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Abstract
Gold nanoparticle (AuNP)–anchored BP nanosheets were synthesized through in situ growth of AuNPs onto BP. Due to the
strong chelating ability of P or phosphorus oxides with AuNPs, the stability of BP is improved. As proof-of-concept demon-
stration of the functionalized BP, electrochemical detection of circulating tumor cells (CTCs) based on BP@AuNPs@aptamer as
a probe combined with immunomagnetic separation is reported. The aptamer can specifically bind with CTCs, while the
phosphorus oxides including phosphite ion and phosphate ion (PxOy species) on BP and aptamer can react with molybdate to
generate an electrochemical current, leading to dual signal amplification. The biosensor is applied to MCF-7 cell detection and
displays good analytical performance with a detection limit of 2 cell mL−1. Furthermore, the practicality of this biosensor was
validated through sensitive determination of MCF-7 cells in human blood. Therefore, the reported biosensor could be applied to
detect other biomarkers, offering an ultrasensitive strategy for clinical diagnostics.
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Introduction

Cancer has aroused widespread concern because of its high
mortality rate [1, 2]. It is well known that tumor metastasis is
the main cause of death in cancer patients [3]. Preoperative
diagnosis and detection of cancer cell metastasis from blood
are particularly important in the treatment of cancer [4].
Circulating tumor cells (CTCs) acted as the biomarkers for
tumor cell metastasis as they can flow into the bloodstream
from the source of primary tumor sites [5, 6]. Currently, many
methods have been developed to detect CTCs, including
microfluid [7], fluorescence [8], flow cytometry [9], and elec-
trochemistry [10]. Owing to its high sensitivity and simple

instrumentation, electrochemical methods have significant ad-
vantages in cancer cell detection.

The number of CTCs in the peripheral blood of patient is
extremely rare [11]. Therefore, it is critical to develop ultra-
sensitive electrochemical methods for sensitive detection of
CTCs. To improve the sensitivity of the electrochemical meth-
od, our group combined rolling circle amplification (RCA)
strategy with DNA generated electrochemical current tech-
nique for signal amplification [12]. The reaction of DNA,
especially, the reaction of phosphate backbone of DNA with
molybdate, can form redox molybdophosphate and generate
electrochemical current [13–15].

Recently, two-dimensional semiconductor nanomaterials
have provoked considerable interest owing to their prominent
structures and physicochemical properties [16–18]. Their lay-
ered structures, and excellent electronic and optical character-
istics make them attractive candidates in many biomedical
areas [19, 20]. Among them, black phosphorus (BP) has be-
come a research hotspot in the fields of electronic and opto-
electronic chemistry due to its impressive carrier mobility
[21]. Besides, it can be used as a supporting matrix to immo-
bilize sensing materials for biosensing applications due to its
large surface area [22]. However, BP has intrinsic limitations,
such as poor stability in air-exposed water environments,
which prevents its practical applications [23]. It has been
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reported that a pair of lone pairs of electrons in BP is exposed,
which can react with oxygen to form PxOy species. PxOy
species could be removed, and BP continues to be oxidized
with degradation [24, 25]. Therefore, how to stabilize lone
pairs of electrons needs to be solved for BP applications. A
number of methods including covalent functionalization [26],
noncovalent functionalization [27–29], and coordination with
transitional metal ion have been developed to improve its
stability [30, 31]. However, the stability-related limitation of
BP still remains a challenge. In this mind, we synthesized gold
nanoparticle–anchored BP nanosheets (BP@AuNPs) through
in situ growth of AuNPs onto BP to stabilize BP. At the same
time, PxOy species are produced and stabilized via the strong
chelating ability of Au with PxOy species, which can generate
electrochemical current after reaction with molybdate.

Herein, we reported the combination of magnetic
nanobeads (MNs) and functionalized BP nanosheets for iso-
lation and detection of CTCs with dual signal amplification
strategy. Breast cancer cell MCF-7 cell was chosen as a mod-
el. The aptamer specific to MUC1 (overexpressed on MCF-7
cell surface) was immobilized on BP@AuNPs to form
BP@AuNPs@aptamer, which was used as an electrochemical
signal probe. According to our previous report, the PxOy spe-
cies on BP and aptamer can both react with molybdate to form
redox molybdophosphate and generate an electrochemical
current, leading to dual signal amplification [32, 33]. The dual
signal amplification improved the sensitivity of electrochem-
ical detection. And the magnetic nanobeads modified with
antiepithelial cell adhesion molecule (EpCAM) antibody en-
abled efficient enrichment and separation ofMCF-7 cells. The
proposed highly sensitive, selective sensor through combining
functionalized BP nanosheets and immunomagnetic
nanobeads was demonstrated to work well for CTC detection
in human blood.

Experimental section

Materials and reagents

BP powder was purchased from HWRK Chemicals (Beijing,
China, http://www.hwrkchemical.com/) and stored in a dark
Ar glovebox. N-Methyl-2-pyrrolidone (NMP), sodium
molybdate dihydrate (Na2MoO4•2H2O), 1-ethyl-3-(3-
d imethylaminopropyl ) carbodi imide (EDC) , N -
hydroxysuccinimide (NHS), and propidium iodide (PI) were
purchased from Sigma-Aldrich (St. Louis, MO, https://www.
s igmaa ld r i ch .com) . Go ld ch lo r ide t e t r ahydra t e
(HAuCl4·4H2O) was obtained from Sangon Biotech Co.,
Ltd. (Shanghai, China, https://www.sangon.com/). The
aptamer with a sequence of 5′-SH-CACTACAGAGGTTG
CGTCTGTCCCACGTTGTCATGGGGGGTTGGCCTG
was synthesized and purified by Sangon Biotech Co., Ltd.

(Shanghai, China, https://www.sangon.com/). EpCAM-
antibody was obtained from Abcam Co., Ltd. (Cambridge,
MA, https://www.abcam.cn). Polyacrylic acid (PAA), iron
chloride hexahydrate (FeCl3·6H2O), sodium acetate
anhydrous (CH3COONa), and ethanediol (EG) were bought
from Macklin (Shanghai, China, http://www.macklin.cn).
SYTO 9 green-fluorescent nucleic acid stain (SYTO-9) was
bought from Thermo Fisher (https://www.thermofisher.com).
The living MCF-7, HeLa cell, and normal whole blood were
obtained from Xiangya Hospital. All solutions were prepared
using deionized water.

Apparatus and instruments

The size and morphology of the nanomaterials were charac-
terized by scanning electron microscopy (SEM, EOL JSM-
6700) and transmission electron microscopy (TEM, FEI
Titan G2 60-300). An atomic force microscope (AFM,
NanoManVS) was used to evaluate the morphology and
height of BP nanosheets. Zeta potential and dynamic light
scattering (DLS) were measured on the Malvern Zetasizer
Nano (ZEN3600). UV-Vis absorption spectra was measured
with a spectrophotometer (UV-2450). A microplate reader
(ELX800) was used to perform cell vitality. X-Ray diffraction
(XRD) analysis was carried out on a X-ray diffractometer
(Pert PRO). X-Ray photoelectron spectroscopy (XPS) was
carried out with a X-ray photoelectron spectrometer
(Thermo Scientific K-Alpha+). The intracellular fluorescence
imaging was carried out on an inverted fluorescence micro-
scope (IX 83). All the electrochemical measurements were
performed with an electrochemical workstation (CHI-650D).
A standard three-electrode system consisting of a magnetic
glassy carbon electrode (MGCE, 3 mm in diameter), a satu-
rated Ag/AgCl reference electrode, and a platinum auxiliary
electrode was used in all the electrochemical measurements.

Synthesis of BP nanosheets

BP nanosheets were synthesized from BP powder by liquid
exfoliation [34]. In a typical procedure, BP powder was added
into NMP (2 mg mL−1) and sonicated for 10 h in an ice bath.
After that, the solutionwas centrifuged at 3000 rpm for 10min
to remove the residue, and the supernatant was collected. The
supernatant was further centrifuged at 12,000 rpm for 10 min
to obtain precipitate as BP nanosheets.

Preparation of BP@AuNPs@aptamer

The BP@AuNP nanohybrids were synthesized through in situ
ultrasonic synthesis. In brief, 30 μL HAuCl4 solution
(10 mM) was added into 0.5 mL of BP nanosheets
(400 μg mL−1) and sonicated for 10 min. The solution was
centrifuged at 10,000 rpm for 10 min and washed twice with
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deionized water. Subsequently, aptamer was added in
BP@AuNP nanohybrids solution and shaken overnight at
4 °C. After another round of centrifugation, the final product
was re-dispersed in deionized water and stored in a 4 °C
refrigerator.

Synthesis of MNs and functionalization of MNs with
anti-EpCAM

According to previous literature report, MNs with carboxyl
group–terminated surfaces were synthesized by a
solvothermal method [35]. In brief, 1.35 g FeCl3·6H2O,
3.2 g CH3COONa, and 0.5 mL PAA were dissolved in
38 mL EG and sonicated for 15 min. Then, the mixture solu-
tion was transferred into a 100 mL autoclave and heated for
6 h at 473 K. After magnetic separation, the solution was
washed three times with ethanol alternately and deionized
water and dried in a vacuum drying oven at 373 K to obtain
carboxyl group–modified MNs.

The anti-EpCAM antibody was fixed onto the MNs by
carbodiimide chemistry. Firstly, 7.5 mg MNs were dis-
solved in 1.5 mL of PBS (0.01 M, pH = 6.8) with
75 mM EDC and 75 mM NHS. The mixture was sonicat-
ed for 15 s and shaken for 20 min at room temperature.
Then, MNs were separated magnetically, washed three
times with PBS (0.01 M, pH = 7.2), and re-dispersed in
1 mL of PBS (0.01 M, pH = 7.2). After that, anti-EpCAM
antibody was added into MNs solution at a concentration
of 75 μg mL−1 and incubated for 4 h under continuous
shaking at room temperature. Finally, the product was
washed with deionized water to remove unmodified anti-
EpCAM antibody and resuspended in 1 mL of deionized
water. To block nonspecific sites on the MNs, 1% BSA
was added to solutions for 30 min before each use.

Cell culture and capture

MCF-7 and HeLa cells were cultured in 1640 medium sup-
plemented with 10% fetal bovine serum, penicillin
(100 U mL−1), and streptomycin (0.1 mg mL−1) at 37 °C in
a humidified atmosphere containing 5% CO2.

For the cell capture, first, 100 μL anti-EpCAM-MNs
(100 μg mL−1 MNs) were added into different concen-
trations of cell solution (1 mL) and shaken for 1 h at
room temperature. Then, the enriched cells were separat-
ed with a magnet and washed three times with saline
(0.9% NaCl). Finally, the MNs with captured cells were
dispersed into 30 μL solution.

Cytotoxicity study

Cytotoxicity of anti-EpCAM-MNs and BP@AuNPs@aptamer
was tested with a CCK-8 assay kit. First, 1 × 104 MCF-7 cells

were added into a 96-well plate and incubated for 24 h; then,
different concentrations of anti-EpCAM-MNs and
BP@AuNPs@aptamer were added. After incubation for 24 h,
CCK-8 reagent solution was added for another 2 h and cell
viability was measured.

Fabrication of electrochemical biosensor

First, MNs captured with different amounts of cells were
dropped onto the cleanedMGCE and left at room temperature.
After washing, 10 μL BP@AuNPs@aptamer probe was
added onto the electrode for 1 h at room temperature. Then,
the modified electrode was washed and dried with nitrogen.
Finally, 10 μL 5 mM Na2MoO4 was added onto the prepared
electrode and incubated for 25 min at 37 °C. The electrochem-
ical signal was measured in 0.5 M H2SO4.

Results and discussion

Principle of the biosensor

In order to develop a sensitive biosensor for MCF-7 cell de-
tection, we utilized anti-EpCAM-MNs as a capture probe and
AuNPs-functionalized BP nanosheets as an electrochemical
signal probe. The AuNPs anchored on BP nanosheets im-
proved the stability of the BP nanosheets. Scheme 1 schemat-
ically illustrates the biosensor preparation and measuring prin-
ciple. For the synthesis of the signal probe, BP@AuNP
nanohybrids were synthesized by in situ growth method to
deposit AuNPs onto a BP nanosheets surface. The aptamer
was then attached to the surface of BP@AuNP nanosheets
by Au–S bond to form an aptamer-modified signal probe.
Anti-EpCAM antibody–modified MNs were utilized to cap-
ture and enrich MCF-7 cells from complex sample due to the
expression of EpCAM on the MCF-7 cell surface. After the
anti-EpCAM-MNswith captured cells were immobilized onto
the MGCE surface, the signal probe was further assembled
onto the electrode through binding between aptamer and
MUC1 that expressed on the MCF-7 cell surface to form the
sandwich-type structure. Finally, the dual current generated
by the reaction between PxOy species on aptamer backbone
and BP nanosheets surface with Na2MoO4 was measured.

Synthesis and characterization of BP@AuNP
nanohybrids

The BP nanosheets were synthesized by a liquid exfoliat-
ing method. The TEM image of the prepared BP nano-
sheets shows an average diameter of around 250 nm
(Fig. 1A). The AFM image displays that the thickness of
BP nanosheets is about 5.5 nm (Figure S1). The
BP@AuNP nanohybrids were prepared by in situ growth
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method with the help of ultrasound. The TEM image of
BP@AuNP nanohybrids reveals that AuNPs were well
distributed on the BP nanosheets (Fig. 1B). The
HRTEM image exhibits spacing of the crystal lattice
fringes as 0.235 nm corresponding to the (111) plane of
pure AuNPs (Fig. 1C). The crystal structure and chemical
composition of BP@AuNP nanohybrids were also exam-
ined by XRD and XPS. The XRD patterns show that all
diffraction peaks of BP@AuNP nanohybrids can be
indexed into P and Au, which are consistent with
JCPDS 76-1957 and JCPDS 04-0784, respectively
(Figure S2). As presented in Fig. 1D, for the XPS spec-
trum of BP@AuNP nanohybrids, the crystalline BP nano-
sheets show two characteristic peaks with bands at 128.6
and 129.5 eV, corresponding to P 2p3/2 and P 2p1/2, re-
spectively. Besides, sub-bands corresponding to PxOy
species are evident at 132.6 eV, which have been studied
in a previous report [36]. The existence of Au can be
proved by the bands of 83.8 eV and 87.6 eV. The forma-
tion mechanism of AuNPs on BP nanosheets is likely due
to the redox reaction between BP nanosheets and HAuCl4.
The redox potential of AuCl4

−/Au0 (+ 0.93 V) is higher
than that of BP nanosheets (+ 0.21 V), allowing sponta-
neous electron transfer from BP nanosheets to HAuCl4,
resulting in the formation of AuNPs and concomitant with

the production of the PxOy species. In addition, the peak
of PxOy species is enhanced from the XPS spectrum,
further indicating the occurrence of the reaction. Due to
the strong chelating ability of P or PxOy species with
AuNPs [37], the formation of AuNPs on BP nanosheets
improved the stability of BP nanosheets. This is proved
by the redshift of the binding energy bands of BP (Fig.
1D) because of the formation of the P–Au/P–O–Au bond.
In addition, the increased PxOy species can be used to
generate an electrochemical signal.

Successful preparation of the BP@AuNP nanohybrids and
BP@AuNPs@aptamer can be further proved by UV-Vis ab-
sorption spectroscopy and zeta potential analysis. As shown in
Fig. 1E, BP nanosheets (curve a) show no absorption peak
whereas BP@AuNP nanohybrids (curve b) present a strong
peak with a maximum absorption wavelength of 525 nm.
After combining with aptamer, absorption peak intensity
is decreased slightly and the position of maximum absorption
is redshifted by 2 nm. Zeta potential analysis is shown in Fig.
1F; with the successful modification of AuNPs and aptamer
onto the BP nanosheets, the zeta potential decreases corre-
spondingly, indicating change of surface charge during the
BP nanosheets modification process. The above characteriza-
tion results demonstrated the successful modification of
AuNPs and aptamer onto BP nanosheets.

Scheme 1 Schematic illustration of the electrochemical sensor for cell capture and detection through the combination of BP@AuNPs@aptamer and
anti-EpCAM-MNs. (A) Preparation of signal probe. (B) Preparation of the sandwich-type sensor. (C) Generation of dual electrochemical signal

  397 Page 4 of 9 Microchim Acta         (2020) 187:397 



Characterization of MNs and anti-EpCAM-MN probe

The MNs with the carboxyl group were synthesized by the
hydrothermal method. The morphology of MNs was charac-
terized with SEM. As shown in Fig. 2A, the SEM image of
MNs displays spherically shaped particles of about 200 nm.
The anti-EpCAM antibody was linked to the MNs through
linking between carboxyl group of MNs and amino group of
antibodies. The result of the bonding reaction is reflected by

DLS analysis. As shown in Fig. 2B, the size of anti-EpCAM-
MNs is larger compared with that of bare MNs, which is
attributed to the conjugation of antibodies onto MNs.

In vitro assessment

To demonstrate the possibility of the anti-EpCAM-MNs and
BP@AuNPs@aptamer probes for the in vitro sample, we per-
formed a series of in vitro experiments. Cells with and without

Fig. 1 (A) TEM images of BP nanosheets. (B) TEM images of
BP@AuNP nanohybrids. (C) HRTEM image of BP@AuNP
nanohybrids. (D) XPS spectra of BP nanosheets and BP@AuNP
nanohybrids. (E) UV-Vis spectral analysis, (a) BP nanosheets, (b)

BP@AuNP nanohybrids, (c) BP@AuNPs@aptamer. The inset shows
digital photos of the corresponding solutions. (F) Zeta potential
characterization

Fig. 2 Characterization ofMNs and the anti-EpCAM-MNs probe. (A) SEM image ofMNs. (B) The size distribution ofMNs before (a) and after (b) anti-
EpCAM conjugation
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interaction with these probes were co-incubated in the incu-
bator for 2 h and stained with PI and STYO-9, two widely
used cell viability indicators. The morphology of the cells was
observed using a fluorescence microscope (Figure S3). The
microscopic bright-field images show that cell surface ad-
hered to a great deal of probes through the membrane. And
the stained cell with and without probes was kept still alive.
These results proved that the probes have low toxicity and
good affinity for MCF-7 cells that can be used to identify
MCF-7 cells. Moreover, cell viability was also determined
by CCK-8 kit to evaluate the cytotoxicity of probes. As shown
in Figure S4, low toxicity of our probe was observed even at a
high dose of 100 μg mL−1 (anti-EpCAM-MNs) and
400 μg mL−1 (BP@AuNPs@aptamer), revealing its promise
in real application of synthetic probes with good biocompati-
bility and low cytotoxicity.

Electrochemical activity of the BP@AuNPs@aptamer
probe

The electrochemical activity of the BP@AuNPs@aptamer
probe was studied via cyclic voltammetry (CV). The
a p t a m e r , B P @ A u N P n a n o h y b r i d s , a n d
BP@AuNPs@aptamer were directly immobilized onto
the MGCE and then reacted with sodium molybdate. As
shown in Fig. 3, for the aptamer-modified electrode, a
pair of relatively small redox current is observed at
around 0.22 and 0.37 V (curve b). The generated electro-
chemical current is caused by the reaction of phosphate
backbone of aptamer molecule with molybdate to produce
molybdophosphate precipitation. Similarly, for the

BP@AuNP nanohybrids–modified electrode, peak current
and peak position are similar to aptamer-modified elec-
trode (curve c). The generated current can be attributed
to PxOy on BP nanosheets. Using BP nanosheets as
supporting matrix can not only increase the load of
AuNPs due to the large surface area but also produce
PxOy species with the help of HAuCl4, generating current
signal. Compared with BP@AuNP nanohybrids and
aptamer-modified electrode, it can be seen that the redox
current of BP@AuNPs@aptamer-modified electrode is
enhanced about 2 times (curve d). The result proved that
the aptamer was successfully conjugated onto AuNPs,
leading to enhanced current intensity.

Feasibility of the proposed method

To prove the feasibility of the biosensor for MCF-7
cell detection, CV and square wave voltammetry (SWV)
tests were performed. As shown in Fig. 4A, there is a pair
of small redox current for blank sample detection with
proposed biosensor (curve b) when compared with bare
electrode (curve a), which may be attributed to the
aptamer nonspecifically adsorbed onto the electrode. For
detection of 1000 cell mL−1 MCF-7 cells, the current in-
tensity of the biosensor is increased significantly.
Especially, the current intensity is increased more signif-
icantly when using BP@AuNPs@aptamer as the signal
probe instead of just using aptamer as the signal probe.
Besides, the CV results were further confirmed by SWV
characterization. As shown in Fig. 4B, the peak current
intensity of the biosensor at 0.22 V is enhanced about 2.5
times compared with that of the biosensor using aptamer
as the signal probe. These data proved the possibility of
the sensor for cell detection. What’s more, these results
also demonstrated the dual signal amplification strategy
due to BP and aptamer can significantly enhance the sen-
sitivity of the biosensor.

Performance of the biosensor

To explore the ability of the sensor for MCF-7 cell–sensitive
quantification, the sensor was tested with different concentra-
tions of MCF-7 cells. Figure 4C displays SWV responses of
the sensor to seven concentrations ofMCF-7 cells in the range
from 0 to 1000 cell mL−1. As can be seen from the figure, the
current intensity at about 0.2 V is increased along with the
increasing MCF-7 cell concentration. A linear relationship
between the change of current intensity and logarithm of
MCF-7 cell concentration was obtained from 10 to
1000 cell mL−1 with a linear correlation coefficient of 0.99.
The detection limit is thus estimated to be 2 cell mL−1 (S/N =
3).

Fig. 3 CV responses of the different electrodes. (a) Bare electrode, (b)
aptamer-modified electrode, (c) BP@AuNP nanohybrids–modified elec-
trode, (d) BP@ AuNPs @aptamer–modified electrode
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Furthermore, Table S1 shows the comparisons of different
methods for the determination of cancer cells. It was worth
pointing out that the detection limit of this sensor was better
than that of other biosensors reported in literature.

Sensor selectivity and reproducibility

Selectivity is one of the important characteristics of biosensor,
which represents the possibility of the sensor for the response
to target substance over other substances (interfering sub-
stances). To evaluate the selectivity of our sensor toward
MCF-7 cells, the current responses of HeLa cells and mixture
solution of HeLa cell and MCF-7 cells were investigated. As
shown in Fig. 4D, compared with blank sample, no remark-
able current change toward 1000 cell mL−1 of HeLa cells was
observed. However, when the same concentration of MCF-7
cells was detected, the current change was obvious.Moreover,
the current change toward mixture solution (1000 cell mL−1 of

HeLa cells with 1000 cell mL−1 of MCF-7 cells) was almost
unchanged compared with the sample containing only
1000 cell mL−1 of MCF-7 cells. The result strongly demon-
strates good selectivity of the sensor.

The reproducibility of the sensor was assessed by detecting
the same samples with three modified electrodes. The relative
standard deviation (RSD) of sensor to 100 cell mL−1 and
1000 cell mL−1 MCF-7 of cells were 1.81% and 1.27%, re-
spectively, which suggests acceptable reproducibility of the
method.

Detection of the blood samples

To further validate the reliability of the biosensor for clinical
sample detection, the proposed sensor was applied to deter-
mine MCF-7 cells in whole blood. The MCF-7 cells were
added into whole blood with concentrations of 30, 60, and
600 cell mL−1. It can be seen that the determined results were

Fig. 4 (A) CV responses of the
different sensor after reactionwith
molybdate in 0.5 M H2SO4, (a)
bare electrode, (b) sensor for
0 cell mL−1, (c) sensor for
1000 cell mL−1 with aptamer as
the signal probe, (d) sensor for
1000 cell mL−1 with
BP@AuNPs@aptamer as the
signal probe. (B) The corre-
sponding SWV responses of the
sensors. (C) SWV responses of
the electrochemical sensor to dif-
ferent concentrations of MCF-7
from (a) to (g): 0, 10, 100, 200,
500, 1000 cell mL−1. The inset
shows the calibration curve of the
sensor to MCF-7. (D) Specificity
of the proposed sensor. Error bars
= RSD (n = 3)

Table 1 Determination ofMCF-7
cell added in human blood with
the proposed sensor

Spiked (cell mL−1) Detected (cell mL−1) Mean (cell mL−1) Recovery (%) RSD (%)

30 31, 27, 32, 28, 30 30 100 6.9

60 61, 60, 60, 55, 61 59 98.3 4.2

600 596, 604, 601, 596, 597 599 99.8 0.59
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highly in accordance with spiked amounts of MCF-7 cells
(Table 1). The obtained recovery rates were in the range of
98.3–100%. This indicates that the developed sensor platform
could be used for highly efficient detection of CTCs in real
samples.

Conclusions

In summary, an ultrasensitive sandwich-like biosensor based
on anti-EpCAM-MNs and BP@AuNPs@aptamer was suc-
cessfully prepared and applied for highly efficient capture
and sensitive detection of CTCs in whole blood. The anti-
EpCAM-MNs was used as the capture probe to enrich and
isolate CTCs by integrating strong magnetic properties of
MNs as well as the high specificity of antibody.
BP@AuNPs@aptamer was used as the signal probe to gener-
ate electrochemical current due to reaction of both BP and
aptamer with molybdate. Experimental results proved that
the developed sensor possesses high sensitivity with a low
detection limit of 2 cell mL−1, selectivity, and reproducibility
for CTC detection. Besides, the sensor was successfully ap-
plied for detection of CTCs in peripheral blood samples with-
out any blood sample pretreatment. Thus, the sensor provides
promising possibilities for further clinical applications for can-
cer diagnosis and therapeutics. In addition, the signal amplifi-
cation strategy can also find applications in various electro-
chemical assays.
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