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Label-free and self-assembled fluorescent DNA nanopompom
for determination of miRNA-21

Nandi Chen1
& Junyu Li1 & Xianzhen Feng1

& Yanping Yang2
& Li Zhu1

& Xiaomeng Chen1
& Xuan Liu1

& Yang Li1 &

Cunchuan Wang3
& Ligang Xia1

Received: 7 February 2020 /Accepted: 7 June 2020
# Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
A label-free fluorescence method based on self-assembled DNA nanopompom has been developed for miRNA-21 detection. In
the presence of miRNA-21, three DNA hairpin probes with split G-quadruplex assemble the DNA nanopompom. Based on the
isothermal toehold-mediated DNA strand displacement reaction, the target miRNA can be catalytically recycled and trigger three
DNA hairpin probes to self-assemble the DNA nanopompom and release the G-quadruplex. The formation of the G-quadruplex
increases the fluorescence emission intensity of thioflavin. For thioflavin-based miRNA-21 detection, the excitation and
emission wavelengths are set to 425 nm and 490 nm, respectively. The limit of detection for miRNA-21 is 0.8 pM according
toF/F0 = 0.0031 ×CmiRNA-21 + 1.0382 (R2 = 0.9978). This sensing system provides a low-cost, effective, and convenientmethod
for miRNA detection, which holds great potential in biochemical diagnosis and clinical practice.
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Introduction

The highly specific Watson–Crick pairing of DNA molecules
makes them act as both genetic information carriers and

functional material units in building 2D and 3D DNA nano-
structures [1]. In addition to excellent biocompatibility, the
DNA nanostructures also showed controllability, cell perme-
ability, and low immunogenicity [2]. Therefore, they are be-
coming promising materials in bioanalysis, molecular imag-
ing, and drug delivery [3, 4]. DNA nanostructures could be
constructed by “bottom-up” and “top-down” technology
based on Watson–Crick base pairing. Both thermal annealing
and an isothermal DNA self-assemble construction were ap-
plied to DNA nanostructures. For the point-of-care test, a sim-
ple strategy with lower cost and less equipment would be
preferred in clinical related research [5–8]. Therefore, an iso-
thermal DNA self-assembly procedure would be desirable for
detecting cancer-related miRNA, with no requirement of
annealing.

miRNAs are a class of short (18–24 nt) and non-coding
RNA which are involved in cell proliferation, differentiation,
stress resistance, and death. Therefore, aberrant miRNA ex-
pression contributes to disease formation and progression [9].
Traditional methods for nucleic acid detection are also used
for miRNA detection, including PCR, Northern blot, and mi-
croarrays [8]. Unlike the typical analysis of gene expression,
miRNAs have the characters including low abundance, short
length, and sequence homology. These characters become ob-
stacles for miRNA detection, which lead to low sensitivity,
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low selectivity, and especially labor-intensive steps.
Nowadays, to overcome these disadvantages, sequence-
based ampl i f ica t ion , enzyme-based assays , and
nanomaterial-based sensors are also employed for miRNA
detection [10–12]. To some extent, the challenges of
miRNA detection have been solved.

Hybridization chain reaction (HCR) is one of the widely
used methods for the isothermal DNA self-assembling, which
two metastable hairpin probes self-assemble into a long poly-
mer from an initiator sequence [13, 14]. However, for miRNA
detection, HCR still has some disadvantages: (1) a typical
HCR system shows a linear growth in response to the target,
which might limit its signal amplification ability; (2) the target
miRNA could not be cycled. It binds to the long DNA poly-
mer after triggering the HCR. In recent years, nonlinear HCR
systems have been established to achieve quadratic or expo-
nential growth kinetics for facilitating the construction of am-
plified biosensing platforms [15–18]. Moreover, inspired by
the enzyme-based strategy [19–21] and the catalytic hairpin
assembly (CHA) [22–24], cycling the construction procedures
could offer a method for increasing the sensitivity of biosens-
ing platforms [25, 26].

Herein, we designed a target miRNA to trigger cascade and
catalyzing self-assembly DNA nanopompomwith three DNA
hairpin probes, inspired by the isothermal DNA reaction tech-
nique included HCR, CHA, and the toehold strand displace-
ment reaction (TSDR). This cascade assembled DNA nano-
structure and repeatedly catalyzed target miRNA; then, an
ultrahigh sensitivity and excellent selectivity might be
achieved. In order to achieve a label-free and low-cost strate-
gy, a split G-quadruplex was incorporated into the metastable
hairpin probes. G-quadruplex structures were formed with
guanine rich nucleic acid sequences, which usually induced
by K+/Na+ or certain small molecules [27]. The G-
quadruplex formation was triggered by the target miRNA after
hairpin probe self-assembling. Thioflavin (ThT) was
employed for achieving the fluorescent signal. It exhibited
greater fluorescence intensity after binding to the DNA G-
quadruplex structure [28]. With this characteristic, ThT is a
label-free probe for fluorescent sensors; this method is simple,
sensitive, and low-cost [29–32]. Our strategy allowed us to
trace the miRNA-21 from colon cancer cells (HCT116) in a
label-free and non-enzyme way.

Experimental

Materials and reagents

Tris (hydroxymethyl)aminomethane (Tris), acetic acid,
ethylenediaminetetraacetic acid (EDTA), potassium chlo-
ride (KCl), and magnesium acetate were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,

China). Thioflavin (ThT) was purchased from Aladdin
(Shanghai, China). Native-PAGE preparation kit and
diethyl pyrocarbonate (DEPC) were purchased from
Sangon Biotechnology Co., Ltd. (Shanghai, China). 2×
SYBR Green qPCR Master Mix was purchased from
Bimake Co., Ltd. (Shanghai, China). TransScript RT
reagent Kit was purchased from TransGen Biotech
Co., Ltd. (Beijing, China). All DNA and RNA se-
quences were purchased from General Biosystems Co.,
Ltd. (Anhui, China) and shown in Table S1. All solu-
tion was prepared with Milli-Q ultrapure water.

Apparatus

The fluorescent spectra were acquired with the Tecan
Infinite Spark 10 M microplate reader. The excitation
wavelength was set at 425 nm, and the emission spectra
were collected from 440 to 580 nm (step 5 nm).
Electrophoresis was processed in TBE buffer at a 20-
mA constant electric current for 60 min. Gel electropho-
resis was performed on the Bio-Rad Mini-PROTEAN®
gel electrophoresis system and imaged on Azure
Sapphire Biomolecular Imager. Dynamic light scattering
(DLS) measurement was performed on a Zetasizer
3000Hs (Malvern, UK). The qRT-PCR was performed
on a Bio-Rad CFX Real-Time PCR System.

Self-assembly of DNA nanostructures for miRNA-21
detection

All nucleic acid probes were centrifuged before dissolution.
Hairpin probes (H1, H2, and H3) were dissolved in reaction
buffer (40 mM Tris, 20 mM acetic acid, 5 mM KCl, 2 mM
EDTA, and 12.5 mMmagnesium acetate, pH 8.0) as 100 μM
and annealed before experiments to form stable structures.
ThT was dissolved in DMSO at 10 mM at first and then
diluted to 100 μM (or certain concentrations) with reaction
buffer. Hairpin probes were diluted to 10 μM before using
and each sample contains 5 μL H1, 5 μL H2, 5 μL H3,
5 μL ThT, a certain volume of target, and added reaction
buffer up to 50 μL. Various concentrations of targets were
incubated with the mixture of H1, H2, H3, and ThT in reaction
buffer as the optimized conditions. The fluorescent spectra
were then recorded by the Tecan Infinite Spark 10M micro-
plate reader. For fluorescence intensity detection, the excita-
tion wavelength was set at 425 nm and the emission wave-
length was set at 490 nm.

Cell culture and total RNA extraction for qRT-PCR

The colon cancer cell line HCT116, obtained from the Cell
Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China), was cultured in McCoy’s 5A
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medium (Hyclone) supplemented with 10% fetal bovine se-
rum (Gibico) and 100 U/mL penicillin/streptomycin at 37 °C
in a 5% CO2 incubator. The normal human colon mucosal
epithelial cell line (NCM460), obtained from IN CELL (San
Antonio, TX, USA), was cultured in RPMI 1640 medium
(Hyclone) supplemented with 10% fetal bovine serum
(Gibico) and 100 U/mL penicillin/streptomycin (Hyclone) at
37 °C in a 5% CO2 incubator.

All applications for miRNA detection were soaked in 0.1%
DEPC solution overnight and dried in the oven for steriliza-
tion. Buffers were pretreated with Millipore Water contained
0.1% DEPC. Trizol was used to extract total RNA from cell
lines. Hemocytometer was used for counting cells. Total RNA
was extracted from 106 cells and then diluted to a certain
concentration for miRNA-21 detection. Add 0.5 mL Trizol
to 106 cells to lyse the cells and pipet the lysate up and down
several times. Incubate the homogenized sample for 5 min,
centrifuge to remove the cell debris and then transfer the clear
supernatant to a new tube. Add 0.1 mL chloroform for phase
separation. After incubating for 3 min, centrifuge the sample
for 15 min at 12000×g at 4 °C. The RNA is in an aqueous
phase and then transferred to a new tube. Add 0.25 mL iso-
propyl alcohol and incubate for 10 min at 4 °C for precipitat-
ing the RNA. Then, centrifuge the sample for 15 min at
12000×g at 4 °C and discard the supernatant. Wash the
RAN pellet 0.5 mL 75% ethanol, centrifuge at 7500×g for
5 min at 4 °C, and remove all leftover ethanol. Air-dry

technician RNA pellet for 5–10 min and then dissolve it in
Rnase-free water for qRT-PCR.

Results and discussion

The detection strategy and feasibility

DNA self-assembly triggered by the target miRNA was illus-
trated in Scheme 1. Triggered by miRNA-21, three metastable
hairpin DNA (H1, H2, and H3) probes with split G-
quadruplex were cascaded, catalyzed, and self-assembled,
then the DNA nanopompom was formed. The hairpin probes
contained a short loop and a long stem; particularly, the split
G-quadruplex was blocked in the long stem for reduction of
the leakage (DNA self-assemble without trigger). Without the
target, part of the G-quadruplex was remodeled as double
strand DNA, where the ThT could not insert into. Since the
target miRNA would open the stem part of H1 at first, only
half G-quadruplex was implanted in H1 tominimize the signal
to background ratio (F/F0). The target miRNA could hybrid-
ize with the complementary region (green, 1&2) of H1 (step
1), meanwhile, it exposed part 3&4 (orange) for hybridizing
its complementary region (orange, 3*&4*) in H2 (step 2).
After that, the hairpin structure of H2 opened and exposed
the part 5&6 (light blue) for hybridizing its complementary
region with H3 (light blue, 5*&6*) and formed the G-

Scheme 1 Illustration of
miRNA-21 triggered DNA
nanopompom self-assembly

Page 3 of 7     432Microchim Acta (2020) 187: 432



quadruplex (step 3). Meanwhile, the exposed part (green,
1*&2*) in unfolded H3 induced the cascaded DNA
nanopompom self-assembly and formed more G-quadruplex.
The fluorescence intensity of ThT would increase significant-
ly when it binds to the DNA G-quadruplex. After several
rounds of circulations, the DNA nanopompom would trigger
the toehold strand displacement reaction and release the target
miRNA for signal amplification.

Firstly, DNA nanopompom self-assembly, triggered by the
miRNA-21, was characterized by Native-PAGE. As shown in
Fig. 1a, when one of the hairpin probes was excluded, the
DNA nanopompom could not be self-assembled (lane 2 and
lane 4). In lane 3, most of the hairpin probes were observed at
the lower molecular weight part on native-PAGE gel without
the addition of target miRNA-21. A small leakage (self-as-
sembly without the target miRNA-21) was also observed.
With three hairpin probes and target miRNA-21 in lane 5,
most of the hairpin probes self-assembled and were observed
on the top of the gel, which was more than 1000 bp. The
isothermally assembled DNA nanopompom was also charac-
terized by dynamic laser scattering (DLS). In Fig. 1b, the
hydrodynamic diameter was 14.34 ± 2.42 nm (PDI 0.212).
These data proved the DNA nanostructures self-assembled
successfully.

After PAGE verification, a ThT-based label-free fluores-
cence assay was set up for detecting the concentration of
miRNA-21 with the self-assembled DNA nanopompom. As
shown in Fig. 2, the free ThT showed relatively low fluores-
cence emission intensity when it was not bound to G-
quadruplex (curve a). Since there was half G-quadruplex
blocked in H1, the fluorescence intensity increased slightly
after miRNA-21 opening the H1 (curve b). Once H2 was
added, a new G-quadruplex was formed; the fluorescence in-
tensity increased after adding H2 (curve c). In consistence
with the PAGE gel characterization, minor leakage was ob-
served in the absence of target (curve d). Most importantly,
after adding the target miRNA-21 to the reaction, the ThT

generated significantly amplified fluorescence emission inten-
sity (curve d). These results suggested the feasibility of this
label-free strategy for the highly sensitive detection of the
target miRNA-21.

Optimization of detection conditions

To minimize the background noise and avoid the leakage
(spontaneous self-assembly in the absence of target), the reac-
tion conditions were optimized, including the concentration of
ThT and K+, time, and temperature of the reaction. The signal
to background ratio, F/F0, was used to evaluate the condition
optimization results. F and F0 were fluorescence intensity of
ThT at 485 nm in the presence and absence of target,
respectively.

The stability of hairpin probes could be influenced by the
temperature, then self-assembly might be triggered without
target. Therefore, the incubation temperature was optimized
at first by comparing with the fluorescence intensity ratio (F/
F0). As shown in Fig. S1A, the highest ratio was obtained at
15 °C in the temperature ranging from 5 to 37 °C. A lower
temperature could reduce the free energy and increase the
stability of hairpin probes, resulting in the reduction of the
self-assembly without target. However, once the temperature
was too low, the hairpin would be hard to open and the self-
assembly would be compromised. A temperature of 15 °C
showed the best F/F0 ratio and was used for further
investigation.

The incubation time could also influence the self-assembly
of DNA nanopompom and the formation of the G-quadruplex,
which in turn influenced the detection of target miRNA. In
Fig. S1B, the F/F0 of various incubation time from 30 to
300 min were investigated. The F/F0 value increased with
the increasing incubation time from 30 to 150 min and de-
creased slightly after that. With time extending, even no target
was added, the value also increased because of the leakage.

Fig. 1 a PAGE characterization
of the miRNA-21 triggered DNA
nanopompom. Target, 100 nM;
H1, 3 μM; H2, 3 μM; H3, 3 μM.
b Dynamic light scattering (DLS)
showing the hydraulic diameter of
the DNA nanopompom. d =
14.34 ± 2.42 nm
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Therefore, 150 min of incubation was chosen in this detection
method.

Since the signal strength was based on the fluorescence
emission intensity of ThT, the concentration of ThT was also
a mean parameter for detecting the target miRNA. According
to the value of F/F0 in Fig. S1C, the concentration of ThT did
not affect the detection seriously from 2.5 to 20 μM. For
achieving the highest F/F0 ratio, 10 μM ThT was chosen in
this detection method.

Moreover, the concentration of K+ ion affected the forma-
tion of the G-quadruplex and the fluorescence emission inten-
sity of ThT. We optimized the concentration of K+ and the
result was showed in Fig. S1D. The formation of G-
quadruplex was influenced by the K+. Therefore, K+ increased

the background (without target); once there was no K+ in the
buffer, this DNA nanopompom showed the highest F/F0 ra-
tio. Thus, no K+ was added for selectivity and sensitivity
assay.

Sensitivity and specificity

Fluorescence intensity for different concentrations of miRNA-
21 was measured under the optimized condition (15 °C,
150 min, and 10 μM ThT) to demonstrate the sensitivity of
this method. In Fig. 3a, the fluorescence emission intensity of
ThT at 485 nm moderately increased with the increasing con-
centration of miRNA-21 in the range from 0 to 5000 pM.
Meanwhile, as shown in Fig. 3b, the F/F0 ratio had a linear
correlation once the concentration of miRNA-21 ranging from
10 to 500 pM. The regression equation was F/F0 = 0.0031 ×
CmiRNA-21 + 1.0334. (R2 = 0.9986) The limit of detection
(LOD) of miRNA-21 in our label-free detection strategy was
0.8 pM based on the mean response of the blank tests
(miRNA-21 0 pM, n = 5) plus 3 times the standard deviation
(3σ). We reviewed the label-free methods for microRNA-21
detection (Table S2). Like most label-free detection strategies,
our ThT based DNA nanopompom could reduce the cost but
also influenced the sensitivity. The K+ influenced the fluores-
cence increasing character of ThT. However, the K+ also in-
fluenced the formation of G-quadruplex and caused the leak-
age. After optimizing the concentration of K+ of our strategy,
the highest F/F0 was achieved by with no K+ adding. A K+-
insensitive fluorescence dye might be helpful for achieving a
better LOD.

Besides sensitivity, we also investigated the selectivity of
the miRNA-21 triggering DNA nanopompom self-assembly.
Two non-target miRNAs (miRNA-199a and miRNA-141)
and single- and two-base mismatched miRNA-21s were
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Fig. 3 a Fluorescence emission spectra of the ThT-based DNA
nanopompom with various concentrations of miRNA-21. The concentra-
tions of miRNA-21 are 0, 10, 50, 100, 250, 500, 1000, 2000, and
5000 pM from bottom up. Ex = 425 nm, Em= 440–580 nm. b Change

of F/F0 with various concentrations of miRNA-21. Inset: the correspond-
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Fig. 2 Fluorescent emission spectra of miRNA-21 triggered DNA
nanopompom for feasibility investigation. a: ThT, b: miRNA-21 + H1
+ ThT, c: miRNA-21 + H1 + H2 + ThT, d. H1 + H2 + H3 + ThT, e:
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time, 120 min. Ex = 425 nm, Em = 440–580 nm
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chosen for selectivity assay. In Fig. 4, the concentration of the
target miRNA-21 was 250 pM, while others were 10-fold
excess (2.5 nM). Such a comparison indicated that only the
target miRNA-21 triggered DNA hairpin self-assembly, sug-
gesting the high selectivity of this strategy.

Applications in real samples

Cell total RNA was used as a real biological sample for inves-
tigating the practicality of this strategy. HCT116 (human co-
lon cancer cell line) and NCM460 (human colon mucosal
epithelial cell line) were chosen and results are shown in
Fig. S2. HCT116 showed a more significant fluorescence in-
tensity increase compared with NCM460 (increase from 100
cells to 50,000 cells). When there were 0 to 5000 cancer cells,
the fluorescence ratio showed a linear correlation, F/F0 =
0.002 ×CHCT116 + 1.0341 (R2 = 0.9927). Meanwhile, it also
implied there was more miRNA-21 in HCT116 cells than
NCM460 cells.

For comparison, total RNA extracted from HCT116 and
NCM460 was detected by qRT-PCR together with our strate-
gy. The concentration of miRNA-21 by qRT-PCR was calcu-
lated based on the corresponding calibration plot of LgC
miRNA-21 vs the Ct value, N Ct = − 3.4761 × LgC miRNA-

21 – 9.5121 (R2 = 0.9729). The concentration of miRNA-21
by our strategy was calculated based on the corresponding
calibration plot in Fig. 3b. As shown in Fig. 5, the regression
equation is CmiRNA-21by qTR-PCR = 0.9922 ×CmiRNA-21by DNA

nanopompom + 10.877 (R2 = 0.9928, HCT116) and CmiRNA-21by

qRT-PCR = 1.1333 × CmiRNA-21by DNA nanopompom + 0.6323
(R2 = 0.9967, NCM460), respect ively. The DNA
nanopompom–based strategy showed acceptable consistency
with the commercial standard method.

Conclusion

Herein, a label-free DNA nanostructure was used for miRNA-
21 detection. The target miRNA could be recycled catalytical-
ly for the formation of the DNA nanopompom with three
hairpin DNA probes. The developing DNA nanotechnology
provided powerful and convenient methods for sensitive de-
tection of nucleic acid disease biomarkers. ThT-based strategy
reduced the cost of probes but it also influenced a better LOD
for its K+-sensitive character. For future work, other G-
quadruplex ligands/dyes would be explored for achieving a
better selectivity [29]. Moreover, imaging with a smartphone
as the portable detector is also a valuable direction for the
point-of-care application [33].
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