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Abstract
In this study, we fabricated a high-sensitivity “signal-off” electrochemical aptasensing platform for quantifying circulating tumor
cells (CTCs) based on target-triggered signal readout of methylene blue (MB). Au nanoparticles (AuNPs) were introduced to
enlarge the specific surface area of the gold electrode (GE), which would immobilize homogeneous and more MB-aptamers. MB-
modified and stem-loop-like aptamers were assigned as a recognition element with K562 cells. Thiolated complementary strands
hybridized with MB-aptamers to form double-stranded DNA (dsDNA) conformation which were further self-assembled on the
surface of AuNP-modified GE, leading to a marked current peak of MB signal. In the presence of K562 cells, the MB-aptamers
preferred to recognize and bind with the cells, causing the disassembly of MB-aptamers from the GE surface. Therefore, the
reduced value of MB signal was related to the number of K562 cells. With the proposed aptasensor, a dynamic linear range from
1 × 102 to 1 × 106 cells mL−1 was obtained with a detection limit of 23 cells mL−1. Moreover, the aptasensor showed good
selectivity, stability, and reproducibility as well as potential use in the clinical setting. Meanwhile, characterization techniques such
as field-emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, atomic force microscopy, cyclic voltamm-
etry, and electrochemical impedance spectroscopy were performed to analyze the evolution of the morphology and each fabricated
step of the constructed aptasensor. Our proposed aptasensor could be designed as a universal platform for CTC determination by
replacing tumor cell–specific aptamers, which is a promising strategy for basic research and clinical applications.
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Introduction

Liquid biopsy is a noninvasive analysis of tumor-related bio-
markers in body fluids including circulating tumor DNA, cir-
culating tumor cells (CTCs), and exosomes, and it holds
promising potential for cancer management, such as early di-
agnosis, real-time monitoring of tumor progression, and treat-
ment selection [1, 2]. CTCs are an important area of liquid
biopsy, and those derived from orthotopic tumor circulate
through the bloodstream [3, 4]. Therefore, CTCs could colo-
nize in distant tissues and organs, and finally cause tumor
recurrence, resulting in the death of a patient [5, 6].
Compared with tissue biopsy, determination of CTCs is a
noninvasive, safe, and rapid diagnostic technique [7].
However, CTCs in blood are extremely rare, namely 1–
100 cells mL−1 among billions of normal blood cells [8].
Therefore, highly sensitive and rapid determination of CTCs
is still challenging in clinical applications.
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To date, various technologies have been developed for
CTC assay based on density gradient, microfiltration,
microfluidic array, dielectrophoresis, and immunoaffinity [9,
10]. Despite its advantages of high efficiency, sensitivity, and
specificity, there are still some problems with CTC assay in-
cluding low purity, risk of losing and damaging small or large
CTCs, relatively high cost and long detection time, and reli-
ance on biomarkers [11, 12]. Therefore, simple and time-
saving methods are urgently needed. In recent years, electro-
chemical sensors have garnered considerable interest in the
determination of CTCs, owing to their inherent advantages
of miniaturization, low cost, high sensitivity, and short detec-
tion time [13, 14]. Currently, there are two strategies to am-
plify signal for highly sensitive determination of CTCs with
an electrochemical biosensor. The first strategy involves mod-
ification of a sensing platform using nanomaterials. The sec-
ond strategy is cell-labeled signal amplification (e.g., rolling
circle amplification and hybridization chain reaction). Using
the first strategy, Yang et al. developed an electrochemical
biosensor through Au nanocages/amino-functionalized
multiwalled carbon nanotubes and 3D graphene for assay of
breast cancer cells [15]. Ge et al. established a paper-based
electrochemical sensor integrated with 3D Au nanoparticles/
graphene and ionic liquid for assay of K562 cancer cells [16].
Using the second strategy, Sun et al. fabricated an electro-
chemical sensor with signal amplification and dual recogni-
tion to quantify HepG2 cells [17]. Chen et al. fabricated an
electrochemical sensor with multibranched hybridization
chain reaction amplification to quantify HepG2 cells [18]. In
our previous study, a strategy comprising dual-aptamer recog-
nition and rolling circle amplification was utilized to quantify
CTCs [19]. These reported electrochemical biosensors have
improved the development of CTC determination. However,
complicated fabrication on the reaction area and cell-labeled
strategy still exist.

“Signal-off” biosensors have the advantages of simple fab-
rication, sensitive detection, and a wide range of linear detec-
tion [20]. In “signal-off” biosensors, the signals (e.g., current,
impedance, and electrochemiluminescence intensity) change
from an “on” status into an “off” status in the presence of a
target. Owing to their advantages, “signal-off” biosensors
have been used to quantify various substances, such as pro-
teins, amino acids, and insecticides [21–23]. Aptamers are
promising alternatives to antibodies as a target recognition
element for their advantages of easy synthesis and modifica-
tion, long-term storage, and high stability [24, 25].
Furthermore, aptamers have minimal to no toxicity and im-
munity [26, 27]. Because of the high affinity between
aptamers and targets, aptamers have been introduced into elec-
trochemical sensors to quantify targets (e.g., proteins and
adenosine) according to hybridization-induced conformation-
al change, and the targets need not be labeled [28–31]. As far
as we know, there has been no study of a target-triggered

“signal-off” biosensor for CTC determination based on high
affinity with aptamers, resulting in hybridization-induced con-
formational change.

Accordingly, in the present study, we developed a “sig-
nal-off” electrochemical aptasensing platform to quantify
K562 cells with high sensitivity. Firstly, stem-loop-like
aptamers that had high affinity to K562 cells were modi-
fied with methylene blue (MB) in the 5′ termini and
assigned as the recognition element with K562 cells.
Thiolated complementary strands (in the 3′ termini) hy-
bridized with MB-aptamers to form double-stranded
DNAs (dsDNAs). Next, the dsDNAs were fixed onto the
gold electrode (GE) by Au–S bond, and the current peak
of MB was introduced owing to the close proximity of the
MB tags to the GE surface. For the purpose of
immobilizing more MB-aptamers on the GE surface, Au
nanoparticles (AuNPs) were electrodeposited on the GE
to enlarge the specific surface area. In the presence of
K562 cells, aptamers preferred to recognize and bind with
K562 cells, causing the unwinding of dsDNAs, detach-
ment of MB-labeled aptamers from the electrode, and de-
cline of the MB signal. Therefore, the number of K562
cells was related to the degree of MB signal reduction.
With the target-triggered conformational change and “sig-
nal-off” biosensor, the detection limit of K562 cells was
23 cells mL−1, and the linear range was 1 × 102–1 ×
106 mL−1. Good selectivity, stability, reproducibility,
and clinical applications were also presented. Moreover,
there was no need to obtain CTCs by breaking the link
between CTCs and reaction interface through enzymatic
digestion or electrochemical methods, thus maintaining
cell viability, which is substantially important to the study
of the mechanisms underlying tumorigenesis and tumor
development.

Experimental section

Reagents and materials

The aptamers [32, 33] and other oligonucleotides (see
Electronic Supplementary Material (ESM) Table S1) were
synthesized, purified, and modified by Takara Biomedical
Technology Co., Ltd. (China). HAuCl4·3H2O (H821422),
30% H2O2 (H811240), glucose monohydrate (D810457),
K4[Fe(CN)6]·3H2O (P816416), and K3[Fe(CN)6]
(P816307) were obtained from Macklin Biochemical
Co., Ltd. (China). Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP, 646547), bovine serum albumin (BSA,
≥ 98%, V900933), and 6-mercapto-1-hexanol (MCH,
451088) were obtained from Sigma-Aldrich (USA).
Penicillin-streptomycin (BL505A) was obtained from
Biosharp (China). RPMI 1640 medium (01-100-1ACS)
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and fetal bovine serum (FBS, 04-001-1ACS) were obtain-
ed from Biological Industries (Israel). Calcium chloride
dihydrate (20011160) was bought from Sinopharm
Chemical Reagent Co., Ltd. (China). Magnesium chloride
hexahydrate (05.001.1848) was bought from ChengDu
Chron Chemicals Co., Ltd. (China). Saturated calomel
reference electrode (R0232), platinum counter electrode
(Pt120), and gold working electrode (Au120) were bought
from TianJin AIDAhengsheng Science-Technology
Development Co., Ltd. (China). Piranha solution (98%
H2SO4 and 30% H2O2 with v/v = 3:1) and phosphate-
buffered saline (PBS) (0.01 M, pH 7.4) were made in
our laboratory. Healthy human sera were collected from
Southwest Hospital (China). Ultrapure water was pro-
duced with a resistance of 18.2 MΩ cm from the water
purification instrument (RephiLe Bioscience, Ltd.,
China).

Apparatus

Alternating current voltammetry (ACV) was conducted with a
1040C electrochemical system (Shanghai CH Instruments,
China). Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were conducted with a 760E electro-
chemical system (Shanghai CH Instruments, China). The elec-
trode system consisted of a saturated calomel reference elec-
trode, a platinum counter electrode, and a gold working elec-
trode. ACV was scanned from − 0.5 to − 0.1 V (amplitude
25 mV, increment 4 mV, and frequency 25 Hz) in PBS con-
taining 0.1 M NaClO4. CV and EIS were scanned in 10 mM
[Fe(CN)6]

3−/4− with 0.1 M KCl (prepared with PBS) as the
reversible redox probe. CVwas scanned from − 0.2 to + 0.6 V
under a scan rate of 0.1 V s−1. EIS was scanned in the range of
0.1 to 105 Hz (amplitude 5 mV) under open circuit potential.
Flow cytometry was performed using a Navios system
(Beckman Coulter, Inc., USA). Energy-dispersive X-ray spec-
troscopy (EDS) was performed with XFlash6|10 (Bruker,
Germany). Field-emission scanning electron microscopy
(FE-SEM) was operated using Inspect F50 (FEI, USA).
Atomic force microscopy (AFM) was conducted with the
Dimension Icon system (Bruker, Germany).

Cell culture and preparation

K562, Jurkat, and U937 cells were bought from the Cell
Bank of the Type Culture Collection of the Chinese
Academy of Sciences (China). The cell lines were grown
in RPMI 1640 medium with 10% FBS and 1% penicillin-
streptomycin under standard conditions. Prior to the ex-
periments, cell suspensions were centrifuged for 5 min at
1000 rpm, followed by discarding of the supernatant.
Subsequently, the cell sediment was washed with PBS
and then blocked in 1% BSA solution (w/v) for 30 min

at 37 °C. Afterwards, the cells were washed twice with
PBS and then centrifuged for 5 min at 1000 rpm, followed
by discarding of the supernatant. Finally, the cells were
re-suspended in PBS containing 4.5 g L−1 glucose
monohydrate, 6 mM magnesium chloride hexahydrate,
and 1 mM calcium chloride dihydrate. The desired cell
concentrations were prepared through hemocytometer-
based quantification.

Analysis of specific recognition between aptamers
and K562 cells

Flow cytometry was performed to evaluate the selective rec-
ognition and binding ability between aptamers and K562
cells. The oligonucleotides (15 pmol) were labeled with
Alexa Fluor 488 at the 5′ end, and further incubated with
K562 cells (3 × 105 cells) at 37 °C for 30 min. Nonspecific
binding sequences were discarded with centrifugation. The
fluorescence intensity and binding efficiency of Alexa Fluor
488–labeled aptamers to K562 cells were analyzed by flow
cytometry through quantifying 1 × 104 cells for each sample.
Further analysis was operated via Kaluza Analysis software
(Beckman Coulter, Inc., USA).

Electrochemical determination procedure

A GE with a diameter of 2 mm was polished manually in an
alumina slurry (0.3 and 0.05 μm in turn) to clean the surface,
followed by sonication in ethanol and water, separately. Next,
the GE was immersed in piranha solution for 10 min to re-
move impurities, followed by rinsing with ultrapure water. GE
was then electrochemically deposited in HAuCl4 solution
(30 mM) for 20 s under − 0.2 V to obtain AuNP-modified
surface. A mixture of MB-modified aptamers (7.0 μM) and
thiolated complementary sequences (7.0 μM), as well as
2.0 mM TCEP were firstly denatured at 95 °C for 5 min and
then annealed at room temperature to form double-stranded
nucleic acids. Disulfide bonds were eliminated by TCEP for
90 min. Afterwards, the prepared double-stranded complexes
(3.0 μL) were fixed on the AuNP-modified GE (AuNPs/GE)
overnight in a humidified atmosphere at 37 °C. Next, the GE
was blocked with 1.0 mMMCH for 30 min at 4 °C, followed
by washing with ultrapure water. The double-stranded com-
plex-modified GE (dsDNAs/AuNPs/GE) was incubated with
0.8 mL of K562 cell suspension for cell-aptamer interaction
for 90 min at 37 °C. Subsequently, the electrode was washed
by PBS carefully. Jurkat and U937 cells, each at the density of
1 × 106 cells mL−1, were tested under the abovementioned
procedures. The quantified response was calculated according
to the following equation: relative IMB = (I0−I)/I0, where I and
I0 were the ACV peak values in the presence and absence of
K562 cells, respectively. All experiments were conducted at
least three times.
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Results and discussion

Principle of the novel aptasensor for tumor cell
determination

As shown in Scheme 1, the stem-loop-like and MB-
modified aptamers (at the 5′ end) and thiolated comple-
mentary chains (at the 3′ end) hybridized to form double-
stranded DNAs, and then were self-assembled on the GE
through Au–S bond. The close proximity of MB tags to
the electrode surface would introduce a high current peak
of MB signal. AuNPs were electrodeposited on the bare
GE, which would increase the specific surface area for the
purpose of fixing more aptamers on the GE. In the pres-
ence of K562 cells, the MB-aptamers would specifically
recognize and bind with K562 cells because of the high
affinity between aptamers and K562 cells, which would
further cause the unwinding of dsDNAs. The MB-
modified aptamers fell off from the surface of the GE,
decreasing the MB signal. Therefore, changes in MB sig-
nal were related to the number of K562 cells.

Specific recognition of aptamers to K562 cells

To obtain an aptasensor with the best performance, the
specific recognition and binding efficiency of five candi-
date aptamers to K562 cells were verified through flow
cytometry. Alexa Fluor 488–labeled sequences (15 pmol)
were incubated with K562 cells (3 × 105 cells) for 30 min
at 37 °C, and then the cells were investigated through flow
cytometry. As shown in Fig. 1, the binding of Alexa Fluor
488–labeled aptamers 2–5 (Fig. 1c–f) with K562 cells re-
sulted in a minute shift in fluorescence signals, compared
to that with the Alexa Fluor 488–labeled random sequence
(Fig. 1a). After incubation of K562 cells with Alexa Fluor
488–labeled aptamer 1 (Fig. 1b), the fluorescence intensity
apparently increased, compared with that after incubation
with Alexa Fluor 488–labeled random sequence. It was
indicated that aptamer 1 had specific recognition and high
binding capability with K562 cells, which induced marked
increment in fluorescence intensity. Based on the above
results, aptamer 1 was chosen as the recognition element
to capture K562 cells.

Scheme 1 Schematic illustration of the proposed aptasensor at each step of fabrication
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Surface and dimensional analysis of the modified
electrode

Functional modification on the electrode is highly important
for the performance of a biosensor. The morphologies and
microstructures of the bare GE and AuNPs/GE were analyzed
by FE-SEM. As indicted in Fig. S1a (see ESM), the bare GE
exhibited a nearly smooth surface without any modifiers.

Compared with that of the bare GE, large amounts of
AuNPs were continuously and homogeneously distributed
on the surface of GE owing to the electrochemical deposition
(see ESM Fig. S1b). The spherical AuNPs had large surface
areas, with an average diameter of 20 nm (see ESM Fig. S1c).
Additionally, the morphology and structure of the AuNPs/GE
did not change obviously over 7 days (see ESM Fig. S1d). It
was demonstrated that AuNPs were successfully decorated on
the electrode surface. Moreover, the morphologies of AuNPs
at different electrodeposition times (10 s, 20 s, and 30 s) were
studied (see ESM Fig. S2). The packing density of AuNPs on
the electrode surface increased with time. For the purpose of
overcoming steric hindrance and electrostatic repulsion of
electrochemical probe on the electrode, electrodeposition time
of 20 s was chosen for the further study.

In addition, EDS was conducted to analyze the elemental
composition of the modified GE. The weight percentage of Au
element was high in the bare GE (see ESM Fig. S3a). The
weight percentage of Au element increased in the AuNPs/GE
(see ESMFig. S3b), while theweight percentage of C,O,N, and
P elements increased in the dsDNAs/AuNPs/GE (see ESM Fig.
S3c). Furthermore, S and Cl elements were observed in the
dsDNAs/AuNPs/GE. The results showed the successful deposi-
tion of AuNPs and immobilization of dsDNAs on the electrode.

Next, the 3D morphology of the sensing platform was cap-
tured by AFM. The roughness of the electrode surface was
estimated by root mean square roughness (Rq) and average
roughness (Ra). The bare GE had a smooth surface with low
Ra and Rq values (see ESM Fig. S4a). The AuNPs/GE showed
an obvious rough surface with high Ra and Rq values (see ESM
Fig. S4b). The topographic height of AuNPs was about 20 nm.
The dsDNAs were immobilized uniformly on the AuNPs/GE,
which made the electrode surface rougher. Therefore, Ra and
Rq values of dsDNAs/AuNPs/GE increased further (see ESM
Fig. S4c). The results of AFM images showed the successful
deposition of AuNPs and immobilization of dsDNAs on the
electrode, which were consistent with the EDS analysis.

To estimate the active surface area of AuNPs/GE, the elec-
trodes (bare GE and AuNPs/GE) were scanned in 0.5 M
H2SO4 solution with the CV method (see ESM Fig. S5).
The reduction peak of gold oxides was obtained at + 0.9 V
with the current values of 3.147 × 10−5 A (bare GE) and
5.441 × 10−5 A (AuNPs/GE). The active surface area of
AuNPs/GE could be calculated according to the charge con-
sumed in the reduction process of gold oxides in H2SO4 solu-
tion, whereas the specific value of Au was 386 μC/cm2 [34,
35]. The total charges of bare GE and AuNPs/GE were
1.240 × 10−5 C and 1.882 × 10−5 C. Therefore, the active sur-
face areas of bare GE and AuNPs/GE were 3.21 mm2 and
4.88 mm2, respectively. The above results revealed that
AuNPs were successfully deposited on the electrode surface
and had the potential to enlarge the specific surface area of GE
as well as enhance the electron transfer rate.

Fig. 1 Analysis of specific recognition between aptamers and K562 cells
by flow cytometry. aAlexa Fluor 488–labeled random sequence. bAlexa
Fluor 488–labeled aptamer 1. c Alexa Fluor 488–labeled aptamer 2. d
Alexa Fluor 488–labeled aptamer 3. e Alexa Fluor 488–labeled aptamer
4. f Alexa Fluor 488–labeled aptamer 5. Inset plots show the secondary
structures of the sequences
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Electrochemical characterization of the aptasensor

CV and EIS are effective investigative tools to character-
ize the modification of electrodes in electrochemical sen-
sors [36]. Figure 2a and Fig. S6a (see ESM) show CV
results of the stepwise fabrication of the proposed
aptasensor. The bare GE showed small potential differ-
ences and large redox peak, reflecting a fast electron
transfer rate and high conductivity on the clean surface
of GE. When the AuNPs were electrodeposited on the
GE, the redox peak increased and the potential differences
decreased to a small extent, implying the successful fix of
the AuNPs on the electrode and the good electron transfer
performance by the AuNPs. After the immobilization of
DNA duplexes, the redox peak began to decrease because
the negative charge of nucleic acids obstructed the diffu-
sion of the redox probe on the sensing surface.
Subsequently, the nonspecific sites were blocked by
MCH, which apparently decreased the current peak.
Finally, aptamers dissociated from DNA duplexes in the
presence of K562 cells due to specific recognition be-
tween aptamers and K562 cells, which partly recovered
the electron transfer of [Fe(CN)6]

3−/4− redox probe.
In the impedance spectra, the straight line (low-

frequency domain) and the semicircle (high-frequency
domain) represent the electron diffusion and transfer pro-
cess, respectively [37]. The charge transfer resistance (Rct)
on the GE surface was equal to the semicircle diameter.
As depicted in Fig. 2b and Fig. S6b (see ESM), the semi-
circle of bare GE was very small, owing to the fast elec-
tron transfer of the [Fe(CN)6]

3−/4− redox probe. Consistent
with the change in CV, the electrodeposition of AuNPs
increased the specific surface area and accelerated the
interfacial electron transfer rate, showing nearly a straight
line. The semicircle of hybrid duplexes noticeably in-
creased, suggesting that the diffusion of [Fe(CN)6]

3−/4−

was obstructed by the electrostatic repulsion between

nucleic acids and redox probe, followed by blocking with
MCH. In the presence of K562 cells, aptamers preferred
to recognize and bind with K562 cells, causing the
aptamers to detach from the electrode, leading to partial
recovery of electron transfer on the sensing surface. All
these results showed that the stepwise modification of the
aptasensor was successful, as expected.

Optimization of experimental conditions

To acquire the optimal analytical performance of our con-
structed biosensor, three key factors, namely the concentration
of the MB-modified aptamers as well as the temperature and
time of reaction between K562 cells and aptasensor, were
optimized. The concentration of the MB-aptamers was impor-
tant in the variations of MB signal. As shown in Fig. 3a, the
relative IMB increased as the concentration of MB-aptamers
increased from 1.0 to 7.0 μM.When the MB-aptamer concen-
tration further increased, the relative IMB began to decrease. It
was indicated that the effect of overcoming steric hindrance
and electrostatic repulsion was optimal at the concentration of
7.0 μM. Furthermore, the temperature of the reaction between
K562 cells and aptasensor was studied (Fig. 3b). The relative
IMB increased gradually as the temperature increased from 4 to
37 °C and leveled off at 45 °C. Because 37 °C was suitable for
most biological reaction, and there was no statistical differ-
ence in relative IMB between reaction at 37 °C and at 45 °C,
37 °C was set as the best reaction temperature in the subse-
quent experiments. The reaction time between K562 cells and
aptamers was critical in the analytical performance of the
aptasensor, and was investigated thoroughly (Fig. 3c). The
relative IMB increased from 30 min and reached the peak at
90 min. After 90 min, the relative current value decreased,
which was attributed to cell lysis caused by long-term expo-
sure to air. Therefore, the optimal reaction time was deter-
mined as 90 min in the subsequent experiments.

Fig. 2 Electrochemical characterization of the modified GE at different steps through CV (a) and EIS (b). Inset plot shows curves of bare GE and
AuNPs/GE at higher magnification. Ten millimolar [Fe(CN)6]

3−/4− with 0.1 M KCl was used as the reversible redox probe
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Determination performance of the electrochemical
aptasensor

The sensitivity of the aptasensor was markedly related to early
diagnosis of cancer in the clinical setting. In our fabricated
biosensor, relative IMB, which represented K562 cell concentra-
tion, was calculated as relative IMB = (I0−I)/I0, where I and I0
were the ACV peak values in the presence and absence of K562
cells, respectively (Fig. 4a). As shown in Fig. 4b, the relative
IMB decreased proportionally with decreasing K562 cell

concentration under the optimal experimental conditions. The
linear equation was Y = 0.0488 logC + 0.0111 (R = 0.9944),
where Y presented the relative IMB and logC presented the log-
arithm of K562 cell concentration, respectively. The limit of
detection (LOD) was 23 cells mL−1 according to mean + 3SD,
where the mean and standard deviation (SD) were equal to the
mean value and SD of the relative IMB in a blank sample, re-
spectively. The linear range of detection was from 1 × 102 to
1 × 106 cells mL−1. The LOD and linear range were comparable
or better compared with those in previous studies on CTC

Fig. 3 Optimal conditions for the proposed aptasensor. a Concentration of the MB-modified aptamers. b Temperature of reaction between aptasensor
and K562 cells. c Time of reaction between aptasensor and K562 cells. Inset plots show the ACV curves of the experiments

Fig. 4 aACV curves of different K562 cell concentrations. b Logarithms of K562 cell concentrations according to the relative IMB. Inset plot shows the
linear range and equation of K562 cell determination
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determination (see ESMTable S2). To detect the extremely low
concentration of CTCs in peripheral blood, the sensitivity of the
proposed aptasensor could be improved through optimization of
aptamers’ structure to enhance the binding affinity with targets.

Selectivity, reproducibility, and stability of the
electrochemical aptasensor

Five nonspecific interferences, namely PBS, FBS, BSA, and
two kinds of cancer cells, were used to investigate the selec-
tivity of the fabricated aptasensor. As depicted in Fig. 5 and
Fig. S7 (see ESM), U937 and Jurkat cells, which were quan-
tified under the same conditions as K562 cells, showed min-
imal relative current value compared with that shown byK562
cells. In addition, PBS, 10% FBS, and 1% BSA generated
even lower relative current value than that generated by
K562 cells, showing the good selectivity of the aptasensor
for K562 cells.

The reproducibility of the aptasensor was assessed through
determination of K562 cells at each concentration by four
prepared aptasensors. The relative standard deviation (RSD)
was 9.33%, 8.81%, 11.16%, 6.92%, 5.82%, and 4.01% for
K562 cells at 10, 1 × 102, 1 × 103, 1 × 104, 1 × 105, and 1 ×
106 cells mL−1, respectively. The above results showed that
the reproducibility of the aptasensor was adequate.

Stability is essential for long-term use of a biosensor. The
aptasensors, which were stored at 4 °C in ultrapure water,
were used to quantify the same amounts of K562 cells every
6 days. The relative IMB decreased gradually from 100%of the
initial value to 93.95% on the sixth day, and to 91.76% on the
twelfth day with an RSD of 4.38%, 5.06%, and 5.75%, re-
spectively. These results showed that the proposed aptasensor
was feasible for long-time use.

Determination of K562 cells in human serum

The potential clinical application of the proposed
aptasensor was estimated by a recovery experiment.
Different concentrations of K562 cells were spiked in
healthy human serum (10-fold dilution) and quantified
by the biosensor. As shown in Table S3 (see ESM), the
r e cov e r i e s ( 1 × 10 2 , 1 × 10 3 , 1 × 10 4 , and 1 ×
105 cells mL−1) were 93.00%, 103.48%, 104.28%, and
94.82% with an RSD of 9.19%, 8.06%, 6.84%, and
8.01%, respectively. The results revealed that the fabricat-
ed aptasensor had potential clinical applications.
Additionally, pre-concentration of CTCs such as depletion
of white blood cells and lysis of red blood cells is prone
to avoid false negative results during CTC detection.

Conclusions

In summary, we fabricated a “signal-off” electrochemical
aptasensing platform for high-sensitive determination of
tumor cells. The reaction between K562 cells and
aptamers induced marked changes in MB signal owing
to the high binding affinity of the aptamers to K562 cells
and the target-triggered “signal-off” mode. In addition,
the introduction of AuNPs onto the electrode surface re-
sulted in the increase of specific surface area and acceler-
ation of the electron transfer ability, further increasing the
amounts of aptamers which were immobilized on the GE
surface. The LOD of the aptasensor was 23 cells mL−1,
with a linear range from 1 × 102 to 1 × 106 cells mL−1.
Moreover, the proposed aptasensor exhibited good selec-
tivity, reproducibility, and stability, as well as potential
applications in the clinical setting. This proposed
aptasensor can be used as a versatile CTC quantification
platform with specific aptamers applied for different tu-
mor cells, showing its promising prospect in cancer
management.
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