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h i g h l i g h t s

� 3D hyperbranched PdRu/Pt
heterostructures with excellent
catalytic activity was synthesized to
improve signal amplification.

� PdRu/Pt integrated with hemin/G-
quadruplex DNAzyme was first
utilized as signal probe.

� As-proposed biosensor reached a
detection limit down to 2 cells mL�1.
g r a p h i c a l a b s t r a c t

An enzyme-free sandwich-type electrochemical biosensor was developed for highly sensitive detection of
CTCs by fabricating a novel PdRu/Pt hierarchical structures through a facile hydrothermal method and
coupling with hemin/G-quadruplex as signal amplification probes. Meanwhile, high conductive Super
P and gold nanoparticles (AuNPs) acted as sensing medium to improve electrical conductivity and immo-
bilization of anti-EpCAM antibody to specifically capture model CTCs.
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Metastasis due to circulating tumor cells (CTCs) shed from the original tumor accounts for the majority of
cancer-related death. Efficient CTCs detection is pivotal to the diagnosis of early cancer metastasis. In this
work, Platinum nanoparticles (PtNPs) decorated hyperbranched PdRu nanospines (PdRu/Pt) hierarchical
structures were firstly synthesized to detect CTCs with the assistance of DNAzyme. Meanwhile, Super P
and gold nanoparticles (AuNPs) acted as sensing medium to improve electrical conductivity and immo-
bilization of anti-EpCAM antibody to specifically capture model CTCs. After immune-conjugation of anti-
EpCAM-MCF-7-signal probes on the gold electrode, PtNPs, PdRu nanospines (PdRuNSs) and hemin/G-
quadruplex co-catalyzed substrate H2O2 to realize multiplexed signal amplification, which significantly
improves the analytical performance of the electrochemical biosensor. As-proposed biosensor reached
a limit of detection (LOD) down to 2 cells mL�1 and showed a wide detection range of 2 to
106 cells mL�1. Application of the biosensor to detect MCF-7 cells spiked human blood samples further
demonstrated the feasibility for early cancer evaluation in clinic.
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1. Introduction

CTCs are malignant cancer cells, which seldom secret from the
original or metastasis tumor and discharge into bloodstream circu-
lation [1]. Owing to the metastasis of cells in cancer progression at
early stage, CTCs have emerged as an important biomarker for can-
cer monitor and diagnosis [2,3]. Compared with conventional
imaging methods and pathological cytological techniques for rou-
tine tumor test, CTCs detection in peripheral blood is rendered to
be convenient and non-invasive, and more importantly, would pro-
vide more information pertinent to metastasis monitoring, anti-
cancer treatment and prognostic prediction [4].

Since the concentration of CTCs in peripheral blood is extremely
low (usually lower than 10 cells per 106 to 108 mononuclear cells),
accurate capture and detection of CTCs in real samples remains a
big challenge [5]. Accordingly, immunoreaction-based methods
for CTCs measurement have been developed, which include Cell-
Search platform, magnetic-activated cell sorting system (MACS)
and subtraction enrichment and immunostaining fluorescence
hybridization (SE-iFISH) [6–8]. These methods mainly rely on
immunological recognition to separate and enumerate CTCs, and
have shown high specificity and sensitivity. Recently, microfluidic
devices that depend on physical properties like cell surface rough-
ness, particle size, or density have also been reported to identify
CTCs instead of surface markers [9]. Although these technologies
have advanced the detection of CTCs to a larger extent, drawbacks
such as complicate and time-consuming operation procedure and
high equipment production costs greatly limited their application
in clinical diagnosis. Therefore, it is an urgent need to explore more
reliable and cost-effective method for the detection of rare CTCs.

Due to merits like cost-effectiveness and fast-responsiveness,
electrochemical biosensors have demonstrated their advantages
in a variety of fields [10,11]. To improve the analytical perfor-
mance, integration of advanced materials capable of signal ampli-
fication has been extensively explored in electrochemical
biosensors construction [12–14]. Specifically, Palladium (Pd),
ruthenium (Ru) and Platinum (Pt) metals have been widely applied
due to excellent electrocatalytic performance [15,16]. Additionally,
reasonable structure design will not only improve utilization rate
of metal precursor but also promote signal amplification effect
after incorporation on electrode surface [17]. Apart from nano-
materials, DNA aptamers, which are functional oligonucleotide
sequences, have also emerged as useful electrode decoration com-
ponent in biosensor design [18]. AS1411, an aptamer toward
nucleolin in tumor cell, can form G-quadruplex (G4) structure by
Hoogsteen hydrogen bonds [19]. Due to merits of rapid synthesis,
small size and being easy for labeling, hemin is selected and
inserted into the G4 structure to form hemin/G-quadruplex
(hemin/G4) DNAzyme, which displays as horseradish peroxidase
(HRP)-mimicking to decompose inherent H2O2 to increase the sen-
sitivity of the biosensor [20].

As an extension of the work in our group [21,22], Super P and
AuNPs were combined herein to enhance electrical conductivity
and sensitivity for electrochemical detection of CTCs. Super P exhi-
bits excellent conductivity and could promote signal output after
modification on gold electrode [23]. In addition, PtNPs decorated
hyperbranched PdRu nanospines (PdRu/Pt) heterogeneous struc-
tures were synthesized for the first time to improve electrochem-
ical response. Compared with PdRuPt alloy [24], PdRu/Pt
heterostructures exhibited higher reactivity and excellent catalytic
activity. Besides, we integrated hemin/G4 with PdRu/Pt to assem-
ble the signal amplifying probe (SP). The SP can recognize the tar-
get cell with good specificity and further enhance the catalytic
effect to amplify the signal responses simultaneously. To the best
of our knowledge, this is the first report on the synthesis of
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PdRu/Pt for electrochemical biosensors construction. Amino-
terminated AS1411, as recognition probe (RP), was attached onto
the PdRu/Pt surface via Pt-NH2 bond. Abundant hemin/G4 mimick-
ing DNAzymes were formed after introduction of hemin to fabri-
cated SP, further improving the sensitivity of the biosensor. With
immobilized AuNPs and Super P to increase electrical conductivity
and install anti-EpCAM antibody on electrodes, significant
enhancement of electrical signal was recorded after model MCF-7
cell captured. We envision that this new enzyme-free sandwich-
type electrochemical biosensor would advance early metastasis
monitoring and clinical evaluation of tumors.
2. Experimental

2.1. Chemicals and apparatus

More information about the Chemicals and Apparatus was pro-
vided in Supporting information (SI).
2.2. Preparation of Super P and AuNPs

Firstly, 2.0 mg Super P was dispersed into 2.0 mL of 0.5 wt% chi-
tosan solution with the favor of ultrasonic blending for 4 h to
assess homogeneous mixed liquor. AuNPs were prepared by a clas-
sical citrate reduction method with slight modification [25].
Briefly, 50 mL of 0.01% (w/v) HAuCl4 was stirring and boiling dura-
tion for 15 min, then chloroauric acid was oxidized by adding
freshly-prepared 2% of 0.5 mL trisodium citrate aqueous solution
dropwise. The mixture solution was stirred and boiled constantly
for another 15 min until the color changed to bright wine red.
Finally, AuNPs were collected by centrifugation, washing process
and stored at 4 �C for future use after cooling to room temperature
(RT).
2.3. Synthesis of the PdRuNSs

Herein, PdRuNSs were synthesized by a slow reduction at con-
stant temperature. Typically, 3.25 mL of 30 mg F127 and 200 mg
KBr were dissolved under sonication in aqueous solution and intro-
duced into a sample vial, followed by homogeneously mixing with
20 mM RuCl3 (0.375 mL) and 20 mM H2PdCl4 (1.125 mL). After
that, 0.1 M freshly-prepared ascorbic acid solution (2 mL) was
injected quickly into the aforementioned mixed solution. Subse-
quently, the reaction solution was kept in a water bath for 12 h
at 70 �C, then the light reddish brown solution turned to black
(Fig. S1). The products were cooling to RT for storage and analysis.

Additionally, Pd nanocrystals (PdNCs) were prepared by similar
method, excepted 20 mM RuCl3 (0.375 mL) precursor was replaced
by deionized H2O (0.375 mL).
2.4. Synthesis of hyperbranched PdRu/Pt heterostructures

This method was developed in our laboratory. Briefly, 5 mL of
deionized water was added to 5 mL of the PdRuNSs solution pre-
synthesized to stir mixture thoroughly and heat to 95 �C. Then,
0.5 mL of 1% H2PtCl6 was added. Afterwards, 0.4 mL of 40 mM
AA was continuous dropped into the mixture, the reaction solution
was stirred for another 20 min in constant 95 �C to form hyper-
branched PdRu/Pt heterostructures. Finally, the black solid was col-
lected by centrifugation at 8000 rpm for 10 min and washed three
times with deionized water and ethanol, re-suspended with 3 mL
purified water to obtain the PdRu/Pt homogenous solution. The
solution was stored at 4 �C for subsequent usage.
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2.5. Preparation of the hemin/G4 labelled PdRu/Pt (SP)

Immobilization of the RP onto the surface of PdRu/Pt was com-
pleted as state in following steps (Scheme. 1A). Firstly, 400 lL of
prepared PdRu/Pt solution was mixed with 100 lL of RP
(100 nM) followed by mild stirring at 37 �C for 12 h. Thus, RP
was connected onto the PdRu/Pt nanomaterial surface through
Pt-NH2 bond. Then, 200 lL of hemin (0.5 mg/mL) was added into
the mixture and stirred at 37 �C for 2 h to form the hemin/G4 struc-
ture. Finally, 0.5% BSA was introduced to block the inactive binding
sites. The final product was centrifuged, resuspended in 400 lL of
0.01 M PBS and stored in 4 �C for further use.

Moreover, PdRuNSs-RP-BSA and PdRu/Pt-RP-BSA were prepared
by the similar method, without adding 200 lL of hemin (0.05 mg/
mL).
2.6. Fabrication of the biosensor

Scheme 1B exhibits the construction procedures of the
sandwich-like biosensor. A gold electrode (3 mm in diameter)
was polished beforehand with a 0.3 and 0.05 lm alumina slurry
to a mirror-like finish, then the electrode was sonicated with abso-
lute Milli-Q water, ethanol and Milli-Q water for 10 min in an
ultrasonic bath in order to remove the remaining absorbed parti-
cles. Thus, a smooth interface was obtained. After the electrode
was dried at room temperature, the electrode was activated in a
fresh piranha solution (30% H2O2:98% H2SO4, 1:3 by volume) for
10 min, thoroughly rinsed with ultrapure water, and then dried
in air. 8 lL of Super P suspension was dropped on the bare elec-
trode and dried at RT, following 8 lL AuNPs was added and dried
at 37 �C for 3 h. Then, eight microliters of the anti-EpCAM
(70 lg mL�1) in PBS (0.01 M, pH 7.4) was directly attached onto
the modified electrode by incubation for 1 h at 37 �C with Au-
NH2 bonds. After rinsing with PBS (0.01 M, pH 7.4), the gold elec-
trode was incubated with 0.4% BSA for 50 min at RT to block the
unbound sites. Finally, the designed electrochemical biosensor
was attained after washing with PBS and stored at 4 �C for further
use.
Scheme 1. Schematic illustration of the fabricating of the hemin/G-quadruplex labelled
model) detection (B).
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2.7. Experiment on the specific binding ability of the aptamers and
MCF-7 cells

In order to explore the ability to recognize and bind with speci-
ficity of MCF-7 cells and AS1411, HEK 293T cells were selected as
negative control. MCF-7 cells and 293T cells were both cultured
in a 24-well plate cell climbing film, incubated for 24 h at 37 �C.
Then, the cells were washed with cold PBS for 2 times, 3 min for
each time, followed by fixing with 10% formaldehyde for 30 min.
After washing with cold PBS for 3 times, 500 lL of 2% BSA was
adopted to block the active vacancies in cell plate. Next, FAM mod-
ified recognition probes (FAM-RPs) were added in each well plate
and incubation for 60 min and washed with cold PBS. At last, the
cells nuclei were stained with DAPI for 15 min protecting from
light at room temperature, washed with cold PBS and took the pho-
tographs by using a fluorescence microscope.

2.8. Electrochemical measurement

Electrochemical measurements were executed with a CHI 660E
electrochemical workstation in a three-electrode pattern, compris-
ing an Au electrode as working electrode, a saturated KCl impreg-
nated Ag/AgCl as reference electrode, and a Pt wire as auxiliary
electrode. The designed electrochemical biosensor was measured
by differential pulse voltammetry (DPV) from �0.6 V to 0 V with
the voltage amplitude of 0.05 V in a pH 6.0 PBS (100 mM, 25 mL)
containing 20 mM H2O2. Cyclic voltammetry (from �0.2–0.6 V)
and electrochemical impedance spectroscopy (frequency sweep
range: 100 kHz to 1 Hz; alternating voltage: 5 mV) were performed
in 0.1 M KCl containing 5 mM Fe(CN)63�/4�, respectively, for charac-
terization of the electrochemical biosensor.

2.9. Electrochemical measurement of MCF-7 cells

MCF-7 cells detection was carried out in the sandwich assay
format. The resulting electrochemical biosensor was incubated
with various concentrations of MCF-7 cells for 1 h at 37 �C, and
then immersed in 6 mL of the prepared SP solution for another
1 h. After that, the electrode was washed with PBS to remove
PdRu/Pt heterostructure (A) and electrochemical biosensor for CTCs (MCF-7 cell as a
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unbound signal conjugates and readied for performing the electro-
chemical analysis.

2.10. Cell culture and separation

Human breast cancer cell line (MCF-7 cells), human embryonic
kidney cell line (HEK 293T cells) and human cervical cancer cell
line (HeLa cells) were cultured in Dulbecco’s Modified Eagle Med-
ium (DMEM) replenished with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin, then all cells were put into cell incubator
(humidified at 37 �C, 5% CO2). The supernatant of cell culture was
discarded, and the cells were routinely digested with 0.25% trypsin
for 1–2 min after washing with 0.01 M PBS. Subsequently, the
digested free cells were collected, centrifuged 500 rpm for
10 min and replanted in the fresh growth medium.

The cells were separated from the spent medium by centrifuga-
tion at 500 rpm for 10 min, rinsed twice and resuspended in PBS
buffer. The concentration of cells was counted using a Neubauer
Improved Hemocytometer. Afterwards, the cell suspension was
diluted to a certain concentration by PBS.
Fig. 1. TEM images of PdRuNSs (A) and PdRu/Pt (B). High-resolution TEM image (D)
taken from the marked section in (C). The elemental mapping of PdRu/Pt (E). Insets
in A and B are the high-magnification of PdRuNSs and PdRu/Pt, respectively.
3. Results and discussion

3.1. Characterization of the materials

3.1.1. Morphological characterization of Super P and AuNPs
Field emission scanning electron microscopy (FE-SEM) and

transmission electron microscopy (TEM) were used to characterize
the morphology of Super P and AuNPs, respectively. Fig. S2A
showed the spherically shaped structure of Super P with size
approximately of 60–80 nm and uniformly dispersed after ultra-
sound treatment. Such morphology endows the carbon black
material a large specific surface area, which promises Super P the
potential to provide conductive junction points sufficiently and
improve electrical conductivity [23]. Fig. S2B showed that, the syn-
thetic AuNPs had good performance of homogeneous dispersion
with diameter size on average of 15 nm.

3.1.2. Characterization of the PdRuNSs and PdRu/Pt
The structures and morphologies of the PdRuNSs and PdRu/Pt

were investigated using of TEM and SEM. As depicted in Fig. 1A,
the different magnification TEM images of PdRuNSs suggested a
branch-like structure and an average particle size of about
166 nm (Fig. S1C). Furthermore, PtNPs were noticeable found on
the PdRuNSs surface with relatively heterogenous size distribution
(Fig. 1B), which indicated that Pt precursors were sufficiently
reduced in synthesis process. The 3D branch-like morphology of
PdRuNSs and PdRu/Pt were confirmed by SEM images (Fig. S3A–
B). What’s more, when PtNPs decorated on PdRuNSs surface, the
nano-spines structure further grew uniformly along all the direc-
tions, with an average length and width around 130 nm and
10 nm, respectively. This phenomenon of hyperbranched growth
might be due to the second continual heat treatment at 95 �C
and the reductants addition led to further growth of the nanocrys-
talline branches [26,27]. Hyperbranched PdRuNSs would serve as
better molecular carrier to load more PtNPs and nucleic acid
probes than PdRuNSs. In addition, the TEM and EDS results in
Fig. S4 reveal that PdNCs were synthesized with homogeneous dis-
persion around 26 nm. The morphology change might be due to
the absence of Ru element coordination [28].

As depicted by the high-resolution TEM (HRTEM) images
(Fig. 1C–D), a plenty of clear lattice fringes can be observed. The
lattice spacing distances were approximately 0.223 and
0.227 nm, which were well assigned to the typical {1 1 1} facets
of face-centered cubic (fcc) PdRu alloy, indicating the incorporation
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of Ru atoms into the Pd lattice [28]. Meanwhile, the lattice fringes
with an interplanar spacing of 0.230 and 0.233 nm were also
emerged from the marked regions, good corresponding to the
{1 1 1} crystal plane of the Pt fcc structure [29]. The lattice fringes
coherently extended from the body of PdRuNSs to the PtNPs, signi-
fying the epitaxial decorated of PtNPs with high degree of crys-
tallinity. These observations showed PdRu/Pt heterostructures
had a quite rough surface after the reduction of platinum particles,
which would provide high-density of exposed active sites for cat-
alytic reactions and then significantly promote the electron trans-
fer rates.

The structure and elemental distribution of PdRu/Pt were
strongly certificated via HAADF-STEM energy dispersive X-ray
(EDX) elemental mapping. As Fig. 1E, the Pd and Ru elements were
mainly distributed in the inner section, which confirmed the
homogeneous alloyed nature of PdRuNSs. Remarkably, the Pt ele-
ments were evenly distributed around the perimeter, revealing
the formation of PdRu/Pt hierarchical structures. Also, the atomic
ratio of Pd, Ru and Pt were estimated approximately to be
83.31:1.09:15.60 by the energy-dispersive X-ray spectroscopy
(EDS) spectrum (Fig. 2A), which was further unveiled by the anal-
ysis of the line scanning profiles (Fig. 2B). Both TEM and elemental
analysis results confirmed the PtNPs were evenly dispersed over
the entire surface of the PdRuNSs. On account of the strong surface
energy, Pt tended to form stable structures such as particles or
island on the core substrates, which might in possession of more
durability in applications [30].

X-ray diffraction (XRD) pattern was conducted to investigate
the crystalline structure of PdRu/Pt, using standard Pd (JCPDS-46-
1043), Ru (JCPDS-88-2333) and Pt (JCPDS-40-0802) as the refer-
ences. As Fig. 2C distinctly showed, there exhibited four character-
istic peaks at around 40.17�, 46.58�, 67.97� and 82.06�, which were
greatly consisted with the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) facets
of the fcc structure, respectively, indicating the polycrystalline
character of the integrated PdRu/Pt [31]. It is noteworthy that
the peaks of PdRu/Pt were slightly shifted comparing with pure
mono-metallic Pd, Ru and Pt, suggesting the lattice distance was
changed during the formation of the polycrystalline structure for
PdRu/Pt.

The chemical valence state and composition were further illu-
minated by X-ray photoelectron spectroscopy (XPS). Notably, there



Fig. 2. The EDS spectrum (A), and line scanning profiles (B) of PdRu/Pt. (C) XRD spectrum of PdRu/Pt. The standard XRD spectra of pure Pd (JCPDS-46-1043), Ru (JCPDS-88-
2333) and Pt (JCPDS-04-0802) are provided for comparison. Survey (D), high-resolution Pd 3d (E) and Pt 4f (F) XPS spectra of PdRu/Pt. Insets in A and B display the weight and
atomic ratios of Pd, Ru and Pt, and HAADF-STEM image, respectively.
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were Pd, Ru and Pt elements identified in the survey XPS spectrum
of the PdRu/Pt (Fig. 2D). The high-resolution Pd 3d XPS spectrum
showed two doublets of peaks (Fig. 2E) located at 340.78 (3d
3/2) and 335.21 (3d 5/2) eV; 339.40 (3d3/2) and 334.09 (3d5/2)
eV, which are the characteristics of those Pd2+ and Pd0 species,
respectively [32]. This result confirmed that palladium ions were
manly reserved in the form of Pd0 in the heterostructures. Besides,
the peak of Ru0 was located at 283.29 (3d3/2) eV (Fig. S5A),
revealed the presence of Ru in the products [33]. Furthermore,
there were no obvious peaks observed in the high-resolution Ru
3p region (Fig. S5B) due to limited Ru loading. This result was in
good accordance with the EDS analyses.

Meanwhile, as shown in the high-resolution XPS segment of Pt
4f (Fig. 2F), the stronger couple for 4f 7/2 (70.62 eV) and 4f 5/2
(73.95 eV) was the well assigned to metallic Pt0. Nevertheless,
while the weaker pair for 4f 7/2 (71.73 eV) and 4f 5/2 (75.15 eV)
was attributed to Pt2+ species [34]. This result confirmed that the
PtCl62+ was effectively reduced to metallic Pt in the products. More
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importantly, those phenomena suggested that metallic Pt0 and Pd0

species are the prominent in the PdRu/Pt, illuminating the efficient
reduction of the two metal precursors in the synthetic processes.
Above-mentioned findings jointly demonstrated that the PdRu/Pt
heterostructures were synthesized successfully.

In general, the formation mechanism of the PdRu/Pt was inves-
tigated shortly. At the original phases, the two metal precursors
(H2PdCl4 and RuCl3) were concurrently reduced to Pd and Ru atoms
in the presence of ascorbic acid. In the meantime, the freshly-
shaped metal atoms were immediately fused together to yield
PdRu nuclei, which the decrement the surface free energy and
improvement of dispersity in solution can be achieved [35]. As
the reaction proceeded, the PdRu alloyed nucleis were gradually
evolved into RuPdNSs via the guidance of F127, slow orientation
and epitaxial-growth by Ostwald ripening process with the reac-
tion time gradually prolonging [36]. In addition, under the exis-
tences of AA and elevated temperatures, PtNPs were uniformly
embellished on the surface of PdRuNSs after thoroughly utilizing
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of the Pt precursor. At the same time, PdRuNSs were further grew
uniformly in all directions, ultimately formed hyperbranched
PdRu/Pt heterogeneous structure.

As a nonionic surfactants, F127 can induce the combination of
bromide ions and dioxygen to achieve the branch-like structure
dispersion independently and catalytic activity [37]. We applied
F127 as a growth-directing agent and capping agent to tune the
morphology of the PdRu/Pt products. In the controlled experi-
ments, inadequacy (15 g) or excess (45 g) F127 even formed severe
aggregation of PdRu/Pt (Fig. S6). It demonstrated the meaningful
impact of the proper F127 content in the synthesis process.
3.2. Characterization of stepwise fabrication of the electrochemical
biosensor

To investigate the interfacial characteristics of the electrodes,
CV and EIS measure methods were generally used to measure
the sensing interface after each modified step. The CV curves of dif-
ferent fabricated step on electrodes were illustrated in Fig. 3A.
After Super P (curve b) and AuNPs (curve c) immobilization onto
the electrode, the peak currents visibly increased comparing with
the bare gold electrode (curve a). Those signal changes should be
ascribed to good electrical conductivity and large specific surface
area of Super P and AuNPs. Moreover, the combination of these
two nanomaterials ideally improves the sensitivity of biosensors.
As expected, when the electrode was further modified with the
antibody possesses of amino group owing to the Au-NH2 bond, a
decreased peak current was observed (curve d) due to steric hin-
drance of antibody. The peak current decreased further when the
nonspecific sites were blocked by non-conductive BSA (curve e).
After the immobilization of MCF-7 cells (curve f), the peak current
was decreased similarly. It signified the formation of the noncon-
ductive immune complexes which prevented the electron migra-
tion from cells to electrodes. These results demonstrated the
biosensor was constructed successfully.

Subsequently, EIS was also used to assess the interface proper-
ties of electrode during the stepwise modification procedures. Each
of the EIS Nyquist plots comprises of a semicircle curve portion and
a straight-line portion, corresponding to the interfacial charge-
transfer resistance (Rct) and electron diffusion, respectively. As dis-
played in Fig. 3B, after modified the Super P (curve b) and AuNPs
(curve c) on the gold electrode in succession, the Rct values were
decreased significantly, owing to the excellent conductivity of
Super P and Au NPs that can expedite the electron transport pro-
cess. However, when the antibody (curve d) and BSA (curve e) were
immobilized onto the modified electrode surface step by step, the
Ret values increased successively. After MCF-7 cells (curve f) were
specifically captured by anti-EpCAM antibody attached onto the
gold electrode, the Rct grows as expected due to hinderance of
Fig. 3. CV (A) and EIS (B) of (a) bare gold electrode, (b) Super P/gold electrode, (c) AuNPs/S
AuNPs/Super P/gold electrode, and (f) MCF-7 cells/BSA/antibody/AuNPs/Super P/gold e
responses (C) of (a) Super P/gold electrode, (b) AuNPs/Super P/gold electrode, (c) Antibod
MCF-7 cells/BSA/antibody/AuNPs/Super P/gold electrode and (f) SP/MCF-7 cells/BSA/an
containing 20 mM H2O2.
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electron transfer by immobilized nonconductive material. The EIS
results were in greatly accordance with the previous CV data,
indicative of the feasible of the presented biosensor. Additionally,
atomic force microscopy (AFM) was serviced to morphologically
characterize the modification process of electrode (Fig. S7), further
verified the well-organized modified process of this biosensor. A
detailed description was provided in the SI.

Moreover, fluorescence microscopy analysis was utilized to test
the specificity of RP towards MCF-7 cell (Fig. S8). Specifically, MCF-
7 cells and HEK 293T cells (as negative control cells) were incu-
bated with FAM-modified aptamers (FAM-RPs), respectively.
Remarkable green fluorescence signal was exhibited on the group
of MCF-7 cells incubated with FAM-RPs. This implied that the RP
can bind to MCF-7 specifically.

In addition, the voltammetry was used to monitor the ability of
stepwise fabrication on catalytic reduction of H2O2. As shown in
Fig. 3C, an immensely strong DPV response only could be measured
in the presence of MCF-7 cells. Nevertheless, no obvious DPV sig-
nals were observed without MCF-7 cells. Therefore, the based-
nanomaterials sandwich-type electrochemistry biosensor was
applicable for MCF-7 cells detection.
3.3. Comparison of different signal amplification strategies

To verify the signal amplification effect of the proposed biosen-
sor, four groups of comparative experiments were prepared to
detect the same cells concentration in optimized condition. The
four groups included four signal labels (a) PdNCs-RP-BSA; (b)
PdRuNSs-RP-BSA; (c) PdRu/Pt-RP-BSA and (d) PdRu/Pt-hemin/G4-
BSA and two typed of electrode modification (e) bare Au electrode
and (f) Au electrode with Super P/AuNPs. As shown in Fig. 4A,
when the PdRuNSs-RP-BSA was selected as the signal labels to
detect target cells, the biosensor exhibited a much higher current
response than in the case of PdNCs-RP-BSA. This result illuminated
the catalytic peroxidation ability of PdRuNSs was improved effec-
tively due to the synergistic reaction of bimetals. Additionally, a
sharply increase showed in current response when the biosensor
was incubated with PdRu/Pt-RP-BSA compared to PdRuNSs-RP-
BSA, which was attributed to uniform modification of PtNPs and
the formed heterogeneous structure of the nanomaterial that
enhance the catalytic effect on H2O2 to increase the electrochemi-
cal response (Fig. 4B). Meanwhile, the catalytic properties of differ-
ent metal components (PdNCs, PdRuNSs and PdRu/Pt) were
compared by DPV curves in same concentration. Fig. S9 showed
that PdRu/Pt represented the best outstanding catalytic perfor-
mance. These results might due to the heterogeneous structure
of PdRu/Pt within explicit multi-metallic interface [30]. The
detailed experimental steps have been specified in SI. When the
biosensor was incubated with SP, the peak current further
uper P/gold electrode, (d) antibody/AuNPs/Super P/gold electrode, (e) BSA/antibody/
lectrode obtained in 0.1 M KCl containing 5 mM [Fe(CN)6]3-/4-. The DPV current
y/AuNPs/Super P/gold electrode, (d) BSA/antibody/AuNPs/Super P/gold electrode, (e)
tibody/AuNPs/Super P/gold electrode measured in pH 6.0 PBS (100 mM, 25 mL)



Fig. 4. The DPV signal of the as-built electrochemical biosensor incubated with different nanomaterials: (A) signal material: PdNCs-RP-BSA (blank line) and PdRuNSs-RP-BSA
(red line); (B) signal material: PdRuNSs-RP-BSA (blank line) and PdRu/Pt-RP-BSA (red line); (C) signal material: PdRu/Pt-RP-BSA (blank line) and hemin/G4 labelled PdRu/Pt
(red line); (D) substrate material: bare gold electrode (blank line) and Au electrode with Super P/AuNPs (red line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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increased (Fig. 4C), partially for the reason that the co-catalysis
ability of PdRu/Pt and hemin/G4 DNAzyme toward hydrogen per-
oxide. Notably, the change of DPV signal by Super P/AuNPs modi-
fied Au electrode was much bigger than that of bare Au electrode
(Fig. 4D). This is probably linked to the enhancement of large speci-
fic surface area and the improvement of electrical conductivity by
used of Super P/AuNPs. Thus, the proposed multiple signal ampli-
fication strategy (Super P/AuNPs and hemin/G4 labelled PdRu/Pt)
was validated effectively and it was beneficial to construct the
biosensor with high sensitivity.
3.4. Optimization of the analytical conditions

To optimize the experimental conditions, the pH of PBS, the
proportion of PdRu/Pt and aptamer, the incubation time and con-
centration of antibody for the antibody-target cell reaction, the
binding time of SP to target cell MCF-7, and the blocking time of
BSA were optimized successively. All optimization experiments
were performed by using DPV assay at MCF-7 concentration of
106 cells mL�1.

In biosensing platform, the pH in the buffer solution had great
influences on the bioreactivity and stability of the immobilized
biomolecules. Hence, the pH may impact the analytical perfor-
mance of the current device. When the pH was adjusted from 4
to 7, the corresponding DPV curves peaks gradually increased
and reached a maximum at 6. At pH > 6, the electrochemcial
response signal drops sharply (Fig. S10A). Thereby pH = 6 is
selected in the subsequent experiments.

Hemin/G4 labelled PdRu/Pt, as the signal amplification probe,
was a crucial factor in the process of measurement. Different pro-
portion of PdRu/Pt and aptamer may exert an enormous impact on
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the catalytic performance for the reduction of H2O2. As shown in
Fig S10B, the current signals were increased with the growing pro-
portions from 50:1 to 50:2, then decreased when the proportions
were 50:2.5 and 50:3. Therefore, 50:2 was chosen as the optimal
proportion of PdRu/Pt and aptamer. Furthermore, the voltammetry
response of different incubation times of SP towards MCF-7 cell
ranging from 30 to 70 min was investigated (Fig. S10C). The DPV
responses were increased since the incubation time in range of
20–50 min and reached a maximum at 60 min. Further increase
of incubation time did not improve the current any more, indica-
tive of the equilibrium of reaction of cell and SP. Therefore, the
highest peak current was received when the incubation time of
SP and MCF-7 cell was 60 min.

Since the concentration of anti-EpCAM antibody directly deter-
mined the binding efficiency of cells, it was necessary to be opti-
mized. Fig. S10D showed the peak currents consecutively
increase with growing concentration of antibody from 20 lg mL�1

to 70 lg mL�1, and then with the upon increasing of the concentra-
tion, the DPV response declined. As a result, 70 lg mL�1 was
selected as the optimal concentration of anti-EpCAM antibody
against MCF-7 cells.

The incubation time of antibody and MCF-7 cell also had a large
influence of measurement results and was tested in the range from
20 to 70 min (Fig. S10E). Distinctly, the peak currents successively
increased by prolonging the incubation time, achieving the maxi-
mum at 60 min, and then inclining to be stable by further extend-
ing the time over 60 min. Therefore, 60 min was the best for
measurement of MCF-7 cells in the study.

In Fig S10F, accompanying the increased of the blocking time,
the electrochemical signals decreased rapidly and remained steady
at approximately 50 min. This result indicated that the nonspecific
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site of modified electrode had been largely hindered. At the mean-
time, the background signal of analysis was also reduced. There-
fore, 50 min was chosen as the optimal blocking time for BSA.

3.5. Analytical performance of the proposed electrochemical biosensor

Under the optimal conditions, MCF-7 cells with different con-
centrations were detected by used of SP and Super P/AuNPs to
characterize the detection sensitivity of this proposed biosensor.
As Fig. 5A shows, the DPV current responses gradually enhanced
corresponding with increasing concentrations of target cells from
2 cells mL�1 to 1 � 106 cells mL�1. Moreover, the calibration plot
depicted a good linear relationship between the DPV values and
logarithm values of MCF-7 cells (Fig. 5B). The fitted linear regres-
sion equation is construed as follows: I (lA) = 87.763 + 38.491logC(

MCF-7) (cells mL�1), with a correlation coefficient of R2 = 0.998 and
LOD down to 2 cells mL�1 (S/N = 3). The extremely low detection
limit, detected by multiple signal amplification biosensor, might
be attributed to following factors: firstly, Super P and AuNPs,
which modified on electrode, have favorable electron conductivity
and abundant surface binding sites; secondly, the PdRu/Pt
heterostructures have prominent catalytic activity for H2O2;
finally, hemin/G4mimics peroxidase further enhances the catalytic
ability for H2O2 to increase the sensitivity of the biosensor signifi-
cantly. Moreover, a comparison with the recent method regarding
the detection of CTC is shown in Table S1. The comparison clearly
showed the as-constructed electrochemical biosensor had preemi-
nent or comparable detection sensitivity. Therefore, the as-built
biosensor achieved distinguished performance to sensitive detec-
tion of MCF-7 cells.
Fig. 5. (A) DPV curves for the proposed biosensor with 2, 5, 10, 50, 102, 103, 104, 105

concentrations of MCF-7 cells from 10 to 106 cells mL�1. (C) Reproducibility of 6 different
with blank control, HeLa cells, HEK 293T cells, WBCs and RBCs and the related mixture
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3.6. Reproducibility, specificity and stability

The reproducibility of the biosensor was also investigated by
recording the current response. By detecting the same concentra-
tion of MCF-7 (106 cells mL�1) under the optimized conditions in
six biosensors assembled independently, the relative standard
deviation (RSD) of the intra-assay and inter-assay of the biosensor
were approximately 2.08% and 2.32% (Fig. 5C). This result revealed
the satisfactory reproducibility of the proposed electrochemical
biosensor.

As a proposed new method for detecting tumor cells, the speci-
ficity is a vital parameter for evaluating the performances of
biosensor [38]. To assess the specificity, several 1 � 106 cells mL�1

nontarget interfering cell lines including Hela cells (EpCAM-
negative), HEK 293T cells (AS1411-negative), white blood cells
(WBCs) and red blood cells (RBCs) were tested. As Fig. 5D shown,
compared with blank, no apparent current signals were generated
toward 1 � 106 cell mL�1 of other non-target ones. However, the
current response of MCF-7 cells with the same concentration was
conspicuous highly and almost the same with the mixtures, man-
ifesting that the biosensor had high specificity and potential in
practical applications.

The stability of the biosensor was also investigated by a differ-
ential pulse voltammetry in the presence of MCF-7 cells (106-
cells mL�1). The fabricated biosensors were stored at 4 �C few
days before use. As can be seen in Table S2, after being kept in a
refrigerator for 7 days, 98.1% of its initial current response was
retained compared with that of a freshly modified electrode. After
21 days, the current response retained 87.9% of their initial ones,
which signified the favorable stability of the established biosensor.
, 106 cells mL�1 of MCF-7 cells. (B) Calibration plot of the biosensor for different
electrodes modified with 106 cells mL�1. (D) Specificity of the biosensor investigated
. Error bars = SD (n = 5).
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3.7. Application for the analysis of serum samples

To validate the practical availability and accuracy of the present
electrochemical biosensor, several concentrations of MCF-7 (10,
102, 103, 104 were added to the human blood samples (obtained
from the Chongqing University Central Hospital). Then the current
responses of these blood samples using the proposed biosensor
were recorded. As seen in Table S3, the recovery rates were calcu-
lated as 97.8–101.25% with RSD ranging from 2.05% to 2.80%. These
results implied that the present electrochemical method had good
capability of combating multiple interference and effective recog-
nition of tumor cells in practical blood samples with good accu-
racy. In general, the proposed biosensor had the potential
applications to quantified detection of MCF-7 cells in clinical prac-
tice analyses.
4. Conclusion

To sum up, we reported a new PdRu/Pt hierarchical composite
synthesized via hydrothermal reaction and integrated with
hemin/G-quadruplex to serve as signal amplification probe to con-
struct a sandwich-type electrochemical biosensor. Morphological
features, elemental distribution, crystalline structure and valence
state were analyzed to characterize as-synthesized PdRu/Pt
[31,32,34]. In the hybrid composite, PdRu alloyed nuclei were
evolved into RuPdNSs under the guidance of F127 and slow Ost-
wald ripening process whereas PtNPs were uniformly decorated
on the surface of PdRuNSs via ascorbic acid-assisted reduction
[35,36]. Higher catalytic activity was observed compared with
PdRuPt alloy likely due to rational structural design and explicit
multi-metallic interface [24]. What’s more, hemin/G4 DNAzyme
was used to amplify electrochemical current signal and improve
specificity [20]. After integration with hemin/G-quadruplex, as-
constructed biosensor showed good sensitivity towards CTCs down
to 2 cells mL�1 in resuspension solution. We envision our prelimi-
nary work will not only introduce a new nanomaterials synthesis
to construct electrochemical biosensors, but also alternate a useful
strategy to improve sensitivity for rare CTCs detection in blood
samples.
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