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� Graphene blended with SnO2 and
PdPd nanocages composite was
synthesized.

� Pd-Pt nanocages and SnO2/graphene
nanosheets modified electrode (PdPt
NCs@SGN/GCE) has high sensitivity
for the determination of hydrogen
peroxide (H2O2).

� The constructed biosensor provided
to be reliable for determination of
H2O2 secreted from human cervical
cancer cells (Hela cells).
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This paper described a novel, facile and nonenzymatic electrochemical biosensor to detect hydrogen
peroxide (H2O2). The sensor was fabricated based on Pd-Pt nanocages and SnO2/graphene nanosheets
modified electrode (PdPt NCs@SGN/GCE). The electrochemical behavior of PdPt NCs@SGN/GCE exhibited
excellent catalytic activity toward H2O2 with fast response, high selectivity, superior sensitivity, low
detection limit of 0.3 mM and large linear range from 1 mM to 300 mM. Under these obvious advantages,
the constructed biosensor provided to be reliable for determination of H2O2 secreted from human cer-
vical cancer cells (Hela cells). Hence, the proposed biosensor is a promising candidate for detection of
H2O2 in situ released from living cells in clinical diagnostics.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen peroxide (H2O2) is an ordinary product of oxygen
metabolism of cells. In the cell, non-normal level of H2O2 was
demonstrated to bring about apoptosis, carcinogenesis and to cause
some chronic diseases such as aging, infarction, atherosclerosis,
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heart attack and cancer [1e5]. Therefore, it is a matter of cardinal
significance to monitor the concentration of H2O2 under physio-
logical conditions [6e10]. Up to now, various analytical techniques,
such as spectrophotometry [11,12], chromatography [13] and elec-
trochemistry [14e16] have been accepted for the determination of
H2O2. Among these techniques, electrochemical method, a more
suitable method of determination in situ and real-time, has
attained more attention based on their fast response, high sensi-
tivity and good selectivity. In the field of electrochemistry, enzyme-
based H2O2 biosensors have been widely used due to their speci-
ficity and high sensitivity [17e20]. Nonetheless, the intrinsic
O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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shortages limited its application, including high cost, environ-
mental instability, complicated immobilization procedure and
denaturation [21]. In order to overcome these problems, non-
enzymatic H2O2 biosensors have been explored and achieved
intense interest by scientists.

In the construction of non-enzymatic H2O2 biosensors, enzymes
have usually been replaced by nanomaterials with electrocatalytic
activity toward H2O2, such as noble metals (Pt, Pd, Ag, and Au)
[22e25], their alloys (PdPt, AgCu) [26,27] and metal oxide (CuO,
Co3O4, Fe3O4) [28e30]. Among the noble metal catalysts, PdPt alloy
nanoparticles (NPs) are well-known with high catalytic activity of
H2O2 compared to the single Pd or Pt NPs [26]. Besides the
component of NPs, size and shape also play a nonnegligible func-
tion on their catalytic performance. Hollow metallic nanospheres,
possessed the larger surface area, were provided with the more
excellent catalytic effect compared to their solid counterparts
[31e36]. In addition, they can reduce the dosage of rare and
expensive noble metals. However, the research based on PdPt
nanocages (PdPt NCs) for H2O2 sensor is narrow. Therefore, PdPt
NCs was presented as a catalytic material for detecting H2O2 in this
work.

In the practical application, carbon materials have been widely
used as supporters to load the catalysts, which can effectively avoid
the aggregate of metal nanoparticles [37e39]. Graphene (GR) is one
of the most popular candidates. GR could enhance the catalytic
activity due to its outstanding properties such as high electrical
conductivity, large surface area, high stability and wide potential
window [40,41]. However, GR sheets are easy to stack during the
synthesis process. Decorate nanoparticles on the GR not only
improve the stability and dispersion of nanoparticles, but also
reduce the GR stacking.

In view of the above consideration, SnO2/graphene nanosheets
(SGN) were synthesized as a supporter, and then the prepared PdPt
NCs was decorated with it. Finally, the resultant graphene nano-
composites were used as new electrode materials to construct an
enzyme-free biosensor for the detection of H2O2. There are mainly
two reasons for choosing SnO2 to modified graphene. Firstly, pre-
vious work reported that SnO2/graphene composites showed good
catalytic activity in the reduction of H2O2 [42]. Secondly, compared
to noble metals, SnO2 possess advantages of low cost, abundant and
environmental friendly. Owing to the synergy effect of the SGN and
PdPt NCs, this novel nonenzymatic H2O2 biosensor showed signif-
icantly improved electrocatalytic activity toward H2O2 compared
with the SGN/GCE and Pd@SGN/GCE. Excellent properties like low
detection limit, wide linear range, outstanding stability, reproduc-
ibility and selectivity make it possible for reliable detection of H2O2
released from live HeLa cancer cells (Scheme 1). Moreover, evaluate
the intracellular H2O2 concentration is potentially valuable for
physiological and pathological H2O2 monitoring.

2. Experimental

2.1. Material and apparatus

Graphite flakes (Sigma-Aldrich, St.Louis, Missouri, USA), poly
(diallyldimethylammonium chloride) (PDDA, 35wt.% in water,
average Mw� 100,000, Aladdin Chemistry Co., Ltd., Shanghai,
China), stannic chloride dehydrate (SnCl2$H2O, �98%, Shanghai
Yuanye Biological Technology Co., Ltd., Shanghai, China), potassium
tetrachloropalladate (II) (K2PdCl4, 99%, J&K Scientific Co., Ltd., Bei-
jing, China), potassium tetrachloroplatinate(II) (K2PtCl4, 99.95%,
J&K Scientific Co., Ltd., Beijing, China), potassium bromide (KBr,
99.0%, Aladdin Chemistry Co., Ltd., Shanghai, China), L-Ascorbic acid
(AA, 99%, J&K Scientific Co., Ltd., Beijing, China), Poly-
vinylpyrrolidone (PVP, Mwy58000, Aladdin Chemistry Co., Ltd.,
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Shanghai, China), Citrate (CA, �99.5%, Aladdin Chemistry Co., Ltd.,
Shanghai, China) and Hydrogen peroxide (H2O2, 30%, Tianjin
fuchen chemical reagents factory, Tianjin, China) were all used as
received without any further purification.

The surface morphology figures were acquired using a JEOL-
2100 EX transmission electron microscope (TEM). The elementary
composition was obtained with EDAX APOLLO-X energy dispersive
X-ray analysis. Powder X-ray diffraction (XRD) analysis was per-
formed with a X-ray diffractometer conducted by Cu Ka radiation
source (l¼ 1.54056 Å). UVevisible spectroscopy was carried out on
a Lambda 35 UVevis spectrometer (Pgeneral General Instrument)
with samples in a quartz cuvette operated from 200 to 800 nm.
Electrochemical measurements were performed on a RST 3000
electrochemical workstation (Zhengzhou Shiruisi Instrument
Technology Co. Ltd., China.). A conventional three-electrode cell
was employed with a platinumwire counter electrode, a saturated
calomel reference electrode (SCE) and bare or modified glassy
carbonworking electrode (4mm in diameter). All the water used in
this work was acquired from a Thermo Scientific Barnstead Gen-
Pure water purification system (Shanghai, China) with electrical
resistance �18.2MU$cm.

2.2. Synthesis of SGN nanosheets

SGN nanosheets were prepared by one-step hydrothermal
method as previously reported [43]. Herein, SnCl2$H2O is not only a
reducing agent for graphene oxide (GO), but also a precursor of
SnO2. PDDA was used to improve the dispersion of GO, which will
be benefit for the growth of SnO2. Briefly, GO was synthesized by
the Hummer's method [44] and 20mL of GO solution (0.5mgmL�1)
was ultrasonicated for 3h until forming a homogeneous suspen-
sion. Subsequently, 400 mL of PDDA solution (35%) was injected into
the GO suspension under the vigorously stirring. After 0.5 h, 0.6 g of
SnCl2$H2O and 150 mL of HCl were added in the mixture. Next, the
reaction was refluxed at 90 �C for 3 h. Finally, the product was
centrifuged, washed with ultrapure water for several times and
dried under vacuum at 65 �C.

2.3. Synthesis of PdPt NCs@SGN composites

Firstly, PVP (80mg), AA (40mg) and KBr (400mg) was placed in
8.0mL ultrapure water and preheated to 80 �C in an oil bath for
10min. After that, 3.0mL of K2PdCl4 (50mg) solution was added.
The reaction was refluxed at 80 �C for 3 h. Finally, Pd nanocubes
were collected by centrifugation, washed three times with water
and redispersed in 11mL of water.

7mL of an aqueous solution containing PVP (30mg), KBr
(280mg), and CA (280mg) was placed in a round-bottom flask.
Subsequently, 1mL of the aqueous suspension of Pd nanocubes was
added to the flask and heated to 90 �C under magnetic stirring.
Meanwhile, 3mL of the aqueous solution containing 28mgK2PtCl4
was added to the flask and the mixture was refluxed at 90 �C for
12 h. Finally, the solutionwas centrifuged, washed three times with
water and redispersed in 8mL of water [45].

SGN composite (5mg) was injected into 5mL of the aqueous
suspension of PdPt NCs. The mixturewas ultrasonicated 2 h to form
PdPt NCs@SGN nanocomposites. For comparison, Pd@SGN com-
posites were synthesized by the similar way.

2.4. Fabrication of H2O2 sensor

Prior to modification, the glassy carbon electrode (GCE) was
polished to a mirror-like smoothness with aqueous slurries, rinsed
with deionized water and then ultra-sonicated in absolutely
ethanol for a few minutes before air-drying at room temperature.
O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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Scheme 1. Schematic of the PdPt NCs@SGN/GCE used for detecting H2O2 released from Hela cells.
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Next, the modified electrode was obtained by depositing 10 mL of
PdPt NCs@SGN suspension on the electrode surface and drying
under room temperature. The desired modified electrode was ob-
tained and denoted as PdPt NCs@SGN/GCE. For comparison,
Pd@SGN/GCE was fabricated from the similar procedure.

2.5. Cell culture

Hela cells (Hematology, Chinese Academy of Medical Sciences),
belonged to human cervical cancer cell lines, were used in this
study. The Hela cells were cultured at 37 �C with 5% CO2 in a 95%
humid atmosphere with DMEM (high glucose, Gibco) containing
10% heat-inactivated fetal calf serum (Sigma-Aldrich, St. Louis, MO,
USA), 100 U/mL penicillin (Sigma-Aldrich), and 100mgmL�1

streptomycin (Sigma-Aldrich).

2.6. Electrochemical detection of H2O2 released by cell

Hela cells grown in 12.25 cm2 cell culture flasks (1.0� 106 cells)
for electrochemical experiments. Cell number was estimated by a
cell counter. The culture media was removed and the cells were
washed three times with PBS buffer (pH 7.4, 0.01M), and then 2mL
PBS buffer (pH 7.4, 0.1M)was added for real samplemeasurements.
Before the measurement, the supernatant liquid of cells was
deoxygenated with nitrogen slowly. The amperometric detection of
the release flux of H2O2 from Hela cells was performed using the
PdPt NCs@SGN/GCE at �0.1 V (vs. SCE). Ascorbic acid (AA) was
injected into the cells suspension, which can motivate cells gen-
eration of H2O2.

3. Results and discussion

3.1. Characterization of nanocomposite

UVevis absorption spectra diagram was proposed to analyze
Please cite this article in press as: Y. Fu, et al., Graphene blended with Sn
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that the GO was reduced to graphene. In Fig. 1A, curve a, GO
showed a strong adsorption peak at 230 nm on account of the p to
p* transition of aromatic CeC bond. The adsorption peak (260 nm)
of SGN in curve b indicated the complete reduction of GO to gra-
phene [46].

Fig. 1B showed XRD patterns of GO (a) and SGN (b). In curve a,
the peak (001, 2q¼ 10.4�) was the reflection of GO. From curve b,
diffraction peaks at110, 101, 211 and 310 (2q¼ 25.52�, 34.16�, 51.37�,
62.27�) were consistent with the standard XRD data for the
tetragonal rutile like SnO2 phase (JCPDS no. 41e1445) [47], indi-
cating that SnO2 has been synthesized in this composite. Compared
to curve a, the peak of 001 (2q¼ 10.4�) disappeared in curve b
display the reduction of GO. Moreover, the lack of distinct peaks
belonging to GR might be due to the overlap at the high (110) peak
of SnO2 and the low weight ratio of GR in the composite. The XRD
patterns of PdPt NCs were showed in Fig. 1C. The diffraction peaks
of PdPt NCs at approximately 40�, 47�, 68� and 81� are attributed to
111, 200, 220 and 311 planes of FCC structure of PdPt. Because Pt
and Pd possess the same crystal structure (FCC) and very close
lattice parameter, the sets of diffraction peak at Pt and Pd are
overlapped [48]. The unmarked peak in Fig. 1C belonged the
monocrystaline silicon chip which was the substrate.

X-ray photoelectron spectroscopy (XPS) was conducted to study
the surface composition of PdPt NCs@SGN. The XPS spectrum was
shown in Fig. S1 in which five main elements including C, O, Sn, Pd
and Pt can be distinguished. From the Sn 3d spectrum, the two
symmetrical peaks at 492.5 and 484.2 eV can be ascribed to 3d 3/2
and 3d 5/2 of Sn (IV), respectively, suggesting the existence of Sn4þ

in the product. Thus, the peak of both Pd 3d and Pt 4f can be
separated to Pd 3d5/2, Pd 3d3/2, Pt 4f7/2 and Pt 4f5/2 suggesting the
successful decoration of PdPt NCs in composite. It should be noted
that the peak of the oxygenated functional groups (C¼O, O¼C-O)
weren't observed in C 1s indicating the efficient reduction of GO
and the formation of rGO in PdPt NCs@SGN. These results were
consistent with the information in XRD.
O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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Fig. 1. (A) UVevis absorption spectra of GO (a) and SGN (b). (B) XRD patterns of GO (a), SGN (b). (C) XRD patterns of PdPt NCs. (D) Nyquist plots obtained at GCE (a), SGN/GCE (b),
Pd@SGN/GCE (c) and PdPt NCs@SGN/GCE (d). Supporting electrolyte: 5� 10�3 mol L�1 Fe(CN)63�/4- (1:1) with 0.1mol L�1 KCl solution; Working potential: 0.285 V; Frequency:
1MHz to 0.01 Hz. (E) TEM images of GO, SGN, Pd nanocubes, PbPt NCs, PdPt NCs@SGN composite and HRTEM image.
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Fig. 1E showed TEM images of GO, SGN, Pd nanocubes, PdPt NCs
and PdPt NCs@SGN composite. In Fig. 1E, GO was layered and
plicate, which like a piece of gauze. However, the surface
morphology of SGN composite presented flaky. Pd showed a shape
of cube, called Pd nanocubes. PdPt NCs showed a hollow cage
structures with an average length of 22 nm. Thewell dispersed PdPt
NCs on SGNwas also clearly in Fig. 1E, which composed the desired
nanocomposite. Additionally, the high-resolution TEM (HRTEM)
image revealed that the whole SGN sheet was loaded with SnO2
and decorated with PdPt NCs. The distance of the visible lattice
fringes over a large area was measured to be 0.33 nm, corre-
sponding to the d-spacing of (110) planes of SnO2. Besides, the
fringes with lattice sapcing of 2.0Å can be indexed to the (200)
planes of a FCC lattice in PdPt NCs.

The element distribution of PdPt NCs@SGN was measured by
EDS mapping (see Fig. S2), which clearly presented the support
Please cite this article in press as: Y. Fu, et al., Graphene blended with Sn
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component elements of C, O, Sn, Pd and Pt. The element mapping in
C, Sn, O, Pd and Pt in Fig. S2 revealed that the PdPt NCs distributed
on the surface of SGN uniformly, which was consistent with the
TEM image of PdPt NCs@SGN.
3.2. The electrochemical characterization of proposed sensor

As an effective method of monitoring the interfacial properties
of the modified electrodes, electrochemical impedance spectro-
scope (EIS) was putting forward. Fig. 1D recorded the Nyquist plots
of redox probes [Fe(CN)6]3�/4� at GCE (a), SGN/GCE (b), Pd@SGN/
GCE (c) and PdPt NCs@SGN/GCE (d) respectively. In the impedance
spectra, the lower frequencies of the linear section were attributed
to the diffusion-limited process. The higher frequencies of the
semicircle portion were related to the charge-transfer limited
process. The value of changer-transfer resistance (Rct) is
O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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proportional to the semicircle diameter. It is known that a smaller
semicircle means a higher electron transfer rate and vice versa. As
the Fig. 1D shown, after the GCE was decorated with the SGN (b),
Rct was decreased based on the good conductivity and positive
charges of the SGN, which was helpful in the electron transfers of
the redox probes on the electrode surface. Upon modification of
GCE with the Pd@SGN (c), Rct was further decreased owing to the
improved conductivity of Pd nanocubes. When the Pd nanocubes
were changed by PdPt NCs, PdPt NCs@SGN/GCE (d) obtained the
smallest Rct. The result once again proved that PdPt NCs has better
conductivity compared to Pd nanocubes. In generally, the highest
electron transfer efficiency was obtained from the PdPt NCs@SGN/
GCE. Such excellent conductivity resulted from the synergistic ef-
fects of PdPt NCs and SGN. This result illustrated that PdPt
NCs@SGN possessed a great potential to develop non-enzymatic
sensitive electrochemical sensor.
3.3. The electrochemical behavior of H2O2 at the PdPt NCs/SGN/GCE

The H2O2 sensing experiments was completed by cyclic vol-
tammetry in 0.1M PBS (pH 7.4) buffer. Fig. 2 showed the CVs of
blank PBS (red line) and 0.5mMH2O2 at bare GCE (A), SGN/GCE (B),
Pd@SGN/GCE (C) and PdPt NCs@SGN/GCE (D) respectively. All ex-
periments were performed in N2-saturated PBS buffer. In the
absence of H2O2, no reduction peak was observed at GCE (A) while
small reduction peaks were observed on SGN/GCE (B), Pd@SGN/
GCE (C) and PdPt NCs@SGN/GCE (D) in the potential range of
the �0.6 ~ þ0.6 V respectively, which might be attributed to the
reduction of SnO2 and Pd. In the presence of 0.5mMH2O2, a weak
reduction peak of H2O2 was observed on SGN/GCE. However on the
Pd@SGN/GCE, the reduction peak current of H2O2 was enhanced
obviously at more positive reduction potential, which showed
pronounced electrocatalytic properties. Compared with the above
two, PdPt NCs@SGN/GCE exhibited stronger electrocatalytic
response. Such excellent electrocatalytic property can be owing to
two factors: First, based on the high surface areas and high
Fig. 2. CVs of the GCE (A), SGN (B), Pd@SGN (C) and PdPt NCs@SGN (D) in the absence (red) a
iet curves of GCE (a), SGN@GCE (b), Pd@SGN/GCE (c) and PdPt NCs@SGN/GCE (d) in N2-satu
of the references to colour in this figure legend, the reader is referred to the Web version
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electronic conductivity, PdPt NCs and SGN both have electro-
catalytic activity to H2O2. Second, as a superior support with good
dispersity, SGN can load more PdPt NCs and prevent aggregation
effectively to maximize the available surface area, which can in-
crease the active sites to increase the catalytic activity.

The electrochemical responses of H2O2 at different modified
electrodes were also investigated by potentiostatic electrolysis.
Fig. 2E showed the amperometric response I-t curves obtained at
GCE (a), SGN/GCE (b), Pd@SGN/GCE (c) and PdPt NCs@SGN/GCE (d)
by successive addition of H2O2 (0.5mM) into continuously stirred
PBS buffer at a working potential of �0.1 V. Compared to other
electrodes, PdPt NCs@SGN/GCE exhibited a maximum increase in
amperometric current upon the successive addition of
0.5mMH2O2, which also presented that the PdPt NCs@SGN/GCE
significantly enhanced the electrocatalytic activity. On the basis of
the results described above, the PdPt NCs@SGN/GCE can effectively
catalyze the reduction of H2O2 and used in quantitative detection of
H2O2 is feasible.
3.4. Influence of pH and scan rate

The effect of pH was investigated to achieve a superior view of
the reaction process in 0.1M PBS containing 0.5mMH2O2. Fig. 3A
was the voltammetric stacking graphs over a pH range of 4.5e8.5.
With the pH of supporting electrolyte increased, the response
current of H2O2 was raised. In Fig. 3B, the response current
increased slowly when pH reached to 7.4. Moreover, pH 7.4 pro-
vided a possibility for biological applications and it was selected as
the optimum pH value of H2O2 detection.

In order to study the charge transport characteristics of the PdPt
NCs@SGN nanocomposite film, voltammetric curves with changing
scan rates (0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25 V s�1)
were recorded and shown in Fig. 4. The cathodic peak currents (Ip)
increased linearly with the square root of scan rate (v) enhance-
ment (Inset in Fig. 4). The linear relationship between Ip (mA) and
v1/2 (mV s� 1) 1/2 was expressed as following equation (Fig. 8B): Ip
nd presence (black) of 0.5mMH2O2 in 0.1M pH 7.4 PBS at 0.10 V s �1. (E) Amperometric
rated PBS (0.1M, pH 7.4) at - 0.1 V with successive addition of H2O2. (For interpretation
of this article.)

O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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Fig. 3. (A) CVs of PdPt NCs@SGN/GCE in 0.5mMH2O2 with different pH (aee:4.5, 5.5, 6.5, 7.4, 8.5). (B) The relationship between the peak current and pH. Scan rate 0.1 V s�1.

Fig. 4. CVs of PdPt NCs@SGN/GCE in 0.5mMH2O2 (pH 7.4) with the scan rates from 10
to 250mV s�1. (Inset: Ip versus n1/2).
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(mA)¼ 5.88 v1/2 (mV s� 1) 1/2þ 1.46 (R2¼ 0.994), which demon-
strated that the reduction process of H2O2 at the prepared PdPt
NCs@SGN/GCE was a diffusion-confined process.

3.5. Amperometric response to H2O2 detection

Amperometric method was adopted in order to frame a sensi-
tive assay. Fig. 5A displayed I-t curves recorded from PdPt
NCs@SGN/GCE for H2O2 detection at �0.1 V in 0.1M PBS (pH 7.4).
The inset of Fig. 5A exhibits the I-t response of low content con-
centration of H2O2 at PdPt NCs@SGN/GCE. Every time the H2O2 was
Fig. 5. (A) Amperometric response of the PdPt NCs@SGN/GCE with successive addition of dif
the current response in the low concentration of H2O2 solution). (B) The corresponding cal
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added, the current rapidly reached steady-state within 3s. The
reduction currents of were linearly increased with the concentra-
tions of H2O2. The linear equation is I (mA)¼ 0.2395C (mM)þ 0.9088
(R2¼ 0.997). A relevant linear relationship was established in the
range of 1 mMe300 mM and the limit of detection (LOD) was
calculated to be 0.3 mM (S/N¼ 3). A comparison of linear range, LOD
and sensitivity for PdPt NCs@SGN/GCE with other H2O2 sensors
reported are shown in Table 1 [49e56].

As one of the most important analytical factors, anti-
interference ability must be discussed. Some electroactive species
were studied by the amperometric method in PBS. Fig. 6 displayed
that therewas no obvious current response after addition of AA, UA,
glucose, leucine and DA. Therefore, it was no influence on the
detection of H2O2 in the presence of these electroactive species,
indicating the sensor had an excellent selectivity.

The reproducibility and stability was also being evaluated. Five
determinations using the same sensor (Fig. 7B), the relative stan-
dard deviation (RSD) of response currents was of 2.3%, which
indicated a nice repeatability. Moreover, the RSD of five indepen-
dently sensors was 4.1% for five independent determination
(Fig. 7A), indicating superior reproducibility of the sensor prepa-
ration and good stability of the electrode material. The current was
only changed 3.3% after storage of a sensor for two weeks. There-
fore, the sensor possessed an excellent repeatability and nice sta-
bility, exhibited a wide potential application.

3.6. In vitro biological sample analysis

The practical application of the PdPt NCs@SGN/GCE was utilized
by measuring the concentration of H2O2 in human serum. First, the
ferent concentrations of H2O2 at the potential of �0.1 V. (Inset: a partial magnification of
ibration curve for H2O2 sensing.

O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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Table 1
Comparison of the performance of various H2O2 sensors.

Materials Linear range (mM) LOD (mM) Sensitivity (mA mM�1 cm�2) Reference

Pt nanowire 5e3000 9.6 1360000 [49]
MnO2/graphene 100e45400 10 59 [50]
MoS2/Pt NPs 1e100 0.686 e [51]
SnO2-PEI-Gr 9e1640 1.0 e [42]
Ag NP/rGO 100e10000 3.6 e [53]
Pd nanocubes 100e24000 7.5 287.7 [54]
Ag-Fe2O3-rGO 1.6e57000 0.5 50.8 [55]
AgY 10e500 1.4 650.7 [56]
Ag/Na-ZSM-5 30e140 2.5 71 [57]
PdPt NCs@SGN 1e300 0.3 14968750 This work

Fig. 6. Amperometric response to successive addition of 0.1mMH2O2, 0.2mM AA,
0.2mM UA, 0.5mM glucose, 0.2mM Leucine and a second 0.1mMH2O2 of PdPt
NCs@SGN/GCE at �0.1 V in 0.1M PBS 7.4.

Table 2
Recovery detection for H2O2 in Human Serum.

Sample Found(mM) Added(mM) After added
(mM)

RSD(%) Mean recovery(%)

serum 0
75.00 77.21 1.9 102.81
75.00 78.29 1.2 104.18
75.00 74.16 2.3 98.94

*Average value of three replicate measurements.
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serum was diluted 20 times. Next, amperometric method was
selected to detect the practical samples in PBS. No any current
response when a certain amount of serum injected into the cell. To
testify the feasibility of the biosensor in serum, the recovery mea-
surements were carried out for the determination of H2O2. The
detection results listed in Table 2 showed an excellent reliability in
practical application as the recoveries were range of 98.94% to
104.18%.

In cells, non-normal level of H2O2 was associated with some
chronic diseases like cancer [3]. In general, H2O2 holds a low
physiological concentration relatively under the normal levels.
Fig. 7. (A) Current responses of five different sensors in 0.5mM H2O2. (B) Curren
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However, it will increase rapidly once the cells were stimulated
[57]. Ascorbic acid (AA) can disturb the redox process of cells, hence
it can motivate cells to generate large number of H2O2 [58].

To explore the practical application of the as-prepared PdPt
NCs@SGN/GCE, the H2O2 released from living cells was monitored
by this biosensor. On the basis of interference experiment, AA was
no response at the biosensor. So AA was explored as the stimulant
to excite the Hela cells generating amounts of H2O2 in a short time.
Fig. 8 was the amperimetric response curves of H2O2 in PBS (pH 7.4)
at �0.1 V. In curve a, there was no response when 10 mM AA was
injected into the PBS, indicating the AA was no response at the
biosensor. When 10 mM AAwas added into the PBS containing Hela
cells, a significant response was received (curve c), which demon-
strated the H2O2 was released from Hela cells by stimulating with
AA. If some catalase (300 U/mL) was existed in solution, the
response signal of H2O2 would disappear (curve b), because the
catalase decomposed H2O2 fleetly.

The peak current was about 1.36 mA in curve c, corresponding to
1.88 mMH2O2 which was consistent with the published report [59].
Thus, the fluxof H2O2were calculated to be 376± 23 amol cell�1 s�1
t responses of one sensor for five individual determination in 0.5mM H2O2.

O2 and Pd-Pt nanocages for sensitive non-enzymatic electrochemical
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Fig. 8. Amperometric response of H2O2 released from Hela cells stimulated by AA
at �0.1 V in PBS. (a)PBS; (b) 1� 106 Hela cells and 300U/mL catalases in PBS; (c) 1� 106

Hela cells in PBS.
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according to the literature [60]. In consequence, this biosensor
possessed a potential application for detecting H2O2 released from
living cells.

4. Conclusions

In conclusion, the work presented facile synthesis of PdPt
NCs@SGN nanocomposite, and used in constructing a sensitive
non-enzymatic H2O2 sensor. The synergistic effects of the PdPt NCs
and SGN enable the sensor to exhibit high electrocatalytic activity
and excellent selectivity to the detection of H2O2. Moreover, the
sensor has other excellent characteristics: lower detection limit,
superior sensitivity and rapid response. These integrated features
guaranteed the reliable in situ detection of H2O2 secreted by live
HeLa cells.
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