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A B S T R A C T

The cancer diagnosis with single level of biomarkers suffers from limitation of insufficient accuracy. Hence,
developing sensitive, rapid and adaptative analytical strategies for double-level biomarkers are essential for
improving the accuracy of clinical cancer diagnosis at early stage. Herein, a DNA biosensor was established
based on the catalytic hairpin assembly-mediated Y-junction nicking enzyme assisted signal amplification (CHA-
YNEASA) circuits, where the two circuits were concatenated by molecular beacon (MB). In absence of target,
both the CHA and YNEASA circuits were effectively hindered because of MB's outstanding ability to control
signal background. In presence of target, the initiated CHA circuits made enzyme recognition sequences in close
proximity to the assisted sequences to open MB, leading to further trigger the YNEASA circuits. Due to the
unique design of dual signal amplification strategies, CHA-YNEASA circuits significantly shorten the reaction
time, and improve signal-to-background ratio as well as facilitate the analysis process. It was demonstrated that a
high sensitivity with limit of detection (LOD) of 0.9 pM for p53 gene detection was obtained just within 23 min
by the proposed DNA biosensor. Moreover, mismatched p53 gene at nucleic acid level was effectively dis-
criminated and strong anti-interference capability was achieved. Noticeably, the DNA biosensor was adaptative
for designing a cytosensor at cell level using hairpin DNA, containing MUC1 aptamer and initiation strand of
CHA-YNEASA circuits, as switch based on modularity principle. The cytosensor is able to measure MUC1 positive
breast cancer cells (MCF-7) with the LOD as low as 100 cells/mL. Excellent specificity for MUC1 negative cells,
and good anti-interference capability in 10% fetal bovine serum (FBS) were observed by the cytosensor.
Therefore, the proposed DNA biosensor is a sensitive, rapid, adaptative platform for detection of double-level
biomarkers, offering novel strategy applied for clinical cancer diagnosis.

1. Introduction

The early-stage diagnosis of cancer greatly depends on biomarkers
in body fluids. Up to now, a large amounts of bioanalytical platforms
have been developed for individual level of cancer biomarkers' detec-
tion, for example, the polymerase chain reaction for gene detection
[1,2], and the flow cytometry technique for cancer cell analysis [3].
Although those platforms are suitable for single level of cancer bio-
markers with high sensitivity, they suffer from some limitations in

practical application, such as complex operation, high time-cost and
trained personality. Moreover, these analytical techniques are not able
to be extended for other levels of cancer biomarker detection. Ac-
cording to recent research, cancer is a complex disease that is related
with multilevel, complex physiological and pathological events [4,5].
Currently, single level of biomarker usually can't accurately predict the
occurrence and prognosis of cancers. Diagnosis using multilevel bio-
markers ranging from genes to cells will strongly improve the predictive
capabilities of cancer. Hence, it is desirable to develop a rapid,
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adaptative analytical platform for sensitive detection of multilevel
biomarkers.

Catalytic hairpin assembly (CHA) circuits are the most promising
nucleic acid circuits to amplify signal [7,41]. There are lots of unique
advantages for CHA circuits. It can break the fundamental bottleneck of
target-to-signal ratio of 1:1 in the traditional DNA hybridization assay
and improve sensitivity through signal amplification process with al-
most zero background [8,9]. Besides, CHA circuits are flexibly in-
tegrated with aptamer, making it a highly specific for analysis of mul-
tilevel targets, ranging from small molecules [10], nucleic acids [11],
proteins [12], and cancer cells [40]. Consequently, CHA circuits have
attracted increasing attentions in application of biosensor platform
[14,15]. Despite its high signal-to-noise ratio and adaptive character for
multilevel biomarkers’ analysis, an ideal CHA circuits are able to only
amplify the signal by 50 to 100-fold within a few hours [16]. Therefore,
the sensitivity and efficiency is insufficient to meet the requirement in
cancer diagnosis at early stage.

As a special group of restriction endonuclease, nicking enzyme is
capable of recognizing the specific nucleotide sequences and thereby
just cut one of the DNA strands in duplex-stranded DNA [17,18]. In a
typical signal simplification strategy, which is named as strand dis-
placement amplification (SDA) [19,20], nicking enzyme is coupled with
DNA polymerase. To enhance sensitivity, SDA has been integrated into
CHA circuits to form dual signal amplification strategies in recent stu-
dies [21–23]. Due to higher order signal amplification, the dual signal
amplification strategies always provide high sensitivity for target ana-
lysis. However, in presence of two kinds of protein enzymes, the circuits
design is more difficult and stricter reaction conditions are required. To
simplify design, dual signal amplification strategies through combining
nicking enzyme assisted signal amplification (NEASA) and CHA circuits
were reported without help of DNA polymerase [18,24]. In these dual
signal amplification strategies, single-stranded DNA replaced by target
initiates NEASA circuits through forming a duplex-stranded DNA con-
taining enzyme recognition sequences, and then the corresponding
product triggered the NEASA circuits. The dual signal amplification
strategies exhibit high amplification ability, while only a simple reac-
tion system is involved. However, some weaknesses have to address in
these circuits. Incorrect assembly of single-stranded DNAs could form
duplex-stranded DNA of enzyme recognition sequences and then non-
specifically initiate NEASA in the absence of target, causing a relatively
high background and false-positive signals. Moreover, in these dual
signal amplification strategies, every circuit was performed separately,
which is time-consuming analysis and cumbersome from the opera-
tional point of view.

As a hairpin-shaped DNA, molecular beacon (MB) has emerged as
promising tool for biosensor with a low fluorescent background, be-
cause it allows the fluorophore in close proximity to the quencher
[25,26]. MB has been employed as a Y-junction nicking enzyme assisted
signal amplification (YNEASA) circuits consisting of enzyme recogni-
tion and assisted sequences in recent years [27–29]. The YNEASA cir-
cuits are triggered only when the enzyme recognition sequences are
close to the assisted sequences, leading to a strong ability to control
background and enhance signal-to-background ratio [29,31]. In this
work, a sensitive, one-step, adaptative DNA biosensor containing MB-
concatenated CHA and YNEASA circuits was developed. Our prepared
DNA biosensor is simply composed of two hairpins, a MB, and a nicking
enzyme. Enzyme recognition sequences were blocked on the hairpin
DNAs and separated from the assisted sequences. Low background
signal was obtained in absence of target. The presence of target triggers
the cascade reaction of CHA. Then, the enzyme recognition sequences
were exposed and close to the enzyme assisted sequences to form a Y-
junction DNA structure. As a consequence, the YNEASA circuits were
efficiently triggered. Benefiting from higher order signal amplification
and effective control of background signal, the prepared DNA biosensor
performed rapid and sensitive analysis just in one-step process. More
importantly, the inherent modularity of the prepared DNA biosensor

allows us to readily adapt it to detect double-level biomarkers of p53
gene and MCF-7 cancer cells with high sensitivity, specificity and anti-
interference ability. The prepared DNA biosensor has great potential for
cancer diagnosis in vitro at early stage.

2. Experimental section

2.1. Materials and methods

Nicking enzyme Nt.BbvCl and Cutsmart™ buffer were purchased from
New England Biolabs (U.K.). Tris-(hydroxymethyl) aminomethane (Tris)
were obtained from Sigma-Aldrich Inc. All oligonucleotides used were
synthesized and purified by Shanghai Sangon Biotechnological Co., Ltd.
(China), as listed in Table S1. The aptamer@initiation strand (apt@Is) at
the concentration of 1 μM was prepared in binding buffer (100 mM PBS,
1 mM Mg2+, pH 7.4). The others at the concentration of 1 μM were
prepared in 1 × CutSmart™ buffer (50 mM potassium acetate, 20 mM
Tri-acetate, 10 mM magnesium acetate, 100 μg/mL BSA, pH 7.9). Each
oligonucleotide was heated to 94 °C for 3 min in metal bath, and then
allowed to cool down to room temperature before use.

2.2. Cell lines and cell culture

The MCF-7, SW620, U–2OS, HL-7702, Hep G2 were obtained from
the Institute of Biochemistry and Cell Biology, Chinese Academy of
Science. MCF-7 cells were cultured in MEM medium supplemented with
2 μg/mL insulin, 10% fetal bovine serum (FBS), 100 U/mL penicilin and
100 μg/mL streptomycin. The other cell lines were maintained in
DMEM medium supplemented with 10% FBS, 100 U/mL penicilin and
100 μg/mL streptomycin. All of the cell lines were incubated at 37 °C in
a 5% CO2 humidified atmosphere. Prior to measurements, the cells at
log phase were collected in the corresponding medium trypsin diges-
tion. Then, the collected cells were separated from the medium by
centrifugation at 1200 r/min for 3 min. The cell sediment was re-sus-
pended in binding buffer. The cell concentration was obtained by cell
counter (Millipore Scepter TM, Merck Millipore, USA). The cells were
diluted with binding buffer to a contained concentration before use.

2.3. Polyacrylamide gel electrophoresis (PAGE)

In the gel electrophoresis assay, 7.5 μL different reaction products
were mixed with 1.5 μL 6 × loading buffer. Then the mixed solutions of
9.0 μL were subjected to 10% polyacrylamide gel (10%, Acr:
Bis = 29:1). After run at 120 V for 35 min in 1 × TAE buffer (40 mM
Tris-Acetate, 1 mM EDTA, pH 8.3), the gel was stained with 4 S Red
Plus Nucleic Acid Stain (Shanghai Sangon Biotechnological Co., China)
for 15 min. Then, images were obtained by a C300 system (azure, USA).

2.4. Kinetic analysis

Kinetic analysis of the three DNA biosensors based on CHA-medi-
ated duplex-strand nicking enzyme assisted signal amplification (CHA-
DNEASA), the pure CHA, and CHA-YNEASA circuits was performed. In
CHA-YNEASA circuits, a reaction solution with total volume of 130 μL
contained 75 nM H1, 100 nM H2-12, 200 nM MB1, 7.5 U Nt.BbvCI
enzymes, and 1 × CutSmart™ buffer. In pure CHA circuits, 7.5 U
Nt.BbvCI enzymes were removed and other reaction conditions were
same as CHA-YNEASA circuits. In CHA-DNEASA circuits, 200 nM MB1
were replaced by 200 nM taqman probe (TB) and other reaction con-
ditions were same as CHA-YNEASA circuits. The reaction solution of the
three biosensors was placed into quartz cuvette at a constant tem-
perature of 37 °C maintained by low temperature constant temperature
circulator (Hanuo Instruments, China) and the corresponding time-de-
pend fluorescence intensity at 522 nm was recorded in presence or
absence of 2 nM p53 gene by LS-55 luminescence spectrometer
(PerkinElmer, USA).
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2.5. Detection of p53 gene

For p53 gene assay, a solution with total system volumes of 130 μL
that contained 75 nM H1, 100 nM H2-12, 200 nM MB1, 7.5 U Nt.BbvCI
enzyme, and 1 × CutSmart™ buffer were mixed with p53 gene with
various concentrations. Then, the mixture was reacted at 37 °C for
23 min in metal bath and then was rapidly placed in ice bath to end the
reaction. Subsequently, the solution was added into a 100 μL quartz
cuvette and was analysized by a LS-55 luminescence spectrometer
(PerkinElmer, USA). The emission spectra ranging from 515 to 650 nm
were collected with excitation wavelength at 497 nm.

2.6. Detection of cancer cells

For cancer cell assay, 10 μL cancer cells with various concentrations
and 10 μL apt@Is (0.2 μM) were mixed with 30 μL binding buffer. The
mixture was then incubated for 2 h under stirring in a thermostatic
oscillator. 6.5 μL solution was taken from mixture and then mixed with
8 μL H3, 16 μL H4 and 56 μL MB2 at concentration of 1 μM. Then,
0.75 μL Nt.BbvCI enzyme (100 U/μL) was added quickly. To keep a total
system volume of 130 μL, a contained 1 × CutSmart™ buffer was
added. After reacted at 37 °C for 23 min, the mixture was rapidly placed
in ice bath to stop the reaction. The subsequent procedures were carried
out as same as described above.

3. Results and discussion

3.1. Principle DNA biosensor for p53 gene detection

Multi-genes express abnormal in early stage of cancer. As a tumor
suppressor, p53 gene is the most commonly mutated genes in human
tumors, leading to speed up tumor growth. Here, p53 gene was em-
ployed as mode target of cancer biomarker at nucleic acid level. The
working principle of the DNA biosensor for p53 gene detection based on
CHA-YNEASA is schematically shown in Fig. 1. The DNA biosensor
consists of two types of hairpins (H1 and H2), a MB1, and a nicking
enzyme (Nt.BbvCI). H1 and H2 in CHA circuits were designed according
to previous report with some modifications [8]. The YNEASA circuits
include enzyme recognition sequences, assisted sequences, and a

nicking enzyme, where enzyme recognition sequences blocked on H1
are separated from the assisted sequences. In absence of p53 gene, the
spontaneous hybridization of hairpin H1, H2 and MB1 is kinetically
hindered [8] and the two circuits are blocked. In the presence of p53
gene, hairpin H1 is initially opened, and then hybridized with hairpin
H2, which finally displaces p53 gene and make it away from H1. The
liberated p53 gene is able to trigger other cycles of CHA circuits.
Meanwhile, H1–H2 complexes are capable of hybridizing with MB1 to
assemble a Y-shaped junction structure, because the whole recognition
sequences of nicking enzyme in H1–H2 complexes are in close proxi-
mity to the assisted sequences. Then, the YNEASA circuits occurred and
MB1 was cut into two fragments (cMB1) by nicking enzyme. The cMB1
would dissociate from H1–H2 complexes due to less stable duplex
structure [32,33]. Thus, H1–H2 complexes further hybridized with MB1
to initiate the next cycle of YNEASA circuits.

The sequences’ design process of biosensor is summarized in Fig. S-1
in detail using a modularity principle, which ensures the adaptation of
the designed DNA biosensor. The sequences of p53 gene selected from
NCBI were divided into three parts (domain 1*, 2* and 3*). The com-
plementary sequences (domain 1, 2 and 3) were fixed according to the
rule of base complementary pairing. Part of enzyme recognition se-
quences (domain 4 and 6*) were fixed according to nicking enzyme
Nt.BbvCI used. To keep correct folding structure of DNA used, the left
sequences in H1, H2 and MB1 were designed with aid of NUPACK. The
corresponding sequences are shown in Table S1.

3.2. Feasibility of DNA biosensor based on CHA-YNEASA circuits

To ensure the feasibility of CHA-YNEASA circuits, each circuit was
testified separately. For the CHA circuits in Fig. S-2, in presence of p53
gene, the new formed bands (lanes 5–7) were equivalent to those
generated from the annealing of hairpin H1 and H2 (lane 4), indicating
that H1–H2 complexes was assembled through CHA circuits. For the
YNEASA circuits in Fig. S-3, the brightness of MB1 bands decreased
when the annealing of H1 and H2 increased in lanes 6–8, indicating that
MB1 was cut into fragments (cMB1) through YNEASA circuits. Frag-
ments (cMB1) were no observed in lines 6–8 of Fig. S-3. Because both
fragments (cMB1) is single-stranded DNA structure that aren't stained
by 4 S Red Plus Nucleic Acid Stain. Thus, both CHA and YNEASA cir-
cuits perform as expected.

The proof-of-concept demonstration of the DNA biosensor was es-
timated by measuring fluorescence intensity of reaction system, as de-
picted in Fig. 2A. In p53 gene-free groups, the mixtures of H1/H2/MB1
(curve a) and H1/H2/MB1/enzyme (curve c) exhibit low fluorescence
intensity, which is due to the well control of background in CHA and
YNEASA circuits. In pure CHA circuits, hairpins were rapidly assembled
by catalyst p53 gene. Fluorescence signal generated because the
fluorescence group (FAM) departed from quencher group (Dabcyl) to
break the fluorescence resonance energy transfer (FRET). Comparing
with p53 gene-free groups (curve a), a 311% signal enhancement in
fluorescence intensity upon addition of p53 gene was achieved in curve
b, assuring high amplification ability of CHA circuits. More im-
portantly, large numbers of MB1 were cleaved into two fragments
(cMB1) by introducing nicking enzyme in CHA-YNEASA circuits. Thus,
fluorescence and quencher group were separated, causing a remarkable
increase of fluorescence intensity. It is demonstrated that a 712%
fluorescence signal enhancement is observed in curve d than that in
curve c. Compared to pure CHA circuits, the CHA-YNEASA circuits
show more than doubled signal-to-background ratio. Gel electrophor-
esis experiments give similar results for further validation of CHA-
YNEASA circuits, as shown in Fig. 2B. In p53 gene-free group (lane 4),
no obvious Y-shaped H1–H2-MB1 complexes were observed; while p53
gene-added group (lane 5) produced significant Y-shaped H1–H2-MB1
complexes. By introducing nicking enzyme (lanes 7–9), the brightness
of MB1 band showed a decreasing intensity with the increase of p53
gene. The more p53 gene presented, the more H1–H2 complexes andFig. 1. Working principle of DNA biosensor for p53 gene detection.
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H1–H2-MB1 complexes were assembled. Then, H1–H2-MB1 complexes
were disassembled to form H1–H2 complexes because MB1 was cut into
two fragments by nicking enzyme and the responding cleaved frag-
ments (cMB1) were away from H1–H2 complexes. When p53 gene with
high concentration (lines 7–8) presented, most of MB1 were cleaved
and H1–H2 complexes were formed. While p53 with low concentration
(line 9) presented, a fraction of MB1 were cleaved and another fraction
of MB1 hybridized with H1–H2 complexes to form H1–H2-MB1 com-
plexes. Thus, the rest of MB1 were observed in line 9 of Fig. 2B. These
results demonstrate that CHA-YNEASA circuits are effectively triggered
by p53 gene.

3.3. Conditions’ optimization

To acquire optimal performance for p53 gene detection by our
prepared DNA biosensor, four key factors, including H1 concentration,
enzyme amount, MB1 concentration and stem length of H2, were op-
timized. The results are displayed in Fig. S-4. Firstly, the effect of H1
concentration on the signal of biosensor was examined. As shown in
Fig. S-4A, the fluorescence signal gradually increases with H1 con-
centration increasing from 25 nM to 75 nM and reaches a plateau
thereafter; while, the background also increases when the H2 con-
centration goes from 75 nM to 125 nM. In low concentration range of
H1, the reaction efficiency of CHA-YNEASA circuits was limited to some
extent; while in high concentration of H1, the unreacted H1 may in-
correctly hybridize with other DNA molecules to generate background
signal. Therefore, the H1 concentration of 75 nM was selected for the
subsequent experiments. As shown in Fig. S–4B and Fig. S–4C, the en-
zyme amount and MB1 concentration show same tendency in terms of
their effect on the biosensor performance, which is due to the similar
reason.

Stem length of H2 plays a vital role in the control of the background
signal. Hairpins DNA in CHA circuits could generate an incorrect
folding according to previous work [8]. In our prepared DNA biosensor,
the incorrect folding resulted in circuit leakage of CHA circuits [34] and
then non-specifically initiated the YNEASA circuits, which caused
background signal. Specifically, hairpin H2 of incorrect folding in Fig.
S-5 exposed the enzyme recognition sequences (domain 4 and 6*) that
might potentially hybridize with H1 to initiate the CHA circuits as well
as with MB1 to trigger the YNEASA circuits. To address this issue, stem
length of H2 was optimized, as shown in Fig. S-4D. When the stem
length of H2 changes from 11 to 12 nt, the background signal sharply
decreases and signal-background ratio obviously increases from 3.4 to
5.4. As the stem length of H2 is longer than 12 nt, both the signal and
background decrease. As is known, CHA circuits are built based on the
principle of toehold-mediated strand reaction, where toehold length
determines rate constants. When stem length of H2 prolong, the toehold

length in H2 become shorter, causing the decreased efficiency of CHA
circuits. Finally, H2-12 with stem length of 12 nt was selected for the
following experiments.

3.4. Kinetic analysis of DNA biosensors

Time-dependent fluorescence analysis was performed in one-step to
investigate the reaction kinetics of the three DNA biosensors based on
CHA-DNEASA, the pure CHA, and CHA-YNEASA circuits. The corre-
sponding working principle is illustrated in Fig. 3A. In CHA-DNEASA
circuits, TB with enzyme recognition sequences replaced the MB1. In
pure CHA circuits, the nicking enzyme was not added. To keep the same
experimental conditions, the fluorescence intensity was measured for
1.5 h in response to 2 nM p53 gene activation. As shown in Fig. S-6,
both CHA-DNEASA and CHA-YNEASA circuits exhibit large accelera-
tion of fluorescence enhancement in presence of p53 gene than the pure
CHA circuits, which indicates that dual signal amplification strategies
improve reaction rate. Meanwhile, it is obvious that CHA-YNEASA
circuits result in a weaker fluorescence signal comparing with the CHA-
DNEASA circuits in absence of p53 gene, demonstrating that MB1 has a
stronger ability to control nonspecific background than TB. To verify
the speed-up and background control of CHA-YNEASA circuits, time-
dependent signal-to-background ratio was calculated by F/F0, as shown
in Fig. 3B. An optimal signal-background ratio of 7.9 in CHA-YNEASA
circuits was obtained at 23 min, where the signal-background ratio is 7
and 2 times higher than that of CHA-DNEASA and pure CHA circuits,
respectively, and the reaction time is only half of that for pure CHA
circuits. Hence, the CHA-YNEASA circuits significantly can shorten the
reaction time, and improve signal-to-background ratio as well as fa-
cilitate the analysis process. After 23 min, signal-background ratio of
CHA-YNEASA circuits decreased. The reason is that reaction rate of the
CHA-YNEASA circuits in presence and absence of p53 gene gradually
decreased and remained constant, respectively, as shown in Fig. S–6C.
Thus, the optimal reaction time of 23 min was selected for the following
experiments.

The superiorities of DNA biosensor based on CHA-YNEASA circuits
are further discussed below. Obviously, the dual signal amplification
strategies, such as CHA-DNEASA circuits and CHA-YNEASA circuits,
have better performance than single circuits of the pure CHA circuits
due to a cascade reaction and higher order signal amplification in the
former. Because of almost zero background in pure CHA circuits (Fig.
S–6B), the major background signal in the dual signal amplification
strategies could be from NEASA circuits. In CHA-DNEASA circuits and
CHA-YNEASA circuits, enzyme recognition sequences are blocked in
the stem of hairpin DNA. However, the single-stranded taqman probes
are so free that could invade the hairpins, causing incorrect initiation of
DNEASA circuits. Thus, CHA-DNEASA circuits exhibit a low signal-

Fig. 2. Feasibility of the DNA biosensor based on CHA-YNEASA circuits. (A) Fluorescence analysis: curve a, 75 nM H1+ 100 nM H2-12 + 200 nM MB1; curve b,
2 nM p53 gene + a; curve c, 7.5 U Nt.BbvCI + a; curve d, 2 nM p 53 gene + c. (B) PAGE analysis: lane 1, DNA ladders; lane 2, 75 nM H1 + 100 nM H2-12; lane 3,
25 nM p53 gene + lane 2; lane 4, 600 nM MB1+ lane 2; lane 5, 25 nM p53 gene + lane 4; lane 6, 5 U Nt.BbvCI + lane 4; lane 7, 25 nM p53 gene + lane 6; lane 8,
12.5 nM p53 gene + lane 6; lane 9, 6.25 nM p53 gene + lane 6.
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background ratio and aren't suitable to design biosensor. In CHA-
YNEASA circuits, the degree of freedom in hairpin MB1 is limited,
which avoids nonspecific hybridization between MB1 and hairpin DNA
(H1 or H2-12). Moreover, YNEASA circuits is efficiently initiated only
when enzyme recognition sequences are close to enzyme assisted se-
quence to form Y-junction DNA structure [27,29]. Thus, single hairpin
DNA (H1 or H2) barely causes YNEASA circuits. MB1-concatenated
dual signal amplification strategies improve reaction efficiency and
accelerate reaction speed in DNA biosensor.

3.5. DNA biosensor for p53 gene detection

To compare the abilities of DNA biosensors based on pure CHA
circuits or CHA-YNEASA circuits, their performance was evaluated. As
shown in Fig. 4A and C, a gradual increase in fluorescence spectra was
obtained corresponding to the increase of p53 gene concentration. In
CHA-YNEASA circuits (Fig. 4C), the net fluorescence intensity (F–F0) at
522 nm varies linearly over the p53 gene concentrations from 5 pM to
2 nM with a limit of detection (LOD) of 0.9 pM (3σ/S, where σ and S
present ratio of signal to background signal and the slope of linear
curve, respectively). The LOD of the CHA-YNEASA circuits was about
11-fold lower than that of the pure CHA circuits (Fig. 4B and D).
Moreover, compared with the other reported works for p53 gene de-
tection as listed in Table S2, our proposed DNA biosensor based on the
CHA-YNEASA circuits exhibits higher sensitivity and shorter reaction
time.

The specificity of the DNA biosensor was carried out. Five kinds of
mismatched DNAs were selected as control groups and the corre-
sponding sequences are listed in Table S1. As depicted in Fig. S-7, the
DNA biosensor was unresponsive to both of single-mismatched and
double-mismatched p53 genes. Therefore, our proposed DNA biosensor
has a strong capability to discriminate mismatched DNA sequences.

The practical application of the DNA biosensor was carried out in
human serum spiked p53 gene with various concentrations (West China
Hospital of Sichuan University ethical clearance letter number:
K2017039). As displayed in Table 1, the spiked recovery was obtained
within the range from 95% to 102% and the relative standard deviation
(RSD) in all groups was below 8.5%. The results demonstrate that our
prepared DNA biosensor offers a well anti-interference ability in com-
plex matrix.

3.6. Adaption of DNA biosensor for cytosensor design

Apart from genes at nucleic acid levels, our prepared DNA biosensor
based on CHA-YNEASA circuits is also adaptative for detection of
cancer cells at cell level. At early stage, rare cancer cells spread and
travel through the bloodstream [35]. Thus, cancer cell measurement
also provides another important way for cancer clinical diagnosis. To
construct a cytosensing, hairpin apt@Is was integrated into CHA-
YNEASA circuits using the modularity principle in Fig. 5, and the cor-
responding sequences were designed according to the process in Figure
S-1. Initiation of the CHA-YNEASA circuits was precisely adjusted by
control the conformation of hairpin apt@Is. Hairpin apt@Is contains a
initiation strand to trigger CHA-YNEASA circuits, and a MUC1 aptamer
that binds to MCF-7 cancer cells with high affinity and specificity due to
high expression level of MUC1 protein on its cell membrane [36]. Thus,
the CHA-YNEASA circuits occur on the surface of cell membrane. As we
known, rare hairpin DNAs can transport across cell membrane. The aim
of proposed biosensors is to achieve cancer diagnosis in vitro rather than
in vivo. Thus, cytotoxicity of CHA-YNEASA circuits was not explored
here. As a proof-to-concept, CHA-YNEASA circuits triggered by initia-
tion strand (Is) were tested by PAGE imaging at first. Fig. S-8 shows the
similar results as those in Fig. 2B, which illustrates that CHA-YNEASA
circuits are effectively initiated by Is. Moreover, the fragments (cMB2)
were observed in lines 7–9, which was caused by the fact that one of
cMB2 folded into hairpin DNA structure and its stem were stained by
4 S Red Plus Nucleic Acid Stain. Thus, the DNA biosensor based on
CHA-YNEASA circuits is adaptative for detection of other nucleic acids.
Then, the feasibility of CHA-YNEASA circuits triggered by cancer cells
was verified. As shown in Fig. S-9, the fluorescence intensity was higher
in presence of MCF-7 cancer cells (curve b) than that in absence of MCF-
7 cancer cells (curve a). The results demonstrate that the binding be-
tween cancer cells and apt@Is change its conformation and expose Is to
trigger CHA circuits. When nicking enzyme was added, fluorescence
intensity was remarkably increased in curve d, indicating that both the
two circuits were triggered. Therefore, DNA biosensor is adaptative for
designing a cytosensor.

To obtain the optimal performance, four different stem lengths of
apt@Is listed in Table S1 were synthesized. As shown in Fig. S-10, the
free energy of secondary structures decrease and hairpin structure be-
come more stable as stem of apt@Is get longer. Fig. S-11 shows the
performance of cytosensing by using four kinds of apt@Is. When the
stem was extended, the structure of apt@Is was fixed thereby unable to

Fig. 3. Kinetic analysis of DNA biosensors. (A), Schematic diagram of DNA biosensors based on CHA-YNEASA circuits (a), pure CHA circuits (b) and CHA-DNEASA
circuits (c). (B), Time-dependent signal-to-background ratio based on CHA-DNEASA circuits (red dots), pure CHA circuits (black dots) and CHA-DNEASA circuits
(blue dots). F and F0 are fluorescence intensity at 522 nm in presence and absence of 2 nM p53 gene, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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bind with cancer cells, leading to weak fluorescence signal. However,
when the stem shortened, background signal was increased since the
decreased thermal stability of apt@Is could mistrigger the assembly of
CHA-YNEASA circuits. Therefore, apt@Is-3 was chose for the following
experiment.

The performance of the cytosensor was assessed by using MCF-7
cancer cells as a mode target. Fig. 6A displays the fluorescence spectra
of the designed cytosensor at different concentrations of MCF-7 cancer
cells. The fluorescence intensity clearly shows a gradual enhancement
with an increasing concentration of MCF-7 cancer cells. The net fluor-
escence intensity (F–F0) at 522 nm, calculated by subtracting the
fluorescence intensity in binding buffer (F0), was linearly proportional
to the MCF-7 cancer cell concentration over the range of
1 × 102–1 × 104 cells/mL with low limit of detection of 100 cells/mL,
as shown in Fig. 6B. Taking into account of reaction volumes of 130 μL,
detection amounts of cancer cells in reaction system are calculated as
13 cells, which are comparable to that of some reported cytosensors
[37–39].

Specificity is a vital parameter in performance evaluation of cyto-
sensor. The analytical signals of the MCF-7 cancer cells were compared
with the control groups, containing normal cells (HL-7702) and the
MUC1 negative cancer cells (SW620, Hep G2 and U–2OS), as shown in
Fig. 6C. In the absence of MUC1 on the cell membrane surface, the

Fig. 4. Performance evaluations of DNA biosensors for p53 gene detection. Fluorescence profile corresponding to p53 gene concentrations in DNA biosensor based on
CHA-YNEASA circuits (A) and pure CHA circuits (C). Relative fluorescence intensity in response to p53 gene at various concentrations and their calibration curves
(inset image) in DNA biosensor based on CHA-YNEASA circuits (B) and pure CHA circuits (D). Inset: P53 gene concentrations range from 1 nM to 0.005 nM (B) and
from 5 nM to 0.05 nM (D), respectively. The linear relationship in DNA biosensor based on CHA-YNEASA circuits and pure CHA circuits can be described as
F–F0 = 219.6 C + 9.5 (correlation coefficient, 0.993) and F–F0 = 20.2 C + 1.4 (correlation coefficient, 0.992), respectively, where F and F0 are fluorescence
intensity at 522 nm in presence and absence of 2 nM p53 gene respectively, C is p53 gene concentration.

Table 1
Real sample assays in human serum for p53 gene detection.

Samples p53 gene (nM) Assay results (nM) Recovery (%) RSD (%)

1 0.050 0.051 102% 8.36%
2 0.250 0.244 98% 3.60%
3 1.000 0.953 95% 3.40%

Fig. 5. Working principle of cytosensor based on CHA-YNEASA circuits.

Z. Luo, et al. Talanta 210 (2020) 120638

6



binding between the MUC1 negative cell and MUC1 aptamer is not
allowed. In the group of normal cells or the MUC1 negative cancer cells,
the structure-switch of hairpin apt@Is was on an off state and the CHA-
YNEASA circuits were prohibited. Strong signals were observed only for
the MUC1 positive cancer cells (MCF-7), which indicates that the cy-
tosensor exhibits an excellent specificity to efficiently distinguish the
MCF-7 breast cancer cells from the other cells. The potential application
of the cytosensor for MCF-7 cell detection in complex matrix was per-
formed by spiked experiments. MCF-7 at various concentrations was
spiked in 10% FBS and then was analyzed by the proposed protocol. As
shown in Fig. 6D, the fluorescence signal in 1 × CutSmart™ buffer is
similar to that in 10% FBS, confirming that the DNA biosensor-based
cytosensor shows a good anti-interference ability. Hence, the proposed
DNA biosensor has great potential to construct cytosensors for clinical
application of cancer cell detection.

4. Conclusion

A simple, rapid, sensitive DNA biosensor based on CHA-YNEASA
circuits was fabricated for the first time. The CHA-YNEASA circuits with
a simply system offered a strong ability to control background signal by
forming a Y-junction structure. Hence, DNA biosensor was able to
simply operate in just one-step process with a high signal-to-back-
ground ratio. Moreover, the DNA biosensor was successfully applied
into p53 gene detection with high sensitivity (a LOD of 0.9 pM),
showing the merits of short analysis time (23 min) and excellent
identification capability for base mismatch. In addition, the DNA

biosensor was adaptative for constructing a cytosensor through using
apt@Is as a switch. A high detection limit of 13 MCF-7 cancer cells in
reaction system was achieved. Noticeably, the cytosensor exhibits ex-
cellent specificity and good anti-interference. Thus, our proposed DNA
biosensor offers a powerful tool for clinical diagnosis of cancer at early
stage.
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Fig. 6. Performance evaluations of cytosensor based on CHA-YNEASA circuits. (A) Fluorescence profile corresponding to different concentrations of MCF-7 cancer
cells (from top to bottom: 4 × 104, 2 × 104, 1 × 104, 7.5 × 103, 5 × 103, 2 × 103, 1 × 103, 5 × 102, 1 × 102, 0 cells/mL). (B) Relative fluorescence intensity in
response to MCF-7 cancer cells at various concentrations (from 4 × 104 to 1 × 102 cells/mL) and their calibration curves (inset image: from 1 × 104 to
1 × 102 cells/mL). Linear regression equation: F–F0 = 0.023 Ccell+26.409, R2 = 0.98. Linear range was from 1 × 102 to 1 × 104 cells/mL. (C) Specificity of MCF-7
cancer cells against different kinds of cell lines at concentration of 2 × 104 cells/mL: (a) MCF-7, (b) SW620, (c) U–2OS, (d) HL-7702, (e) Hep G2, (f) blank solution
(without cell). Error bars represent standard deviation (n = 3). (D) Fluorescence assay results of MCF-7 cancer cell detection in 10% FBS (red) and in PBS buffer
(black) using cytosensor based on CHA-YNEASA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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