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Abstract: Arch-cruciform DNA are self-assembled on AuNPs/VS2 scaffold as a highly sensitive
and selective electrochemical biosensor for michigan cancer foundation-7 (MCF-7) breast cancer
cells. In the construction, arch DNA is formed using two single-strand DNA sequences embedded
with the aptamer for MCF-7 cells. In the absence of MCF-7 cells, a cruciform DNA labeled with
three terminal biotin is bound to the top of arch DNA, which further combines with streptavidin-
labeled horseradish peroxidase (HRP) to catalyze the hydroquinone-H2O2 reaction on the electrode
surface. The presence of MCF-7 cells can release the cruciform DNA and reduce the amount of
immobilized HRP, thus effectively inhibiting enzyme-mediated electrocatalysis. The electrochemical
response of the sensor is negatively correlated with the concentration of MCF-7 cells, with a linear
range of 10~1 × 105 cells/mL, and a limit of detection as low as 5 cells/mL (S/N = 3). Through
two-dimensional materials and enzyme-based dual signal amplification, this biosensor may pave
new ways for the highly sensitive detection of tumor cells in real samples.

Keywords: MCF-7 cells; electrochemistry; 2-D materials; signal amplification; DNA assembly

1. Introduction

Breast cancer is the fifth leading cause of death among all cancers, and it is also
the most common non-skin cancer in women [1,2]. The breast cancer cell line can be
classified based on the status of three important receptors, including estrogen receptor
(ER), progesterone receptor (PR), and human epithelial receptor-2 (HER2) [3]. MCF-7
(ER+PR+HER2-), a typical breast cancer cell line, accounts for more than two-thirds of the
cell lines used in related studies, along with T47-D and MDA-MB-231 cells, which have
been widely used for breast cancer modelling. It is noteworthy that breast cancer cells
can endanger the lives of patients through proliferation and metastasis over a short time.
Early diagnosis and treatment can be helpful to better understand the patients’ condition,
and make appropriate treatment plan according to the degree of disease, which is very
important to improve the survival rate of breast cancer [4–6].

At present, there are several common breast cancer screening methods, including com-
puted tomography (CT) [7,8], magnetic resonance imaging (MRI) [9,10], positron emission
computed tomography (PET) [11,12] and flow cytometry [13]. However, these techniques
are usually expensive and time-consuming, and can lead to false-positive or negative results
due to limited resolution [14]. Therefore, it is necessary to develop alternative molecular
biological methods with high sensitivity, high accuracy and low cost for breast cancer
diagnosis. There are numerous methods to detect MCF-7, including electrochemistry [15],
electrochemiluminescence [16], colorimetry [17] and photoelectrochemical methods [18].
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Aptamers, which are single-stranded DNA or RNA analogues to antibodies [19], have been
attracting a lot of interest due to their advantages over traditional recognition molecules.
As the recognition probe for cancer cells, aptamers can specifically bind and recognize
proteins on the surface of cancer cells [4,20,21]. Based on aptamers, highly sensitive and
selective biosensors can be constructed for the detection of MCF-7 cancer cells.

For this purpose, a careful choice needs to be made with regard to biosensing elements
with multiple amplification capacity. The first issue is to seek an efficient scaffold to sup-
port the physical or biochemical amplification. Recently, two-dimensional (2D) matrices
have received tremendous interest [22–24]. Among them, vanadium disulfide (VS2) is the
most common vanadium-based transition metal dichalcogenide [25]. VS2 nanosheets have
excellent conductivity and have been well used in high-performance rechargeable metal
ion batteries with abundant metal ion storage sites and low ion diffusion barriers [26–28],
photoelectrochemical water splitting and solar cells [29,30]. More importantly, VS2 has a
high specific surface area and superior mechanical properties, which is conducive to the
construction of an effective biosensor platform. For example, Tian et al. [31] constructed
an electrochemical aptasensor for kanamycin based on VS2/AuNPs nanocomposites and
CoFe2O4 nanoenzyme as signal amplifiers. The recognition of kanamycin by aptamers
results in the decrease in nanoenzyme accumulation and the increase in electrochemical sig-
nals by methylene blue. Actually, it may be more rational to design aptasensors depending
on both VS2 nanosheets and the self-assembled complementary DNA sequences.

Hence, this work aims to construct a highly sensitive human breast MCF-7 cancer cell
sensing platform with synergistic amplification by both VS2 nanocomposites and aptamer-
binding enzyme (Scheme 1). Firstly, AuNPs are electrodeposited on the surfaces of VS2
nanosheets to fabricate an ideal electrochemical scaffold. Then, the arch DNA aptamer
that specifically binds to MCF-7 cells is self-assembled on this scaffold through the well-
known gold-thiolate interaction. In the absence of MCF-7 cells, the immobilized arch DNA
is hybridized with biotin-labeled cruciform DNA and further linked with biotinylated
horseradish peroxidase (HRP), which may catalyze the reaction of hydrogen peroxide
(H2O2) and hydroquinone (HQ) to produce electrochemical signals. Target MCF-7 cells
may compete with the cruciform DNA for the binding site of the arch DNA aptamer, and
cause the release of the cruciform DNA, which further inhibits the immobilization of HRP
on the electrode, thus reducing the electrochemical response. Based on this principle, the
concentration of MCF-7 cells can be detected by the electrochemical signals. This biosensor
may pave new ways for the highly sensitive detection of tumor cells in real samples.
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Scheme 1. Illustration of highly sensitive breast cancer cell sensor based on VS2. 

2. Materials and Methods 
2.1. Reagents and Instruments 

Sodium orthovanadate (Na3VO4·12H2O), H2O2, 6-mercaptohexanol (MCH), horseradish 
peroxidase (HRP), and anhydrous ethanol were purchased from Sinopharm Chemical Rea-
gent Co., Ltd. (Shanghai, China). Thioacetamide (CH3CSNH2), HQ, HAuCl4·4H2O, tris-(2-car-
boxyethyl) phosphine hydrochloride (TCEP) were purchased from Aladdin Co., Ltd. (Shang-
hai, China). All DNA strands used were purchased from Sangon Biotechnology Co., Ltd. 
(Shanghai, China), and the base sequences are listed in Table S1 (Supplementary Materials). 

The details of instruments are listed in Table S2. The electrochemical experimental 
conditions and parameters are shown in Table S3. 

2.2. Preparation of VS2 Nanosheets 
VS2 nanosheets were prepared by the hydrothermal method. In a typical reaction, the 

precursors of sodium orthovanadate (2.36 g) and thioacetamide (2.79 g) were slowly dis-
solved in 60 mL of distilled water, and continuously stirred for 30 min to obtain a uniform 
solution. The solution was transferred to a 100 mL autoclave and kept at 180 °C for 20 h. 
After the reaction system was cooled to room temperature, the collected black precipitates 
were washed and centrifuged 3 times and dried at 60 °C for 12 h. 

2.3. Preparation of Cruciform DNA 
The cruciform DNA probe was assembled by four single strands of DNA, namely, 

DNA1, DNA2, DNA3 and DNA4. Firstly, the four single chains were mixed in the same 
molar ratio, and the final concentration of cruciform DNA was 1 μmol/L. Then, the mix-
ture was heated to 95 °C for 10 min, and gradually cooled to 4 °C to obtain cruciform DNA 
probe by annealing steps (part B, Scheme 1). The successful preparation of cruciform DNA 
was verified by gel electrophoresis (Figure S2B). The cytotoxic assays also demonstrate 
the excellent biosafety of cruciform DNA (Figure S2A). 
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2. Materials and Methods
2.1. Reagents and Instruments

Sodium orthovanadate (Na3VO4·12H2O), H2O2, 6-mercaptohexanol (MCH), horseradish
peroxidase (HRP), and anhydrous ethanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Thioacetamide (CH3CSNH2), HQ, HAuCl4·4H2O, tris-
(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Aladdin Co., Ltd.
(Shanghai, China). All DNA strands used were purchased from Sangon Biotechnology Co., Ltd.
(Shanghai, China), and the base sequences are listed in Table S1 (Supplementary Materials).

The details of instruments are listed in Table S2. The electrochemical experimental
conditions and parameters are shown in Table S3.

2.2. Preparation of VS2 Nanosheets

VS2 nanosheets were prepared by the hydrothermal method. In a typical reaction,
the precursors of sodium orthovanadate (2.36 g) and thioacetamide (2.79 g) were slowly
dissolved in 60 mL of distilled water, and continuously stirred for 30 min to obtain a
uniform solution. The solution was transferred to a 100 mL autoclave and kept at 180 ◦C
for 20 h. After the reaction system was cooled to room temperature, the collected black
precipitates were washed and centrifuged 3 times and dried at 60 ◦C for 12 h.

2.3. Preparation of Cruciform DNA

The cruciform DNA probe was assembled by four single strands of DNA, namely,
DNA1, DNA2, DNA3 and DNA4. Firstly, the four single chains were mixed in the same
molar ratio, and the final concentration of cruciform DNA was 1 µmol/L. Then, the mixture
was heated to 95 ◦C for 10 min, and gradually cooled to 4 ◦C to obtain cruciform DNA
probe by annealing steps (part B, Scheme 1). The successful preparation of cruciform DNA
was verified by gel electrophoresis (Figure S2B). The cytotoxic assays also demonstrate the
excellent biosafety of cruciform DNA (Figure S2A).
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2.4. Cytotoxicity Test of Arch and Cruciform DNA

MCF-7 cells were seeded in 96-well plates at 1 × 104/well. After 24 h, the cells
completely adhered to the well and the medium was removed. After 24 h incubation
with different concentrations of arch DNA and cruciform DNA, 10 µL CCK-8 solution was
added in each well and incubated at 37 ◦C for 2 h in dark. The optical density of each well
at 450 nm was measured by microplate, and the cell survival rate was calculated [32].

2.5. Preparation of Biosensor

Firstly, glassy carbon electrode (GCE) was pretreated with aluminum oxide powder,
cleaned and dried. VS2 suspension (1 mg/mL) was dripped on the electrode surface
and dried in air to obtain VS2/GCE. Then, VS2/GCE was immersed in a mixed solution
containing 0.1% HAuCl4 and 0.1 mol/L KCl, and AuNPs were electrodeposited by the
amperometric I-t method with deposition voltage of −0.2 V and deposition time of 25 s [33].
AuNPs were in situ synthesized on the electrode surface to form AuNPs/VS2/GCE. The
mixed aptamer solution was obtained by dissolving 1 µmol/L aptamer S1 and 1 µmol/L
aptamer S2 in Tris-HCl buffer of pH 7.0 (containing 50 mmol/L NaCl, 10 mmol/L MgCl2,
and 10 mmol/L TCEP). An amount of 10 µL of the above mixed solution was coated
on AuNPs/VS2/GCE and incubated at room temperature for 12 h. Both DNA strands
were immobilized on the electrode by Au-S bond and electrostatic interaction. Note that
S1 and S2 have complementary tail sequences to form arched DNA. After washing with
distilled water, MCH (5 µL, 1 mmol/L) was incubated on the electrode surface for 30 min
to block the active sites and inhibit the non-specific adsorption. An amount of 8 µL
cruciform DNA probe was then modified on the electrode surface by incubation at 37 ◦C
for 80 min, in virtue of the hybridization of cruciform DNA to the top of arch DNA. At each
modification step, the electrode was washed with Tris-HCl buffer (pH = 7.4) to remove the
unbound molecules.

For cellular measurements, different concentrations of cell suspension of 8 µL were
incubated at room temperature for 100 min, and the aptamer S1 was used to capture the
cells. Subsequently, 8 µL HRP (10 µg/mL) labeled with streptavidin was immobilized on
the electrode surface at 37 ◦C for 30 min and bound to the cruciform DNA surface by biotin–
streptavidin interaction. For DPV tests, the electrodes were placed in 10 mL 0.1 mol/L PBS
(pH 5.0) containing 1.8 mmol/L H2O2 and 2 mmol/L HQ, respectively.

3. Results and Discussion
3.1. Characterization of VS2

The morphology of VS2 is characterized in Figure 1. The SEM images show that a large
number of 2D VS2 nanosheets are stacked and interwoven to form a flower-like structure
(Figure 1A,B). These nanosheets are uniform in thickness (~30 nm) and the diameter
ranges from 0.5 to 1 µm. The TEM image in Figure 1C show that single flower-like VS2 is
composed of loosely arranged nanosheets, which are connected by the center to form three-
dimensional layers. The thin layer extends outwards and provides an excellent electron
transfer interface. Figure 1D shows a high-resolution transmission electron microscope
(HR-TEM) image inside a nanoplate, showing that the interlayer spacing is about 0.576 and
0.253 nm, corresponding to the (001) and (011) crystal plane of VS2 [34], respectively.

The distribution of elemental components in VS2 was studied by energy-dispersive
X-ray spectroscopy (EDS) (Figure 2A). The results show the presence of V, S, C, and O on
the surface of substrate. The atomic number ratio of V to S is about 1:1.95, which is very
close to the theoretical atomic number ratio of 1:2 of VS2, indicating a high purity. The XRD
results (Figure 2B) show that the diffraction peaks of VS2 nanosheets are located at 15.41◦,
36.12◦, 45.46◦, 57.15◦, 69.23◦ and 75.25◦, which can be attributed to the corresponding
diffraction crystal planes of (001), (011), (012), (110), (201) and (202), respectively, for the
hexagonal phase of 2H-VS2 (JPCDS No. 89-1640). Moreover, the sharp (011) diffraction peak
proves that VS2 has good crystallinity and layered structure [27]. In Raman spectroscopy,
the characteristic peaks of VS2 are 138.71 cm−1, 192.25 cm−1, 282.67 cm−1, 404.24 cm−1,
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686.58 cm−1 and 991.42 cm−1 in the range of 100~1100 cm−1 (Figure 2C). Typically, the
peaks at 138.71 cm−1 and 192.25 cm−1 can be attributed to the vibration dispersion of VS2.
The characteristic peak at 282.67 cm−1 corresponds to the plane (E1g) vibration mode in
VS2, which is the opposite vibration of two S atoms relative to V atoms in the plane; the
peak at 404.24 cm−1 corresponds to the out of plane (A1g) vibration mode of the S atom
along the c axis [34]. The small half peak width and high intensity of these peaks also
indicate that the VS2 samples are in a highly crystalline state. The XPS (Figure 2D) also
shows the V, S, C and O elements in samples, which is consistent with the EDS results. The
two binding energy peaks of V 2p spectrum (Figure 2E) appear at 524.3 eV and 516.7 eV,
which could correspond to the molecular orbits of V 2p1/2 and V 2p3/2, indicating that
V exists at + 4 valence in VS2. The S 2p3/2 and S 2p1/2 peaks are located at 161.4 and
164.24 eV, respectively (Figure 2F), proving that the presence of −2 valence [30].
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3.2. Electrochemical Characterization

To fabricate the biosensor, we used a dual amplification strategy on the basis of
AuNPs/VS2 nanocomposites and enzyme, using aptamers with highly addressable and
strong affinity, selectivity and stability. Considering that 2D and 3D DNA structures have
stronger selective binding affinity and better stability compared to other common nucleic
acid structures, an arch-cruciform-shaped DNA is introduced, which can combine with
more enzymes for signal amplification.

In principle, when the cell target does not exist, cruciform DNA with biotin at three
ends will hybridize with the sequence on the top of the arched DNA surface. Then, HRP
labeled with streptavidin is immobilized by the streptavidin–biotin interaction, which can
further catalyze the reaction of HQ and H2O2 on the electrode surface. In the presence of
tumor cells, the cruciform DNA is released due to the affinity between the aptamer and
the target, which effectively inhibits the sequent immobilization of HRP on the electrode
surface, resulting in a weak electrical signal. Therefore, the electrochemical signal is
negatively correlated with the concentration of the target (Scheme 1). In this strategy,
AuNPs/VS2 plays a crucial role of signal amplification (Figure S1). Moreover, it may also
provide a solid scaffold for the immobilization of arch DNA and cruciform DNA, and
the latter further provides a large number of HRP loading sites, enabling the enzyme-
mediated signal amplification. Therefore, a dual signal amplification system was fabricated
by this design.
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The electrochemical characteristics on a series of modified electrodes were investigated
by CV (Figure 3A,B) and EIS (Figure 3C,D). Firstly, the modification of VS2 increases the
electron transfer rate and the surface roughness of the electrode, resulting in a 1.3-fold
increase in the electrochemical response (curve b) compared with bare GCE (curve a).
Furthermore, the redox currents further increase by 27% upon the deposition of AuNPs
on the modified electrode, giving AuNPs/VS2/GCE (curve c). When the arch DNA is
immobilized on the electrode surface (curve d), the negatively charged DNA strand hinders
the electron transport of ferricyanide, and the redox currents decrease to a level similar to
those on the bare electrode (curve a). After the treatment of blocking agent MCH (curve e),
the non-specific binding sites on the electrode surface are blocked, and the electrochemical
signal further decreases by 15%. With the modification of cruciform DNA (curve f) and
target MCF-7 cells (curve g), the electrostatic repulsion and steric hindrance induced by the
DNA strand and cells further passivate the electrode surface. The last step of modification
is to immobilize HRP to the biotin-labeled cruciform DNA strand, and it shows the lowest
electrochemical signal due to the low conductivity of proteins (curve h).
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Figure 3. CV (A,B) and EIS (C,D) of different electrodes: (a) GCE; (b) VS2/GCE; (c) AuNPs/VS2/GCE;
(d) arch DNA/AuNPs/VS2/GCE; (e) MCH/arch DNA/AuNPs/VS2/GCE; (f) cruciform DNA/MCH/arch
DNA/AuNPs/VS2/GCE; (g) target cell/cruciform DNA/MCH/arch DNA/AuNPs/VS2/GCE; (h) HRP/target
cell/cruciform DNA/MCH/arch DNA/AuNPs/VS2/GCE. The inner illustration of (C) is the corresponding equiva-
lent circuit diagram of the reaction system. Rct, Rs, Zw and Cdl in the circuit represent charge transfer resistance, solution
resistance, Warburg impedance and electric double layer capacitance, respectively. Electrolyte: 0.1 M KCl containing
5 mM [Fe(CN)6]3−/4−.

Correspondingly, in the EIS plot (Figure 3C,D), the Rct value of GCE is 260 Ω for bare
GCE (curve a). After the electrodes are modified with VS2 (curve b) and AuNPs/VS2
(curve c), the Rct value continues to decrease to 132 Ω and 67 Ω, respectively, proving the
good conductivity of nanostructures. When arch DNA, MCH and cruciform DNA are
added to the electrode surface in turn (curves d, e and f), the Rct value increases greatly
to 810 Ω, 960 Ω, and 1432 Ω, respectively, since both negatively charged DNA strands
and MCH can reduce the electron transfer efficiency and increase the resistance of the
system [35]. Finally, with the further immobilization of target cell MCF-7 and biotin-tagged
HRP on the electrode surface (curve g and h), the Rct value increases to 1710 Ω and 2053 Ω.
The analysis results of EIS and CV are consistent, which proves the successful preparation
of the sensor.

3.3. Optimization of Experimental Conditions

Under a cell concentration of 5000 cells/mL, the experimental conditions were opti-
mized. Figure 4A shows the relationship of the DPV current and electrodeposition time for
AuNPs. During the period of 10~25 s, the electrochemical response increases continuously,
which corresponds to the stronger conductivity caused by AuNPs immobilized on the
electrode. In the period of 25~70 s, the AuNP particles tend to be saturated, and the peak
current basically remains stable. Therefore, 25 s is the best time for the electrodeposition
of AuNPs.
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In addition to the deposition of Au NPs, the immobilization of the DNA strand is
time-dependent. Figure 4B shows the DPV response after incubation cruciform DNA with
a different time. When the incubation time is less than 80 min, the current continues to rise,
indicating that the longer the incubation time is, the more HRP is bound. However, after
80 min, the current reaches stability and does not increase thereafter, due to the saturation
of HRP loaded by cruciform DNA. The best incubation time for cruciform DNA is 80 min.

In addition, the cell incubation time is also an important parameter. As shown in
Figure 4C, the cells gradually replace the cruciform DNA on arch DNA within 60~100 min,
causing a reduction in the amount of immobilized cruciform DNA attached with HRP, as
well as the enzyme catalyzed electrochemical signals. When the incubation time is more
than 100 min, the peak current of DPV remains stable and does not decrease significantly,
indicating that the cell incubation reaches equilibrium.

The incubation of biotin-labeled HRP can affect the performance of the sensor (Figure 4D).
When the incubation time is less than 30 min, the immobilized amount of HRP increases
with time, and the peak current increases gradually. After 30 min, the immobilized HRP on
the electrode surface tends to be saturated. Therefore, the best time for HRP immobilization
is 30 min. Since the pH and substrate concentrations are vital for HRP catalyzed reaction,
this system was further optimized, obtaining an optimal pH of 5 (Figure 4E) and an
optimal substrate concentration of 1.8 mmol/L (H2O2) and 2.0 mmol/L (HQ), respectively
(Figure 4F).
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3.4. Analysis Performance of Sensor

Under the above optimal experimental conditions, the sensor was used to detect
different concentrations of MCF-7 cells. As shown in Figure 5A, the DPV signal gradually
decreases with the increasing concentration of target cells. The DPV response is linearly
correlated with the logarithm of MCF-7 cell concentration (Figure 5B, and 5B inset). The
linear equation is I (µA) = 4.15 × log c (cells/mL) − 33.74, with a correlation coefficient R
of 0.993. The linear range is 10 ~ 1 × 105 cells/mL, and the detection limit is 5 cells/mL
(S/N = 3). In comparison, the linear range and limit of detection (LOD) for the reported
MCF-7 sensors are listed in Table 1. The as-prepared MCF-7 sensor has a low LOD and a
wide linear range among the cases, showing excellent electrochemical performances.

1 

 

 

Figure 5. Detection performance of the sensor: (A) DPV curves of different concentrations of MCF-7,
with the concentration of a~i: 0, 10, 102, 5 × 102, 1 × 103, 5 × 103, 1 × 104, 5 × 104, 1 × 105 cells/mL,
respectively; (B) the relationship between the DPV current and the concentration of MCF-7. The
inner illustration shows the linear relationship between the peak current of DPV and the logarithm of
the MCF-7 cell concentration. The error bar represents the standard deviation of three measurements.

Table 1. Comparison between the constructed sensor and other sensors for detecting cells.

Detection
Techniques Experimental Methods Linear Range

(cell/mL)
LOD

(cell/mL) Ref.

EIS Zr-MOF compound material 1 × 102 ~ 1 × 105 31 [36]
ICP-MS Aptamer based bifunctional probe 2 × 102 ~ 1.2 × 104 81 [37]

Colorimetry PH-AuPd-NPs combined 3D-rGO 50 ~ 1 × 107 32 [38]
DPV AuNGs/MWCNT-NH2 1 × 102 ~ 1 × 106 80 [39]
CC DNA walker 0 ~ 5 × 102 47 [40]

ICP-MS Magnetic bead binding anti-EpCAM 2 × 102 ~ 4 × 103 50 [41]
EIS Clay-protein based nanocomposites 1.5 × 102 ~ 7.5 × 106 148 [42]

DPV Branched chain peptide modified electrode interface 50 ~ 1 × 106 20 [43]
Fluorescence aptamer-modified magnetic beads 10 ~ 1 × 105 5 [44]

DPV BSA@Ag@Ir metallic-organic nanoclusters 3 ~ 3 × 106 1 [45]

DPV Arch DNA, cruciform DNA, material signal
amplification, enzyme amplification 10 ~ 1 × 105 5 This work

ICP-MS: inductively coupled plasma mass spectrometry.

3.5. Specificity, Reproducibility, Stability and Real Sample Analysis

The specificity of the sensor was investigated. In Figure 6A, the DPV responses to
SGC-7901, HeLa, A549, L02 and MCF-7 cell suspensions with a concentration of 5000 cells/mL
were tested, respectively. Only MCF-7 cells can significantly reduce the DPV signal, while
in the presence of the other cells they exhibit a large electrochemical response, i.e., negligible
cell attachment to the electrode interface. There is no significant difference in the current
between a mixture of MCF-7 and L02 cell suspensions with the same concentrations and
that of a pure MCF-7 cell suspension, which further proves that the prepared sensor has
good specificity for MCF-7 cells.
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Next, the reproducibility of the sensor is explored. Six parallel sensors were prepared
to detect MCF-7 cells with a concentration of 500 cells/mL. The RSD of DPV peak current
is 4.5%, indicating that the sensor has good reproducibility. In order to verify the storage
stability, 10 electrodes were prepared in parallel and stored in a refrigerator at 4 ◦C for
10 days. According to the concentration of MCF-7 cells, they were divided into two groups:
500 cells/mL and 5000 cells/mL, with five electrodes in each group. The change of the
DPV current was detected every two days (Figure 6B). There is no significant difference in
the peak current between the two groups, indicating that the sensor has good stability.

In order to verify the application of the sensor in real samples, the recovery rates
of MCF-7 in PBS and 10 times diluted whole-blood samples were tested, as shown in
Table 2. For the concentration range of MCF-7 cells from 10 to 5 × 103 cells/mL, the
recovery rates of MCF-7 spiked in PBS and diluted blood samples are 90.0~103.2% and
77.8~84.1%, respectively. The main reason for the low recovery rate in blood samples may
be caused by many potential interferences such as red blood cells, white blood cells and
high concentrated proteins in whole blood.

Table 2. Detection of MCF-7 in PBS and human whole-blood samples (n = 3).

Sample
Concentration (cells/mL)

Recovery Rate (%)
Amount Added Measured Value

PBS

10 9 90.0
100 92 92.0
500 479 95.8

1000 983 98.3
2000 2063 103.2
5000 4760 95.2

Blood sample

10 8 80.0
100 83 83.0
500 389 77.8

1000 841 84.1

4. Conclusions

We have proposed a dual amplification strategy for the fabrication of a highly sensitive
electrochemical biosensor for MCF-7 cells. In principle, AuNPs/VS2 composites cannot
only efficiently amplify the electrochemical signals due to their high conductivity, but
also provide a solid scaffold for the hybridization of arch DNA and biotin-terminated
cruciform DNA, as well as the following attachment of streptavidin-labeled HRP, which
allows further enzyme catalyzed amplification. MCF-7 cells may competitively bind to the
arch DNA and cause the release of cruciform DNA, which decreases the final amount of
HRP immobilized on the electrode surface, thus reducing the electrochemical response by
HRP catalysis. The DPV current is negatively correlated with the concentration of the target
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cells, with a linear range of 10 ~ 1 × 105 cells/mL, and a LOD of 5 cells/mL. In addition to
good anti-interference ability to other types of cells, the biosensor may be applied for the
detection of spiked cells in blood samples, suggesting its great applicability in the early
diagnosis of breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11100378/s1, Figure S1: Signal amplification of nanocomposites: (A) Q-t curves of GCE
and AuNPs/VS2/GCE, with Q-t1/2 curves of GCE and AuNPs/VS2/GCE in the inner illustration;
(B) The DPV responses of HRP/target cell/cruciform DNA/MCH/arch-DNA structure/AuNPs/GCE
(a) and HRP/target cell/cruciform DNA/MCH/arch-DNA structure/AuNPs/VS2/GCE (b). Figure S2: (A)
Cytotoxicity test of arch DNA (green) and cruciform DNA (red); (B) Cruciform DNA electrophoresis.
Lane 1–9: DNA1, DNA2, DNA3, DNA4, DNA1+DNA2, DNA3+DNA4, DNA1+DNA2+DNA3,
DNA2+DNA3+DNA4, DNA1+DNA2+DNA3+DNA4. Table S1: DNA sequences. Table S2: List of
instruments. Table S3: Experimental conditions and electrochemical parameters.
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