O2 and can efficiently improve electron transfer between the
analyte and electrode.11,12 Since rst discovered by Novoselov
et al.,13 graphene, which has a unique structure of two-dimen-
sional sheets composed of sp2-bonded carbon atoms, has
fascinated many researchers in numerous elds because of its
extraordinary physical and chemical properties, such as high
carrier mobility, excellent thermal conductivity and specic
surface area.14–17 Both theoretical and experimental studies18–23

revealed that chemical doping with heteroatoms, such as
nitrogen (N), boron (B) or sulfur atoms, was an effective method
for tailoring the electrical properties of graphene for more
widespread applications. Doped graphene has been intensively
investigated as an electrode material for supercapacitors,
lithium-ion batteries and oxygen reduction reactions.24–29

Recently, graphene co-doped with two elements has also shown
much better performance than single doped graphene for fuel
cells and energy storage, and this has become one of the main
trends in the tailoring of its chemical and physical properties
RSC Adv., 2013, 3, 22597–22604 | 22597
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for desired purposes.30–33 Moreover, achieving positive archi-
tectures of graphene-based materials is vital for macroscopic
applications.34 Consequently, the identication of a simple and
effective strategy to synthesize co-doped graphene with a
benecial structure is highly desirable. On the other hand, little
attention has been paid to enhancing the performance of co-
doped graphene in electrochemical sensing, and it has been
demonstrated that N or B doping could enhance the biocom-
patibility and sensitivity of carbon nanotubes in biosensing
applications.35,36 Therefore, a study on the synthesis of N and B
co-doped graphene (NB-G) and exploring its potential in bio-
logical elds is a valuable and crucial topic.

Herein, we developed a novel microwave-assisted strategy for
the synthesis of NB-G with a hierarchical framework. The as-
prepared NB-G offered a large active surface area, high
conductivity and unhindered substance diffusion, and was
investigated as an excellent material for enzyme-free biosen-
sors. H2O2 showed a better electrochemical response at the NB-
G modied glassy carbon electrode (GCE), much higher than
that of graphene solely doped with N atoms (N-G) or with B
atoms (B-G) due to a synergistic effect between the heteroatoms,
and a sensitive H2O2 amperometric sensor was fabricated with
signicantly improved sensitivity, selectivity and stability.
Finally, the developed method, with theoretical simplicity, and
less technical and instrumental demands, was successfully used
in the reliable detection of H2O2 released from live cells. This
technique was a simple and reliable approach for monitoring
ROS in biological systems, which may be related to physiolog-
ical and pathological events.
2. Experimental section
2.1. Materials and apparatus

Cyanamide, B2O3 and H2O2 (30%) were purchased from Alfa-
Aesar. Graphite powder, N-formylmethionyl-leucyl-phenylala-
nine (fMLP) and catalase were supplied by Sigma-Aldrich. All
other chemicals used were of analytical reagent grade. The
deionized water was obtained from aMillipore Autopure system
and used in all experiments. Phosphate buffer solutions (PBS)
of various pH values were prepared by mixing the stock solu-
tions of NaH2PO4 and Na2HPO4, and then adjusting the pH with
NaOH and H3PO4.

Transmission electron microscopy (TEM) and high-resolu-
tion transmission electron microscopy (HRTEM) were per-
formed on a JEOL 2100 transmission electron microscope using
an accelerating voltage of 200 kV. High-angle annular dark-eld
scanning TEM (HAADF-STEM) images and element analysis
mapping were carried out on a JEOL JEM-2100F electron
microscope operated at 200 kV. Scanning electron microscopy
(SEM) images were obtained with a Hitachi S-4800 scanning
electron microscope. Atomic force microscopy (AFM) was
carried out using an Agilent 5500 atomic force microscope
operated in tapping mode with sample on freshly cleaved mica.
The X-ray photoelectron spectroscopy (XPS) measurements were
obtained using a commercial XPS system (PHI 5000 Versa
Probe) equipped with a hemispherical electron analyser and
monochromatic Al Ka X-ray excitation source. The specic surface
22598 | RSC Adv., 2013, 3, 22597–22604
area of the catalysts was calculated using the Brunauer–Emmett–
Teller (BET) equation. The nitrogen adsorption–desorption data
were recorded in liquid nitrogen at a temperature of 77 K using
Micromeritics ASAP 2020M apparatus. Before the measurements
were performed, the samples were incubated for 10 h at 300 �C.
Fourier transform infrared spectroscopy (FT-IR) analyses were
carried out by KBr pellet and carried out using a Nicolet 6700 FT-
IR spectrometer. Raman spectra were conducted on a Renishaw
via Raman microscope equipped with a �50 objective and
514.5 nm diode laser excitation on a 1800-line grating. X-ray
powder diffraction (XRD) was performed on a XRD-6000
(Shimadzu) using Cu Ka (0.15406 nm) radiation with the
sweeping rate of 5� perminute. Thermogravimetric analysis (TGA)
was performed using Pyres 1 apparatus (Perkin Elmer, MA, USA)
at a heating rate of 10 �C min�1 from room temperature to
1000 �C under a nitrogen atmosphere.

2.2. Synthesis of NB-G

Graphene oxide (GO) was synthesized through the oxidative
treatment of puried natural graphite using a previously
reported method (see in ESI†).37 Then 50 mL of GO (1.0 mg
mL�1) aqueous dispersion mixed with 5.0 mL of 50% cyana-
mide solution was rst treated with microwave for 1 h, and
dried under vacuum at 60 �C for several hours. The powder was
then ground with B2O3, the sample was placed in a quartz boat
and introduced into the middle of a tube furnace, and pyrolysis
was performed at 900 �C for 0.5 h in an Ar atmosphere. For
comparison, N-G and B-G were prepared using cyanamide as N
precursor and B2O3 as B precursor, respectively. The pristine
graphene (G) was also prepared in the absence of doping
precursor.

2.3. Cells and culture

The CCRF-CEM leukemia cell line from Nanjing KeyGen
Biotech Co. Ltd. was cultured in RPMI 1640 medium (Gibco,
Grand Island, NY) supplemented with 10% fetal calf serum
(HyClone Laboratories Inc., Logan, UT), penicillin (100 units
mL�1) and treptomycin (100 mg mL�1). The cells were grown in
standard 100 � 20 mm2 Petri dishes (Corning Inc., Corning,
NY) at 37 �C in a humidied incubator containing 5% CO2. At
the logarithmic growth phase, the cells were collected and
separated from the medium by centrifugation at 1000 rpm for
6 min, washed three times with sterile PBS at pH 7.4, and then
resuspended in cold PBS containing 1.0 mM Ca2+ and 1.0 mM
Mn2+. The cell number was obtained using a Petroff-Hausser
cell counter.

2.4. Electrochemical experiments

Electrochemical experiments were performed on an electro-
chemical analyzer (CHI 660C, CHI Instrument) using a standard
three electrode cell. A platinum wire was used as the counter
electrode and a saturated calomel electrode (SCE) as the refer-
ence electrode. The GCE was successively polished using 1.0
and 0.3 mm alumina powder followed by rinsing thoroughly
with deionized water. Aer successive sonication in 1 : 1 nitric
acid, acetone and deionized water, the electrode was rinsed with
This journal is ª The Royal Society of Chemistry 2013
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deionized water and dried at room temperature. A suspension
of the catalyst at a concentration of 1.0 mg mL�1 was obtained
by ultrasonically dispersing the catalyst into chitosan solution
(0.5 wt% with 2% acetic acid). The suspension (10 mL) was then
dropped onto the GCE and dried thoroughly in air. Electro-
chemical reduction of H2O2 was monitored under a saturated
N2 condition using 2.5 mMH2O2. Amperometric measurements
were performed at �0.25 V in the N2-saturated 0.1 M PBS (pH
7.4) solution.
2.5. Measuring the H2O2 released from living CCRF-CEM
cells

Aer growing to 90% conuence, the cells were collected and
washed for three times with PBS. The cell number was esti-
mated using a hemocytometer. Aer centrifugation, a cell-
packed pellet was obtained, and 10 mL PBS (pH 7.4) was added
for the electrochemical experiments. Prior to the measure-
ments, the buffer was deoxygenated under a nitrogen stream.
The potential for modied electrode was controlled at �250 mV
(vs. Ag/AgCl). Aer a steady background was obtained, 1.0 mM
fMLP was added and the response current was recorded at 37 �C.
3. Results and discussions
3.1. Fabrication and characterization of NB-G

Heteroatom modication is a popular approach to intrinsically
modify the properties of host materials. Nitrogen and/or boron
doping in carbon networks can effectively tune the electronic
properties. In this strategy, a two-step procedure is employed to
synthesize NB-G to avoid the BN structure with electrochemical
inactivity.38,39 Cyanamide and B2O3 were selected as N and B
precursors, respectively to achieve high doping contents in the
fabrication of NB-G. Scheme 1 describes the process of NB-G
synthesis. Firstly, the GO dispersion was mixed with cyanamide
Scheme 1 Fabrication of NB-G framework from GO.

This journal is ª The Royal Society of Chemistry 2013
and treated at 160 �C and 180 psi for 1 h under microwave
irradiation (200 W) in the cavity of a microwave oven (CEM
Discover, USA). The dried mixture was then ground by mortar
with B2O3, heated to 900 �C at a rate of 10 �C min�1 and kept
for 0.5 h under an Ar atmosphere in a corundum tube furnace.
The resultant powder was nally washed and ltered several
times with hot deionized water to remove the residual B2O3.
N-G, B-G and G were also prepared under similar condition for
comparison.

Microwave irradiation is fast and highly efficient for trans-
ferring energy into the reaction system, the temperature
increases uniformly throughout the reactants,40 and it has been
applied in graphene synthesis for energy storage.41 Herein,
microwave treatment followed by high-temperature annealing
in an inert atmosphere prompted the conversion of GO to NB-G,
and NB-G spontaneously self-assembled into an ordered struc-
ture. The as-prepared NB-G framework was rst investigated by
TEM and SEM images. Fig. 1A clearly shows that the GO sheets
have two-dimensional structures, indicating the exfoliated
nanoplatelet texture characteristic of graphene. The NB-G was
crumpled with wrinkles and ripples on the surface (Fig. 1B), due
to polymerization of the adsorbed cyanamide on doped gra-
phene during the microwave and thermal processes. Cyana-
mide also acted as a swelling agent to effectively prevent GO
from self-stacking during the reaction. Continuous cross-linked
networks and abundant hierarchical structures were observed
in the SEM image (Fig. 1D). More images are shown in Fig. S1 in
the ESI.† However, the hierarchical structure was not observed
using the conventional heating method (Fig. S2†). The HRTEM
image also revealed the few-layer planar structure (Fig. 1C), which
was identied as graphene sheets viewed on the edge. To deter-
mine the crystallinity of the NB-G hierarchical structure, the
selected-area electron diffraction (SAED) pattern was also exam-
ined (inset in Fig. 1C), where one set of well-dened hexagonal
diffraction spots was detected, corresponding to the typical
hexagonal lattice of carbon within the graphite plane.42 The result
indicated that the as-prepared NB-G had good crystallinity.

To obtain insight into the distribution of C, N and B in the
NB-G, STEM was carried out for elemental analysis (Fig. 2a) with
Fig. 1 TEM images of GO (A) and NB-G (B). (C) HRTEM image of NB-G (the inset
shows the SAED pattern of the lattice domain). (D) Typical SEM image of NB-G.

RSC Adv., 2013, 3, 22597–22604 | 22599
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Fig. 2 (a) HAADF STEM image of NB-G, and the corresponding elemental
mapping images. (b) The EELS spectrum of NB-G.

Fig. 3 (A) XPS spectrum of NB-G. The corresponding high-resolution XPS spectra
of C1s (B), N1s (C) and B1s (D).
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the corresponding elemental mapping images of C, N and B in a
selected area of the atomic lm, which showed that all three
elements were distributed in the imaged area. Electron energy
loss spectroscopy (EELS) was used to characterize the K-edge
absorption of C, N and B. Fig. 2b shows the typical EELS spectra
from an individual NB-G. Three distinct absorption features at
284, 403 and 188 eV corresponded to the expected C, N and B K-
edges respectively,43 indicating the successful incorporation of
C, N and B in the NB-G framework.

Strong evidence for the substitutional incorporation of N
and B dopants into the graphite lattice of graphene was also
provided by XPS. As shown in Fig. 3A, the survey scan spectrum
for NB-G exhibited C1s (�284.3 eV), N1s (�400.0 eV), B1s

(�190.0 eV) and O1s peaks (�531.0 eV), with signicant contents
of N (7.1% atomic percent) and B (3.9% atomic percent).
Previous studies reported that the introduction of foreign atoms
could increase the number of hole-type charge carriers to
enhance the conductivity. When the doping amount was
increased to some content, heavily co-doped graphene might be
a superconductor44 and could facilitate electrochemical activity.
Fig. 3 also shows the corresponding high-resolution XPS results
for C, N and B in NB-G. The four deconvoluted peaks in the C1s

spectrum at 283.4, 284.7, 286.2 and 288.3 eV could be assigned
to C–B, C–C, C–N and C–O bonds, respectively (Fig. 3B).25 The
high-resolution N1s spectrum in Fig. 3C could be deconvoluted
into four subpeaks at 398.2, 399.5, 401.1 and 402.6 eV, corre-
sponding to the C–N–B, pyridine N–C, pyrrole N–C and
graphitic N–C bonds, respectively.27 The broad band of B1s

could be deconvoluted into two main bands at 189.9 and
191.0 eV (Fig. 3D), which were assigned to the B–C and B–N
bonding structures,45 respectively. It is reasonable to conclude
that N and B atoms were introduced into the carbon framework
via covalent bonds.46 The decrease in electron density of the
22600 | RSC Adv., 2013, 3, 22597–22604
substitutional N and B atoms was accompanied by an increase
in the electron density on nearby active carbon sites. It is
expected that doping plays an important role in regulating the
electronic properties and enhancing the electrocatalytic activity
of graphene in the electrochemical system.

The structure was also revealed using typical AFM images.
Fig. S3† shows that the thickness of the GO nanosheets is
approximately 1.0 nm for the presence of covalently bound oxo-
groups, indicating the monolayer structure. The NB-G hierar-
chical framework on the edge still maintained their lateral
shape with an average thickness of 0.8 nm (Fig. 4A), conrming
the few-layer feature.29,47

Nitrogen adsorption–desorption analysis displayed a typical
BET surface area of up to 305.0 m2 g�1 for the NB-G hierarchical
framework (Fig. 4B), with an average pore size of around
22.4 nm, higher than that of the sample prepared using
conventional heating method followed by high-temperature
annealing (85.6 m2 g�1). This might be ascribed to the thermally
unstable oxygen-containing groups on graphene sheets gener-
ated under microwave treatment, which decomposed into CO
and/or CO2 at elevated temperature, and created additional
micropores and exerted a driving force for expansion and
exfoliation of the aggregated graphene sheets.41 Thus the NB-G
network not only preserved the excellent electrical properties,
but also resulted in an high surface area.

Fig. 4C displays the typical FT-IR spectra before and aer N
and B incorporation. GO exhibited oxygen-containing groups
(C]O at 1739 cm�1 and C–O at 1230 cm�1),48 while for NB-G,
the obvious decrease in the oxygenated functional groups
showed the reduction of GO, and the C]C bands at
�1600 cm�1 representing graphitic backbone became more
intense for NB-G, suggesting successful reduction and
high graphene purity.48 The appearance of C–N and C–B
chemical bonds suggested N and B were successfully coupled
with C.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 CVs of G/GCE (a), B-G/GCE (b), N-G/GCE (c) and NB-G/GCE (d) in 0.1 M
KCl solution containing 2.0 mM K3[Fe(CN)6]/K4[Fe(CN)6].

Fig. 4 (A) AFM image of NB-G. (B) Nitrogen adsorption-desorption isotherm of
NB-G (The inset shows the pore size distribution). (C) FT-IR spectra of GO and NB-
G. (D) Raman spectra of GO, G and NB-G. (E) XRD pattern of GO and NB-G. (F) TGA
curves of GO and NB-G.
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Raman spectra of the samples were collected on a micro-
Raman spectrometer at an excitation wavelength of 514 nm
under ambient conditions by dropping the DMF dispersions on
mica substrates. Fig. 4D displays the typical Raman spectra for
GO, G and the NB-G. The peaks at around 1368 and 1598 cm�1

corresponded to the D and G bands, respectively. The G band is
attributed to in-plane bond stretching of pairs of sp2 C atoms
and the Dmode is associated with defects or lattice distortion.49

The intensity ratio of D band to G band (ID/IG) for G was higher
than GO, probably due to the generation of smaller nano-
crystalline graphene domains. Following co-doping with N and
B, the intensity ratio of ID/IG increased further, suggesting
increased structural disorder.30,31

The crystalline structure of NB-G was further characterized
by XRD. In Fig. 4E, the feature diffraction peak of GO at 10.4�

(002) was observed with an interlay space (d-spacing) of
0.76 nm,50 suggesting the complete exfoliation of graphite. For
NB-G, the peak at 10.4� vanished and a new broad peak at 24.4�

appeared with a d-spacing of 0.36 nm, which corresponded to
the (002) plane of graphene, indicating that the fabrication
process could partially restore the graphitic crystal structure
due to the reduction effect of high temperature and co-doping,51

consistent with the HRTEM results.
TGA was also used to examine the thermal stability of the as-

prepared NB-G compared to GO (Fig. 4F), recorded in an N2

atmosphere. GO was thermally unstable and started to lose
mass upon heating below 100 �C due to adsorbed water. There
This journal is ª The Royal Society of Chemistry 2013
were two signicant drops in mass around 200 and 500 �C,
which were assigned to evolution of the oxygen-containing
functional groups and combustion of the carbon skeleton of
GO, respectively. In general, NB-G was found to be stable up to
1000 �C, indicating excellent thermal stability. Hence NB-G
with versatile properties which was prepared by a convenient,
economical and scalable method, and the methodmay also be a
good candidate for numerous applications.
3.2. Electrochemical performance of NB-G modied GCE

Different from the conventional 2D stacked graphene lm, NB-
G provides a hierarchical framework with maximum access to
the doping sites within highly exposed graphene sheets and
multidimensional electron transport pathways.34 To investigate
the effect of NB-G on electron transfer kinetics of the redox
probe at the electrode, the cyclic voltammograms (CVs) of NB-G
modied GCE (NB-G/GCE), together with G/GCE, B-G/GCE and
N-G/GCE, in 0.1 M KCl solution containing 2 mM K3[Fe(CN)6]/
K4[Fe(CN)6], are shown in Fig. 5. The peak current of NB-G/GCE
was higher than that of G/GCE, B-G/GCE and N-G/GCE, and the
potential difference of the peak-to-peak at NB-G/GCE was small.
These results showed that NB-G effectively accelerated electron
transfer between Fe(CN)6

3�/4� and the electrode. With the
above advantages, NB-G was selected an candidate to develop as
a sensitive platform for biosensing.

Graphene-based composites demonstrate good performance
in the detection of some important targets.52–54 In the present
study, to explore the application of NB-G in electrochemical
sensing, the CV characteristics of H2O2 at the NB-G modied
electrode were investigated. Sensitive detection of H2O2 is
important because it is widely used in many elds such as food,
biological and environmental analyses. In our electrochemical
experiments, the chemical reaction proceeded as the following
equation: H2O2 + 2e� / 2OH�. Fig. 6 shows the typical CVs
obtained for G/GCE, B-G/GCE, N-G/GCE and NB-G/GCE
in 0.10 M pH 7.4 PBS in the absence (curve a) and presence
RSC Adv., 2013, 3, 22597–22604 | 22601
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Fig. 6 CV curves of G/GCE (A), B-G/GCE (B), N-G/GCE (C) and NB-G/GCE (D) in
N2-saturated 0.1 M PBS (pH 7.4) in the absence (curve a) and presence (curve b) of
2.5 mM H2O2 at a scan rate of 50 mV s�1.
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(curve b) of H2O2. Of the four electrodes, BN-G/GCE was the
most active, showing the lowest onset reduction potential and
highest current peak at�0.247 V for H2O2 reduction, which was
a synergistic effect resulting from the co-doping of graphene
with N and B atoms. This was because not only could the iso-
lated N and B atoms act as active sites through charge transfer
with neighboring C atoms,46 but interaction between adjacent N
and B atoms also facilitated charge transfer with neighboring C
atoms, as shown in Scheme 1. Consequently, NB-G possessed
excellent electrochemical activity toward the redox reaction of
H2O2. In addition, thematerial showed the highest peak current
of all the samples prepared at different temperatures aer
dealing with at 900 �C (Fig. S4†), and thus it was the most
promising material and was used in the subsequent experi-
ments. These results suggested that the performance of the
biosensor could be greatly improved by using suitable NB-G.

The NB-G was then used to detect the concentration of H2O2

at low potential with high sensitivity. The typical amperometric
responses of NB-G modied electrodes for different concen-
trations of H2O2 were examined as shown in Fig. 7A. The
response reached a steady signal within only 2 s and displayed a
linear increase with increasing concentration from 0.5 mM to
Fig. 7 (A) Current–time curve of NB-G/GCE in 0.1 M pH 7.4 PBS at an applied
potential of�0.25 V. (B) The logarithmic plots of the response current vs. the H2O2

concentration.

22602 | RSC Adv., 2013, 3, 22597–22604
7.5 mM, with a detection limit of 0.05 mM at a signal-to-noise
ratio of 3 (Fig. 7B), which showed excellent analytical perfor-
mance (Table S1†). In addition, as expected, at the same
concentration of H2O2 (0.5 mM), the NB-G/GCE displayed an
amplied response compared to the G, B-G and N-G modied
GCE (Fig. S5†). These results showed that the sensors had wider
linear range, relatively lower detection limit and faster current
response for H2O2, thus it had the advantages similar to other
enzymatic and non-enzymatic biosensors. Moreover, the
response had also highly reproducible, as indicated by its
almost unchanged current response aer een measure-
ments. The relative standard deviation (RSD) of current
responses for ten biolms was less than 7.6%. The biosensor
retained 90% of the initial signal following storage at 4 �C for
one month, and the maximum RSD value of the reduction peak
currents was 5.6%. The effects of common interfering species
on the response were also examined, which showed that the
H2O2 biosensor was free of common interferences (Table S2†).
The good electrochemical properties of the enzyme-free elec-
trode were ascribed to the architectures, large surface area, high
conductivity and unhindered substance diffusion of the NB-G
framework, together with the synergistic catalytic effect of co-
doping which resulted in increased electron density and elec-
tron donating properties. These ndings also showed that the
NB-G hierarchical framework was suitable for the fabrication of
H2O2 biosensors.

3.3. Determination of H2O2 released from CCRF-CEM
leukemia cells

The sensor was used to determine the concentration of H2O2

released from CCRF-CEM leukemia cells (Fig. 8A). The release of
H2O2 from these cells induced by fMLP was evaluated by
amperometry using NB-G/GCE.55,56 Without stimulation by
fMLP, these cells did not generate any measurable signal.
However, the addition of catalase, which is a H2O2 scavenger,57

resulted in a sudden drop in current response followed by a
progressive decrease down in signal to the background level
(Fig. 8B). Control wells without CCRF-CEM cancer cells did not
generate any signal following the addition of fMLP or catalase.
These results veried that the response depicted in the red line
was only due to H2O2 released from the CCRF-CEM cells. The
maximum current change was around 0.061 mA, corresponding
to 21 nM H2O2 as calculated from the calibration curve in
Fig. 8 (A) The bright-field microscopy image of CCRF-CEM cells (106 cells per
mL). (B) Amperometric responses of the NB-Gmodified electrode in 0.1 M PBS (pH
7.4) with the addition of 1.0 mM fMLP and 300 U mL�1 catalase in the absence
(black line) and present (red line) of CCRF-CEM cells.
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Fig. 7B. Thus, upon the stimulation of 1.0 mM fMLP, the cells
released more H2O2 at an estimated concentration of 21 fmol
H2O2 per cell. In this regard, the proposed method could be
used to study the cellular kinetics of H2O2. To evaluate the
validity of the calculated concentration of H2O2 produced by
CCRF-CEM cells, a recovery test was carried out. Three samples
with different concentrations of CCRF-CEM cells were prepared
and specic amounts of H2O2 were added. The average recov-
eries were 102.5%, 101.3% and 100.9%, and the RSDs were
2.14%, 2.87% and 3.22%, respectively (ve measurements),
indicating that the developed approach had high accuracy in
measuring the H2O2 concentration released from CCRF-CEM
cells.

These observations substantially conrmed that the devel-
oped NB-G with high activity represented a new sensing plat-
form for the reliable and durable determination of H2O2 in vitro
and from cancer cells, and was suitable for both intra- and extra-
cellular H2O2 detection. It is expected that NB-G with good
biocompatibility may provide a new electrochemical platform
for the direct electrochemistry of redox-active enzymes.
4. Conclusion

We have demonstrated the preparation of a NB-G hierarchical
framework through a combined microwave-activated chemical–
thermal treatment, which induced an enhanced synergistic
coupling effect to fabricate a highly specic biosensor for the
selective measurement of H2O2. As an advanced electrode
material, the obtained NB-G showed improved electrochemical
performance compared to that of single doped graphene. The
enzyme-free sensor also showed a fast response, wide linear
range, low detection limit and good stability for H2O2 detection.
The designed sensor was further used in the determination of
H2O2 in vitro and released from leukemia cells and showed good
application in bioelectrochemistry. This work will be benecial
for the assembly of various biomolecules into a NB-G hierar-
chical framework in sensing applications. It is also anticipated
to open new investigations into NB-G and promote its applica-
tion in addressing many issues, such as biomedical and other
electronic systems.
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