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Abstract
A novel preparation of dopamine-derived N-doped carbon nanotubes/Fe3O4 composites (N-CNTs/Fe3O4 Cs) is dem-
onstrated via facile hydrothermal route and calcination treatment. In this approach, dopamine was selected as N-
containing precursor, which can promote Fe3O4 nanocrystal deposition uniformly on the surface of CNTs and
effectively modulated the graphitic structure with doped pyridinic N and graphitic N to improve
the electrochemical performance of carbon composites. More interestingly, the inhibited growth of the Fe3O4 crystal
during calcination can be effectively avoided by soaking PDA-CNT/Fe3O4 Cs in a phosphate solution before
calcination. The N-CNTs/Fe3O4 Cs have an enhanced electrocatalytic activity toward hydrogen peroxide with high
sensitivity (316.27 mA M−1 cm−2) and wide linear range (0.006–2.057 mM). The N-CNTs/Fe3O4 Cs modified sensor
was successfully applied to real-time detection of H2O2 released from living cancer cells, displaying a potential
application in the study of oxidative stress-related diseases. This work demonstrates a rational way for high-
performance electrocatalytic material synthesis and bioanalysis.

Keywords Polydopamine . N-doped carbon nanotubes . Fe3O4
. Hydrogen peroxide detection . Cancer cell H2O2 release

Introduction

Carbon composite is of growing interest for fabrication of
excellent performance materials in sensoring devices, energy,
and catalytic applications [1–3]. Owing to inherently inert of
graphitic carbons, nanotubes (CNTs) generally require to be
activated by chemical oxidation such as HNO3 and H2SO4 [4]
or developed the noncovalent interaction of biomolecules or
polymers [5–7] to separate CNT agglomerates and facilitate
the binding sites. Unfortunately, such oxygen-containing
functionalization and molecules layers accompany defect for-
mation that deteriorates the electrical properties and reduces
electrical contact of composite with electrode interface [8, 9].
As an alternative functionalization method, heteroatom-
doping has been in focus of CNT research in the recent years
[10]. Electro-rich nitrogen (N)/sulfur (S)/phosphor (P)-doped
CNT integrated with other functional components may work
synergistically for performance optimization. Meanwhile,
during doping process, the graphitic surface of CNTs can be
effective functionalization bymeans of functional groups such
as hydroxyl or carboxyl that act as anchoring sites to deposit
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metal–metal oxide nanocrystals, achieving the metal-
containing heteroatom doped carbon composites.

Until now, the carbonization of precursor chemicals such as
aniline, urea, and pyrrole has been accepted as an effective meth-
od for preparing N-doped carbon composite [11–13]. More im-
portantly, N with excessive valence electrons that can be intro-
duced into the graphene lattice could greatly improve limiting
current density and the onset potential [14], achieving a high
electrochemical performance for target reactions. Despite recent
progress, the improved properties of N-containing precursors are
necessary formaintaining electrical properties of CNTs aswell as
effectivemodulation of graphitic structure. Polydopamine (PDA)
is a kind of biopolymer derived from a polymerization of dopa-
mine in alkaline aqueous solutions, which is well-known for its
excellent affinity to various substrates and nanostructures [15].
Studies show carbonized polydopamine (C-PDA) coatings have
a multi-layered graphene-like structure and high electrical con-
ductivity to that of N-doped graphene [16, 17]. Evidence also
points out there is little sp3 C in final PDA-based carbon matrix
from the 13C NMR spectra and XPS analysis [18]. Minimizing
sp3 C occurring in carbon structures can enhance the
electroconductivity. In addition, many types of metal ions can
chelate with catechol and amine groups of PDA [19–21],
allowing facile modification of functional materials into the
PDA-based N-doped carbon matrix for many applications.

With this point of view, dopamine-derived N-doped CNT/
Fe3O4 composites (N-CNT/Fe3O4 Cs) were prepared via facile
hydrothermal route coupled with a simple calcination treatment
(Scheme 1). PDA-modified CNTs (PDA-CNTs) have a good
dispersion, in which the unique molecular structure of PDA can
promote Fe3O4 nanocrystals deposition with uniformly distrib-
uted on the surface of CNTs. Fe3O4 nanocrystals have
peroxidase-like activity, which exhibits catalytic performance
for hydrogen peroxide (H2O2) reduction. The increased
pyridinic N and graphitic N in N-CNT/Fe3O4 Cs were further
improved electrochemical performance of carbon composites.
This facile and effective method will open up a new avenue for
the development of high-performance electrocatalytic materials
for biosensenor and catalytic applications. Electrochemical
measurement results show that loading of Fe3O4 on this
conducting N-doped carbon carrier delivers enhanced sensitiv-
ity and selectivity toward H2O2 detection. H2O2, as a signaling
molecule, is one of the most stable species of ROS generated in
the biological system, which is closely related to some diseases
ranging from cancer to neurodegenerative diseases [22]. To
demonstrate the analytical applicability of the N-CNTs/Fe3O4

Cs, real-time detection of H2O2 released from living cells was
further evaluated. Such N-CNT/Fe3O4 Cs-based biosensor can
be successfully used for in situ detection of H2O2 released by
living tumor cells during the redox homeostasis disrupted by
drug, which show significant potentially useful for us to under-
stand the information of the intracellular environment in the
tumor developing process.

Experimental section

All reagents and apparatus are detailed in the Electronic
Supplementary Material (ESM).

Preparation of N-CNT/Fe3O4 Cs and its modified
electrode

PDA was spontaneously coated on CNT surface via oxidative
polymerization in alkaline aqueous solutions. CNTs were dis-
persed in 100 ml of Tris-HCl buffer solution (pH 8.5) with a
concentration of 1 mgmL−1 under sonication for 30 min. Two
hundred milligrams of DA was added into the homogeneous
CNTs suspension at a concentration of 2 mg mL−1, and mild
stirred for 24 h at room temperature. The obtained PDA-
modified CNTs were centrifuged at 10000 rpm for 10 min,
washed with DI water several times, and freeze dried in vac-
uum environment.

The N-CNT/Fe3O4 hybrid was synthesized via in situ self-
assembly using hydrothermal method. Briefly, appropriate
amount of freeze-dried PDA-CNTs was dispersed in 30 mL
DI water under sonication. 0.7095 g FeCl3·6H2O was added
into the PDA-CNTs dispersion and ultrasonicated for 15 min.
Then, 0.6616 g NaHCO3 and 0.088 g of L-ascorbic acid were
added into the suspension under vigorously stirring.
Subsequently, the mixture was transferred to Teflon-lined au-
toclave (50 mL) and kept in an air-flow electric oven at 150 °C
for 6 h. The suspension was centrifuged, washed three times
with DI water, and freeze-dried to obtain PDA-CNTs/Fe3O4

Cs. To avoid aggregation and growth of the hybrid during
carbonization under high-temperature environment, the obtain
PDA-CNTs/Fe3O4 Cs was soaked in 0.1 M NaH2PO4 solution
for 48 h. After that, the as-prepared product was collected and
washed with deionized water. The dried PDA-CNTs/Fe3O4 Cs
were then annealed at 800 °C for 1 h in a pure argon atmo-
sphere. Then, N-CNT/Fe3O4 Cs were obtained. N-CNT/Fe3O4

Cswas ultrasonic dispersed in nafion solution (0.05%) for prep-
aration of a 5 mg mL−1 suspensions, and 4 μL of the as-
prepared solution was dropped on the surface of the clean
glassy carbon electrode (GCE) and dried at room temperature.

Cell culture and real-time detection of H2O2 released
from cells

Human esophageal carcinoma cells EC-109 were purchased
from BeNa Culture collection (Beijing, China), and cultured
in a humidified incubator with 95% air and 5% CO2 at 37 °C.
EC-109 cells were grown in RPMI 1640 medium (Gibco) sup-
plemented with 10% of fetal bovine serum (FBS) (Solarbio,
China) and 1% penicillin-streptomycin (P/S) (Solarbio,
China). When the cells were incubated 90% of the culture plate
area, the cells were collected by centrifugation, washed three
times with PBS, and then resuspended into PBS solution to

  605 Page 2 of 10 Microchim Acta         (2020) 187:605 



count the number of cells (106 cells mL−1) by a hemocytometer.
Four micromolar fMLP as a model drug was injected into 2 mL
of the as-prepared cell suspension, motivating cells generate
H2O2 [23, 24]. As a control group, catalase was used as typical
selective scavenger of H2O2 along with fMLP to investigate the
specificity of the in situ monitoring of H2O2. Ten microliters of
200 μg mL−1 catalase was added to the cell suspension with
fMLP at the same experimental condition. Amperometric cur-
rent response of was recorded at applied potential of − 0.4 V
based on the N-CNT/Fe3O4@GCE.

Results and discussion

Materials characterization

The dopamine was simultaneously oxidized and polymerized
a thin surface coat on CNTs under alkaline conditions. As
shown in Fig. 1a, the PDA-CNTs are curly shaped and ran-
domly oriented, which still keep the original morphology of
CNTs. It is noted in Fig. S1 that PDA modification on the

surface of CNTs is ensured a good dispersion, which is further
improved uniform distribution of the Fe3O4 nanocrystals on
CNTs. The PDA-CNT/Fe3O4 Cs were synthesized by hydro-
thermal treatment, and it can be seen from Fig. 1b and Fig. S2
that Fe3O4 nanocrystals are adhered to the surface of CNTs.
Unfortunately, the particles of Fe3O4 began to growth and
crystallize into bulk material seriously during the annealing
process (Fig. 1c and S2), which would affect the electrochem-
ical performance of the as-prepared hybrids. The product was
named bulk-N-CNT/Fe3O4 Cs. After PDA-CNT/Fe3O4 Cs
soaked in 0.1 M phosphate solution and calcined at 800 °C
for 2 h, it can be obviously seen that the morphology of as-
prepared N-CNT/Fe3O4 Cs samples (Fig. 1d) was consistent
with the morphology before calcination (Fig. 1b). It indicated
that phosphate treatment played an important role in the
inhibited growth of the crystal. The reason for that could be
explained that phosphate ions deactivate the defect sites of
Fe3O4 and prevent direct contact of particles because of the
steric effect [25–27]. The EDS element analysis of N-CNT/
Fe3O4 Cs also shows that synthesized sample is composed of
C, O, N, and Fe elements (Fig. 1e).

Scheme 1 Illustration of the
nitrogen doping process for
preparation of N-CNT/Fe3O4 and
the modified GCE used for
detecting H2O2 released from
cells by stimulation of fMLP
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The TEM images of N-CNT/Fe3O4 Cs in Fig. 1g exhibit
that the ultrasmall Fe3O4 nanocrystals with an average size of
2.4 nm uniformly distributed on CNTs. The high-resolution
TEM image of N-CNT/Fe3O4 Cs in Fig. 1h displays good
crystal structure of the Fe3O4 nanocrystals with lattice dis-
tance about 0.25 nm, which is measured to correspond well
to the (311) facets of the Fe3O4. From XRD patterns shown in
Fig. 1f, the diffraction peaks of N-CNT/Fe3O4 Cs can be
assigned to the cubic magnetite structure (JCPDS 89-4319),
of which the peaks at approximately 35.8°correspond to the
(311) planes of crystalline Fe3O4, coinciding well with the
result of high-resolution TEM image. The diffraction peak at
26.2° is observed in sample corresponding to diffraction peak
(002) of CNTs. These are clearly evidenced the successful
synthesis of N-CNT/Fe3O4 Cs.

Furthermore, XPS measurements were performed to study
the chemical states of different as-prepared carbon samples.

XPS survey scan (Fig. 2a) shows clear C 1s, O 1s, and N 1s
signals in PDA-CNT, N-CNT, PDA-CNT/Fe3O4, and N-
CNT/Fe3O4 samples and no clear signal for N 1s in CNTs,
indicating that the PDA successfully coated the CNT surface
via mussel-inspired chemistry and N was successfully intro-
duced into the N-CNT/Fe3O4 samples. For details, high-
resolution C 1s spectra of N-CNT/Fe3O4 samples produced
three peaks with binding energies at about 283.4 eV,
284.1 eV, and 285 eV (Fig. 2b). More interestingly, the dom-
inant peak at 283.4 eV corresponds to sp2 graphitic C
atoms(C=C) in CNTs, which is much lower than that of
PDA-CNT/Fe3O4 (283.7 eV) (Fig. S4c). The similar result
was also observed in the C 1s spectra of N-CNT samples
(main peak at 283.3 eV) (Fig. S4b) with a lower dominant
peak compare with PDA-CNT (284.1 eV) (Fig. S4a) and pris-
tine CNT (284.4 eV) (Fig. S3). The shift of C ls peak toward
lower binding energy after dopamine-derived N-Doping by

Fig. 1 FESEM images of PDA-CNTs (a), PDA-CNT/Fe3O4 (b), bulk-N-CNT/Fe3O4 (c), and N-CNT/Fe3O4 (d); EDS analysis (e); XRD patterns of as-
prepared N-CNT/Fe3O4 (f) and TEM images of N-CNT/Fe3O4 (g, h)
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carbonization indicated that electrons in CNT seem to flow
and escape more easily. Meanwhile, the peak at 285 eV of N-
CNT/Fe3O4 (Fig. 2b) and the peak at 285.1 eV of N-CNT
(Fig. S4b) belong to sp3-bonded carbon with oxygen (C-O)
and nitrogen (C-N) [28]. Remarkably, the samples of PDA-
CNT/Fe3O4 and PDA-CNT exhibit C 1s peak at 287.8 eV and
287.5 eV respectively due to the existence of C=O on its
surface [29](Fig. S4a and c), while the peak was disappeared
after carbonization in N-CNT/Fe3O4 and N-CNT samples
(Fig. 2b and S4b).

Another important feature as illustrated in Fig. 2c, N 1s
spectra of N-CNT/Fe3O4 samples contained three peaks with
binding energy located at about 397.2 eV, 399.6 eV, and
401 eV, which correspond to pyridinic N, pyrrolic N, and
graphitic N, respectively. As shown in Fig. 2e, pyridinic N
originate from sp2 hybridized N atoms with two sp2 hybrid-
ized C neighbors and pyrrolic N is incorporated in five-
membered heterocyclic ring, of these two groups can contrib-
ute one or two p-electrons to the π-conjugated system in the
graphene layers [28, 30]. The peak of graphitic N suggests that
sp2 hybridized N substituted carbon atoms are incorporated
into the graphene layer [31]. While only one obvious N1s
peak at 399.4 eV of pyrrolic N can be observed in the sample
of PDA-CNT/Fe3O4 samples (Fig. S4f). We also found the
same results in the N1s spectra of PDA-CNT and N-CNT
samples from Fig. S4d and e. These results demonstrate that
high-temperature calcination can effectively modulate the
chemical state of N in doped CNTs, and pyridinic N and
graphitic N may render higher electrical conductivity that is

benefit for electrochemical activity of the carbon materials.
The XPS of C 1s and N 1s spectra indicated the cross-link
of PDA on the surface of CNTs during carbonization, while N
atoms are also present in the cross-linked structure [16]. The
high-resolution Fe2p spectrum of N-CNT/Fe3O4 samples is
shown in Fig. 2d. The main peaks at 710 and 723.6 eV are
typical binding energy peaks of Fe2p3/2 and Fe 2p1/2 states
for Fe3O4 [32]. These data confirm the successful preparation
of N-CNT/Fe3O4.

Electrocatalytic reduction of H2O2 on N-CNT/Fe3O4 Cs
modified electrode

The electrocatalytic behavior of N-CNT/Fe3O4 Cs toward
H2O2 was investigated by cyclic voltammetry (CV) in N2

saturated 0.01 M PBS (pH 7.4) with addition of different
concentration of H2O2. As shown in Fig. 3a, electrocatalytic
reaction in N-CNT/Fe3O4 Cs between Fe (II) and Fe (III)
species occurred on the surface of this as-prepared electrode
with an oxidative peak at − 0.09 V and a reductive peak at
0.34V, while an obvious reduction current with peak potential
at − 0.65 V is observed after addition of H2O2, and the current
is enhanced with the increased H2O2 concentration. To com-
pare the electrocatalytic behaviors of different modified elec-
trodes to H2O2 reduction including Fe3O4@GCE, CNT/
Fe3O4@GCE, PDA-CNT/Fe3O4@GCE, and N-CNT/
Fe3O4@GCE, CV was performed in the present of 2 mM
H2O2. It can be seen in Fig. 3b that the H2O2 sensors fabricat-
ed by of Fe3O4@GCE, CNT/Fe3O4@GCE, PDA-CNT/

Fig. 2 XPS survey scan of CNT, PDA-CNT, N-CNT, PDA-CNT/Fe3O4, and N-CNT/Fe3O4 samples (a). High-resolution XPS spectra of C1s (b), N1s
(c), and Fe 2p (d) in N-CNT/Fe3O4 samples. Schematic illustration of pyridinic N, pyrrolic N, and graphitic N in N-doped graphitic structure (e)
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Fe3O4@GCE, and N-CNT/Fe3O4@GCE produce H2O2 re-
duction peak potentials at 0.78 V(pink line), 0.75 V(blue line),
0.79 V(red line), and 0.65 V(black line) respectively. N-CNT/
Fe3O4@GCE has more positive reduction peak potential,
higher electrocatalytic peak current, and the improved onset
potential (around 0.00 V) than that of other modified elec-
trodes, indicating that N-CNT/Fe3O4@GCE possesses the
highest electrocatalytic activity for the H2O2 reduction. Such
improved electrocatalytic activity is closely related to the N
doping in the CNTs’ structure. Pyridinic N could greatly im-
prove the onset potential and graphitic N species could in-
crease the limiting current density. In addition, as expected,
PDA-directed Fe3O4 nanocrystals uniform distribution on
CNTs appeared the homogeneity of the as-prepared nanocom-
posite, which was believed to play a crucial role for the en-
hanced electrochemical performance. The reaction kinetic
process of H2O2 electroreduction on modified electrode is
diffusion-controlled process. The data and the texts are given
in ESM (Fig. S5).

Amperometric response to H2O2 detection

To characterize the sensing performance of the N-CNT/Fe3O4

electrode toward H2O2 detection, time-based amperometric
measurement was further performed with the successive addi-
tion of 30 μMH2O2 into the stirred N2 saturated 0.01 M PBS.
However, the applied potential usually has a large influence
on the sensitivity. It is noted that the reduction currents are
significantly increased by continuously adding 30 μM H2O2

under different applied potentials, as shown in Fig. 3c, but
susceptibility to other substances under high negative poten-
tial results the higher signal-to-noise ratio on the current re-
sponse signal [33]. The plot of signal-to-noise ratio versus
applied potential in inset of Fig. 3c shows that − 0.4 V is the
optimal one for the following experiments. Meanwhile, the
loading capacity of Fe3O4 in the hybrid material has a signif-
icant impact on the sensitivity of H2O2 detection. As shown in
Fig. 3d, in the range from 1 to 4 mg/mL of feedstock concen-
tration of the PDA-CNTs in synthesis process, the sensitivity

Fig. 3 a CVs of N-CNT/Fe3O4@GCE in presence of different
concentrations of H2O2 in N2 saturated 0.01 M pH 7.4 PBS solution at
a scan rate of 50 mV s−1; b CV curves of N-CNT/Fe3O4@GCE, PDA-
CNT/Fe3O4@GCE, CNT/Fe3O4@GCE, and Fe3O4@GCE in the
presence of 2 mM H2O2. c Optimization study of the applied potential

employed of N-CNT/Fe3O4@GCE. Inset: Plot of the signal-to-noise ratio
the applied potential; d The PDA-CNTs feedstock concentration for hy-
brid synthesis in range from 1 to 4 mg/mL. Inset: I-t curves of N-CNT/
Fe3O4@GCE with the successive addition of 30 μM H2O2
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increased and reached the maximum at the concentration of
2 mg/mL, and then the corresponding Fe3O4 content in this
hybrid is determined by TGA analysis that was about
84.74 wt% (Fig. S6). Therefore, applied potential of − 0.4 V
and 2 mg/mL PDA-CNTs feedstock concentration for hybrid
synthesis were employed in this study.

The typical current-time (i-t) curves of N-CNT/Fe3O4 elec-
trode were further investigated under optimal conditions with
the successive addition of varying concentrations H2O2. A

stepwise current response was observed with increasing H2O2

concentration at applied potential of − 0.4 V (Fig. 4a), quickly
reaching steady state within 4 s. The calibration curves of the
response currents were linear in the concentration ranges of
0.006–2.057 mM with a correlation coefficient of R2 = 0.990
(Fig. 4b). The linear equation is I (μA) = 44.12 CH2O2 (mM) +
0.1973 with a detection limit of 0.304 μM at the S/N ratio of 3.
The detection sensitivity of N-CNT/Fe3O4@GCEwas calculat-
ed to be 316.27 mA M−1 cm−2. The N-CNT/Fe3O4@GCE is

Fig. 4 Amperometric response of N-CNT/Fe3O4@GCE (a), PDA-CNT/
Fe3O4@GCE (c), and bulk N-CNT/Fe3O4@GCE (e) to successive
additions of H2O2 at − 0.4 V in the stirred N2 saturated 0.01 M pH 7.4

PBS. Calibration curves of N-CNT/Fe3O4@GCE (b), PDA-CNT/
Fe3O4@GCE (d), and bulk N-CNT/Fe3O4@GCE (f) between the
amperometric response and H2O2 concentration
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comparable with that reported previously based on advanced
catalysts or enzymes biosensors (Table S1). The detection sen-
sitivity of PDA-CNT/Fe3O4@GCE and bulk-N-CNT/
Fe3O4@GCEwere also investigated. There are also an obvious
reduction current in the CV of PDA-CNT/Fe3O4@GCE and
bulk-N-CNT/Fe3O4@GCE after addition of H2O2, accompa-
nying with an enhanced current with the increased H2O2 con-
centration (Fig. S8). As shown in Fig. 4c and d, the PDA-CNT/
Fe3O4@GCE has a linear relationship with the H2O2 concen-
tration in the range of 0.01–0.54 mM. The linear equation was I
(μA) = 29.06 CH2O2 (mM) + 0.1164 with a sensitivity of
222.51 mA M−1 cm−2. The detection limit is 1.2 μM. In Fig.
4e and f, the linear equation for bulk-N-CNT/Fe3O4@GCEwas
I (μA) = 12.22 CH2O2 (mM) + 0.0157 with the relevant linear
range of 0.004–0.495 mM, and the sensitivity was calculated to
be 132.25 mA M−1 cm−2. The detection limit is 0.948 μM.
These results indicate that N-CNT/Fe3O4@GCE reveals the
highest sensitivity and a wider linear range compared to
PDA-CNT/Fe3O4@GCE and bulk-N-CNT/Fe3O4@GCE, and
further suggest that the synthesis process of phosphate

treatment and carbonization can bring about the enlarged
electroactive surface area (Fig. S7) and an enhanced sensitivity
for H2O2 amperometric sensing.

The selectivity of N-CNT/Fe3O4@GCE for H2O2 reduc-
tion was carried out with some possible electroactive com-
pounds in biological system including amino acid
(Glutataione (GSH), Cystine (Cys) Tryptophan (Trp)), ions
(O:−

2 and NO3−) and some biomolecule (nitric oxide (NO),
uric acid (UA), ascorbic acid (AA), and dopamine (DA).
Figure 5a displays that the modified electrode has no obvi-
ous current response to these interfering species with the
concentration of 1 mM, and there was a remarkably current
response to the addition of 30 μM H2O2. This verified that
the sensor possesses excellent selectivity for electrochemical
detection of H2O2.

Reproducibility and storage stability are another crucial
factors to develop a promising biosensor. The device-to-
device reproducibility was evaluated on the basis of five in-
dependently N-CNT/Fe3O4@GCE, as shown in Fig. 5b,
which demonstrate good reproductivity with a relative

Fig. 5 a Amperometric response to successive addition of 30 μM H2O2

and 1.0 mM other interferences at applied potential of − 0.4 V; The
reproducibility (b) and stability test (c) of the N-CNT/Fe3O4@GCE in
30 μM H2O2 in 0.01 M PBS solution. d Corresponding plots of

amperometric response to fMLP stimulation. Inset: Amperometric
response of N-CNT/Fe3O4@GCE to the addition of fMLP stimulation
with and without EC-9 cells at applied potential of − 0.4 V
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standard deviation of 2.0% (RSD) for the H2O2 sensitivity.
After storage at room temperature for 2 months, the catalytic
activity could retain more than 98% of the original current
responses toward 30 μM H2O2, indicating that the fabricated
N-CNT/Fe3O4@GCE had excellent storage stability (Fig. 5c).

Real-time detection of H2O2 released from living cells

The applicability of the N-CNT/Fe3O4@GCE for in situ de-
tection toward cell-released H2O2 was further evaluated. As
one of important byproducts and an essential mediator in re-
dox modifications of cell biology and pathology, H2O2 plays
an important role in signaling transduction, cell proliferation,
cell apoptosis, and disease occurrence. The amperometric
technique exhibits the advantage of real-time monitoring for
the dynamic release process of H2O2 from living cells, which
is of great significance for us to understand its biological ef-
fects. The amperometric current response of N-CNT/
Fe3O4@GCE was recorded at a constant potential of − 0.4 V
in 0.01 M PBS (pH 7.4) solution with and without cells. As
shown in Fig. 5d, the sensor in the EC-109 cells suspension
shows an obvious current change after injecting 4 μM fMLP,
and the maximum current responses caused by the number of
2 × 106 cells corresponding about 1.34 μA were about1.9
times than 106 cells that of 0.709 μA. For comparison, there
were negligible current response in control groups under
fMLP stimulation without cells and the addition of
200μgmL−1 catalase selective scavenging of H2O2 with cells,
suggesting that the response resulted from cell-released H2O2

under the stimulation of the drug. These results suggest that N-
CNT/Fe3O4Cs can be used as high-performance catalysts and
biomimetic enzyme for potential applications in bioanalysis
and pathological studies.

Conclusion

The synergistic integration of nitrogen-doped carbonwith var-
ious functional materials is a promising approach to modulate
the outstanding material properties of carbon composite for
electrocatalytic application. In this approach, a feature struc-
ture, dopamine-derived N-doped carbon nanotubes/Fe3O4

composites was designed via facile hydrothermal route and
calcination treatment. Dopamine as N-containing precursors
can offer at least three merits: (1) Dopamine can be self-
polymerized on the surface of CNTs that improved the disper-
sion of CNTs; (2) the unique molecular structure of PDA can
promote Fe3O4 nanocrystals deposition uniformly on the sur-
face of CNTs; (3) Carbonized polydopamine coatings effec-
tively modulated the graphitic structure and the increased
pyridinic N and graphitic N further improved electrochemical
performance of carbon composites. Electrochemical measure-
ment results show that the N-CNT/Fe3O4@GCE displayed

the enhanced electrocatalytic activity for H2O2 sensing com-
pared with the PDA-CNT/Fe3O4@GCE and the bulk-N-
CNTs/Fe3O4@GCE. This facile and effective method will
open up a new avenue for the development of high-
performance electrocatalytic materials for biosensenor and
catalytic applications. The proposed N-CNT/Fe3O4@GCE
sensor demonstrates excellent ability to monitor H2O2 re-
leased from living cells, which is significant in the application
for clinical diagnostics and pathological investigations.
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