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A B S T R A C T   

MicroRNAs play a crucial role in regulating gene expression and cellular function. Reliable detection of miRNA is 
highly demanded in clinical diagnosis and therapy. Herein, we designed a structure-convertible DNA switch and 
constructed a novel switch-conversional ratiometric fluorescence biosensor (SCRF biosensor) for highly sensitive 
miRNA detection by the use of amplicon fragments to convert the structure of the switch. The DNA switch was a 
sophisticated designed single-strand DNA with a stem-loop structure and modified with two fluorophores (Cy3 
and Cy5) and one quencher at specific sites of the switch. Amplicon fragments (c*) were produced by an 
exponential amplification reaction. When the c* hybridized to the loop of a DNA switch, the structure of the 
switch would convert, and fluorescence resonance energy transfer occurred between Cy5 and Cy3. Then two 
fluorescence signals with different trends would be observed. As a result, by the ratio of the two signals, we can 
quantitatively and quickly detect the target miRNA with the concentration range from 100 fM to 100 nM and the 
excellent detection limit down to 70.9 fM, providing this new SCRF biosensor broad application prospects.   

1. Introduction 

MicroRNAs (miRNAs) are endogenous, evolutionarily conserved, 
non-coding single-stranded RNAs (Eulalio et al., 2008). These miRNAs 
not only play a key role in regulating transcription, but also serve as 
essential regulators in a wide range of biological processes, such as cell 
proliferation, differentiation, apoptosis, and hematopoiesis (Cerny and 
Quesenberry, 2004; Wang et al., 2010; Georgantas III et al., 2007). The 
expression of miRNAs may be closely related to many human diseases 
(Guire et al., 2013; Tricoli and Jacobson, 2007). Therefore, the detection 
of miRNA is of great significance for the diagnosis of diseases and 
functional analysis of molecular biology. 

Due to their small size, low concentration and high sequence simi
larity between family members, miRNAs are very challenging to be 
detected (Causa et al., 2015; Ganguly et al., 2018; Dong et al., 2013; Wu 
et al., 2018). Many detection methods have been developed for miRNAs, 
such as northern blotting (Torres et al., 2011; V�arallyay et al., 2008), 
quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) 
(Kelnar et al., 2014), surface plasmon resonance imaging (SPRi) (Fang 

et al., 2006; Wood et al., 2013), nanoparticle-based colorimetric 
detection (Persano et al., 2016), surface-enhanced Raman scattering 
(SERS) (Driskell et al., 2008; Sun and Li, 2018), and electrochemical 
detection (Yang et al., 2009; Labib et al., 2013; Masud et al., 2019). 
Besides, the fluorescence detection method (Tonelli et al., 2006; Lu 
et al., 2012) has attracted more and more attention in the field of 
miRNAs sensing because of its high speed, easy operation, and capacity 
to high-throughput screening. However, compared with methods such 
as electrochemical detection and electrochemiluminescence detection 
(Koo et al., 2016; Li et al., 2017; Azzouzi et al., 2019; Chen et al., 2019), 
the sensitivity of fluorescence detection is not ideal. Therefore, re
searchers have developed some techniques for signal amplification to 
improve the sensitivity of fluorescence sensors, such as exponential 
amplification reaction (EXPAR) (Van Ness et al., 2003; Jia et al., 2010), 
rolling circle amplification (RCA) (Harcourt and Kool, 2012; Deng et al., 
2014; Tang et al., 2018), catalytic hairpin assembly (CHA) (Yang et al., 
2019; Mudiyanselage et al., 2018; Wei et al., 2016), hybridization chain 
reaction (HCR) (Mansourian et al., 2017), enzymatic amplification 
(Robertson et al., 2017; Luby and Zheng, 2017), and so on (Li et al., 
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2011; Yin et al., 2012; Degliangeli et al., 2014). These 
fluorescence-based amplification methods effectively improve detection 
performance, exhibiting better selectivity and sensitivity. 

However, most of these fluorescence biosensors are usually based on 
a single signal change, prone to false positive or false negative detection 
results, reducing the reliability of the results. Therefore, the ratiometric 
fluorescence detection method becomes more attractive (Bigdeli et al., 
2019; Yi et al., 2017; Xia et al., 2018; Liu et al., 2017). F€orster resonance 
energy transfer (FRET) can be used as a proficient approach to design a 
ratiometric fluorescence biosensor. FRET is an energy transfer process 
between a donor fluorophore and an acceptor chromophore (Lakowicz, 
2006). The occurrence of FRET is mainly related to two factors. One is 
that the emission spectrum of the donor and the absorption spectrum of 
the acceptor overlap. Another is that the distance between the donor and 
the acceptor is less than 10 nm (Berney and Danuser, 2003; Clapp et al., 
2004; Corry et al., 2005; Sun et al., 2011). For instance, the emission 
spectrum of the fluorophores Cy3 ranges approximately from 540 nm to 
650 nm, while the absorption spectrum of the fluorophores Cy5 ranges 
around from 550 nm to 660 nm (Malicka et al., 2003). Therefore, FRET 
occurs when the distance between Cy3 and Cy5 is less than 10 nm. Be
sides, when the distance between Cy3 and Cy5 changes, the donor and 
acceptor signals also change correspondingly. The ratiometric fluores
cence result comes from the ratio of the receptor signal to the donor 
signal. Consequently, the detection result comes from the ratio of the 
two signals, which significantly enhances the reliability, comparing with 
the effect that comes from only one signal. 

Although the ratiometric fluorescence method is more reliable than 
most of the traditional fluorescence methods, the sensitivity of the 
ratiometric method is unsatisfactory due to the limited sensitivity of 
fluorescence detection. Therefore, researchers are committed to devel
oping some FRET-based amplification methods to improve sensitivity 
(Hwang et al., 2019; Qiu et al., 2018). However, compared with 
methods such as electrochemical and electrochemiluminescence, there 
is still potential for improved sensitivity. Consequently, we designed a 
structure-convertible DNA switch and constructed a novel 
switch-conversional ratiometric fluorescence biosensor (SCRF 

biosensor), which can use an amplicon fragment to convert the structure 
of the DNA switch for highly sensitive ratiometric fluorescence 
detection. 

As shown in Part one of Scheme 1, we intended to produce enough 
amplicon fragments by EXPAR at first. In the presence of a target, it can 
hybridize with the 3’ terminus of the template and then extend along 
with it in the presence of Vent (exo� ) DNA polymerase and deoxyribo
nucleotide triphosphates (dNTPs) to form double-stranded DNA 
(dsDNA). The middle part of the dsDNA contains the recognition site of 
the nicking enzyme Nt.BstNBI. The nicking enzyme recognizes the site 
and cleaves the central position of the upper DNA strand (the upper 
black sequence). The upper cleaved DNA strand will extend along with 
the lower template again by the polymerase, and the downstream strand 
c* (the amplicon fragment) will be displaced and released. As a result of 
continuous nicking, polymerization, and displacement cycles, more and 
more amplicon fragments c* are produced successfully. In the mean
time, every c* can participate in the switch conversion (Part two). 

As shown in Part two of Scheme 1, the switch is a sophisticated 
designed single-strand DNA with a stem-loop structure. Two fluo
rophores (Cy3 and Cy5) and one quencher are respectively modified at 
specific sites of the switch. Before c* hybridizes with the switch, only 
Cy3 emits a fluorescence signal, while Cy5 is quenched by the quencher, 
at which point the switch is “off”. When c* hybridizes to the loop of the 
switch, the structure of the switch will convert. Cy5 will be away from 
the quencher and close to Cy3. Then, fluorescence resonance energy 
transfer occurs between Cy5 and Cy3. As a result, the fluorescence signal 
of Cy3 decreases, while Cy5 emits a fluorescence signal. At this time, the 
switch is “on”. The fluorescence spectra of Cy3 and Cy5 can be obtained 
by one measurement. Finally, we achieve the ratiometric fluorescence 
signal by the fluorescence intensity corresponding to Cy5 and Cy3 in the 
same curve. 

Scheme 1. SCRF Biosensor for let-7a Detection by EXPAR and Switch Conversion.  
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2. Material and methods 

2.1. Reagents and instruments 

HPLC-purified oligonucleotides (All the oligonucleotide sequences 
used in this work are listed in Table S1 of the Supporting Information, 
SI.), Acryl/Bis 30% Solution, 5 � TBE Buffer (445 mM Tris, 445 mM 
Boric acid, 10 mM EDTA, pH 8.3), 1 � TBE Buffer (premixed powder, 89 
mM Tris-boric, 2 mM EDTA, pH ¼ 8.2–8.4@ 25 �C) and 1 M Tris-HCl 
Solution, pH 8.0 were obtained from Sangon Biotech Co., Ltd. 
(Shanghai, China). The pH of all the buffers used in this experiment was 
adjusted by 0.1 M NaOH and 0.1 M HCl with the pH meter. The pH meter 
was obtained from Ke Yuan Co., Ltd. (Fujian, China). Vent (exo� ) DNA 
polymerase, the nicking endonuclease Nt.BstNBI, 10 � NEBuffer 3.1 
(1000 mM NaCl, 500 mM Tris–HCl, 100 mM MgCl2, 1000 μg/mL BSA, 
pH ¼ 7.9 @25 �C), 10 � ThermoPol buffer (200 mM Tris–HCl, 100 mM 
KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1% Triton X-100, pH ¼ 8.8@ 
25 �C), RNase inhibitor and dNTPs were purchased from New England 
Biolabs (Beijing, China). Ammonium persulfate, N, N, N0, N0-Tetrame
thylethylenediamine, Magnesium Chloride, and Sodium Hydroxide 
were purchased from Sigma Aldrich Trading Co., Ltd. (Shanghai, China). 
Hydrochloric acid was purchased by Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). GelRed was purchased from Life iLab Biotech 
Co., Ltd. (Shanghai, China). 6 � TriTrack DNA Loading Dye was pur
chased from Thermo Fisher Scientific Co., Ltd. (Shanghai China). 
Human real serum samples were obtained from Fujian Provincial Cancer 
Hospital (Fujian, China). Fluorescence cuvettes were purchased from 
Yixing Purshee Optical Elements Co., Ltd. (Jiangsu, China). PCR Tubes 
were purchased from Wuxi NEST Biotechnology Co., Ltd. (Jiangsu, 
China). The fluorescence intensities were acquired on a Cary Eclipse 
fluorescence spectrophotometer (Agilent Technologies, Malaysia). Gel 
images were captured using a ChemiDoc System from Bio-Rad Labora
tories (Shanghai, China). The experimental ultrapure water was ob
tained from the CascadaTM laboratory water treatment system (Jiangsu, 
China). 

2.2. Gel electrophoresis analysis 

Gel electrophoresis analysis was performed to characterize the 
EXPAR process in 1 � TBE buffer at a constant potential of 100 V for 70 
min. The gel was visualized by ChemiDocTM Touch Imaging System. 

2.3. Multiparametric optimization 

Several parameters were investigated to improve the SCRF biosensor 
performance. In the process of EXPAR, we optimized the concentrations 
of the amplification template, Vent (exo� ) DNA polymerase, and Nt. 
BstNBI, as well as the time of EXPAR. In the switch conversion process, 
we optimized the concentration of the switch and the hybridization time 
between amplificons c* and switches. 

In the amplification template optimization, the corresponding reac
tion conditions were switch: 250 nM; Vent (exo� ) DNA polymerase: 0.05 
U/μL; Nt.BstNBI: 0.4 U/μL; the EXPAR temperature: 55 �C; the EXPAR 
time: 40 min. In Vent (exo� ) DNA polymerase optimization, the corre
sponding reaction conditions were the amplification template: 0.1 μM; 
switch: 250 nM; Nt.BstNBI: 0.4 U/μL; the EXPAR temperature: 55 �C; the 
EXPAR time: 40 min. The concentrations of the target were 1 nM for all 
optimization procedures. The conditions in the other optimization pro
cess were the same as mentioned above, and only the condition to be 
optimized was changed. 

2.4. Isothermal exponential amplification assay 

The reaction mixtures for the EXPAR were prepared on ice separately 
as solution A and solution B. Solution A consisted of NEBuffer, the 
amplification template, dNTPs, and the target; solution B consisted of 

ThermoPol buffer, the nicking endonuclease Nt.BstNBI, Vent (exo� ) 
DNA polymerase, and ultrapure water. Firstly, we mixed solution A and 
solution B to obtain the mixing solution. Then the mixing solution was 
immediately incubated at 55 �C for 40 min. After that, the mixing so
lution was incubated at 80 �C for 20 min to inactivate Vent (exo� ) DNA 
polymerase and Nt.BstNBI. The EXPAR was performed in a volume of 50 
μL containing targets (various concentrations), 0.5 � NEBuffer, 0.1 μM 
amplification template, 300 μM dNTPs, 1 � ThermoPol buffer, 0.4 U/μL 
nicking endonuclease Nt.BstNBI, and 0.05 U/μL Vent (exo� ) DNA 
polymerase. 

2.5. Fluorescence measurement 

The mixing solution (25 μL) after EXPAR was mixed with the switch 
solution (250 nM) in an equal volume and incubated for 60 min before 
being transferred to a fluorescence cuvette. A Cary Eclipse fluorescence 
spectrophotometer was used to measure the fluorescence spectra. In 
real-time measurement, the excitation wavelength of Cy3 was 512 nm, 
and the emission wavelength reached a maximum at 560 nm. The ab
sorption wavelength range of Cy5 was between 532 and 750 nm, and its 
maximum emission wavelength measured in real-time was 662 nm. The 
emission spectrum of Cy3 overlapped with the absorption spectrum of 
Cy5. The slit width of excitation was kept at 5.0 nm, and the slit width of 
emission was kept at 10.0 nm. 

2.6. Real samples analysis 

The serum sample without detectable let-7a was RNase inhibitor- 
treated. Then the obtained sample solution was diluted 100 times with 
ultrapure water for the recovery experiments. The detection method was 
the same as described above, and all experiments were performed under 
optimal conditions. Recovery experiments for three different target 
concentrations (100 fM, 1 pM, and 10 pM) were conducted with a 
standard addition method. RSD (relative standard deviation) was 
calculated by three independent experiments. 

3. Results and discussion 

3.1. Gel electrophoresis assay 

Gel electrophoresis analysis was conducted to demonstrate and 

Fig. 1. Gel analysis image of the EXPAR process. Lane 1: c* (0.5 μM) only; Lane 
2: template (0.5 μM) only; Lane 3: target (0.5 μM) only; Lane 4: target (0.5 μM) 
þ template (0.5 μM); Lane 5: target (0.5 μM) þ template (0.5 μM) þ polymerase 
(0.05 U/μL) þ nicking enzyme (0.4 U/μL). 
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testify the EXPAR process (Fig. 1). The band in lane 1 represented the 
amplification product c*. The bands in lanes 2 and 3 represented the 
template and the target, respectively. Compared with bands in lane 2 
and 3, the upper band in lane 4 indicated that most of the templates and 
targets had hybridized together, while the lower indistinct band in lane 
4 suggested that only a tiny number of targets had not hybridized to the 
templates. After the addition of the nicking enzyme and the polymerase 
to lane 5, a broad and superbright band could be seen in lane 5 under 
constant sample concentration of target and template, indicating that a 
large number of c* were amplified successfully. Besides, during the 
amplification process, the polymerase moved along the template and 
replicated the template to generate a recognition site for the nicking 
enzyme. Then the nicking enzyme may cleave the fragment at the 
recognition site before the polymerase completely replicated the tem
plate. Therefore, these fragments cleaved earlier can be observed in lane 
5 and shown as the vague bands below the amplicon band. 

3.2. Optimizing reaction conditions in the assay 

In the EXPAR process, the concentrations of the amplification tem
plate, polymerase, and nicking enzyme were optimized to reach the best 
performance of this assay. As shown in Fig. 2A, the fluorescence ratio 
rapidly increased with the increasing of the concentration of the tem
plate until the concentration reached 0.1 μM. When the concentration of 
template increased from 0.1 μM to 0.2 μM, the fluorescence ratio 
increased indistinctively, since almost all the switches had completed 
structural conversion. Thus, 0.1 μM was selected as the optimal con
centration of the template. In Fig. 2B, when the concentration of Vent 
(exo� ) DNA polymerase was increased to 0.05 U/μL, the highest fluo
rescence ratio was obtained. Then the fluorescence ratio decreased as 
the concentration rising after that. In Fig. 2C, when the concentration of 
Nt.BstNBI nicking enzyme was increased to 0.4 U/μL, the highest fluo
rescence ratio was obtained, and then a decreasing fluorescence ratio 
was observed. Therefore, 0.05 U/μL and 0.4 U/μL were selected sepa
rately as the optimal concentration of Vent (exo� ) DNA polymerase and 

Nt.BstNBI nicking enzyme. 
The reaction time of EXPAR was optimized as well. As shown in 

Fig. S1A, the fluorescence ratio increased rapidly within 40 min, and the 
fluorescence ratio no longer changed significantly when the amplifica
tion time was extended to 60 min, indicating that the EXPAR process 
was saturated. Therefore, we chose 40 min as the optimal reaction time 
for amplification. 

Then, considering the range of the fluorescence spectrophotometer, 
the concentration of the switch was optimized to reach the best fluo
rescence intensity before switch conversion. As shown in Fig. 3, when 
the switch concentration was 250 nM, the fluorescence intensity 
maximum of Cy3 can be measured within the effective range of the 
fluorescence spectrophotometer (0–1000 a.u). Therefore, we choose 

Fig. 2. Optimizing reaction conditions in 
EXPAR. (A) Changes of fluorescence ratio 
signal with different concentrations of the 
template. The corresponding reaction con
ditions were let-7a: 1 nM; switch: 250 nM; 
Vent (exo� ) DNA polymerase: 0.05 U/μL; Nt. 
BstNBI: 0.4 U/μL; the EXPAR temperature: 
55 �C; the EXPAR time: 40 min. (B) Changes 
of fluorescence ratio signal with different 
concentrations of the polymerase. The cor
responding reaction conditions were let-7a: 
1 nM; switch: 250 nM; the amplification 
template: 0.1 μM; Nt.BstNBI: 0.4 U/μL; the 
EXPAR temperature: 55 �C; the EXPAR time: 
40 min. (C) Changes of fluorescence ratio 
signal with different concentrations of nick
ing enzyme. The corresponding reaction 
conditions were let-7a: 1 nM; switch: 250 
nM; the amplification template: 0.1 μM; 
Vent (exo� ) DNA polymerase: 0.05 U/μL; the 
EXPAR temperature: 55 �C; the EXPAR time: 
40 min. The excitation wavelength and the 
emission wavelength were 560 and 662 nm, 
respectively. Error bars represent the stan
dard deviation from three independent 
experiments.   

Fig. 3. Changes of the fluorescence signal with different concentrations of the 
DNA switch. The excitation wavelength and the emission wavelength of Cy3 
were 532 and 560 nm, respectively. 
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250 nM to get the optimal reaction condition. 
The effect of reaction time on the DNA switch conversion was studied 

too. As shown in Fig. S1B, the fluorescence ratio increased rapidly 
within 60 min, and no longer changed significantly when the conversion 
time was extended to 90 min. This result indicated that under optimized 
experimental conditions, approximately 60 min was sufficient to com
plete the conversion of all DNA switches. Thus, we chose 60 min as the 
optimal reaction time for the switch conversion. 

3.3. Analytical Performance of the SCRF biosensor 

Under the optimized conditions, we further investigated the perfor
mance of fluorescence ratio response upon different concentrations of 
the target let-7a. As illustrated in Fig. 4A, as increasing the concentra
tion of target miRNA from 10 fM to 500 nM, the fluorescence intensity of 
Cy5 increased gradually, and the fluorescence intensity of Cy3 decreased 
correspondingly. As shown in Fig. 4B, the fluorescence intensity ratio 
gradually increased with the elevated concentration of target miRNA. 
Among them, a high linear correlation was obtained between the fluo
rescence intensity ratio and the logarithm of let-7a concentration from 
100 fM to 100 nM. The correlation equation is F662/F560 ¼ 0.2439 lgC 
þ0.4778 with a correlation coefficient R2 ¼ 0.9905. F662/F560 is the 
ratio of 662 nM–560 nM fluorescence signal, and C is the concentration 
of let-7a (pM). The detection limit is calculated to be 70.9 fM (see 
Supporting Information). This SCRF biosensor has an excellent detection 
limit compared to most reported fluorescence biosensors (Table S3 in 
Supporting Information). 

3.4. Selectivity assay 

In order to evaluate the selectivity of the SCRF biosensor, experi
ments were conducted by different miRNAs, which included miR-21 
(100 nM), miR-141 (100 nM), let-7a (1 nM), let-7b (1 nM), and let-7c 
(1 nM). Among them, let-7b, let-7c, and let-7a belong to the let-7 fam
ily (the sequences of let-7b and let-7c have 2-nt and 1-nt variants, 
respectively, compared to that of let-7a), while miR-21 and miR-141 
belong to other different families. As displayed in Fig. 5, in the pres
ence of miR-21 and miR-141, the fluorescence intensity ratio was close 
to that of the blank sample. In other words, in the absence of the target, 
even if a high concentration of interference was detected, the signal was 
close to the background, indicating that the SCRF sensor can be used to 
distinguish miRNAs from different families. Compared to detecting let- 
7a of the same concentration (1 nM), the signal of let-7b or let-7c was 
close to the blank signal. What’s more, compared to detecting let-7a 
only, the negligible change was observed when detecting the mixture 
1 (1 nM let-7b and 1 nM let-7a) and mixture 2 (1 nM let-7c and 1 nM let- 
7a). In the presence of the target, even if mixing the homologous 
interference of the equal concentration with the target, there was no 
significant effect on the detection of the target, which demonstrated that 
the SCRF sensor showed good selectivity among the same families (let- 
7a, 7b, and 7c). These results indicate that this SCRF biosensor has 
excellent selectivity for distinguishing let-7a from unrelated miRNAs 
and other interference sequences belonging to the same family. 

3.5. Real-sample assay 

In order to study the applicability of the proposed SCRF biosensor in 
complex biological samples, we carried out recovery experiments using 
healthy human serum samples to determine the reliability of the SCRF 
biosensor for let-7a detection. Various concentration of let-7a was added 
into human serum samples. According to the experimental results, the 
recoveries were from 99.1% to 102.3%, with a relative standard devi
ation (RSD, calculated by three independent experiments) of 2.4–4.1% 
(Table S2 in Supporting Information). These results are satisfactory, 
demonstrating that the SCRF biosensor has excellent potential for 
miRNA let-7a detection in real samples. 

Fig. 4. Analytical Performance of the SCRF biosensor. (A) Fluorescence emis
sion spectra in the presence of let-7a with different concentrations under 
optimal conditions. (B) The linear correlation between the fluorescence in
tensity ratio and the logarithm of let-7a concentration from 100 fM to 100 nM. 
All experiments were performed under optimal conditions. Error bars represent 
the standard deviation from three independent experiments. 

Fig. 5. The selectivity of the SCRF biosensor. The concentrations of miRNAs in 
let-7 family (let-7a, let-7b, let-7c) were 1 nM. The concentrations of other 
irrelevant miRNAs (miR-21, miR-141) were 100 nM. All experiments were 
performed under optimal conditions. Error bars represent the standard devia
tion from three independent experiments. 
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4. Conclusions 

In summary, we have constructed a novel switch-conversional 
ratiometric fluorescence biosensor. This sensor is based on an 
elaborately-designed structure-convertible switch probe, which com
bines an exponential amplification reaction with fluorescence energy 
resonance transfer to achieve ratiometric fluorescence detection of the 
target. A large number of amplicon fragments are harvested using the 
amplification strategy, thus significantly increasing the sensitivity of the 
assay with an excellent detection limit of 70.9 fM. Ratiometric fluores
cence measurement can offset environmental fluctuations by calculating 
the emission intensity ratio at two different wavelengths, which further 
improves the reliability of the assay. What’s more, this SCRF biosensor 
can realize the signal change and detection by the structural conversion 
of the switch quickly. Besides, the sensor is simple to operate, and the 
selectivity is satisfactory. Given these advantages, this new SCRF 
biosensor will have broad application prospects. 
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