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Rapid detection of staphylococcal enterotoxin B in
milk samples based on fluorescence hybridization

chain reaction amplification

Yanyang Xu, *2 Bingyang Huo,® Xuan Sun,? Baoan Ning,© Yuan Peng,€ Jialei Bai®
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A rapid, simple, and sensitive method has been developed to detect staphylococcal enterotoxin B (SEB). To
establish the hybridization chain reaction-based aptasensor, we described the new probes of two hairpins
(H1 and H2), which were first designed based on the partial complementary sequence of the SEB aptamer
(cDNA). The H1 labeled with a fluorophore and a quencher can act as a molecular fluorescence “switch”.

Hence, in the presence of SEB, the aptamer binds SEB, while the unbound cDNA triggers HCR to carry
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out the cyclic hybridization of H1 and H2 so as to turn "ON" the fluorescence through forming long

nicked DNA. By using this new strategy, SEB can be sensitively detected within the range of 3.13 ng mL™*

DOI: 10.1039/c8ra01599f

rsc.li/rsc-advances

1. Introduction

Food borne diseases have always been a major threat to human
health and are considered as a widespread public health
concern worldwide. Contamination of foods is mainly caused by
bacteria, toxins, and chemical agents, leading to nausea, vom-
iting, and abdominal cramping.* As the second most common
cause of food poisoning,> Staphylococcus aureus produces
various enterotoxins (SEs) throughout the transition from the
exponential to the stationary phase.®* Among these SEs, staph-
ylococcal enterotoxin B (SEB) is a heat-stable and enzymatic
hydrolysis resistance toxin that can incapacitate people for up to
two weeks with as low as 0.4 ng kg~ '.* Additionally, SEB is also
considered to be a bioterrorism threat agent both in the UK and
in the US.* Thus, the simple and rapid detection of SEB has
received significant interest.

At present, numerous immunoassay methods including
ELISA,® electrochemical,”® chemiluminescence,”'® immuno-
polymerase chain reaction (PCR),** POCT,"* piezoelectric
crystal immunosensor,” magnetoelastic immunosensor,*
lateral flow assay,'® and LC-LC/MS' have been established to
detect SEB. The methods described above manifest low sensi-
tivity and high specificity based on the antigen-antibody
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to 100 ng mL™! with a detection limit of 0.33 ng mL™ (S/N = 3). Furthermore, the developed method
could facilitate the detection of SEB effectively in milk samples.

interactions. However, these methods are difficult to promote
because of their multiple assay steps and additional exogenous
reagents.

Aptamers from specific oligonucleotide sequences, have
emerged as a novel molecular recognition element. These
sequences are obtained by an exponential enrichment process
(SELEX)" and have the ability to recognize the targeted mole-
cules. High purity, low-cost preparation, and easy modification
with functional groups,'® render aptamers as potential candi-
dates for replacing antibodies. One of the most comprehensive
“aptamer-target” detection strategies is called “structure-
switching signaling”.* Among these detection methods, the
sensitivity of the traditional aptasensor fluorescence method is
largely influenced by the affinity of aptamers.

For solving this problem and further improving the detec-
tion sensitivity, a series of enzyme-free nucleic acid amplifica-
tion techniques have been gradually developed and received
considerable attention. Compared with enzyme amplification
techniques, including polymerase chain reaction,* ligase chain
reaction,” loop-mediated isothermal amplification,>**
helicase-dependent amplification,** and rolling circle amplifi-
cation,” hybridization chain reaction (HCR)*® provides an
isothermal, simple signaling amplification method among the
enzyme-free approaches. Based on toehold-mediated strand
displacement and introducing of an initiator single-stranded
DNA,” HCR can be achieved by two kinetically trapped
nucleic acid hairpin molecules, which can form DNA nano-
structures with long repeating units.

To date, this signal amplification has been applied in various
biosensor platforms, including color,** fluorescence,”***
chemiluminescence,®®? and electrochemical.****° Mostly

This journal is © The Royal Society of Chemistry 2018
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Table 1 DNA sequence used in this assay
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Assay Oligonucleotides Sequence (5'-3)¢
HCR SEB aptamer GGTATTGAGGGTCGCATCCACTGGTCGTTGTTGTCTGTTGTCTGTTA-
TGTTGTTTCGTGATGGCTCTAACTCTCCTCT
cDNA (H0) GACAACAACGACCAGCTTATCCCA
H1 AACGACCAGCTTATCCCACCTTAATGGGATAAGCTGGTCGTIGTTGTC
H2 TTAAGGTGGGATAAGCTGGTCGTTGACAACAACGACCAGCTTATCCCA

Traditional method SEB aptamer1

cDNA1

GGTATTGAGGGTCGCATCCACTGGTCGTTGTTGTCTGTTGTCTGTTAT-
GTTGTTTCGTGATGGCTCTAACTCTCCTCT
GACAACAACGACCAGCTTATCCCA

% The sequence of SEB aptamer was reported by Jeffrey A DeGrasse.*' H1 was marked with 6-FAM on the 5’ side and BHQ-1 in the underlined ‘T’
base. SEB aptamer1 was labeled with 6-FAM in the underlined ‘T’ base and ¢cDNA1 was labeled with BHQ-1 on the 3’ side.

traditional HCR-based aptasensor need to wash unbound
probes and long incubation period. For example, Song et al.*
developed a HCR-based aptasensor, where hairpins controllable
assembly only the conformation of PDGF-BB aptamer. Then, the
fluorescent signal appeared by using SA-QDs. However, it needs
repeated washing steps and a relatively long time to accomplish
the experiment.

To solve this problem, a simple, enzyme-free, and ingenious
detection of SEB aptasensor platform is proposed. With the
introduction of HCR amplification as a new strategy for
aptamer-based molecular switching, this method offers the
advantage of the design of an intelligent hairpin “switch” based
on the fluorescent resonance energy transfer (FRET). This signal
“switch” mainly depends on the excellent signal transduction of
molecular beacons (MBs). In our design, the 6-FAM and BHQ-1
are linked covalently at the end of H1's arm. The stem of H1
leads to the close proximity of the fluorescence and quencher
which result in the lowest fluorescence intensity. This compet-
itive aptasensor for sensitive detecting SEB is constructed
combing with HCR amplification. In the presence of SEB, the

SEB Aptamer SEB

cDNA

Scheme 1 Competitive HCR-based aptasensor for SEB detection.

This journal is © The Royal Society of Chemistry 2018

SEB-aptamer complex is formed, and the unbound cDNA
(denoted as initiator) triggers two designed hairpin DNA probes
(H1 and H2) successive hybridization chain reaction. The H1
unfolds the stem of hairpin structure and separates the fluo-
rophore (6-FAM) and the quencher (BHQ-1), thus performing
the FRET for signal transduction and allowing the fluorophore
of 6-FAM to fluoresce. The introduction of this HCR amplifica-
tion technique is expected to provide a rapid, low-cost, and
sensitive aptasensor fluorescence strategy.

2. Materials and methods
2.1 Materials

Staphylococcal enterotoxin B (SEB, 1 mg mL "), staphylococcal
enterotoxin A (SEA, 1 mg mL "), bovine serum albumin (BSA),
ovalbumin (OVA), ricin toxin (RT, 1 mg mL™"), the liquid milk
used for the analysis was purchased from a local store. The
hybridization buffer containing 20 mM of Tris-HCI, 400 mM of
NaCl, and 18.2 MQ cm~ " NANOpure water (Millipore purified)
was used in all experiments. A 50 bp DNA ladder, a 200 bp
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Fig. 1 (A) Agarose gel (2%) analysis of different concentrations of HO
on HCR amplification. Lanes 1 and 10: two kinds of DNA markers.
Lanes 2 and 3: 1 uM H1 and H2, separately; lane 4-9: six different
concentrations of HO (3.33, 1.67, 0.84, 0.42, 0.21, and 0.00 uM) ina 3.3
puM mixture of H1 and H2. (B) HCR kinetics verification through fluo-
rescence intensity.

ladder, and a D2000 marker were purchased from Takara
(Dalian, China), while agarose (G-10, BIOWEST) and Genegreen
were purchased from Tiangen Co., Ltd. (Beijing, China). All
DNA sequences were synthesized and subjected to HPLC puri-
fication by Sangon Co., Ltd. The sequences of the synthetic DNA
are shown in Table 1.

2.2 Instruments

Fluorescence intensity was measured with F97pro device
(Lengguang Tech.). FAM was excited at 488 nm within the
recorded range from 510 nm to 600 nm. All excitation and
emission slits were set to 10 nm. The following apparatus were
used. FE28-Standard pH meter (Mettler Toledo), IKA rotating
shaker (MS3), Digital Heating Shaking Drybath (TMS-200,
Hangzhou, China), and ImageQuant350 Gel imaging system
(GE Healthcare).

2.3 Gel electrophoresis

Hairpin 1 (H1) and hairpin 2 (H2) samples were heated to 95 °C
for 10 min and gradient cooled within 2 h to 25 °C by using
a PCR instrument. Different concentrations of initiator DNA
reacted with 3.3 uM of H1 and H2 in the hybridization buffer at
37 °C for 2 h. The 2% agarose gels was prepared with 1x TAE

16026 | RSC Adv., 2018, 8, 16024-16031
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Fig. 2 Agarose gel (2%) analysis of SEB aptamer HCR system. Lanes 1
and 7: two kinds of DNA markers; lane 2: addition of simple initiator
trigger HCR (HO + H1 + H2); lane 3: negative control HCR experiment
in the absence of SEB (SEB aptamer + HO + H1 + H2); lane 4: SEB
recognition through HCR amplification (SEB aptamer + HO + H1 + H2);
lane 5: non-specific amplification verification (SEB aptamer + H1 +
H2). Lane 6: mixture of H1 and H2.

buffer (40 mM Tris-acetate, 1 mM EDTA, and 20 mM acetic
acid). Also, the aptamer-HCR system was characterized through
agarose gel. Subsequently, the gel was run at 110 V for 120 min
and visualized under UV light through the ImageQuant system.

2.4 HCR-based aptasensor fluorescence measurement for
SEB detection

Before use, H1 and H2 should be heated to 95 °C for 10 min and
then gradient cooled within 2 h to 25 °C by using a PCR
instrument. Then, 20 puL of SEB aptamer (1 uM) was incubated
with different concentrations of SEB and incubated at 37 °C for
30 min. Next, 30 pL of partial complementary strand (1 uM) was
added to the mixture and reacted at 37 °C for 30 min. Subse-
quently, 20 pL of H1/H2 (2.5 uM) was added into the hybrid-
ization buffer to reach a final volume of 250 pL. The signal of
HCR amplification was detected after incubation at 37 °C for
45 min through a fluorescence spectrophotometer. Each
concentration was measured for five times using the F97pro
device.

2.5 Aptamer-based fluorescent assay for SEB detection

Before use, the SEB aptamer was heated to 95 °C for 5 min and
placed in an ice water bath for 10 min quickly. Then, 20 pL
volumes of SEB aptamer solution (1 uM) were mixed with 100 pL
of SEB standard solutions at different concentrations. Each
mixture was incubated at 37 °C for 30 min. Afterward, 20 pL of
¢DNA solution (1 pM) was added into the mixture to hybridize
with the remaining SEB aptamer. The final volume was added to
the buffer to make up 250 pL. Each concentration was measured
for five times using the F97pro device.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Optimizations of experiment conditions: (A) added volume of
H1/H2 (1:1). (B) The ratio of aptamer/HO. Error bars were calculated
from three measurement replicates.

2.6 SEB detection in milk sample

The performance of the SEB in the competitive HCR-based
aptasensor was assessed in milk, which is commonly impli-
cated in SEB foodborne illnesses. The samples were prepared
and spiked with known concentrations of SEB. Before testing,
the samples were centrifuged at 5000 rpm for 10 min, and the
substances were transferred into a fresh 1.5 mL tube after
removing the fat. Different concentrations of SEB were then
added to the prepared samples (100 pL) for 2 h at 25 °C. Stan-
dard addition and recovery experiments were performed on
each sample for five times.

3. Results and discussion

3.1 Design of principle HCR-based aptasensor fluorescent
sensing strategy

The principle of the SEB detection based competitive HCR
signal amplification strategy is shown in Scheme 1. The
proposed HCR-based aptasensor mainly composed of SEB
aptamer, partial complementary strand (cDNA), the 6-FAM and
BHQ-1 labeled hairpin 1, and hairpin 2. As described in the
Scheme 1, the cDNA was designed to be paired with SEB

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Optimizations of experiment conditions: (A) the pH of reaction
system. (B) Evaluation of time of the linear HCR. Error bars were
calculated from three measurement replicates.

aptamer partly. In the absence of SEB, the c¢cDNA would
hybridize with the aptamer closely through complementary
pairing. On the contrary, a certain concentration of SEB can be
determined by employing aptamer-SEB interaction. Once the
aptamer/target is formed, the region of essential nucleotides of
aptamer is occupied, and cDNA can not interact with aptamer
through hydrogen bonding. Then the cDNA (HO) acts as the
initiator for the signal amplification. The linear HCR system
contained two hairpin substrates (H1 and H2) and a single
strand DNA (HO). Two hairpin probes (H1 and H2) were
designed based on the toehold strand displacement with the aid
of NUPACK and the Mfold software. First, the additional 6 nt
(a*) sticky end of H1 and its adjacent stems (b*) are paired with
HO. Then, the loop of 6 nt (c) and the stem of 18 nt (b) of H1
would hybridize with H2 and displace the stem of H2. The
exposed strand of H2 is identical to that of HO in sequence.
Finally, the H1 and H2 would bind with each other continuously
and generate a long chain of HO-(H1-H2), double helix
complex. H1 is labeled with 6-FAM at the end of its 5’ arm,
which is opposite to the BHQ-1 quencher in the hairpin
conformation. The fluorophore and quencher adjacent to each
other can quench the fluorescence of the 6-FAM through reso-
nance energy transfer.*' In the absence of SEB, the SEB aptamer

RSC Adv., 2018, 8, 16024-16031 | 16027
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Fig. 5 (A) Fluorescence signal responses of the HCR-based apta-
sensor with different concentrations of SEB. (B) Calibration curves for
SEB detection using HCR signal amplification.

binds with cDNA which can not trigger the HCR, and the
molecular beacons (H1) are switched OFF. On the contrary,
because the affinity of SEB/aptamer is higher than that of
aptamer/cDNA. And the H1 is switched on (the fluorophore and
quencher are separated) and release fluorescence signal. Thus,
different concentrations of HO can trigger corresponding fluo-
rescence signal intensities, which could be used for the indirect
determination of SEB concentration.

3.2 Characterization of HCR system

Agarose gel (2%) was used to characterize and verify the HCR
amplification and aptamer HCR system. As shown in Fig. 1A,
lanes 2 to 3 show the base number of 1 uM H1 and H2,
respectively. In the absence of HO, there is only one clear (lane 9)
stripe, which was due to the absence of HCR, existed in the
channel. However, upon the addition of HO with different
concentrations, lanes 4 to 8 present a clear increasing average
molecular weight trend opposite the concentration of the HO.
Fig. 1B further validates the potential quantitative sensing.
Given that H1 is labeled with 6-FAM and BHQ-1 in the corre-
sponding position, the fluorescence is quenched because of
fluorescence resonance energy transfer (FRET). HO concentra-
tion exhibits a good linear relationship with fluorescence
intensity (R*> = 0.9813), with increasing HO concentration
translates to high fluorescence intensity. This linear HCR

16028 | RSC Adv., 2018, 8, 16024-16031
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against other analogues.

kinetics can be applied to signal amplification for the quanti-
tative detection of SEB in this experiment. Fig. 2 characterized
the SEB aptamer HCR system. Lane 2 shows the traditional HCR
amplification after adding HO. Lane 3 shows the aptamer HCR
system (SEB aptamer + HO + H1 + H2) without SEB, and only two
stripes appeared (one stripe shows the base number of SEB
aptamer, and the other represents the mixture of H1 and H2)
because no HCR happened. However, when adding SEB, an
increase at the base number stripes illustrate the HCR ampli-
fication can be triggered (lane 4). Also, lane 5 demonstrates the
SEB aptamer can not trigger the HCR amplification, which
indicates that this possesses good specificity.

3.3 Optimization of the experimental conditions

Several conditions were optimized in order to achieve the
sensitivity of competitive HCR-based aptasensor. The fluores-
cence values were normalized using the fluorescence value in
the group to the highest fluorescence value. Fig. 3A presents the
optimal addition volume of H1/H2 (1 : 1). It was found that the
relative fluorescence intensity increased with the increasing
volume of H1/H2 (1 : 1). A plateau was reached at the volume of

This journal is © The Royal Society of Chemistry 2018
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Table 2 Recoveries results for added SEB for different milk through the proposed method®

Found Added Detection
Sample (ng mL ™) (ng mL ™) (ng mL ™) Recovery ratio (%)
No. 1 Nd 10 9.62 96.15 £ 3.23
20 22.54 112.68 £ 2.94
80 70.86 88.58 £ 1.70
No. 2 15.61 10 26.32 107.09 £ 2.30
20 33.17 87.83 £+ 2.91
80 99.56 104.94 + 2.43

% Nd: not detected.

25 pL. When the added hairpins continued to increase, the high
concentration of H1/H2 led to the steric hindrance,** which
decreased the fluorescence intensity. However, considering the
cost requirements, 20 pL of H1/H2 was selected in this
experiment.

The results on the effect of the molar ratio of aptamer on HO
is shown in Fig. 3B. The figure clearly reveals that the relative
fluorescence intensity increases along with the increase of
molar ratio (aptamer/HO) from 2:1 to 1:2 because the
concentration of HO relatively improves. Thus, this outcome
triggers increased hybridization chain reaction and opening of
more hairpin stems. Meanwhile, when the molar ratio of
aptamer/HO increases to 1:1.5, the fluorescence intensity
stabilizes. Hence, the molar ratio of aptamer to HO was set to
1: 1.5. Fig. 4A shows that the maximal response occurred at pH
7, whereas lower and higher pH values decreased fluorescence
intensity. This result may be partly attributed to the structure
changes in the aptamer, resulting in its functional binding
sites.* Another explanation is that low pH leads to tensile
surface stress, whereas high pH decreases the steric
interaction.*

In addition, the time of HCR amplification was studied.
Intensity increased evidently in the first 30 min (Fig. 4B), and
this finding was consistent with those in previous studies.*>-
When the HCR is initiated, numerous HO units bind with the
H1 and displaces the original stem of H1. Consequently, the 6-
FAM and BHQ-1 labeled on the H1 were segregated and the
fluorescence intensity was recovered. Fluorescence intensity
was apparently saturated at the reaction time of 45 min. Thus,
45 min was selected for this HCR amplification.

3.4 Performance of the HCR-based sensor

3.4.1 Fluorescence signal response and calibration curves.
Calibration curves and sensitivity were investigated under the
above optimal conditions. Fig. 5A shows that the fluorescence
intensity increases with a series of increasing concentration of
SEB ranging from 3.13 ng mL ™' to 200 ng mL". In addition,
a sharp increase occurred when the concentration of SEB
increased from 100 ng mL ™" to 200 ng mL ™. This abnormal
trend is due to 200 ng mL~" of SEB fully binding with the SEB
aptamer, leading to the formation of the SEB/SEB aptamer
complex. Then, a small amount of free SEB aptamer can
hybridize with cDNA (H0), possibly resulting in the retention of
excessive cDNA (HO) in the detection system. Some of these DNA
(HO) hybridized with H1 only by strand displacement and did
not elicit subsequent HCR reactions. Hence, this process
produced increased fluorescence intensity.

Fig. 5B shows that a linear relation of HCR-based amplifi-
cation assay is constructed between the fluorescence intensity
and the logarithm concentration of SEB (3.13-100 ng mL ™).
The linear equation is y = 241.8876 log, x + 351.9958 (R*> =
0.9902), where y is the fluorescence intensity and x is the SEB
concentration. The detection limit is 0.33 ng mL™" (S/N = 3).
Fig. 6A shows the traditional aptamer-based method for detec-
tion of SEB, the linear equation is y = 142.453 log, x +
1732.1943 (R*> = 0.9860), where y is the fluorescence intensity
and x is the logarithm concentration of SEB (31.25-1000 ng
mL ). The detection limit is 6.94 ng mL " (S/N = 3). This result
indicates that the HCR-based aptasensor can achieve a 21-fold
higher sensitivity than traditional aptamer-based fluorescence

Table 3 Comparison of sensitivity, number of steps, and time of analysis for various SEB detection methods

LOD Time of analysis

No. Method (ng mL™) Number of steps (min) Ref.
1 ELISA 0.1 8 240 46
2 BIA-MS 1 5 — 47
3 Piezoelectric (PZ) 250 6 120 13
4 SPR 5 5 140 48
5 Magnetoelastic 0.5 9 300 49
6 Electroluminescence 3.9 6 240 50
7 Flow-based microarray 4 6 15 51
8 Hydrogel-based protein-microarray 1 4 >150 52
9 The proposed assay 0.33 4 105

This journal is © The Royal Society of Chemistry 2018
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detection. Also, this proposed HCR-based aptasensor is simple
as compared to ELISA (Table 3) that requires repeated washing
steps and long incubation time. At the same time, the aptamer-
based methods have the advantage of designing “molecule
switch”, which can effectively avoid the number of steps (i.e.,
elution steps).

3.4.2 Specificity of the HCR-based assay. To ensure the
specificity of the HCR-based aptasensor assay, we have exam-
ined the specificity of the SEB aptamer and other sequences by
measuring the changes in various substances, including SEA
(200 ng mL™"), RT (200 ng mL "), BSA (5%), and OVA (5%).
Fig. 6B shows no cross-reaction with the potential substances. It
could also be observed that the fluorescence intensity remains
stable between the interference substances, indicating that the
optional SEB aptamer exhibits good selectivity.

3.5 SEB detection in milk sample by the proposed method
by HCR-based amplification

In this assay, two SEB-spiked randomly samples with a concen-
tration of 10, 20, and 80 ng mL ™" concentrations were investi-
gated using the HCR-based aptasensor scheme. In particular,
the proposed method was as follows: 100 pL of samples were
incubated with 20 pL of SEB aptamer (1 uM) at 37 °C for 30 min.
Then, 30 pL of partial complementary strand (1 M) was added
to the mixture and reacted at 37 °C for 30 min. Subsequently, 20
pL of H1/H2 (2.5 pM) were reacted in the hybridization buffer at
37 °C for 45 min. Table 2 indicates the recoveries were between
87.83% =+ 2.91% and 112.68% = 2.94%, which represent the
accuracy of the proposed method.

4. Conclusion

In summary, a simple, rapid, and enzyme-free aptasensor
combined with a HCR-based isothermal amplification strategy
was developed. In our design, we attempted to introduce both
H1 and H2, which are similar to the molecular beacon design
into the SEB detection. However, the fluorescence intensity
showed no significant increase which may result from the
location relative to each group. Therefore, only fluorescent and
quenching groups were labeled for H1 in our experiment,
whereas H2 did not make any modification. This binding force
of the aptamer-SEB target conjugates competes with cDNA
(HO), triggering the subsequent HCR and thus producing
a strong signal response. The LOD of the proposed method was
21-fold lower than that of traditional aptasensor fluorescence
method, and the total detection was less than 2 h. Moreover,
this assay demonstrates the promising application in the
detection of other targets. However, this linear HCR does not
substantially improve the sensitivity to a great extent (Table 3),
and a portion of the fluorescence is quenched due to the
amplification of HCR, resulting in a certain decrease in fluo-
rescence intensity. Therefore, in our future research, HCR
should be combined with different signal output means to
further improve the sensitivity is necessary in our next step of
research.
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