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Simultaneous detection of breast cancer
biomarkers HER2 and miRNA-21 based on
duplex-specific nuclease signal amplification†

Miao He,‡a Zhiqiang Hou,‡a Feifan Yin,a Wenting Cheng,a Yang Xiang *ab and
Zhongyun Wang*c

The detection of a single biomarker is prone to false negative or false positive results. Simultaneous

analysis of two biomarkers can greatly improve the accuracy of diagnosis. In this work, we designed a

new method for coinstantaneous detection of two breast cancer biomarkers miRNA-21 and HER2 using

the properties of duplex-specific nuclease (DSN). Cy5-labeled DNA1 and FAM-labeled DNA2 are used as

signal probes to distinguish the two signals. When the sample contains the targets HER2 and miRNA-21,

HER2 binds to the HER2 aptamer on the double-stranded DNA2, while miRNA-21 binds to the

complementary DNA1. Then, DSN enzyme is added to cut the DNA probes adsorbed on the HER2

aptamer and miRNA-21, releasing the fluorescent groups, which can be readsorbed to the empty sites,

thus repeating the cutting of the probes and producing an exponential signal amplification with two

distinct fluorescent signals. The detection limits of miRNA-21 and HER2 are 1.12 pM and 0.36 ng mL�1,

respectively, with linear ranges of 5 pM to 50 pM and 1 ng mL�1 to 15 ng mL�1. The method was

validated in real biological samples, providing a new approach for synchronous analysis of important

markers in breast cancer.

1. Introduction

Breast cancer is one of the most common malignancies and the
second leading cause of cancer death in women.1 The human
epidermal growth factor receptor family consists of four struc-
turally related members:2 HER1 (ErbB1, also known as (EGFR)),
HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4).3 In particular,
HER2 has been confirmed as one of the most common malig-
nant tumor markers in various tumors.4,5 It is overexpressed in
the tissues of breast cancer patients and it can stimulate the
abnormal growth of breast cancer cells.5 The analysis and
detection of HER2 expression in tumor tissues has been used
as an independent indicator of clinical diagnosis and treatment
of tumors. So, it has high diagnostic value, and has received
more and more attention at present.6 At present, sensing
research on HER2 is gradually developing.7 However, the

individual HER2 detection was not comprehensive enough to
cause false positive results.

miRNA-21 expression is associated with multiple cancers.
For example, miRNA-21, in hepatocellular carcinoma-derived
exosomes, promotes tumor progression by transforming hepa-
tocellular stellate cells into cancer-associated fibroblasts.8

miRNA-21 has also been used as a marker for lung cancer.9

The miRNA-21 expression has been reported to be significantly
higher in human breast cancer than in healthy individuals,10

and its expression is associated with tumor progression and
poor prognosis.11–13 In recent years, miRNA-21 research has
been used as a biomarker for early disease diagnosis,14–16

resulting in the development of a variety of biosensors for
miRNA-21 detection.14,17–19

In addition to the traditional methods, a lot of detecting
techniques,20–22 about miRNA or protein, are constantly being
studied. For example, miRNA was analyzed using laser-induced
graphene electrochemical microfluidic chips and series multiplexing
techniques, which provided new ideas for the expansion and devel-
opment of high-performance miRNA biosensors.23,24 However, miR-
NAs have low abundance, small size, sequence homology among
miRNA family members, and are highly degradable, which makes
their analysis still challenging.19,25,26 A special biomolecular immo-
bilized carrier, such as magnetic beads (MBs), which can be easily
separated with magnets in a short period of time, can be used so
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that the background signal is reduced.27–29 In addition, double
strand specific nuclease (DSN enzyme) assisted target cyclic
amplification has been used as an isothermal signal amplifica-
tion method for miRNA detection.30–32 DSN showed strong
specific cleavage activity for DNA in double-stranded nucleic
acid.30,33 For example, it does not cut RNA, but effectively cuts
strands of DNA in ref. 34 and 35. DSN enzymes, meanwhile,
are able to distinguish between non-perfectly paired double-
stranded and perfectly paired double-stranded DNA, which
makes DSN enzyme-based biosensing analysis ultra-selec-
tive.35–37 To sum up, the detection of two disease markers,
using magnetic beads and DSN enzymes, is an urgent need for
breast cancer.

In this part of the work, we used double-stranded specific
nucleases and magnetic beads to build a highly selective, multi-
fluorophore, multi-target simultaneous detection biosensor for
the detection of two different targets, namely miRNA-21 and
HER2. To be specific, we designed two kinds of DNA signal
probes, in which DNA1 was labeled by Cy5 and DNA2 was
labeled by FAM. The 30 segment of both signal probes was
modified by biotin, and biotin could covalently bind with
avidin on magnetic beads to form functional magnetic beads.
When HER2 and miRNA-21 are present, they are analyzed
separately and simultaneously, producing two highly different
fluorescence signals. Double-stranded specific nucleic acids
selectively hydrolyze the hybridized DNA regions in double-
stranded DNA and DNA-RNA, which can realize the recycling of
miRNA, so that the signal output is efficient and fast. This
method can be used for single detection of HER2 or miRNA-21,
and there is no cross-reaction between the two signal probes
during detection. This method also shows good selectivity for
base mismatch, and has high stability and specificity for the
detection of HER2 and miRNA-21 in serum samples. This
double-target detection method is expected to provide a refer-
ence for breast cancer research.

2. Experimental
2.1. Materials and reagents

All oligonucleotides were fabricated and purified by Sangon
Biotech Co., Ltd (Shanghai, China). Detailed sequences are
listed in Table S1 (ESI†). Streptavidin-modified magnetic beads
(2.8 mm, 10 mg mL�1), penicillin, and streptomycin were
supplied by Beaver biomedical engineering Co., Ltd (Suzhou,
China). DSN enzyme, 10� DSN Reaction Buffer, and 2� DSN
Stop Buffer were purchased from Costan Biotechnology Co., Ltd
(Wuhan, China). Ethylene diamine tetra acetic acid (EDTA)
was supplied by Beaver biomedical engineering Co., Ltd (Suz-
hou, China). The HER2 protein was bought in the Absin
(Shanghai, China) bico. The HSA protein was purchased from
Huamei Biological Engineering Co., LTD (Wuhan, China).
The insulin was purchased from Mairel Biochemical Tech-
nology Co., Ltd (Shanghai, China). The serum samples were
provided by the First Affiliated Hospital of Nanjing
Medical University and approved by the Ethics Committee.

The phosphate-buffered saline (PBS) buffer was purchased
from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Tris-HCl buffer (PH 7.5) was obtained from Sangon
Biotech Co., Ltd (Shanghai, China). 6� GelstainRed Prestain
was obtained from UE Biotechnology Co., Ltd (Suzhou, China).

2.2. Instrumentation

All solutions were obtained using ultrapure water (418.25 mO cm�1)
that was prepared by a Millipore Milli-Q water purification
system. The GenoSens1880 gel imaging analysis system for
imaging was from Qinxiang Scientific Instrument Co., Ltd
(Shanghai). The B-20r bench centrifuge was from NACHT
company (Germany). Thermostatic mixing apparatus was from
YouNing instrument Co., Ltd (Hangzhou). FA1204B electronic
balance instrument was from Co., Ltd (Shanghai). An FE20
laboratory pH meter (Shanghai mettler Toledo instrument
Apparatus Co., Ltd) was used. Electrophoresis tank: a VE-180
miniature vertical electrophoresis tank from Tanon life science
Co., Ltd (Shanghai). All fluorescence emission spectra were
measured with the infinite M200 PRO Multimode Reader
(TECAN, Switzerland).

2.3. Assembly of functional magnetic beads for dual signal
probe coupling

Probe DNA-modified Fe3O4 magnetic beads (probe-MBs) were
prepared. First, a bottle containing 2.8 mm streptavidin mag-
netic beads was placed on a vortex oscillator for 20 seconds and
oscillated to re-suspend the beads. Then, a pipette was used to
remove 100 mL magnetic beads into a new centrifuge tube. The
centrifuge tube was placed on a magnetic separation rack and
allowed to stand for more than 1 minute (this operation is
referred to as magnetic separation later), and then a pipette was
used to absorb the supernatant and the centrifuge tube was
removed from the magnetic separator. 1 mL PBS buffer was
added into the centrifuge tube, and then the centrifuge tube
was covered and fully oscillated to resuspend the magnetic
beads. Magnetic separation was performed, and the super-
natant was removed. The above steps were repeated once. Then
1 mM DNA1 and 250 mL DNA2 solutions diluted with PBS buffer
were added before fully oscillating the resuspended magnetic
beads. The centrifuge tube was placed on a constant tempera-
ture mixer and rotated at room temperature for 30 minutes.
Magnetic separation was then performed and the supernatant
was transferred to a new centrifuge tube. The magnetic beads
were washed three times with PBS buffer. According to the
requirements of the follow-up experiment, 200 mL PBS solution
was added to re-suspend the magnetic beads.

2.4. Gel electrophoresis

The 12% polyacrylamide electrophoresis gel was made using
1� TrisBorate-EDTA (TBE) buffer. An 8 mL sample was diluted
by 1.5 mL 6� GelstainRed Prestain, and then used for gel
electrophoresis. Then the gel was run at 100 V for 60 min.
Then, imaging was performed by a ChemiDoc touch imaging
system.
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2.5 Detection of HER2 and miRNA-21

25 mL of the above magnetic bead solution was taken, 25 mL HER2
aptamer solution was added (1.5 mM), and the solution was mixed
on a rotary mixer at room temperature for 45 min, so that the HER2
aptamer and DNA2 can be fully combined, and then it was washed
with DEPC water three times to remove the uncombined HER2
aptamer. Then 50 mL DEPC water gravity suspended magnetic beads
was added. Then, 5 mL magnetic bead solution was added to the
centrifuge tube, along with 5 mL 10� DSN Reaction Buffer, 0.3 U
DSN enzyme, 2.5 mL HER2 and miRNA-21 solutions with different
concentrations, and then the reaction solution was supplemented to
50 mL. The centrifuge tube was placed on a constant temperature
mixer and reacted at 55 1C for 120 min. After the reaction, the
centrifuge tube was placed on the magnetic separation rack, and the
supernatant was transferred to a 96-well plate after magnetic
separation. The fluorescence value of FAM was measured by an
infinite 200 pro. The excitation wavelength of FAM was 485 nm and

the emission wavelength was 525 nm, while the excitation wave-
length of Cy5 was 625 nm and the emission wavelength was 675 nm.

2.6 Detection of HER2 and miRNA-21 in serum samples

A certain amount of HER2 and miRNA-21 was added to human
serum samples and simultaneous detection was performed.
HER2, in the serum of healthy people, had different concentra-
tions (1, 2, 5, 10 ng mL�1), and miRNA-21 also had different
concentrations (1, 5, 10, 20 pM). Finally, the recoveries of HER2
and miRNA-21 in human serum samples were then measured.

3. Results and discussion
3.1. Preparation of the MNP-DNA probe and the detection
principle

In this experiment, magnetic beads were used as a DNA probe
carrier and DSN enzyme was used as a signal amplification

Fig. 1 Schematic diagram of simultaneous analysis of breast cancer biomarkers HER2 and miRNA-21 based on DSN. (A) Preparation of functionalized
magnetic beads. (B) Test results produced by different addition methods of HER2 and miRNA-21. (C) Centrifuge tube sample test procedure.
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tool (Fig. 1). Two kinds of fluorophores with high signal
differentiation were selected to detect the two kinds of targets,
respectively. DSN can selectively cleave DNA in double-stranded
DNA and DNA–RNA hybridization strands, and DSN has the
ability to distinguish between completely complementary and
incomplete complementary (at most one mismatched) hybrid
double-stranded DNA, and DSN has almost no activity against
single-stranded nucleic acid molecules and double-stranded
RNA. Two kinds of fluorescence signal probes were designed,
namely DNA1-Cy5 and DNA2-FAM (Fig. 1A). The 3 ’terminal of
DNA1-Cy5 was labeled by Cy5, and a segment of DNA1 sequence
was complementary to miRN-21, and a segment of DNA2-FAM
was complementary to HER2 aptamer by FAM. Biotin was
linked to the 50 end of both signal probes, which are covalently
bound to streptavidin on magnetic beads. DNA1-Cy5 and
DNA2-FAM were mixed with streptavidin modified magnetic
beads to form functional magnetic beads with two kinds of
signal probes (Fig. 1A). When miRNA-21 and HER2 are present
together, HER2 binds to the complementary HER2 Aptamer of
DNA2-FAM, and miRNA-21 complements DNA1-Cy5. Adding
DSN, DSN cleaved DNA probes in RNA–DNA hybridization
and double-stranded DNA, releases fluorophores, and the free
sites can re-adsorb the probes, thereby cyclically cutting the
probes and generating exponential amplification of fluores-
cence signals (Fig. 1B). When only one of miRNA-21 or HER2
is present, correspondingly, the fluorescence signal of Cy5 in
the supernatant was higher, or the fluorescence signal of FAM
was relatively lower, after magnetic separation (Fig. 1B). The
overall testing process is shown in Fig. 1C. The methods of

miRNA-21 and HER2 were respectively in the two kinds of
fluorescence signal as the output signal, so the signal has a
high degree of differentiation, so as to improve the accuracy of
detection.

3.2. Synthesis of functionalized magnetic beads and
verification of DSN enzyme-specific digestion

In order to verify whether fluorescent FAM and Cy5 were
successfully modified by magnetic beads in the fluorescent
biosensor, Yb was measured before the fluorescence of the
fluorescent-modified solution was added to the magnetic
beads. Then, the fluorescence of the solution after magnetic
separation was measured to obtain Ya(Da = Yb–Ya). The fluores-
cence of FAM and Cy5 decreased correspondingly (Fig. S1,
ESI†). It was proved that FAM and Cy5 were modified onto
magnetic beads by streptavidin and biotin. After that, we
verified the hydrolyzing activity of the DSN enzyme by gel
electrophoresis (Fig. 2A and B). In lane 1, miRNA-21, could
not only form a single chain but also formed a stem ring
structure at room temperature, which had two bands
(Fig. 2A). miRNA-21 bound to DNA1-Cy5 without the addition
of DSN enzyme in the third lane and would not be destroyed.
After the addition of miRNA21 in the fourth lane, DSN could digest
DNA in the DNA–RNA double strand and produced a tail (Fig. 2A).
Similarly, the HER2 aptamer-DNA2-FAM double-stranded binding
in the third lane could be digested by DSN in the fourth lane
(Fig. 2B). These results confirmed that DSN enzyme could digest
DNA strands in the miRNA-21-DNA1-Cy5 double-stranded and

Fig. 2 Feasibility of this method for HER2 and miRNA-21 detection. (A) DNA1 could be combined with miRNA-21 and degraded by DSN. (B) DNA2 could
be combined with HER2-aptamer and degraded by DSN. (C) There were 5 ng mL�1 HER2 and 100 pM miRNA-21, of the fluorescence spectra, when there
was no target. (D) The fluorescence spectra of one target.
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HER2 aptamer-DNA2-FAM double-stranded structures. The
successful synthesis of functional magnetic beads was proved.

3.3. Experimental feasibility study

In order to explore the feasibility of this fluorescence biosensor
in the detection of HER2 and miRNA-21, we performed a
systematic fluorescence spectroscopic analysis (Fig. 2C and
D). In the absence of HER2 and miRNA-21, the fluorescence
signal performance of the sensor is relatively flat, and it is
almost impossible to observe a significant fluorescence signal
response (Fig. 2C). However, once we added HER2 (5 ng mL�1)
and miRNA-21 (100 pM) to the reaction system, the fluores-
cence signal showed a significant change (Fig. 2C). Specifically,
we observed a significant reduction of the fluorescence signal
at 525 nm and a significant enhancement of the fluorescence
signal at 667 nm, where 525 nm and 667 nm correspond to the
excitation wavelengths of the fluorescence markers FAM and
Cy5, respectively. The results showed that the DSN enzyme
specifically cleaved double-stranded DNA or double-stranded
DNA/RNA, thus producing fluorescence signals with different
effects.

In addition, to initially assess the specificity of the sensor, we
further investigated whether HER2 and miRNA-21 would have
cross-interference issues (Fig. 2D). When only HER2 was present,
the fluorescence signal decreases significantly at 525 nm, while the
signal at 667 nm remains stable. In contrast, when only miRNA-21
was present in the reaction system, the fluorescence signal was
significantly enhanced at 667 nm, while the signal at 525 nm was
almost unchanged. This phenomenon was a good demonstration
of the sensor’s anti-interference ability in detecting HER2 and
miRNA-21 respectively, thus verifying its potential as a viable
biosensing detection strategy.

3.4. Optimization of the experimental conditions

In order to obtain the best analysis performance and economic
benefit, several key parameters were optimized, including DSN
enzyme concentration, biotinylated DNA concentration when
preparing functional magnetic beads, HER2 aptamer concen-
tration, mixing time, reaction temperature, and optimization of
the reaction time (Fig. 3). First, the concentration of biotiny-
lated DNA added, during the preparation of functional mag-
netic beads, was optimized, and its concentration was the sum
of the concentration of DNA1 and DNA2 in the same volume
(Fig. 3A). The results showed that the concentration of biotiny-
lated DNA had a direct influence on the change of fluorescence
intensity of FAM and Cy5, where DF = F � F0, F and F0 were
fluorescence intensity in the presence and absence of target,
respectively. When the concentration of biotinylated DNA
added in the preparation of functional magnetic beads reached
2 mM, both 0FAM and hCy5 reached a plateau, indicating that the
DNA loaded on the magnetic beads tended to be saturated at
the concentration of 2 mM and could not continue to load more
DNA. Therefore, the concentration of 2 mM of biotinylated DNA
was both the most economical concentration and the optimal
concentration for the reaction. Then we optimized the concen-
tration of added HER2 aptamer (Fig. 3B). There was a limit to
the amount of DNA that magnetic beads could carry. Therefore,
the DNA that can complement the HER2 aptamer is limited.
When the amount of added HER2 aptamer increases, erCy5

maintained a relatively stable state. While laFAM gradually
increased, reaching the highest at 1.5 mM, the added HER2
aptamer concentration was the optimal concentration. We also
optimized the mixing time after adding HER2 aptamer
(Fig. 3C). With the increase of the mixing time, 3FAM gradually
increased, and DCy5 always maintained a stable level. When the
time reached about 45 min, FFAM reached a plateau, so 45 min

Fig. 3 Optimization of the experiment for the proposed sensor. (A) Biotin-DNA concentration. (B) HER2 aptamer concentration. (C) Mixing time after
adding the HER2 aptamer. (D) DSN concentration. (E) Reaction time. (F) Reaction time. The data error bars indicate mean � SD (n = 3).

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 9

:0
5:

28
 A

M
. 

View Article Online

https://doi.org/10.1039/d4tb01845a


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 9930–9937 |  9935

was the best time for mixing. The above two-step optimization
also indirectly indicates that there was almost no cross inter-
ference between HER2 and miRNA-21.

Subsequently, we optimized the concentration of DSN
enzyme (Fig. 3D). The results showed that with the increase
of DSN enzyme concentration, orCy5 showed an upward trend
and reached a plateau at about 0.3 U, while nFAM showed a
trend of first increasing and then decreasing, reaching the peak
at 0.3 U, which would be related to the increase of background
signal. Therefore, we took 0.3 U as the optimal concentration of
DSN. Then we optimized the reaction time (Fig. 3E). With the
increase of reaction time, 3FAM and thCy5 both showed an
upward trend and reached the plateau at 120 min, indicating
that the optimal reaction time was 120 min. Finally, we
optimized the reaction temperature (Fig. 3F). When the tem-
perature gradually rised, DF would reach its peak at 55 1C, and
then gradually decreased, indicating that DSN was more sensi-
tive to temperature. Thus, 55 1C was the most suitable reaction
temperature.

In brief, the overall optimization results were as follows:
when the concentration of biotinylated DNA reached 2 mM, the
concentration of HER2-aptamer was 1.5 mM, the mixing time
was 45 min, the concentration of DSN was 0.3 U, the reaction
time was 120 min, and the reaction temperature was 55 1C, and
the detection effect was the most effective.

3.5. Sensitivity analysis of HER2 and miRNA-21 separately

Under the above optimized conditions, we carried out separate
quantitative determination of HER2 and miRNA-21, in order to
detect the detection effect of the biosensors on HER2 and
miRNA-21 respectively. The first was a separate test of HER2
(Fig. S2, ESI†). The fluorescence at 525 nm was observed with
HER2 concentration from 0 nM to 5 nM. The fluorescence
intensity decreased, while the fluorescence intensity at 667 nm
remained constant. The linear range was from 1 ng mL�1 to
15 ng mL�1, the detection limit (LOD) was 0.34 ng mL�1, and
the linear fitting equation was F =�68.1CHER2 + 1825.5, where F
is the fluorescence intensity at 525 nm, R2 = 0.9870 (Fig. S2B,
ESI†).

Next, we conducted a separate detection of miRNA-21
(Fig. S3, ESI†). With the concentration of miRNA-21 from
0 nM to 5 nM, the fluorescence intensity at 667 nm increased,
while the fluorescence intensity at 525 nm remained
unchanged. The linear relationship, between fluorescence
intensity and miRNA-21 concentration, was shown (Fig. S3B,
ESI†). The linear range was from 5 pM to 50 pM, the detection
limit (LOD) was 1.59 pM, and the linear fitting equation was
F = 16070.2CmiRNA-21 + 350.1, where F is the fluorescence
intensity at 667 nm. R2 = 0.9924.

3.6. Simultaneous sensitivity analysis of HER2 and miRNA-21

The results of simultaneous quantitative analysis of HER2 and
miRNA-21 are shown (Fig. 4). When the concentration of HER2
and miRNA-21 increased, the fluorescence intensity at 525 nm
gradually decreased, while that at 667 nm gradually increased.
The linear fitting equations for measuring HER2 and miRNA-21
were FA = �65.9 CHER2 + 1798.9 (R2 = 0.9949) and FB = 16836.4
CmiRNA-21 + 335.1 (R2 = 0.9894), respectively. With linear ranges
from 1 ng mL�1 to 15 ng mL�1 and from 5 pM to 50 pM,
the detection limits (LOD), for HER2 and miRNA-21, were
0.36 ng mL�1 and 1.12 pM, respectively. It could be seen that
the linear range was consistent with that of HER2 and miRNA-
21 alone, and the detection limits were almost consistent. This
further showed that there is almost no cross interference in the
simultaneous detection of HER2 and miRNA-21. At the same
time, HER2 and miRNA could not only be detected sepa-
rately, but also could be detected simultaneously, which
would make the biosensor have more use scenarios and higher
application value.

3.7. Selectivity of the detection system

Assessing selectivity is crucial for evaluating the practicality of
the constructed sensing platform. We conducted selectivity
experiments on the biosensor with different nucleic acids and
proteins (Fig. 5). miRNA-21 with one, two, and three base
mismatches, as well as miRNA-122 and miRNA-96, were used
respectively, and their concentrations were all 50 pM (Fig. 5A).
It could be seen that only miRNA-21 at 50 pM can achieve the

Fig. 4 Fluorescence spectra of HER2 and miRNA-21 at different concentrations were obtained at the same time. (A) Fluorescence spectra responses
upon the addition of different concentrations of HER2 (0–25 ng mL�1) and miRNA-21 (0–5 nM). (B) Linear relationship between fluorescence intensity
and HER2 concentration. (C) Linear relationship between fluorescence intensity and miRNA-21 concentration. The data error bars indicate
mean � SD (n = 3).
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highest fluorescence signal. When miRNA-21 had one base
mismatch, the fluorescence signal decreased significantly,
while when mirNA-21 had two or three mismatches, the
fluorescence signal was basically the same as that of the blank
group, and the fluorescence signal was similar to that of the
blank group when different miRNAs were used. The experi-
mental results of different proteins, including insulin and
human serum albumin (HSA) as controls, were detected, and
the concentration of all proteins was 20 ng mL�1 (Fig. 5B). It
could be seen that the fluorescence signal would decrease only
when HER2 was present. However, the same concentration of
insulin and human serum albumin hardly interfered with the
fluorescence signal, which also proved the selectivity of the
HER2 aptamer to HER2. In summary, the biosensor had good
specificity for the detection targets.

3.8. Recovery experiment

After the verification of its theoretical detection performance, it
is necessary to know the recovery rate of this detection strategy
in actual serum. We added a certain amount of HER2 and
miRNA-21 to human serum samples and conducted simulta-
neous detection (Table S2, ESI†). The experimental results
showed that the recovery rates of HER2 and miRNA-21 in
human serum samples ranged from 97.4% to 111.0%, which
proved the reliability and potential of this method in the
detection of HER2 and miRNA-21 in human serum samples.

4. Conclusions

A new method for the simultaneous detection of the dual breast
cancer targets HER2 and miRNA-21 was established. This
method was realized through the interaction of HER2 protein
with HER2 aptamer, complementary pairing of nucleic acid
bases, and DSN enzyme specific cleavage activity. Based on the
ability of DSN to selectively cleave DNA in double-stranded DNA
and DNA–RNA hybridization strands, and the ability of DSN to

distinguish between fully complementary and not fully com-
plementary, DSN has little activity against single stranded
nucleic acid and double-stranded RNA. In this method, Cy5
labeled DNA1 and FAM labeled DNA2 were used as signal
probes to distinguish two kinds of fluorescence signals. When
the target HER2 and miRNA-21 were present in the sample,
HER2 bound the HER2 aptamer in the HER2 aptamer-DNA2
double strand, and miRNA-21 compliantly bound DNA1. DSN
was added to cleave DNA probes adsorbed on HER2 aptamer
and miRNA-21, and the fluorophores were released. The free
sites could readsorb the probes, so as to cut the probe cyclically,
and generate exponential signal amplification with two distinct
fluorescence signals. The detection limits of miRNA-21 and
HER2 were as low as 1.12 pM and 0.36 ng mL�1, respectively,
and the linear ranges were 5 pM to 50 pM and 1 ng mL�1 to
15 ng mL�1. The practical application capability of the method
was verified in the environment of complex biological samples.
It provided a novel strategy for simultaneous analysis of impor-
tant markers of breast cancer.

Data availability

Data will be made available on request.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (Grant No. 82371283, 81672570) and the State
Key Laboratory of Natural and Biomimetic Drugs (Grant No.
K202009).

Fig. 5 Selectivity of the assay showed a significant fluorescence, compared to other miRNA and proteins. (A) Specificity of different nucleic acids. (B)
Specificity of different proteins. The data error bars indicate mean � SD (n = 3).
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