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ABSTRACT: A novel catalyzed hairpin assembly-based turn-on ratiometric
fluorescence biosensor was constructed for the determination of microRNA-122
(miRNA-122) by using 2-aminopurine (2-AP) and thioflavin T (ThT) as detection
signal sources. Hairpin DNA sequence (H1) includes the complementary strands of
miRNA-122 and G-quadruplex-forming sequence. When miRNA-122 was presented,
hybridization occurred between miRNA-122 and part of HI1, causing a
double-stranded DNA and a G-quadruplex formed. The formed double-stranded DNA
significantly decreased the fluorescence intensity of 2-AP. Furthermore, after binding
with ThT, the formed G-quadruplex led to the fluorescent enhancement. The hairpin
DNA sequence (H2) hybridized with the unfolded H1 and displaced miRNA-122.
Finally, the displaced miRNA-122 again hybridized with the H1 and initiated cycle
amplification. This sensor showed a linear ranges of 0.5-50 nM and the limit of
detection for miRNA-122 assay was 72 pM (with the lowest measured concentration
of 500 pM) for determination of miRNA-122 when no other miRNA was present.
Measurements on cell lysates from 100, 1000, and 10000 cells of three different cell
lines provided increasing signal ratios, which showed the application potentiality of

the sensor for miRNA determination in real samples.
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Ratiometric fluorescent methods, which detect analytes at two wavelengths via
measuring the changing ratios of photoluminescence (PL) intensities, are essential
tools for real-time analytical sensing of biological molecules and processes in
organisms and live cells ' Ratiometric fluorescent bioprobes possess intrinsic
advantage in terms of increasing signal accuracy, because it can provide an intrinsic
built-in correction to the environmental effects *°. Thus, ratiometric fluorescent
bioprobes have received intense attention recently "*.

MiRNAs play a crucial role in most biological processes, including proliferation,
fate determination and apoptosis of cells. The current miRNA detection methods

1'% "and fluorescent methods '*'. Fluorescent

include colorimetric’, electrochemica
miRNA assays have some advantages of great reproducibility, simple operation, low
cost and fast response. However, most of fluorescent miRNA assays are focused on a

single response signal for detection'*"

, which can be easily interfered by the vary of
fluorescence intensity and other external factors such as experimental instrument and
detection environment. The ratiometric miRNA detection is rare '° and that more
ratiometric concepts may contribute to improve that situation. Based on these, we
sought to design a high-sensitivity and high-selectivity ratiometric fluorescent sensor
for detecting miRNA, which can reduce the influence of the environment and
equipment and improve accuracy.

Many signal amplification strategies for determination of miRNAs sensitively have

been developed, including rolling circle amplification ', hybridization chain reaction

18-20 21-23
b

amplification , catalyzed hairpin assembly (CHA) amplification and

isothermal exponential amplification ** *>. Among them, CHA amplification shows
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great potential in signal amplification, because CHA is a kinetics-controlled reaction,
in which a cascade of hybridization reaction are triggered between two kinds of
metastable DNA hairpin probes to release target without requiring any enzymes, and
shows highly sensitive and selective toward the detection of target *°. Thus, a
combination of accuracy of ratiometric fluorescent methods and sensitivity of CHA
amplification is an ideal candidate for the detection of miRNAs.

In this work, an enzyme-free ratiometric fluorescent sensor based on CHA is
designed for high sensitivity and selectivity detection of miRNA. In this sensor,
2-aminopurine (2-AP) and thioflavin T (ThT) were selected as detection signal
sources. Two DNA hairpin probes (H1 and H2) were ingeniously designed. When the
target miRNA was presented, H1 was unfolded via hybridization with miRNA to
trigger the autonomous cross-opening of the two hairpin probes through the
toehold-mediated strand displacement reaction, and a large amount of duplex DNA
chain product with G-quadruplexes were formed *’. Due to the additional influence
of base-stacking, the fluorescence intensity of 2-AP in the loop of H1 was much

higher than that in double-stranded DNA 2830

, and the fluorescence intensity of ThT
bound to the K'-stabilized G-quadruplexes was enhanced *" *?. The enzyme-free
ratiometric fluorescent strategy based on CHA amplification for sensitive miRNA
assay was readily used.

EXPERIMENTAL SECTION

Chemicals and materials. The 2-AP probe, DNA oligonucleotides (HPLC-purified),
miRNA  (HPLC-purified) and  deionized water  (diethylpyrocarbonate
(DEPC)-treated), 1x TE buffer (1 mM EDTA and 10 mM Tris, pH 8.0), and 10x TM

buffer (pH 7.5, 500 mM Tris and 80 mM MgSO,) were obtained from Shanghai

Sangon Co., Ltd. (Shanghai, China). Tioflavin T (ThT) was obtained from J&K
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Scientific Ltd. (Beijing, China), Potassium chloride (KCI) was obtained from Comio
Chemical Reagent Co., Ltd. (Tianjin, China), which was of analytical grade and used
without further treatment or purification. Before used, miRNAs were diluted in
DEPC-treated water to appropriate concentrations. The DNA hairpin probes were
diluted with 1x TE, to give the stock solutions. The oligonucleotides sequences were
presented in Table 1.

Fluorescent miRNAs assay. Before used, the 2-AP -labeled oligonucleotide HI and
oligonucleotide H2 were incubated in TM buffer (250 mM Tris and 40 mM MgSOs,,
pH 7.5) for 10 min at 95 °C, and cooled down to room temperature slowly. The
miRNA assay was performed in 250 pL of reaction mixture containing 200 nM HI1,
200 nM H2, 10 mM KCI solution, 2 uM ThT and the different concentrations of
target miRNA. The CHA reaction was conducted at 40 °C for 80 min. Fluorescence
spectra of the resultant reaction solution were measured by using a RF-5301 PC
fluorescence spectrophotometer (SHIMAPZU, Japan). The slit widths of excitation
and emission were both kept at 10.0 nm and the excitation wavelength was at 300 nm.
The fluorescence signal of 2-AP was observed at 367 nm, whereas the fluorescence of
ThT was measured with an emission of 485 nm. All experiments were repeated three
times.

Circular dichroism (CD) analysis. CD spectra were recorded on a CD chiroptical
spectrometer (Chirascan, Applied Photophysics, UK) at room temperature. The HI (2
uM) and H2 (2 uM) was prepared in 10x TM buffer (100 mM Tris, 16 mM MgSOsy,
pH 7.5). The target miRNA was added to the reaction mixture (500 nM). CD spectra
were measured between 220-320 nm, the scan speed was 100 nm/min, the bandwidth
and the response time was 1.0 nm and 0.5 s, respectively. Each tube was measured

three times and spectra were averaged from 3 scans.
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Gel Electrophoresis Analysis. The CHA reaction sequences and the products were
resolved using 2% agarose gel in 1 x TBE buffer (88 mM Tris-acetic acid and 2 mM
EDTA, pH 8.0), and then the electrophoresis was performed at 110 V for 40 min. The
gels were visualized via Bio-Rad Laboratories (USA) gel image system.

RESULTS AND DISCUSSION

Principle of the sensor. As illustrated in Scheme 1 is the principle of the
CHA-amplified homogeneous ratiometric fluorescent bioprobe for sensitive detection
of miRNA. It consists of two hairpin structures (H1 and H2). In H1, the sequence was
labeled with one replacement of 2-AP molecule for adenine and includes the encoded
sequence at the 3’ end of the stem region, which consists of the G-quadruplex
sequence. Hairpin H2 includes the segments of the partially complementary
sequences to the hairpin H1. When the target miRNA is absent, both Hl and H2
maintain their hairpin structures in the solution. Hence, the probe fluorescence was
high at 367 nm because the fluorescence of the 2-AP in the single-stranded DNA was
significantly higher than that in the double-stranded DNA, and was low at 485 nm
because the G-quadruplex-forming sequences associated with ThT locked in the
hairpin structures of H1. Hairpin H1 includes the recognition sequence for the target
miRNA (miRNA-122). When the target miRNA is present, the red part of Hl
completely hybridizes with the target miRNA and unfolding the hairpin structure of
HI. Then the H2 hybridizes with the unfolded H1 and the target miRNA was
displaced based on the mechanism of strand displacement. The H1 sequence again
hybridizes with the displaced target miRNA and the cycles of strand displacement was
initiated, causing the 2-AP in the double-stranded DNA, and massive active

G-quadruplex were generated at the 3’ end of H1. The emission spectrum of 2-AP
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(367 nm) was finally weakened. Furthermore, fluorescence emission peak of ThT at
485 nm was significantly enhanced in the presence of target miRNA.

CD assay. CD spectroscopy was used to confirm the above-mentioned principle. As
shown in Figure 1, a weak positive peak and a negative peak emerged at
approximately 265 nm and 240 nm respectively (Figure 1, curve 1) by H1 reaction
solution. In the closed H1, the G-quadruplex-forming sequence cannot form the
structure of G-quadruplex. Upon the addition of miRNA-122, the spectrum intensity
increased and exhibited a positive peak at around 265 nm (Figure 1, curve 2); this
result indicates that the hairpin H1 was unfolded, and the G-quadruplex structures
were formed. The peak in the same position was presented at the H1 and H2 solutions
(Figure 1, curve 3). When target miRNA was added to this solution, the peak
intensities around 240 and 260 nm were increased obviously (Figure 1, curve 4).
These results suggest that target miRNA initiates the target recycling amplification
cycle.

Gel Electrophoresis Assay. To further confirm the above-mentioned principle, the
CHA reaction sequences and the products were resolved using 2% agarose gel. As
shown in Figure 2, the base number of H1 (lanel) derived from electrophoresis was
consistent with our design. Without the addition of miRNA-122, only a small amount
of H1:H2 duplex could be formed via the hybridization between H1 and H2 (land 2).
The miRNA-122 could successfully unfold H1 in lane 3. However, when miRNA-122
was presented, the bands of amplification product were more obvious (lane 4),
indicating the successful CHA reaction.

Optimization of detection system. Some related factors, including the concentrations
of ThT, K, Mg2+, and H2, reaction temperature, and reaction time were optimized to

achieve better detection results (Figure S1-S6).
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Sensitivity of miRNA assay. To evaluate the analytical performance of the proposed
sensor, under the optimum condition, the different concentrations of target miRNA
(miRNA-122) were added into the reaction solution. As shown in Figure 3a, with the
increasing concentration of miRNA-122 from 0 nM to 200 nM, the PL intensity at
367 nm of the 2-AP molecule for adenine was continuously decreased, and the PL
intensity of ThT at 485 nm was gradually increased. Therefore, PL intensity ratio
(14ss/Ix67)/ (1ags/l67)0 and miRNA concentration in the range of 0.5—50 nM have good
linear relationship (shown in Figure 3b). The regression equation for the relationship
between target miRNA and fluorescence intensity was determined as y= 0.039 ¢ +
1.052 (R2 = 0.990), here y represents the value of (I4s/l367)/(Isss/I367)0 and ¢ is the
concentration of miRNA-122. The obtained detection limit for miRNA-122 assay was
72 pM (with the lowest measured concentration of 500 pM). These results indicated
that sensitive analysis of miRNA was achieved via the desired enzyme-free and

ratiometric fluorescence technique based on CHA.

Selectivity of miRNA assay at 10nM and 3nM miRNA concentrations. To further
investigate the selectivity of this strategy, the same concentration of miRNA-122,
miRNA-21, miRNA-26a, miRNA-144, and miRNA-199 were added into the reaction
solution, respectively. Figure 4 shows that miRNA-122 induced a prominent
fluorescence ratio (lsgs/l367)/ (lsgs/lze7)o increment. By contrast, a smaller change in
fluorescence ratio occurred when other miRNAs were added because these added
miRNAs were not complementary to the DNA oligonucleotides of H1, causing less
chance of opening the hairpin structures of H1. The results indicated that the proposed
sensor has characteristic of high sensitivity for miRNA-122 over other competitive
miRNAs.
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Real sample analysis. The application of the designed sensor in real samples was
analyzed the lysates from a normal hepatic cell (L-02) and two cancerous cell lines,
containing the hepatocellular carcinoma cell (SMMC-7721) and human breast
(MCF-7) by monitoring miRNA-122. Figure 5 shows that the lysates with an
increasing number of SMMC-7721, MCF-7 and L-02 cells (from 100 to 1,000 to
10,000) lead to a gradually elevated fluorescence response of the probe solution. The
weaker increase for the SMMC-7721 cells suggests a lower content of miRNA-122 in
the SMMC-7721 cells compared to the MCF-7 and L-02 cells. These preliminary
results on real samples show that the developed method may become useful to
monitor miRNA biomarkers from cancer cells.
CONCLUSIONS

A simple, enzyme-free, and dual-emission ratiometric fluorescent probe for the
miRNA determination based on CHA signal amplification has been developed. This
probe exhibits good sensitivity and good selectivity of miRNA-122 against four other
miRNA targets because of CHA signal amplification and dual-emission peak, in
which an outside signal is enhanced and a built-in reference signal is quenched, are
used. Furthermore, analytical applicability of the ratiometric fluorescent miRNA
sensor was tested on human cell lysates. The proposed strategy is accurate, simple,
selective and sensitive. This strategy for probe construction has the
application potentiality in miRNA-related biochemical research and clinical

diagnostics.
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FIGURE AND TABLE CAPTIONS

Table 1. Sequences of the oligonucleotides used in the experiments.

©CoO~NOUTA,WNPE

10 Scheme 1. Schematic illustration of the ratiometric probe for the detection
13 miRNA-122.

15 Figure 1. CD spectra of curves (1) H1, (2) Hl1+ miRNA122, (3) HI+H2 and (4)
18 H1+H2+miRNA-122.

Figure 2. Electrophoresis of CHA amplification products using 3% agarose gel.

23 Figure 3. (a) Fluorescence spectra of probe in the presence of different concentrations
25 of miRNA-122. (b) The linear plot of the PL intensity ratio (Isgs/I367)/(14ss5/1367)0 versus
28 the concentration of miRNA-122.

Figure 4. Specificity investigation for miRNA-122 against miRNA-21, miRNA-26a,
33 miRNA-144, miRNA-199.

Figure 5. Detection of miRNA-122 from different cancer cell lysates.
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Table 1. Sequences of the oligonucleotides used in the experiments®.

Name

H1

H2

miRNA-122

miRNA-26a

miRNA-21

miRNA-199

miRNA-144

* The double underlined base of H1 indicates the 2-AP substitution. In H1 and H2, the

boldface letters represent the sequences complementary to each other to form the

Sequence (from 5’ to 3")

5’-TAC CAC CCA TGG AGA TCC A4A CAC CAT TGT
CAC ACT CCA TGG GTG GGT GGG TGG G-3°

5’- A TGG AGA TCC AAA CACC TGG AGT GTG ACA
ATG GTG TTT GGA TCT CCA TGG GTG G-3’

5'-UGGAG UGUGA CAAUG GUGUU UG-3'

5'-UUCAA GUAAU CCAGG AUAGG CU-3'

5'-UAGCU UAUCA GACUG AUGUU GA-3'

5'-ACAGU AGUCU GCACA UUGGU UA-3'

5'-CAUCU UCCAG UACAG UGUUG GA-3'

stems of the hairpin probes, respectively.
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Figure 1. CD spectra of curves (1) H1, (2) HI+ miRNA122, (3) HI+H2 and (4)
H1+H2+miRNA-122. Experimental conditions: Cy;: 2 uM, Cup: 2uM, Ciirna-122:

500nM.
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Figure 2. Electrophoresis of CHA amplification products using 2% agarose gel. Lane
27 M: marker; Lane 1: H1; Lane 2: H1 + H2; Lane 3: H1 + miRNA-122; Lane 4: H1 +

29 H2 + miRNA-122. Experimental conditions: Cy: 2 pM, Cyp: 2uM, Chirna-122: 2 tM.
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Figure 3. (a) Fluorescence spectra of probe in the presence of different concentrations

of miRNA-122. The concentrations of miRNA-122 were 0, 0.5, 3, 10, 15, 25, 30, 50,
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100, 150 and 200 nM respectively. (b) The linear plot of the PL intensity ratio

(Lsss/1367)/ (1ags/I367)0 versus the concentration of miRNA-122. (I4s5/I367)0 and (Isgs/1367)

©CoO~NOUTA,WNPE

were the PL intensity ratio of the probe in the absence and presence of miRNA-122,

11 respectively. The error bars were calculated from three parallel experiments.
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Figure 4. Specificity investigation for miRNA-122 against miRNA-21, miRNA-26a,
miRNA-144, miRNA-199; (conditions: Cy;, Cyp: 200 nM, THT: 2 uM, K" 10 mM,
Mg™: 16 mM; Cumirnai22:3 nM and 10 nM; Crirna2l, Crmikna26a, CrmiRNA-1445

CiirNA-199: 10 nM).
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Real sample analysis
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29 Figure 5. The corresponding calibration plot of fluorescence intensity ratio vs.

31 logarithm of the number for SMMC-7721, MCF-7 and L-07 cells.
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