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Currently, real time monitoring of chemical substances in vivo and in vitro has gained enormous attraction, and
many researches reports have been focused on the design and construction of high-performance biosensor de-
vices. In thiswork, a high-performance sensorwas constructed by taking advantage of the excellent electrochem-
ical activity and high-index facets of Au-Pd nanocubes and the large surface of rGO. Glassy carbon electrodes
(GCEs) were modified by both Au-Pd nanocubes and rGO nanocomposites via physical adsorption. Transmission
electron microscopy (TEM) and X-ray diffraction (XRD) were utilized to characterize and identify this unique
nanostructure. These three-dimensional nanocomposites possess a high electroactive surface area and an excel-
lent electrical conductivity,which resulted in favorable electroreduction activity towardH2O2with a lower detec-
tion limit of 4 nM, a wide linear range from 0.005 μM to 3.5 mM and a rapid response time. Furthermore, the
proposed sensor exhibited desirable performance in the detection of endogenous H2O2 in human serum samples
and real-time monitoring of H2O2 released from living breast cancer cell lines. In summary, this work not only
provides a potential method to construct a physiological and pathological H2O2 biosensor but also makes a valu-
able contribution to the early diagnosis of different cancers.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Breast cancer has become a major and unsolved problem in
women's healthcare all over the world. With N255,180 new breast can-
cer cases occurring in the United States each year, efforts to enhance
early diagnosis and therapy resonate intensely both with sufferers and
clinicians alike [1,2]. In addition, survival statistics vary greatly by
stage at diagnosis; so, the corresponding therapy at an early stage is
beneficial for improving the survival rates of breast cancer. Currently,
typical techniques for the early diagnosis include mammography, bi-
opsy, magnetic resonance imaging (MRI), ultrasound, thermography
and endoscope, which lack the sensitivity for the detection of a cancer
until it has metastasized to another organ [3–6]. Currently, many inves-
tigators are looking at ways of utilizing biosensors for cancer diagnosis
with the attributes of high sensitivity for effective detection of cancer
biomarkers at an early stage [7–9].

Emerging evidence suggests thatmany types of cancer cells have ex-
cessive levels of reactive oxygen species (ROS) compared with their
normal counterparts [10,11]. Hydrogen peroxide (H2O2) is one of the
most important ROS and is associated with various pathological and
physiological processes. Furthermore, excessive amounts of H2O2 can
cause damage to proteins, lipids and DNA within cells to cause various
diseases, such as cancer, Alzheimer's, heart attacks and Parkinson's dis-
ease [12,13]. Moreover, due to cancer cells generating excessive
amounts of H2O2 compared to normal cells, H2O2 can be employed as
a biomarker for evaluating the oxidative stress capability differences
in diverse cells and the detection of cancer cells [14]. Therefore, the ef-
fective and accurate detection of H2O2 is essential tomonitor its concen-
tration in living cells and understand the relevant biological processes.
Currently, the electrochemical analysis distinguishes itself due to its re-
markable properties, such as high sensitivity, simplicity, low cost and
rapidness, and has been used to detect H2O2 in living cells [5]. The elec-
trochemical detection of H2O2 is divided into non-enzymatic and enzy-
matic sensors, but the typical enzymatic sensors are impractical for
commercial application because of its high cost, low durability and
high sensitivity to external conditions [15,16]. Therefore, much efforts
has been devoted to developing the nano-enzymatic sensors variously
constructed by noble metal nanoparticles, nonprecious mental nano-
particles, hydrogels and redox conducting polymers [17]. Up to now,
only nano-enzymatic sensors fabricated using noble metal nanoparti-
cles have shown good performance in the detection of H2O2 released
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from living cells [18,19]. Thus, an improved sensor based on noblemetal
nanoparticles warrants development.

Synergistic effects, in which two or more nanoparticles were com-
bined exhibitedmuch higher activity than the additive effect of two par-
ticles used individually [20,21]. Compared with sensors based on
individual noble metal nanoparticles, bimetallic noble metal nanoparti-
cles present excellent catalytic performance in electrochemistry due to
synergistic effects [22–24]. However, there are many limitations that re-
strict their further applications in H2O2 sensors, such as undesirable high
sensitivity and detection limits reached at the nM level [25]. In addition,
the control of bimetallic nanocomposites in both size and shape can
greatly improve their electrocatalytic activity, which results from their
high-index facets [26,27]. Fundamental researches has shown that
metal nanoparticleswith high-index planes usually presentmuch higher
catalytic activity than thosewith common stable planes, serving as active
sites for breaking chemical bonds with high density atomic steps, kinks
and ledges [28,29]. Based on this, fabrication efforts have been devoted
to synthesizing bimetallic compounds with different shapes, including
cubic, tetrahexahedral and cuboctahedral. Kakati et al. [30] reported a
technique for sensing urea based on hollow sodium nickel fluoride
nanocube-deposited MWCNT, and the device showed good accuracy
and electrocatalytic activity. Graphene, a two-dimensional carbon nano-
structure, is often chosen as the supporting material, due to its specific
surface area and higher electronic conductivity [31–33]. Previous re-
search has suggested that dispersing noble metal nanocomposites in a
scaffold such as graphene can greatly enhance the stability and catalytic
activity of a sensor [34,35]. For example, Sun et al. [25] synthesized
graphene/PtPd nanoplates for the electrochemical detection of H2O2 re-
leased from Raw 264.7 cells, and the sensor showed a high sensitivity
and low detection limit for the reduction of H2O2.

The aim of this studywas not only a novel bimetallic nanocomposite
for a high sensitivity H2O2 sensor but also the monitoring of H2O2 re-
lease from breast cancer cells to enable cancer diagnosis. In this paper,
we developed a sensor fabricated by assembling Au-Pd nanocube nano-
composites on the surface of reduced graphene oxide (rGO), the pre-
pared nanocomposites were modified on a glassy carbon electrode
(GCE) by physical adsorption. Subsequently, based on the specific nano-
structure of the nanoalloy, the electrochemical signal was greatly en-
hanced, and the resulting sensor utilized for selective and sensitive
detection of H2O2 in human serum to monitor H2O2 released from cul-
tured breast cancer cell lines (MCF-7, MDA-MB-231 and T47D). This
study is of value for further the investigation of early cancer diagnosis
and drug discovery.

2. Experimental section

2.1. Reagents and materials

Palladium chloride (PdCl2), hydrogen tetrachloroaurate trihydrate
(HAuCl4•3H2O), cetyltrimethylammonium bromide, cetyltrimethylam-
monium chloride (CTAC), cetyltrimethylammonium bromide (CTAB),
ascorbic acid (AA), poly (diallyldimethylammonium) (PDDA) were all
purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). Hydrochloric
acid (HCl), potassium bromide (KBr), potassium iodide (KI) were ob-
tained from Tianjin Chemical Regent Co., Ltd. (Tianjin, China). RPMI
1640medium and fetal bovine serumwere purchased fromGibco (Gai-
thersburg, MD, USA). rGO was synthesized on the basis of our previous
report [36]. All regents were used without further purification, and ul-
trapure deionized (DI) water was used throughout all experiments.

2.2. Apparatus

Scanning electron microscopy (SEM, JSM-7500F, JEOL, Japan) and
Transmission electron microscopy (TEM, Tecnai G2 F20, FEI, USA)
were used to characterize the morphology of the nanostructure and
the relevant composition. X-ray diffraction (XRD) patterns were
recorded on a RigakuD/max 2550Powder X-ray diffractometer (Rigaku,
Japan). Cyclic voltammetry (CV) and Chronoamperometry (i-t) were
performed with a 283 potentiostat/galvanostat electrochemical ana-
lyzer (EG & GPARC, Japan) using a typical three-electrode system. The
reference electrode was Ag/AgCl electrode (saturated KCl), the counter
electrodewas a platinumwire, and theworking electrodewas a bare or
modified glassy carbon electrode (GCE). All the electrochemical tests
were measured in a N2-saturated phosphate buffer solution (0.1 M,
pH 7.4) under room temperature.

2.3. Synthesis of Au-Pd nanocubes and a modified electrode

Au-Pd nanocubes were prepared as follows: first, 0.048 g of CTAC
was dissolved in 8.65 mL of ultrapure deionized water in a flask, and
the flasks were then kept in a water bath set at 31 °C. The H2PdCl solu-
tion (0.75mL, 10mM) and as-prepared Au core solution (0.3 mL) were
added, the reaction mixture was purged with high-purity nitrogen gas
for 30 min and the ascorbic acid solution (0.3 mL, 0.1 M) was added
above the mixture. The resultant mixture was placed undisturbed for
30 min, and then washed three times with ultrapure deionized water.
Before the electrochemical measurement, the GCE was successively
polishedwith aluminiumoxide power (0.3 and0.5 μm) to obtain a spec-
ular surface and sonicated with ultrapure deionized water and anhy-
drous ethanol for 5 min. The cleaned GCE was dried under high-purity
nitrogen gas. Subsequently, to fabricate Au-Pd/rGO-modified elec-
trodes, 6 μL of the Au-Pd nanocube and rGO dispersion (1,1) was cau-
tiously cast onto the surface of a newly polished GCE and dried
naturally. As a control, 6 μL of Au-Pd nanocube solution and 6 μL of
rGO suspension were separately dropped on the same GCE. The ob-
tained electrodes are denoted as Au-Pd/GCE and rGO/GCE.

2.4. Electrochemical detection of H2O2 released by breast cancer cell line

Human breast cancer cells (MCF-7, MDA-MB-231 and T47D) ob-
tained from the American Type Culture Collection (ATCC, Manassas,
VA, USA). MCF-7, MDA-MB-231 and T47D were subsequently cultured
on 10 cm2 plates containing RPMI 1640 medium supplemented with
10% (v/v) heat inactivated fetal bovine serum, penicillin (100 k-
units L−1) and streptomycin (0.1 mg mL−1) in a humidified incubator
at 37 °C containing 5% CO2. After sub-culture to 80–90% confluence,
the cellswerewashed three time and collected by centrifuging. For elec-
trochemical measurements, the amperometric current response to
H2O2 released by approximately 5.0 × 106 cells was measured by Au-
Pd/rGO modified GCE at 0.1 V (vs. Ag/AgCl) in 2 mL of PBS (0.1 M,
pH 7.4), AA was injected to stimulate H2O2 release by the cells and cur-
rent responses recorded by chronoamperometry. For comparison, the
AA was also injected into PBS without cells and with cells containing
catalase (Scheme 1).

3. Results and discussion

3.1. Structural and compositional characterization of Au-Pd/rGO
nanocomposites

Representative SEM and TEM images at different magnifications of
the as-prepared nanocomposites are shown in Fig. 1A-D. The SEM im-
ages showed that the Au-Pd nanocubes are dispersed uniformly on
the surface of the rGO, and the exfoliated and large surface of the rGO
are more wrinkled, which could be due to the reduction of GO. The
rGO sheets form a more wrinkled and crumpled structure than the GO
(Supplementary Fig. S1). The TEMpatterns of theAu-Pd/rGO nanoalloys
are shown in Fig. 1B, C andD. As shown in the figures,most of the Au-Pd
nanoalloys have a cubic structure of approximately 40–65 nmdiameter.
Furthermore, EDX mapping of Au-Pd/rGO, presented in the insert of
Fig. 1D, show that the Au-Pd nanoalloy possess a hexahedral structure.



Scheme 1. Schematic illustration of the Au-Pd/rGO nanocube-modified GCE applied for the detection of H2O2 released from cells stimulated with ascorbic acid.

Fig. 1. (A) SEM patterns of Au-Pd/rGO nanocomposites. (B) and (C) TEM patterns of different magnifications of Au-Pd nanocubes. (D) TEM patterns of Au-Pd/rGO nanocomposites. The
inset shows the elemental mapping image of a hexahedral Au-Pd nanoalloy.
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EDX spectroscopy was employed to reveal the components of the
final nanocomposites, which were rich in Pd and poor in Au (Fig. 2A),
reflecting their nanoalloy structure. In addition, Fig. 2B demonstrates
the XRD profiles of GO, rGO and Au-Pd/rGO, respectively. Both
nanomaterials present a broad, weak peak at approximately 24° corre-
sponding to graphitic planes [37]. For the XRD of Au-Pd/rGO, there are
three strong diffraction peaks at approximately 2θ = 39.95°, 46.66°
and 67.99° which can be assigned to the (111), (200) and (220)
reflections of Au, and also peaks at 2θ = 39.95°, 46.66° and 67.99° cor-
responding to Pd (111), Pd (200) and Pd (220), suggesting that the
Au-Pd nanoalloy has a face-centered cubic (FCC) structure and is fully
crystalline in nature [23,27]. These results confirm the formation of
the Au-Pd bimetallic nanocomposites.

3.2. Electrochemical sensing of H2O2 on Au-Pd/rGO nanocomposite-
modified electrode

The as-prepared nanocomposites were used to modify electrodes
separately in an electrochemical analyzer system. Before utilizing the
proposed sensor for the electrochemical reduction of H2O2, a redox
probe of ferricyanide ions was usually used to test the surface perfor-
mance of bare GCE, rGO/GCE, Au-Pd/GCE and Au-Pd/rGO/GCE
(Fig. 2C). Cyclic voltammetry (CV)was investigated in a 0.1MKCl aque-
ous solution containing 10 mM [Fe(CN)6]3−. The interfacial properties
of the electrode surface were evaluated based on the electroactive sur-
face area, which was calculated by the Randles-Sevcik Eq. [38]:

Ip ¼ 2:69� 105 AD1=2??3=2γ1=2C
Fig. 2. (A) EDX patterns of Au-Pd/rGO nanocomposites. (B) XRD patterns of GO (a), rGO (b) and
Au-Pd/rGO/GCE (d) recorded in a 0.1 M KCl solution containing 10 mM [Fe(CN)6]3− at a scan
presence of 10 mM H2O2 (b) at a scan rate of 50 mV/ s.
where C is the concentration of the redox analyte (mol cm−3); γ is the
scan rate (mV/ s);?? represents the number of transition electrons in
the redox processes whose value is equal to 1 for [Fe(CN)6]3−; D repre-
sents the diffusion coefficient of themolecule in solution, which is (6.70
± 0.02 × 10−6 cm2 s−1) for K3[Fe(CN)6] [39]; A is the electroactive sur-
face area (cm2); and Ip is the peak current (A). Based on the Randles-
Sevcik equation, the calculated electroactive surface area of Au-Pd/
rGO/GCE was respectively 1.274, 1.517 and 1.875 times greater than
the rGO/GCE, Au-Pd/GCE and bare GCE, suggesting that both Au-Pd
nanocubes and the rGO nanocomposites can enhance the electroactive
surface area due to their high-index facets and three-dimensional nano-
structure. Consequently, we used Au-Pd/rGO/GCE to further study elec-
trocatalytic activity toH2O2. Fig. 2D showsCV curves for Au-Pd/rGO/GCE
in 0.1M PBS (pH 7.4) in the presence and absence of H2O2 ranging from
−0.6 V to 0.8 V. As depicted in Fig. 2D, an apparent reduction peak
around 0.1 V was observed in the presence of 10 mM H2O2, indicating
a relatively good response to the reduction of H2O2.

3.3. Optimization study of Au-Pd/rGO nanocomposites modified electrode
to the reduction of H2O2

Our studies showed that the composite volume of the nanomaterial-
modified electrode, the pH value and the scan rate have a great influ-
ence on the reduction sensitivity of H2O2. Fig. 3A shows that the sensi-
tivity response enhanced with an increase in the volume of the Au-Pd/
rGO nanocomposites used on electrodes, and reached a maximum at 6
μL; subsequently, response declined upon the addition of a larger vol-
ume of Au-Pd/rGO. The deposition of Au-Pd/rGO nanocomposites on
Au-Pd/rGO nanocomposites (c). (C) CVs of bare GCE (a), Au-Pd/GCE (b), rGO/GCE (c) and
rate of 50 mV/ s. (D) CVs of Au-Pd/rGO/GCE in 0.1 M PBS (pH 7.4) in the absence (a) and



Fig. 3. (A) Optimization study of Au-Pd/rGO volume-modified GCE. (B) The effect of pH on the reduction peak current of 5 mM H2O2 in a 0.1 M PBS at a scan rate of 50 mV/s. (C) CVs of
5 mM H2O2 at Au-Pd/rGO/GCE with different scan rates in 0.1 M PBS (pH 7.4). Curves are obtained at 20,30,40,50,60,70,80 and 90 mV/ s, respectively. (D) The plot of the cathodic peak
current vs. v1/2.
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the electrode thus required optimization because a high deposition
could lead to high aggregation and low catalysis, while a low deposition
led to low coverage and poor catalytic efficiency. The electrocatalytic re-
duction ofH2O2 byAu-Pd/rGOnanocomposites in PBS at pH in the range
4.0 to 9.0 was also investigated (Fig. 3B). The reduction current reached
a summit at pH 7, and thus a buffer solution at pH 7was selected in sub-
sequent experiments.

H2O2 reaction characteristics on Au-Pd/rGO/GCE and the Au-Pd/rGO
nanocomposite films were studied by CV at scan rates ranging from
20 mV/s to 90 mV/s vs. Ag/AgCl (Fig. 3C). As the scan rate increased
from 20 mV/s to 90 mV/s, the potential of the reduction peak increased
and tended to a more negative direction. The cathodic peaks partially
overlapped each other and widened with higher scan rate. Fig. 3D
shows that the square root of the scan rate (v1/2) was directly propor-
tional to the anodic peak current (Ip), consistent with the model of
Andrieux and Saveant [40], suggesting that the redox process on the
Au-Pd/rGO-modified GCE surface is a quasi-reversible electrochemical
process with fast electron transfer kinetics.

3.4. Amperometric response for H2O2 detection

Amperometric measurement was used to further study detection
sensitivity of the as-prepared sensors. Fig. 4A shows the amperometric
response of the rGO/GCE, Au-Pd/GCE and Au-Pd/rGO/GCE to successive
injections with different concentrations of H2O2 in 0.1 M PBS (pH 7.4)
at an operational potential of 0.1 vs. Ag/AgCl. As shown in Fig. 4A, the
Au-Pd/rGO-modified electrode presented an enhanced amperometric
response to H2O2, and moreover, upon each addition of H2O2, the
steady-state current (≥ 95%) was reached within 4 s. However, a rela-
tively low response and no clear response was observed on Au-Pd-mod-
ified and the rGO-modified GCE. Corresponding calibration curves are
shown in Fig. 4B. The results show that the sensor has a linear relation-
ship between H2O2 concentration and current, with the Au-Pd/rGO-
modified GCE exhibiting a linear range from 0.005 μM to 1.0 mM (R2

= 0.998) with a high sensitivity of 259.6 mA M−1 cm−2 based on n =
5 electrodes. The corresponding linear regression equation is I (μA) =
−265.2C - 18.36. Alternatively, the linear relationship for the Au-Pd sen-
sor is I (μA) = −46.1C - 8.95, with a sensitivity of 127 mA M−1 cm−2

based on n=5 electrodes. As shown in Fig. 4C and D, the relevant linear
ranges for the determination of H2O2 at the applied potential of 0.1 V
comprised two sections: 0.005 μM to 1 mM and 1.0 mM to 3.5 mM,
with correlation coefficient R2 values of 0.998 and 0.997, respectively.
The reason for two linear regions was probably a different H2O2 absorp-
tion and activation behavior on the Au-Pd/rGO catalyst under the differ-
ent H2O2 concentrations [41]. Furthermore, the detection limit at a
signal-to-noise factor ratio of 3 (S/N = 3) for the proposed sensor was
estimated to be ~0.004 μM. Linear ranges, detection limits and measure-
ment potentials for other reported H2O2 sensors are summarized in
Table 1. These results suggest that the Au-Pd/rGO sensor possessed ex-
cellent electrocatalytic activity toward the reduction of H2O2 and could
be a potential electrochemical sensor for high sensitively and for possible
detection of H2O2 released from breast cancer cell lines.

A major barrier exists in using the proposed sensor for practical ap-
plications; the poor interference rejection ability of “universal” catalytic
nanomaterials such as Au, Pt or Pd [25,42]. To investigate the selectivity
of the Au-Pd/rGO sensor, chronoamperometry was undertaken in 0.1M



Fig. 4. (A) Amperometric i-t curves of rGO/GCE (a), Au-Pd/GCE (b) and Au-Pd/rGO/GCE (c) upon the successive addition of H2O2 to 0.1MPBS (pH7.4) under stirring. (B) Calibration curves
of the response current vs. the H2O2 concentration for rGO/GCE (a), Au-Pd/GCE (b) and Au-Pd/rGO/GCE (c). (C) Amperometric i-t curves of Au-Pd/rGO/GCE in 0.1 M PBS (pH 7.4) with
successive additions of H2O2. The inset shows a close look of the red oval region with an H2O2 concentration ranging from 0.005 μM to 0.1 mM. (D) The corresponding calibration
curve of the response current vs. the concentrations ofH2O2. (The corresponding linear equations are I (μA)=−265.2C - 18.36 (R2=0.997) and I (μA)=−49.65C - 217.46 (R2=0.998)).
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PBS (pH 7.4) at a potential of 0.1 V. As shown in Supplementary Fig. S2,
by addition of 0.1 mM H2O2, 1 mM AA, 1 mMUA, 1 mM AP, 1 mM GLU
and 0.1 mM H2O2 showed no obvious current change observed in the
presence of AA, UA, AP and GLU. This good selectivity of the sensor
was attributed to the selection of an appropriate applied potential and
nanocomposite fabrication.

In addition, good reproducibility and storage stability are signif-
icant for the evaluation of the performance of the H2O2 sensor.
Good reproducibility with relative standard deviation (RSD) b2.9%
was found for the proposed sensor according to a study of six inde-
pendent electrodes. 86%–90.2% of its initial current response for
H2O2 remained after one month. These results confirmed the
Table 1
Comparison of the reported electrodes for H2O2 determination.

Electrode materials Detection potential (V) Linea

AuNFs/IL-GF paper −0.6 (vs Ag/AgCl) 0.5–2
CF@NCNTAs-GNPs −0.3 (vs Ag/AgCl) 0.1–4
HRP-MIL-100(Cr)-B −0.3 (vs SCE) 0.5–3
PtPd-Fe3O4/C −0.25 (vs Ag/AgCl) 0.02–
Mn2O3/Nf 0.65 (vs SCE) 0.1–1
GQDs-CS/MB −0.6 (vs SCE) 0.1–1
PtNPs-CDs/IL-GO −0.08 (vs Ag/AgCl) 1–90
PtW/MoS2 −0.25 (vs SCE) 1–20
Pd@Co3O4 0.6 (vs SCE) 0.01–
Au-Pd/rGO 0.1 (vs Ag/AgCl) 0.005
acceptable reproducibility and reliability for the storage stability
of the proposed sensor.

3.5. Application in real samples

To demonstrate the practical capability of the proposed sensor, a
standard addition assay was used for the detection of H2O2 in human
serum samples, which were diluted 60 times with 0.1 M PBS (pH 7.0);
the results are listed in Table S2. The recovery ranged from 97.0% to
103.0%, and the relative standard deviation (RSD) was in a range 2.62%
- 3.27%, which showed acceptable accuracy. To summarize, the proposed
sensor has the capacity to detect H2O2 in physiological samples.
r range (μM) Detection limit (μM) Ref

300 0.1 [4]
300 0.05 [5]
000 0.1 [15]
67 0.005 [41]
276.5 0.07 [48]
1,780 0.7 [49]
0 0.1 [50]
0 0.005 [51]
3300 0.1 [52]
–3500 0.004 This work



Fig. 6. Effects of the prepared Au-Pd/rGO/GCE on the metabolic activities of MCF-7, MDA-
MB-231 and T47D cells.
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3.6. Detection of H2O2 released from living cells

Nowadays, reliable and accurate early prognostic methods for breast
cancer are of great significance to the healthcare in women all over the
world [43]. MCF-7, MDA-MB-231 and T47D cells are a common source
of malignancies, and an important way to reduce risk is to realize a sen-
sitive and effective detection method for cancer biomarkers at an early
stage. Therefore, in this work, MCF-7, MDA-MB-231 and T47D were
chosen as the model breast cancer cells, and AA used as the stimulant
agent to trigger H2O2 generation [44,45]. Bright-field microscope im-
ages of the MCF-7, MDA-MB-231 and T47D cells are presented in
Fig. 5A to C. Prior to electrochemical measurements, any toxic influence
of the modified nanomaterials was studied by typical MTT assay (3-
(4,5-dimethylthizaol-2-yl)-2,5-diphenyltetrazolium bromide) (Fig. 6).
The results show that the living cancer cells had good cell viability of
N90% after incubation with Au-Pd/rGO (2 μg mL−1) for 24 h, indicating
a good biocompatibility and electrode suitability for further measure-
ments of H2O2 generated by living cells.

After verifying thebiocompatibility of theprepared nanocomposites,
we used these as a platform to monitor the H2O2 released from breast
cancer cells (MCF-7, MDA-MB-231 and T47D). These cells are sensitive
to many chemotactic stimulants [46]. Ascorbic acid (AA) is such a stim-
ulant, and induces H2O2 generation in living cells with amore sustained
chemotactic response. Also, as a result of stimulation by AA, respiratory
burst occurs with H2O2 as the end product. Thus, AA was selected as
stimulant in this study [47]. TakingMDA-MB-231 as an example, an en-
hanced reduction current was obtained by the injection of 10 μL of AA
(200 ng mL−1) when MDA-MB-231 cells were suspended in 0.1 M
PBS (pH 7.4). As a control, PBS bufferwithout cells was also investigated
(Fig. 5E). In addition, to testify the current change caused by the reduc-
tion of H2O2 generated by the MDA-MB-231 cells, catalase (300 U/mL)
was added to the PBS buffer. As shown in Fig. 5E, there was no detect-
able current following the addition of catalase or in PBS without MDA-
MB-231 cells. Meanwhile, under the same conditions, current changes
were observed for MCF-7 and T47D; a comparison is presented in
Fig. 5D and F. The absence of a current response will have resulted
from catalase decomposition of releasedH2O2. Significantly, the amount
Fig. 5. Themicroscope images of MCF-7 (A), MDA-MB-231 (B) and T47D (C). Amperometric re
(D), MDA-MB-231 (E) and T47D (F) cells in 0.1 M PBS (pH 7.4). (Black curve: no cells; blue cu
of H2O2 released from the cells can be calculated from the standard
curve. The recorded current changed by about 1.2 μA for MDA-MB-
231, 1.17 μA for T47D and 0.56 μA for MCF-7, corresponding to
73.8 nM, 73.6 nM and 71.3 nM H2O2 generated from the cells (5.0
× 106 cells), respectively. These results further confirmed that the pro-
posed sensor based onAu-Pd/rGO could beused tomonitor theH2O2 re-
leased from cancer cells, and its potential applications can be explored
for the early diagnosis of cancer.

4. Conclusions

We developed a high-performance sensor by taking advantage of
the excellent electrocatalytic and high-index facets of Au-Pd nanocubes
and the large surface area of rGO. The proposed sensor presented excel-
lent electrocatalytic performance for the reduction of H2O2, which was
attributed to the three-dimensional nanostructure used to modify the
sponse of Au-Pd/rGO/GCE to injection of 10 μL AA (200 ngmL−1) with and withoutMCF-7
rve: cells and catalase; red curve: cells only).
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electrode surface and the enriched active sites. In consideration of this,
Au-Pd/rGO nanocubes were used to fabricate a nano-enzymatic H2O2

sensor. Moreover, the sensor exhibited a wide linear range (0.005 μM
to 3.5 mM), a low detection limit (4 nM), acceptable reproducibility
and reliable storage stability. More significantly, the practical applica-
tion of the biosensor was explored for the detection of endogenous
H2O2 in human serum samples and for the real-time detection of H2O2

released from breast cancer cells, which further confirmed that the sen-
sitive sensor can be used as a possible physiological and pathological
H2O2 biosensor and is a possible valuable contribution to the early diag-
nosis of different cancers.
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