
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00604-023-05649-7

ORIGINAL PAPER

A simple and sensitive electrochemical biosensor for circulating tumor 
cell determination based on dual‑toehold accelerated catalytic hairpin 
assembly

Xiaohe Zhang2,3 · Xiujuan Jiang2,3 · Wen Wang2,4 · Shihua Luo2,3 · Shujuan Guan2,3 · Wenbin Li2,3 · Bo Situ2,3 · Bo Li2,3 · 
Ye Zhang2,3 · Lei Zheng2,3,1 

Received: 19 September 2022 / Accepted: 4 January 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2023

Abstract 
Tumor cells in blood circulation (CTCs) are vital biomarkers for noninvasive cancer diagnosis. We developed a simple and 
sensitive electrochemical biosensor based on dual-toehold accelerated catalytic hairpin assembly (DCHA) to distinguish 
CTCs from blood cells. In the presence of CTCs, the aptamer probe initiates the DCHA process, which produces amplified 
electrochemical signals. Compared with conventional catalytic hairpin assembly (CHA), the proposed DCHA showed high 
sensitivity, which led to a broader working range of 10–1000 cells  mL−1 with a limit of detection of 4 cells  mL−1. Further-
more, our method exhibited an excellent capability of distinguishing malignant breast cancers from healthy people, with 
a sensitivity of 97.4%. In summary, we have established an enzyme-free, easy-to-operate, and nondisruptive method for 
detecting circulating tumor cells in blood circulation based on the DCHA strategy. Its versatility and simplicity will make 
it more widely used in clinical diagnosis and biomedical research.
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Introduction 

Circulating cancer cells (CTCs) are a class of cells that 
detach from solid tumors and travel in the bloodstream to 
seed a new tumor in a distant organ. Previous studies have 

provided evidence that CTCs in peripheral blood are associ-
ated with progression, recurrence, survival, and responses 
to therapy [1, 2]. The analysis of CTCs in cancer has been 
considered of great value in early diagnosis, metastasis 
monitoring, and prognosis evaluation [3–5]. However, the 
rareness of CTCs remains an obstacle to distinguishing them 
from blood cells [6–8]. Recently, various platforms have 
been proposed for CTC analysis, such as flow cytometry, 
fluorescent spectrometry, colorimetry, electrochemilumi-
nescence, Raman spectrometry, and electrochemical biosen-
sors [9–16]. Among them, electrochemical biosensors have 
attracted increasing interest due to their simple operation 
and wide linear range, which are suitable in clinical settings.

Currently, many efforts have been made in electrochemical 
biosensor fields for CTC quantification, for example, nanoma-
terial-based methods, enzyme-assisted strategies, and enzyme-
free isothermal amplification [17–19]. As an enzyme-free 
isothermal amplification method, catalytic hairpin assembly 
(CHA) is driven by metastable hairpins. It became attractive 
due to selectivity and simplicity [20–22]. The CHA process 
only requires two DNA hairpin structures (H1 and H2). In 
the presence of the initiator probe, the hairpins open and 
form many DNA duplexes through toehold-mediated strand 
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displacement, leading to amplified signals (Fig. S2). However, 
the low sensitivity and efficiency were the major issues hinder-
ing the clinical application of CHA-related strategies. In this 
regard, a mismatched CHA strategy was proposed to decrease 
the nonspecific background signal caused by hairpin breathing 
[23, 24]. Although the sensitivity increased, the reaction effi-
ciency was also inhibited. A localized CHA strategy has also 
been proposed to improve the analytical performance of CHA 
[25]. The CHA reactants were confined on DNA nanowires 
such that the whole process accelerated in the compact space. 
However, the locally high concentration of reactants may lead 
to an unexpected background signal. The relatively low reac-
tion efficiency and sensitivity limit CHA methods used in CTC 
analysis.

Aptamers are a class of oligonucleotides with high affinity 
and selectivity to specific target molecules and are consid-
ered an alternative to antibodies. Compared with conventional 
immunoassays using antibodies, aptamer-based methods have 
a widespread application in detection, diagnosis, and biosen-
sors due to their small size, good biocompatibility, and unique 
properties [26–30]. Therefore, it is essential to design an 
appropriate aptamer for CTC recognition and detection.

In this work, we proposed a sensitive, simple, and specific 
electrochemical biosensor for distinguishing MCF-7 breast 
cancer cells from blood cells based on a bifunctional aptamer 
and dual-toehold accelerated catalytic hairpin assembly 
(DCHA). The DCHA strategy included a hairpin structure 
containing two toehold domains, which could improve the 
binding rate of the initiation probe and hairpin. Thus, the 
sensitivity and efficiency of the subsequent CHA process 
were greatly increased. Moreover, the bifunctional aptamer 
probe (Apt probe) consists of a cell-selective domain and 
a triggered domain. A single-stranded aptamer probe was 
designed to recognize mucin-1 (MUC1) on MCF-7 cells. 
Upon selective binding to MUC 1 on MCF-7 cells, the Apt 
probe exposed the trigger domain that initiated DCHA. The 
Apt probe hybridized with two toehold regions of H1, which 
can accelerate the hybridization kinetics of CHA without an 
unexpected background signal. Through the combination of 
a bifunctional aptamer and a DCHA amplification strategy, 
sensitive and efficient CTC detection can be achieved via 
this developed electrochemical platform. Moreover, owing to 
the simple sequence design of aptamer probes, it also holds 
great potential to become a universal detection platform for 
CTCs.

Experiment section

Reagents and materials

All oligonucleotides used in this work were synthesized 
by Sangon, Inc. (Shanghai, China), and HPLC-purified. 

The detailed sequences are listed in Table S1. TE buffer 
was acquired from Biosharp (Anhui, China) for dissolving 
and stocking DNA oligonucleotides. DL500 DNA marker 
and agarose were purchased from Takara Biotechnology 
(Dalian, China). All chemicals, including 6-mer-capto-
1-hexanol (MCH), streptavidin–alkaline phosphatase 
(ST-AP), α-naphthyl phosphate (α-NP), and bovine serum 
albumin (BSA), were obtained from Sigma‒Aldrich Inc. 
(St. Louis, MO, USA). DMEM, RPMI 1640 medium, 
trypsin, fetal bovine serum, phosphate-buffered saline 
(PBS), and penicillin‒streptomycin were obtained from 
Thermo Fisher Scientific, Inc. (Shanghai, China). TNaK 
buffer containing 20 mM Tris–HCl, 125 mM NaCl, and 
20 mM KCl (pH 7.4) was used as a hybridization buffer. 
The binding buffer (pH 7.5) with 10  mM Tris–HCl, 
500 mM NaCl, and 1 mM  MgCl2 was stored at 4 °C for 
further use. The red blood cell lysis buffer (pH 7.2–7.4) 
consisted of 1.5 M  NH4Cl, 100 nM  KHCO3, and 1 mM 
 EDTANa2. The washing buffer included Tris–HCl buffer 
and diethanolamine (DEA) buffer. Tris–HCl buffer con-
sisted of 100 mM NaCl, 20 mM Tris, 5.0 mM  MgCl2, and 
0.05% Tween-20. DEA buffer consisted of 100 mM DEA, 
100 mM KCl, and 1 mM  MgCl2. Above all, the reagents 
were of analytical reagent grade.

Cell culture and preparation

Human breast cancer cell line MCF-7 cells were employed 
as target cells, while human breast cancer cell line MDA-
MB-231 cells, human bronchial epithelial 16HBE cells, and 
leukocytes were control cells. MCF-7, MDA-MB-231, and 
16HBE cells were obtained from the Cell Bank of Type Cul-
ture Collection of the Chinese Academy of Sciences (Shang-
hai, China). MCF-7 and MDA-MB-231 cells were cultured 
in DMEM, whereas 16HBE cells were cultured in RPMI 
1640 medium. The media also contained 10% fetal bovine 
serum and 1% penicillin‒streptomycin and were cultured at 
37 ℃ in an atmosphere of 5%  CO2. Cells in the logarithmic 
growth phase were collected by centrifugation at 1000 rpm 
for 3 min, followed by discarding the supernatant. Then, the 
pellet was resuspended in sterile PBS to obtain a homogene-
ous cell suspension. The number of cells was counted with 
a Neubauer hemocytometer.

Preparation of DCHA probes

The working hairpins of DCHA were designed according 
to the theory of the enzyme-free strand displacement reac-
tion. All DNA probes were denatured at 95 °C for 5 min and 
cooled gradually to room temperature before use. The probes 
were stored at 4 °C for subsequent CTC detection.

The structures of H1 and H2 are shown in Fig. S1. The 
parameters of the hairpins, including Gibbs free energy 
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(DG), enthalpy change (DH), and entropy change (entropy 
change), were calculated by Oligo Analyzer 3.1 (Integrated 
DNA Technologies, Skokie, USA) (Table S2). When these 
values were lower, the secondary structures of H1 and H2 
remained constant, indicating reduced background signals 
during DCHA.

Preparation and measurement 
of the electrochemical biosensor

The bare gold electrodes should be modified with cap-
ture probes before use. The procedures were as follows: 
first, 0.05 µm alumina powder was used for polishing 
the gold electrode, followed by removing residual alu-
mina slurries through ultrasonic treatment in deionized 
water three times. Then, soaking in piranha solution 
 (H2SO4:H2O2 = 3:1) eliminated the organic contaminants 
on the surfaces thoroughly. After rinsing with ultrapure 
water and drying with nitrogen, 10 µL thiolated capture 
probe (prediluted to 200 nM) was dropped onto the pre-
pared electrode surface and incubated overnight at 4 °C. 
Next, electrodes were immersed into 1 mM MCH solution 
and 2% BSA sequentially to occupy the nonspecific binding 
sites on the surface. The gold electrodes were finally ready 
after cleaning with washing buffer for subsequent detec-
tion. A CHI660D electrochemical workstation (Shanghai 
Chenhua Instrument Co., Ltd., China) was used to collect 
electrochemical signals.

DCHA detection protocols

First, 10 µL of 100 nM Apt-trigger probes and cell sus-
pensions were added to 1 mL binding buffer. Then, the 
mixture was incubated at 37 °C for 30 min in a hybridiza-
tion oven (Scientz LF-III, China) at the appropriate speed. 
Subsequently, the solution was centrifuged at 2000 rpm 
for 8 min to obtain the Apt-triggered bound cell sediment.

The Apt probe-bound cell sediment was suspended in 
20 µL PBS. Then, the Apt-triggered bound cell suspen-
sion was mixed with H1 (250 nM) and H2 (250 nM) in 
TNaK buffer to 40 µL, which was reacted at 37 °C for 
30 min. Then, the solution was centrifuged at 3000 rpm 
for 3 min to obtain the supernatant. The CHA products 
were hybridized with the capture probes immobilized on 
the gold electrode for 30 min. Then, 10 µL of 0.9 µg  mL−1 
ST-AP was dipped onto the electrochemical biosensor at 
37 °C for 30 min. Finally, the differential pulse voltam-
metry (DPV) measurement was performed in DEA buffer 
containing 1 mg  mL−1 α-NP substrate, and the experimen-
tal parameters were as follows: modulation time of 0.05 s, 
interval time of 0.017 s, and potential of 0.0 to + 0.6 V.

PAGE electrophoresis

The feasibility of the DCHA strategy was determined by 
12% native polyacrylamide gel electrophoresis (PAGE). 
Twelve percent PAGE was performed in 0.5 × TBE buffer 
with 140 V constant voltage for approximately 30 min. The 
gels were stained with 4S Red Plus and scanned by a Bio-
Rad electrophoresis analyzer (Bio-Rad, USA).

Fluorescence measurement

The whole volume of the DCHA reaction system was 20µL. 
The system was diluted to 60µL with DEPC-treated water, 
and measured fluorescence signal by luminescence spec-
trometer (PerkinElmer LS-55, USA). The excitation wave-
length was 488 nm, and 515 nm was chosen as the emission 
wavelength.

Pretreatment of clinical samples

Whole blood samples were collected from 10 healthy donors 
and 20 breast cancer patients (Nanfang Hospital, Southern 
Medical University) with Nanfang Hospital Ethics approval. 
One milliliter of 1X red cell lysis solution was mixed with 
the whole blood samples thoroughly. The mixture was 
placed at 4℃ until it became completely transparent. After 
centrifugating at 2200 rpm for 8 min, the pellet was then 
resuspended in PBS to obtain white cell suspension. The cell 
suspension was incubated with an aptamer probe and used 
for subsequent DPV analysis.

Results and discussion

Principle of the DCHA for MCF‑7 cell detection

MUC 1 exists on the membrane of epithelial cell types and 
is highly expressed in various cancers. Aberrantly high 
expression of MUC1 is associated with tumorigenesis and 
is considered a promising biomarker for breast cancer [31, 
32]. As depicted in Scheme 1, the Apt probe contained a 
recognition domain for MUC1 and a trigger sequence to 
activate subsequent DCHA amplification. In the presence 
of MUC1 on MCF-7 cells, the Apt probe bound to the tar-
get and unfolded to expose the trigger sequence to initiate 
the amplification stage. Then, Apt probes were released 
by H2 to initiate the next amplification cycles. Therefore, 
DCHA proceeded promptly and generated large numbers 
of DNA duplexes modified with biotin molecules. As the 
DNA duplexes could hybridize with capture probes on the 
electrode surface, massive biotin molecules were seized 
for anchoring ST-AP. After incubation with α-NP, ST-AP 
catalyzed α-NP to generate electrochemical signals, which 
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could be used for quantifying MUC1 on MCF-7 cells. The 
whole DCHA process was the same as the conventional 
CHA process.

Probe design principle and validation of DCHA

The design of all probes involved in this strategy conformed 
to the DCHA strategy. As shown in Fig. S2, the conventional 
structure of H1 in the CHA reaction only contains a single 
toehold domain [19]. Once the trigger probe hybridized with 
the toehold, the stem of H1 could be opened and formed 
stable duplexes with H2. In addition, the toehold located on 
the loop structure also permits hybridization between H1 
and the trigger probe, leading to the formation of H1–H2 
duplexes. The whole CHA process was driven by the free-
energy hybridization of metastable hairpins. In this work, 
we introduced two toehold domains on H1, which accel-
erated hybridization efficiency to overcome the disadvan-
tage of insufficient displacement capability in conventional 
CHA (Fig. 1A). These two toeholds located on both ends of 
branch migration domains can increase the binding stability, 
and the accumulating energy breaks the energy barrier dur-
ing the displacement process. The opened H1 still exposed 
enough domain to interact with H2 because the second toe-
hold was only slightly extended. Therefore, the subsequent 
duplex generation was not affected.

The performance of DCHA was verified by polyacryla-
mide gel electrophoresis (PAGE). As depicted in Fig. 1B, 

the sequences of the Apt probe, H1, and H2 (lanes 1–3) are 
consistent with our design. In the absence of the Apt probe, 
H1 and H2 coexisted and showed two independent bands 
(lane 4), indicating no signal leakage. When the trigger or 
Apt probe was presented, a new band of CHA or DCHA 
products was observed, as shown in lanes 5 and 6, respec-
tively. The new band positions are higher, which indicates 
the successful formation of DNA duplexes. In addition, the 
band of duplexes generated by DCHA was brighter than 
that generated by CHA (Fig. 1C), and residual H1 and H2 
were barely observed, demonstrating that DCHA proceeds 
as designed and has higher efficiency.

Next, we demonstrated DCHA efficiency by measuring 
fluorescent signals. The FAM and quencher were modified 
at the 5’ and 3’ ends of H1, respectively. After incubation 
with the Apt probe for 30 min, the fluorescent signals were 
measured at 515 nm. DCHA had a more significant fluores-
cent signal, two times higher than that of conventional CHA 
(Fig. 1D and E). This result suggested the enhanced reaction 
efficiency of DCHA, which generated considerable amounts 
of H1–H2 duplexes.

Characterization of electrode surface modification

The assembly process of DCHA on the electrode surface 
was characterized by electrochemical impedance spectros-
copy (EIS) and square wave voltammetry (SWV). The EIS 
measurements were performed in 0.4 M KCl containing 

Scheme 1  a Bifunctional 
aptamer probe recognized 
MUC1 on MCF-7 cells; b 
schematic illustration of the 
DCHA-based electrochemical 
platform for detecting MUC1 on 
MCF-7 cells
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0.5 mM [Fe(CN)6]3−/4−, with the open circuit potential 
over a range of frequency from 0.01 to  104 Hz (ampli-
tude: 5 mV). With the alternations of current frequency, 
the semicircle of the EIS curve represents electron transfer 
resistance (Ret), which reflects the impedance changes on 
the electrode. As depicted in Fig. 2A, the bare gold elec-
trode appeared nearly a straight line due to the approach-
ability of [Fe(CN)6]3−/4− molecules to the surface and 
prominent electrochemical conductivity (curve a). After 
incubation with thiolated capture probes, the electrode 

surface was covered by negatively charged DNA, leading 
to rejection of the [Fe(CN)6]3−/4− molecules and a slight 
increase in Ret (curve b). Then, MCH and BSA were 
added to the surface to block the residual sites, and the 
Ret variation became much larger due to the inaccessibil-
ity of [Fe(CN)6]3−/4−] caused by steric hindrance (curves 
c and d). In the absence of the Apt probe, the EIS curve 
barely changed with the DCHA system (curve e). With the 
addition of the Apt probe, the mass of DNA duplexes on 
the electrode surface shows remarkable negativity; thus, 

Fig. 1  A Schematic representation of the DCHA designed principle. 
B Analysis of DCHA using 12% PAGE and corresponding histogram 
(C). Lane M: 20 bp DNA ladder marker; lane 1: Apt probe; lane 2: 
H1; lane 3: H2; lane 4: H1 + H2; lane 5: H1 + H2 + trigger; lane 6: 

H1 + H2 + Apt probe. Validation of the DCHA performance: D fluo-
rescence spectra of conventional CHA (blue curve) and DCHA (red 
curve), and corresponding histogram (E)
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the Ret increased significantly (curve f). The equivalent 
circuit was used to fit the impedance data (Figure S3). Fig-
ure 2B shows the corresponding SWV curves. The changes 
in peak currents were consistent with the variations in Ret 
values. By the gradual steps of modification on the elec-
trode surface, the Ret values increased, and the current 
peaks decreased, indicating successful DCHA formation.

Optimization of detection conditions

To further confirm the superiority of DCHA, we also per-
formed DPV measurements. The superiority of DCHA 
was also confirmed by the DPV results, which are in good 
accordance with the fluorescent signals (Figure S4). Sev-
eral parameters should be investigated to acquire the best 
analytical performance of this electrochemical biosensor. 
The DPV peak currents and signal-to-noise (S/N) were 
used to evaluate the optimization effects. The rational 
design of the second toehold length is a prerequisite to 
minimizing affecting factors in the displacement process. 
We designed several sequences with different lengths 
of the second toehold domain (Table S3). As shown in 
Fig. S5A, the DPV peak current increases with increas-
ing base numbers of the second toehold domain from 0 
to 3. However, as the number of bases increases from 4 
to 5, the DPV peak current begins to decrease. Excess 
base numbers of the second toehold domain result in 
reduced hybridization efficiency, possibly because the 
stable intermediate H1-Apt duplexes influence the sub-
sequent strand displacement process. Thus, a length of 3 
bases in the second toehold domain is used in subsequent 
experiments. We also compared the differences in DPV 
and S/N under different reaction times and temperatures. 
The optimized conditions were 37 °C as the reaction tem-
perature and 30 min as the appropriate incubation time 
(Fig. S5B and C).

Analytical performance of the developed 
electrochemical biosensor

Under these optimized experimental conditions, the ana-
lytical performance of the electrochemical biosensor for 
MCF-7 cell detection was studied. We applied MCF-7 cells 
at concentrations ranging from 10 to  105 cells/mL to ver-
ify sensitivity. The DPV current gradually increased with 
the concentration of MCF-7 cells, indicating the excellent 
response of DCHA to MCF-7 cells (Fig. 3A). A good cor-
relation between the DPV peak current and the logarithm 
of the MCF-7 cell number was verified. The linear range of 
10 ~ 1000 cells/mL was obtained by the equation y = 0.215 
± 0.012log10C + 0.831, in which y represents the DPV peak 
current and C represents the cell concentration (Fig. 3B). 
The limit of detection (LOD) was calculated to be 4 cells/
mL by three standard deviations, enabling recognition of 
CTCs in clinical samples. Compared with previous CTC 
analysis methods, the developed electrochemical biosensor 
exhibited the advantages of being sensitive, efficient, and 
simple (Table S4). The capacity to accurately differentiate 
MCF-7 cells from blood cells is also essential for clinical 
application. We then used four types of cells with different 
MUC-1 expression levels, including MDA-MB-231 cells, 
16HBE cells, leukocytes, and mixed cells (16HBE and 
MCF-7, 1:1 mixed), as control groups to verify the selectiv-
ity of the DCHA strategy-based electrochemical biosensor. 
As illustrated in Fig. 3C, the DPV currents of leukocytes 
and 16HBE cells were almost the same as those of the blank 
group. The DPV currents from MCF-7 cells were approxi-
mately fivefold higher than MDA-MB-231 cells, which was 
consistent in other reported works of literature that MDA-
MB-231 cells had correspondingly low MUC-1 expression 
levels. There was a great correlation between DPV signals 
and MUC-1 expression levels. And the mixed cells showed 
similar DPV currents as the MCF-7 cells, indicating the 
excellent selectivity of the DCHA strategy for MUC-1 on 

Fig. 2  EIS (A) and SWV (B) in 
0.4 M KCl containing 0.5 mM 
[Fe(CN)6]3−/4− at bare electrode 
(a), capture probe modified 
electrode (b), MCH and BSA 
immobilized on the electrode 
surface (c, d), capture probe 
modified electrode hybridized 
with CHA system (e), and with 
DCHA system (f), respectively
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the cytomembrane. Meanwhile, the stability of this biosen-
sor had been assessed with DPV measurement every other 
day. As shown in Fig. S6, the DPV signal basically remained 
more than 85% of the initial signal value during 7 days. The 
samples containing 500 and  104 cells were tested for intra-
batch and inter-batch precision. The coefficient of variation 
was about 6.3% (Fig. S7), which demonstrated this biosensor 
had acceptable reproducibility. Taken together, the proposed 
electrochemical biosensor is a promising tool for clinical 
CTC analysis.

Evaluation of analytical performance in clinical 
samples

We next assessed the clinical application of the proposed 
biosensor. Considering the complex matrix of clinical speci-
mens, we randomly collected plasma from clinical patients. 
Then, different numbers of MCF-7 cells  (102,  103,  104, and 
 105) were added to the collected plasma. We used this bio-
sensor to measure the DPV signals of MCF-7 cells in dif-
ferent matrices. The differences in signal could be observed 
between whole blood and buffer in the  102 and  103 cell 
number groups. CTCs in whole blood were surrounded by 
abundant cells, such as leukocytes and erythrocytes, which 
might impede the initiation of DCHA. The relatively poor 
efficiency of DCHA in whole blood made the signal lower 
than the PBS group. There were negligible changes in DPV 
signals between PBS buffer and plasma when the numbers 
of MCF-7 cells were  104 and  105 mL (Fig. 4A), suggesting 
that the proposed biosensor can determine CTCs even in a 
complex environment.

Moreover, the DCHA-based electrochemical biosensor 
was used for CTC analysis in clinical whole blood speci-
mens. We studied breast cancer patients (BC, n = 20) and 

compared them with healthy donors (HD, n = 10). After 
measurement by the biosensor, the electrochemical signals 
are shown in Fig. 4B and C. The DPV currents between the 
two groups differed greatly. There was a significant increase 
in CTCs in the blood of breast cancer patients (p < 0.001) 
compared with healthy donors. The concentration of CTCs 
in the BC groups was higher than 10 cells/mL, and that in 
the HD groups was approximately 5 cells/mL. The quan-
titative results could be used to distinguish the BC groups 
from HD, which was consistent with the clinical diagnosis 
data (Table S5). The CTC analysis showed an area under 
the curve (AUC) of 0.955 (95% CI: 0.9430–1.0000) with a 
sensitivity of 85% and a specificity of 100% (Fig. 4D). As 
shown in Fig. S8, the results obtained from DCHA were 
identical with clinical CTC results. Therefore, the electro-
chemical biosensor might satisfy the urgent need for CTC 
analysis in clinical settings.

Conclusions

In this work, we proposed an innovative electrochemical 
biosensor for CTC analysis that is simple and sensitive and 
does not require tedious equipment. The designed DCHA 
strategy improved the efficiency and sensitivity by increas-
ing the hybridization-driven free energy. The DCHA-based 
electrochemical biosensor had a detection limit of 4 cells 
 mL−1 with simple operation and low cost. Meanwhile, this 
biosensor also holds great potential to work in a complex 
environment and for practical applications, and it can dis-
tinguish CTCs from the blood samples of patients with an 
AUC of 0.955. However, there is still a need for large-scale 
clinical sample verification if this platform is used for clin-
ical applications. Another challenge to be solved is how 

Fig. 3  Analytical performance of the DCHA-based electrochemical 
biosensor: A DPV responses and B the corresponding correlation lin-
ear curve for 100,000, 50,000, 10,000, 1000, 500, 100, 50, 10 cells 

 mL−1 MCF-7 cells. C Selectivity assessment in different cell lines. 
Mixed cells: the mixture of MCF-7 and 16HBE cells at a ratio of 1:1
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to remove the contaminants from plasma and exosomes. 
The pretreatment of clinical samples in this work used red 
cell lysis solution to selectively lyse the erythrocytes, and 
isolated leukocytes and CTCs from the whole blood. After 
removing the cell debris through centrifugation, there were 
only a few exosomes remaining in the supernatant. The 
effect of the remaining exosomes on the signal could be 
negligible. In summary, this electrochemical biosensor is 
expected to become a new clinical tool with great develop-
ment prospects for early cancer diagnosis and prognosis 
monitoring.
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