Biosensor Based on Ultrasmall MoS2 Nanoparticles for Electrochemical Detection of
H2O2 Released by Cells at the Nanomolar Level

Wang, T., Zhu, H., Zhuo, J., Zhu, Z., Papakonstantinou, P., Lubarsky, G., Lin, J., & Li, MX. (2013). Biosensor
Based on Ultrasmall MoS2 Nanoparticles for Electrochemical Detection of H2O2 Released by Cells at the
Nanomolar Level. Analytical Chemistry, 85, 10289-10295. https://doi.org/10.1021/ac402114c

Link to publication record in Ulster University Research Portal
Published in:
Analytical Chemistry
Publication Status:
Published (in print/issue): 25/09/2013
DOI:
10.1021/ac402114c
Document Version
Publisher's PDF, also known as Version of record
General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.
Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 09/01/2023

Article
pubs.acs.org/ac

Biosensor Based on Ultrasmall MoS2 Nanoparticles for
Electrochemical Detection of H2O2 Released by Cells at the
Nanomolar Level
Tanyuan Wang,† Haichuan Zhu,‡ Junqiao Zhuo,† Zhiwei Zhu,† Pagona Papakonstantinou,§
Gennady Lubarsky,§ Jian Lin,*,‡ and Meixian Li*,†
†

Institute of Analytical Chemistry, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, P. R. China
Synthetic and Functional Biomolecules Center, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871,
P. R. China
§
School of Engineering, Engineering Research Institute, University of Ulster, Newtownabbey BT37 0QB, U.K.
‡

S Supporting Information
*

ABSTRACT: Monodispersed surfactant-free MoS2 nanoparticles with sizes of less than
2 nm were prepared from bulk MoS2 by simple ultrasonication and gradient
centrifugation. The ultrasmall MoS2 nanoparticles expose a large fraction of edge
sites, along with their high surface area, which lead to attractive electrocatalytic activity
for reduction of H2O2. An extremely sensitive H2O2 biosensor based on MoS2
nanoparticles with a real determination limit as low as 2.5 nM and wide linear range
of 5 orders of magnitude was constructed. On the basis of this biosensor, the trace
amount of H2O2 released from Raw 264.7 cells was successfully recorded, and an
eﬃcient glucose biosensor was also fabricated. Since H2O2 is a byproduct of many
oxidative biological reactions, this work serves as a pathway for the application of MoS2
in the ﬁelds of electrochemical sensing and bioanalysis.

T

sensitivity usually used horseradish peroxidase (HRP),
mediators, or precious metal nanoparticles31−34 which would
result in the problems of the low long-term operational stability
and rising cost. Herein, we demonstrate that ultrasmall MoS2
nanoparticles obtained by a very simple process can act as an
excellent catalyst. It shows highly electrocatalytic activity
toward reduction of H2O2 and achieves highly sensitive
detection of H2O2 at the nanomolar level.
MoS2 is a kind of layered materials that is commercially used
as a solid lubricant and also a catalyst for hydrodesulfurization
reaction.35 Recent study also proves that it could be as a
promising candidate for the catalyst of the hydrogen evolution
reaction (HER).36−39 Since it shows similar structure to
graphene, it attracts great attention in the ﬁelds of nanoelectronics and optoelectronics.40,41 Although MoS2 is expected
to be employed for the construction of the biosensors like
graphene,42−45 so far little research has been done in this
respect. Its electrocatalytical performance is also rarely studied
except for hydrodesulfurization reaction and hydrogen
evolution reaction.46,47 On the basis of our previous work on
its electrocatalytical activity for oxygen reduction reaction
(ORR),48 in this work, we discover the electrocatalytical activity

he rapid and accurate detection of hydrogen peroxide
(H2O2) is of practical importance in the ﬁelds of
bioanalysis as well as food security and environmental
protection.1,2 H2O2, a product of incomplete reduction of O2,
is generated as a byproduct of a wide range of biological
processes.3,4 It is also suggested to be involved in the function
and signal transduction of the cells.5−7 Therefore, highly
sensitive determination of H2O2 is necessary and vital, and
various H2O2 detection and measurement methods have been
explored, including ﬂuorometry,8 spectrophotometry,9 cell
imaging,10,11 electrochemical methods,12−22 and so on.
Among them, the electrochemical techniques have attracted
much more attention due to their great advantages include high
sensitivity and selectivity, rapid response, low cost, simple
instrumentation, easy miniaturization and good quantitative
ability. Especially, nanomaterials including precious metal
nanoparticles,23,24 carbon nanomaterials,25,26 and metallic
oxide nanostructures,27,28 etc. play key roles in construction
of H2O2 electrochemical sensors due to their unique electronic
and catalytic properties as well as their good stability. The
resulting electrochemical biosensors showed highly electrocatalytic activity toward the reduction or oxidization of H2O2.
However, so far most of the reported H2O2 electrochemical
sensors could only reach a detection limit of sub-micromolar
level,12,29,30 which are inadequate for monitoring nanomolar
level of H2O2 produced in cellular activities; whereas, those
which were capable of measuring H2O2 with extremely high
© 2013 American Chemical Society
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transmission electron microscopy (TEM) image was acquired
on a JEM-2100F electron microscope (JEOL, Japan). Scanning
electron microscopy (SEM) images were obtained on a S-4800
electron microscope (Hitach, Japan). An atomic force
microscopy (AFM) image was carried out on Nanoscope III
a AFM (Veeco, America). X-ray photoelectron spectra (XPS)
were collected on an Axis Ultra spectrometer (Kratos Analytical
Ltd., Japan) and the binding energy was calibrated by the C 1s
peak at 284.8 eV.

of MoS2 nanoparticles toward the reduction of H2O2 and
construct an extremely sensitive H2O2 biosensor based on it.
We also demonstrate that this biosensor could successfully
detect the trace amount of H2O2 released by cells. In addition,
this H2O2 biosensor could be applicable to the indirect
measurement of the other biomolecules through the detection
of hydrogen peroxide like glucose since H2O2 is a product of
many oxidative biological reactions.49−52

■

■

EXPERIMENTAL SECTION
Preparation of MoS2 Nanoparticles. MoS2 (99%, 2 μm
in size, Aldrich) was mixed with DMF (99.9%, Aldrich) at a
concentration of 1 mg mL−1. This mixture was ultrasonicated
by a SB-2200 soniﬁer (Shanghai Branson, China) at room
temperature (22 ± 2 °C) for 4 h to form a black suspension.
After that the suspension was centrifuged at 1000 rpm for 15
min, 3000 rpm for 15 min and 6000 rpm for 30 min
successively. The precipitates were collected, respectively, for
the control experiments. Then the supernatant was centrifuged
at 12 000 rpm for 30 min and the precipitation was gathered. A
GS-15R centrifugation system (Beckman, America) was used
for these procedures.
Fabrication of H2O2 Biosensors and Glucose Biosensors Based on MoS2 Nanoparticles. MoS2 nanoparticles
were dispersed into DMF with a concentration of approximate
1 mg mL−1. Then the solutions were dropped on the GC
electrodes (diameter = 3 mm or 5 mm) and dried in the air
with a loading of 0.2 mg cm−2. The MoS2 nanoparticles would
form very stable ﬁlms even without the protection of Naﬁon.
This modiﬁed electrode was then washed with deionized water
ﬁve times to avoid the possible inﬂuence of the residual DMF
for the following experiments. For the glucose biosensor, 5 mg
mL−1 glucose oxidase (TOYOBO) was immobilized on the
MoS2 nanoparticle ﬁlm by the simple drop-casting method with
a loading of 0.2 mg cm−2, and then 3 μL of 0.05% Naﬁon
(Aldrich) was dropped on the modiﬁed electrode to form a
protective layer.
Detection of H2O2 Released from RAW 264.7 Cells.
Raw 264.7 cells (obtained from Peking Union Medical College)
were grown in 5% CO2 in 75 cm2 ﬂasks containing Dulbecco’s
modiﬁed Eagle’s medium with 1% antibiotics and 10% (v/v)
fetal bovine serum (FBS) at 37 °C. After growing to 90%
conﬂuence, the cells were collected by centrifugation and
washed with PBS three times. The number of the cells was
counted by a hemocytometer. During the test, a pellet that
contained 2 × 106 cells was resuspended into 20 mL of PBS
(0.1 M, pH = 7.4) and the mixture was saturated with N2. As a
control group, 20 μL of catalase (340 000−1 360 000 units
mL−1, Aldrich) was added to the solution that contained cells.
A potential of −0.25 V (vs SCE) was applied to the MoS2
nanoparticle modiﬁed electrode. A 0.3 μM solution of Nformylmethionyl-leucyl-phenylalanine (fMLP, 97%, Aldrich)
was added into the solution after a steady background noise was
obtained.
Characterization. All electrochemical measurements were
carried out on a CHI 660D (Chenhua, China) at room
temperature. A Pt electrode was used as the counter electrode
and a GC or MoS2 modiﬁed GC electrode was used as the
working electrode. A saturated calomel electrode (SCE) was
used as the reference electrode for all the electrochemical tests.
The rotation speed of the electrode was controlled by a
modulated speed rotator (Pine, America). All the solutions
were saturated with N2 during the measurement of H2O2. A

RESULTS AND DISCUSSION
Ultrasonication was proved to be an easy and eﬃcient way to
exfoliate graphite, bulk MoS2, and some other layered materials
into a single layer.53−56 However, our previous research
revealed that in addition to single layered MoS2, ultrasmall
MoS2 nanoparticles with large amounts of surface defects were
also present in the exfoliation process.57 By a combination of
ultrasonication and gradient centrifugation, MoS2 nanoparticles
with a narrow size distribution could be obtained. Figure 1a was

Figure 1. (a) TEM image of the MoS2 nanoparticles, (b) AFM image
of the MoS2 nanoparticles, (c) SEM image of the MoS2 nanoparticles
modiﬁed ﬁlm, and (d) SEM image of the MoS2 nanoparticles modiﬁed
ﬁlm with higher resolution.

the transmission electron microscopy (TEM) image of the
prepared MoS2 nanoparticles. These particles showed a
diameter of about 1−2 nm. The average size of the
nanoparticles was 1.47 ± 0.16 nm, and most of the particles
were amorphous, as was revealed in our earlier work.57 Atomic
force microscopic (AFM) characterization further conﬁrmed
that these as-prepared MoS2 nanoparticles were monodispersed
(Figure 1b). The height of these nanoparticles ranged from 1 to
2.5 nm (Figure S1 in the Supporting Information), which
matched well with the particle size observed from the TEM
image. MoS2 nanoparticle dispersion casted on the surface of a
glassy carbon (GC) electrode led to the formation of a
relatively compact ﬁlm. As shown in Figure 1c,d, only several
particles with sizes of tens of nanometers could be observed on
the surface of the modiﬁed GC electrode in addition to the
hollows. These relatively larger particles originated from the
unavoidable self-agglomeration of the ultrasmall MoS2 particles
since no surfactant was used for the protection of the
nanoparticles. X-ray photoelectron spectroscopy (XPS) was
also used for the elemental composition and bonding
conﬁguration characterization of the modiﬁed electrodes.
Typical Mo 3d peaks and S 2p peaks could be observed
10290
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(Figures S2 and S3 in the Supporting Information), and the
ratio of Mo to S was calculated to be 1:2.1, which veriﬁed that
the average composition of the as-prepared nanoparticles was
MoS2.
We evaluated the electrocatalytic activity of the MoS2
nanoparticle modiﬁed GC electrode toward reduction of
H2O2 in 0.1 M PBS (pH = 7.4) with the protection of N2.
Figure 2 showed the cyclic voltammetric (CV) responses of the

Figure 2. CV of the ultrasmall MoS2 nanoparticles modiﬁed electrode
with and without 5.00 mM H2O2 in the N2 saturated 0.1 M PBS at a
scan rate of 50 mV s−1.

ultrasmall MoS2 nanoparticles in the absence and presence of
5.00 mM H2O2. A small reduction peak at about −0.4 V was
observed in the absence of H2O2, which might originate from
their surface defects. However, after the addition of H2O2, the
reduction current increased greatly, which was quite diﬀerent
from the bare GC electrode (Figure S4 in the Supporting
Information). Bulk MoS2, MoS2 layer, and larger MoS2
nanoparticles with sizes of tens of nanometers collected at
lower centrifugation speeds by the ultrasonication-centrifugation method as reported in our previous work48 were also used
to modify the GC electrodes, respectively, and their electrocatalytical activities toward the reduction of H2O2 were studied
and compared with that of the smallest MoS2 nanoparticles (1−
2 nm, collected at 12 000 rpm). Figures S5−S8 in the
Supporting Information displayed their CV responses.
Comparison of current density measurements (per geometric
area) at negative potentials revealed a clear trend that the
current responses increased with a decrease of the MoS2
particle sizes. These suggested that the catalytic activity of the
MoS2 nanoparticles was associated with its surface active sites
and eﬀective surface areas of the electrodes. The ultrasmall
MoS2 nanoparticles collected at the highest centrifugal speed
exhibited the maximum amounts of unsaturated catalytically
active edge sites as well as the largest surface to volume ratios,57
resulting in the best electrocatalytical performance toward the
reduction of H2O2.
This excellent catalytic activity was used to construct the
biosensor for detection of H2O2 using chronoamperometry.
Figure 3a,b showed the typical current−time (i−t) curves of the
ultrasmall MoS2 nanoparticle modiﬁed GC electrode with the
successive addition of H2O2 into the stirred N2 saturated 0.1 M
PBS at −0.25 V. Even though more negative applied potentials
would lead to a larger current response, an applied potential of

Figure 3. (a) Amperometric responses of the ultrasmall MoS2
nanoparticles modiﬁed electrode to the successive addition of H2O2
in the N2 saturated 0.1 M PBS at −0.25 V. The inset shows a close
look of the response current to 20 nM H2O2. (b) A close look of the
response current of the ultrasmall MoS2 nanoparticles modiﬁed
electrode to several micromolar H2O2.

−0.25 V was selected in order to avoid the possible interference
of O2 reduction. Under this potential, no current response
could be observed with the injection of deionized water (Figure
S9 in the Supporting Information), which suggested that O2
reduction had no eﬀect on H2O2 detection. After the addition
of H2O2, this sensor could achieve the steady-state current
within 5 s, which indicated fast response time. Besides, obvious
current response could be observed with the addition of H2O2
from several nanomolar to tens of millimolar for the sensor
(Figure 4), which suggested that this MoS2-based sensor could
be applied to a great many systems that contain H2O2 with
diﬀerent concentrations.
What is amazing was that the sensor was extremely sensitive
to H2O2 concentration at a level of nanomolar. It demonstrated
a wide linear range over the concentration of H2O2 from 5.0
nM to 100 nM with a sensitivity as high as 2.58 × 103 mA cm−2
M−1 (Figure 5a) and from 100 nM to 100 μM with a detection
sensitivity of 160 mA cm−2 M−1 (Figure 5b). The possible
reason for its higher sensitivity at lower H2O2 concentration
was that the H2O2 molecules freely diﬀused and reached the
ﬁlms at very low concentrations, and there was no interaction
between molecules, leading to high sensitivity. In contrast, the
H2O2 molecular interaction at high concentrations resulted in
10291
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particles collected at lower centrifugation speeds as well as
that of the bare GC electrode were also investigated for the
reduction of H2O2 (Figures S10−S14 in the Supporting
Information). They all showed much lower sensitivity and
higher determination limit compared with those of the
ultrasmall MoS2 nanoparticle modiﬁed electrode, and their
amperometric responses decreased with the increase of the
sizes of the MoS2 particles at the same level of the H2O2
concentration. Furthermore, they no longer exhibited high
sensitivity toward H2O2 concentration at nanomolar levels.
Even for the electrode modiﬁed with MoS2 particles of tens of
nanometers in size obtained by gradient centrifugation, such
low sensitivity could not be achieved (Figure S15 in the
Supporting Information). This is in accordance with the fact
that numerous experimental investigations of nanostructured
metal-oxide ﬁlms revealed a strong increase in sensitivity when
the average grain size was reduced to several nanometers.59,60
The similar size dependence was observed for the electrocatalysis of HER and ORR at diﬀerent sizes of MoS2 particles
modiﬁed electrodes in our previous work.48 These further
conﬁrm that the excellent electrocatalytic performance of the
ultrasmall MoS2 nanoparticle modiﬁed electrode toward
reduction of H2O2 originates from the size eﬀect. The smaller
the sizes of MoS2 particles are, the more the surface active sites
are and the better the electrocatalytical activity is. The real
determination limit was 2.5 nM (Figure 6), which was much

Figure 4. Current response of the electrode to logarithm of the H2O2
concentration.

Figure 6. Determination limit of the ultrasmall MoS2 nanoparticles
modiﬁed electrode.

lower than that of most of the reported H2O2 sensors.29,30,42
The reproducibility of the modiﬁed electrode was also tested.
The relative standard derivation (RSD) of its current response
for the addition of 2.00 μM H2O2 was 5.5% for 8 successive
measurements, which suggested good precision. The antiinterference eﬀect of the sensor toward ascorbic acid (AA) and
uric acid (UA) was also investigated. AA and UA are two of the
most commonly existing interference species in the physiological environment. Figure S16 in the Supporting Information
showed the current responses of the sensor with the addition of
0.0500 mM H2O2, 0.100 mM AA, and 0.500 mM UA,
respectively. The response current of the sensor changed
greatly after the addition of H2O2, while nearly no current
change could be observed with the addition of high
concentrations of AA or UA. This veriﬁed that the sensor
had good selectivity.

Figure 5. (a) Calibration curve of the amperometric response to the
concentration of H2O2 from 5.0 nM to 100 nM. (b) Calibration curve
of the amperometric response to the concentration of H2O2 from
0.100 μM to 100 μM.

low sensitivity, as reported in the literature.58 Besides, the large
proportion of surface defects and high surface-to-volume ratio
of these ultrasmall nanoparticles might also contribute to it.
In order to further verify the size dependence of MoS2
sensitivity to the detection of H2O2, the amperometric
responses of diﬀerent electrodes modiﬁed with the MoS2
10292
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The constructed sensor was then used for the real-time
tracking of H2O2 released by Raw 264.7 cells due to its low
determination limit, good reproducibility, and selectivity. NFormylmethionyl-leucyl-phenylalanine (fMLP) was used to
stimulate the cells to generate H2O2. Around 2 × 106 cells were
resuspended in 20 mL of PBS (pH = 7.4) for electrochemical
measurement. After treated with 0.3 μM fMLP, an obvious
current change that corresponding to 20 nM H2O2 could be
observed, while no signal could be observed if cells were not
treated with fMLP (Figure 7). This result was similar to the

Figure 8. CV of the MoS2/GOD modiﬁed electrode in the O2
saturated 0.1 M PBS containing various concentrations of glucose:
(a) 2.00, (b) 4.00, (c) 6.00, (d) 8.00, (e) 10.0, (f) 12.0, (g) 14.0, and
(h) 16.0 mM from up to down at a scan rate of 50 mV s−1. The inset is
the calibration curve of the current response to the concentration of
glucose from 2.00 mM to 16.0 mM at −0.7 V.

curve. A linear relationship between the peak current and the
glucose concentration ranging from 2.00 mM to 16.0 mM was
obtained for this sensor, which made it suitable for the
determination of the normal blood sugar concentration (4−6
mM) in humans. The sensitivity of the glucose biosensor was
152 mA cm−2 M−1 and the RSD of its current response to 6.00
mM glucose was 1.9% for 7 replicate measurements. The
sensor also had good stability. After storage in a refrigerator for
2 weeks, it remained 93.6% of its initial current response. This
glucose biosensor was then used to detect the blood sugar
concentration of a health person and the result was 5.77 mM
(Figure S19 in the Supporting Information), which is in
accordance with the result of 5.45 mM obtained from a
hospital. The recoveries of the glucose biosensor were also
investigated by spiking 2.00−4.00 mM glucose into the blood
samples, and the results ranged from 91.0% to 108%. All of
these revealed that the sensor was applicable to the detection of
the blood glucose in humans.

Figure 7. Amperometric responses of the ultrasmall MoS2 nanoparticles modiﬁed electrode to the addition of 0.3 μM fMLP with and
without Raw 264.7 cells as well as in the presence of Raw 264.7 cells
without fMLP in the N2 saturated 0.1 M PBS at −0.25 V.

result reported by Sun and his co-workers,32 but they employed
precious metals Pt and Pd. The response current of the sensor
would only change slightly with the stimulation of 0.3 μM
fMLP without the cells. If catalase was mixed with the PBS that
contained cells, the intensity of the current response of the
sensor would decrease greatly with the addition of fMLP
(Figure S17 in the Supporting Information). And its intensity
was similar to that obtained from the solution without cells
(about 4−5 × 10−5 mA cm−2). This phenomenon proves that
the obvious current change in Figure 7 in the presence of cells
(about 1 × 10−4 mA cm−2) originates from H2O2 produced
from the cells, because catalase is a selective catalyst for the
decomposition of H2O2. The recoveries of this biosensor were
tested to be ∼85%−114% by spiking 20−50 nM H2O2 into the
cell samples; moreover, the repeated measurements in Figure
S18 in the Supporting Information gave similar current
responses, which indicated that the sensor was credible.
A glucose biosensor was further developed based on the
ultrasmall MoS2 nanoparticles modiﬁed electrode since it
exhibited highly catalytic activity toward the reduction of H2O2.
Glucose oxidase (GOD) was immobilized on the MoS2
nanoparticles ﬁlms, and its CV responses in O2 saturated 0.1
M PBS containing diﬀerent concentrations of glucose were
recorded (Figure 8). The reduction current of this glucose
sensor increased with the increase of glucose concentration.
Both O2 and H2O2 would contribute to the reduction current
of the glucose sensor. Even though the oxidization of glucose
would consume O2, the overall current response would still
increase since the produced H2O2 would lead to more obvious
current change. The current response of the glucose biosensor
at −0.7 V was chosen for the linear ﬁtting of the calibration

■

CONCLUSION
In conclusion, by controlling the MoS2 particle size, we
engineered the surface structure at the atomic scale and
preferentially exposed more catalytically active edge sites,
enabling improved electrocatalytic performance toward H2O2
reduction. We have fabricated a H2O2 biosensor based on
ultrasmall MoS2 nanoparticles with high sensitivity and
selectivity by a simple way without any enzymes. Its
determination limit was as low as 2.5 nM and could be used
for the detection of the trace amount of H2O2 released by the
cells. More importantly, the high activity of the MoS2
nanoparticle modiﬁed electrode toward the reduction of
H2O2 made it a platform for the construction of some other
biosensors like the glucose sensor because H2O2 is a product of
many oxidative biological reactions. This MoS2 nanoparticles
based sensor can be easily constructed on a ﬂexible substrate,
which would enable its miniaturization, and enable its
integration in lab-on-chip devices or in intracellular H2O2
detection. Research eﬀorts along these directions are expected
to have potential commercial application since the preparation
10293
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